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Abstract 

While conventional bone treatment methods still struggle to address efficient bone 

regeneration in cases of critical-sized defects, bone tissue engineering could provide 

functional solutions by exploiting the body’s own healing capacity. Due to the load-

bearing nature of bone tissue, high mechanical performance is required of the 

biomaterials used as scaffold material in bone tissue engineering. Lactide-based 

polymers are commonly used for this purpose because they have an easily controllable 

degradation rate and possess mechanical properties with good biocompatibility. 

However, their lack of bioactivity and their hydrophobic surface properties do not 

encourage cell and tissue attachment to the scaffold’s surface. For this reason, 

electroconductive and biocompatible polypyrrole (PPy) provides a potential coating 

method for scaffolds; it can be incorporated with different bioactive molecules and 

provides favourable surface properties for cell attachment. In addition, redox activity 

of PPy in combination with electrical stimulation (ES) provides an interesting 

stimulation method for osteogenic cells.  

PPy has been reported to be a potential substrate for osteogenic cell lines, such as 

mesenchymal stem cells (MSCs). However, human adipose stem cells (hASCs), which 

are an MSC source of high potential due to their abundance and ease of accessibility, 

are yet to be explored in this area. Moreover, the effect of PPy on bone regeneration 

in vivo has not been studied. 

This work evaluates the potential of PPy as a substrate in bone tissue engineering 

with hASCs in vitro and as an implant coating in bone regeneration in vivo. In the first 

part, electrochemically produced PPy, which is doped either with chondroitin sulphate 

(CS) or hyaluronic acid (HA), is studied as a coating for hASCs. In the second part, 

PPy is chemically produced in the presence of CS to form a coating on polylactide 

(PLA) fibre scaffolds that are then studied as a conductive platform for hASCs in vitro. 

ES is applied through PPy-coated systems in both in vitro studies. The cell response is 

evaluated by their morphology, viability, proliferation, and osteogenic differentiation. 

In the in vivo part of the work, chemically PPy-coated and CS-incorporated 

bioabsorbable poly(lactide-co-glycolide)-β-tricalcium phosphate (PLGA-β-TCP) 

composite bone fixation screws are implanted into rabbit bone tissue and examined in 

terms of biocompatibility and new bone formation.  

The cells showed a good morphology and homogenous spreading on the CS-

doped PPy films (PPy-CS), whereas the HA-doped PPy films (PPy-HA) triggered 

aggregation and a partial detachment of the cells. This was most probably due to the 

significantly rougher surface morphology of the PPy-HA films. Cells on PPy-CS also 

showed significantly higher mineralisation in comparison to PPy-HA when applying 

ES. A PPy-coated PLA scaffold enhances hASC proliferation significantly in 
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comparison to plain PLA scaffolds. The parameters used did not have an effect on 

cells in either of the in vitro studies in comparison to the unstimulated controls. PPy-

coated bioabsorbable screws promoted new bone formation in vivo significantly better 

than the uncoated screws according to hard tissue histology, micro-computed 

tomography (micro-CT) and tetracycline labelling. In addition, no signs of acute, 

systematic or chronic toxicity were found in any of the rabbits. 

In conclusion, electrochemically produced PPy-CS and chemically produced PPy 

incorporated with CS provided favourable conditions for hASCs in terms of 

morphology, proliferation and osteogenic differentiation, implying its great potential 

for bone tissue engineering applications. The chemically produced PPy coating also 

proved to be a potential conductive coating material for PLGA-β-TCP screws, 

promoting significantly greater new bone formation in vivo.  
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Tiivistelmä 

Perinteiset luuvaurioiden hoitomenetelmät ovat usein riittämättömiä kriittisen koon 

luuvaurioiden hoidoissa. Luun kudosteknologia pystyisi tarjoamaan tähän toimivia ja 

tehokkaita ratkaisuja hyödyntäen kehon omaa parantumiskykyä. 

Luun kudosteknologiassa käytettäviltä materiaaleilta vaaditaan mekaanista 

kestävyyttä johtuen luukudoksen tärkeästä roolista kehon tukirankana. Laktidipohjaiset 

polymeerit ovat yleisesti käytettyjä polymeereja luun kudosteknologiassa, sillä ne ovat 

mekaanisesti kestäviä, niiden hajoamista kehossa on helppo hallita ja ne on todettu 

erittäin kudosyhteensopiviksi polymeereiksi. Laktidipohjaiset polymeerit eivät 

kuitenkaan ole bioaktiivisia ja lisäksi niiden hydrofobisuus haittaa solujen ja kudoksen 

kiinnittymistä materiaalin pintaan.  

Polypyrroli(PPy)-pinnoitus on potentiaalinen menetelmä edellä mainittujen 

ongelmien välttämiseksi, koska sillä on edulliset pintaominaisuudet solujen 

kiinnittymiselle ja lisäksi siihen voidaan sisällyttää erilaisia bioaktiivisia molekyylejä. 

PPy on myös redox-aktiivinen, minkä vuoksi sen käyttö sähkövirtaa välittävänä 

biomateriaalina avaa mielenkiintoisia mahdollisuuksia osteogeenisten solujen 

stimuloinnissa. 

PPy:n on todettu olevan potentiaalinen substraatti osteogeenisille soluille, kuten 

mesenkymaalisille kantasoluille. Mesenkymaalisiin kantasoluihin lukeutuvat rasvan 

kantasolut ovat yksi potentiaalisimmista solutyypeistä niiden runsaslukuisuuden ja 

helpon saatavuuden ansiosta. Niitä ei ole kuitenkaan vielä tutkittu PPy:n ja 

sähköstimulaation yhdistelmässä. 

Tässä työssä arvioitiin PPy:n mahdollisuudet ihmisen rasvan kantasolujen 

substraattina luun kudosteknologiassa in vitro ja sekä luun uudismuodostumista 

edistävänä implantin pinnoitemateriaalina in vivo. Tutkimuksen ensimmäisessä osassa 

sähkökemiallisesti valmistettu PPy seostettiin kondroitiinisulfaatilla tai 

hyaluronihapolla ja tutkittiin sen soveltuvuutta pinnoitemateriaaliksi ihmisen rasvan 

kantasoluille. Tutkimuksen toisessa osassa PPy valmistettiin kemiallisesti 

kondroitiinisulfaatin läsnäollessa ja tutkittiin sen ominaisuuksia sähköäjohtavana 

pinnoitteena polylaktidista (PLA) valmistetuissa kuiturakenteissa. Kummassakin in 

vitro-osatyössä sähköstimulaatiota syötettiin PPy substraattien läpi. Soluvastetta 

tutkittiin solujen morfologian, elinkyvyn, proliferaation ja luuerilaistumisen kannalta. 

Tutkimuksen in vivo-osassa luun korjaukseen tarkoitetut kemiallisesti, 

kondoitiinisulfaatin läsnäollessa pinnoitetut biohajoavat poly(laktidi-co-glykolidi)- β-

trikalsiumfosfaatti (PLGA-β-TCP) komposiittiruuvit implantoitiin kanin luukudokseen 

ja niiden kudosyhteensopivuutta ja vaikutusta uudisluun muodostukseen tutkittiin. 

Kondroitiinisulfaattiseostettujen PPy-pinnoitteiden (PPy-CS) päällä olevat solut 

osoittautuivat morfologialtaan hyviksi ja levittäytyivät tasaisesti pitkin pintaa. Sen 
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sijaan hyaluronihapposeostettujen PPy-pinnoitteiden (PPy-HA) päällä olevat solut 

olivat aggregoituneet ja osittain irrottautuneet pinnasta. Tämä johtui 

todennäköisimmin PPy-HA-pinnoitteen merkittävästi suuremmasta pintakarheudesta. 

Solun ulkoisen tilan mineralisaatio oli merkittävästi suurempaa sähköstimuloiduissa 

PPy-CS-pinnoitteen päällä olevissa soluissa verrattuna vastaavassa ryhmässä olevaan 

PPy-HA-pinnoitteeseen. Ihmisen rasvan kantasolujen proliferaatio oli merkittävästi 

suurempaa PPy-pinnoitetuissa PLA kuiturakenteissa verrattuna vastaaviin 

pinnoittamattomiin rakenteisiin. Sähköstimulaatiolla ei todettu olevan vaikutusta 

soluihin kummassakaan in vitro-tutkimuksessa verrattuna stimuloimattomiin 

kontrolleihin. Kovakudoshistologian, digitaalisen röntgenkuvauksen ja 

tetrasykliinileimauksen perusteella PPy-pinnoitetut biohajoavat ruuvit edistivät 

merkittävästi uudisluun muodostusta verrattuna vastaaviin pinnoittamattomiin 

ruuveihin. Lisäksi mitään merkkejä akuuttisesta, systemaattisesta tai kroonisesta 

toksisuudesta ei havaittu yhdessäkään kanista. 

Tutkimuksen johtopäätös on, että sähkökemiallisesti valmistettu PPy-CS ja 

kemiallisesti kondoitiinisulfaatin läsnäollessa valmistettu PPy-pinnoite osoittautuivat 

sopiviksi substraateiksi ihmisen rasvan kantasoluille niiden morphologian, 

proliferaation ja luuerilaistumisen perusteella. Tämä osoittaa niiden suuren potentiaalin 

luun kudosteknologiassa. Kemiallisesti tuotettu PPy-pinnoite todettiin potentiaaliseksi 

luuimplanttien pinnoitemateriaaliksi myös PLGA-β-TCP-ruuveissa edistäen 

merkittävästi luun uudismuodostusta in vivo. 
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Abbreviations 

AC  alternating current 

AFM  atomic force microscope 

ALP  alkaline phosphatase 

ANOVA one-way analysis of variance 

APS  ammonium peroxydisulfate 

ASC  adipose stem cell 

ATP  adenosine triphosphate 

BEC  biphasic electric current 

BMP  bone morphogenic proteins 

BMSC  bone marrow stromal cell 

BSP  bone sialoprotein 

Coll I   collagen type I 

Coll III  collagen type III 

Coll V  collagen type V 

CP  conductive polymer 

CPE  constant phase element 

CS   chondroitin sulphate 

CV  cyclic voltammetry 

CXCL2  chemokine (C-X-C motif) ligand 2   

DC  direct current 

DMEM  Dulbecco’s Modified Eagle Medium 

DNA  deoxyribonucleic acid 

ECM  extracellular matrix 

EIS  electrochemical impedance spectroscopy 

EMF  electromagnetic field 

Erk  extracellular-signal-regulated kinases 

ES  electrical stimulation 

FACIT  fibril-associated collagens with interrupted triple helices 

FBS  foetal bovine serum 

FDA  US Food and Drug Administration 

GAG  glycosaminoglycan 

HA  hyaluronic acid 

hASC  human adipose stem cells 

HE   heparin 

HEPES  4-(2-hydroxyethyl)-1-piperazineethanesulphonic acid 

IGF-1  insulin-like growth factor 1 

IL-8  interleukin 8 
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i.m.  intramuscular 

MAPK  mitogen-activated protein kinase 

MC   marrow cavity 

microRNA microribonucleic acid 

MM  maintenance medium 

mRNA  messenger ribonucleic acid 

MS  mass spectrometry 

MSC  mesenchymal stem cell 

OC  osteocalcin 

OM  osteogenic medium 

OPN  osteopontin 

PBS  phosphate-buffered saline 

PEN  polyethylene-naphthalate 

PLA  polylactide 

PLC  phospholipase C 

PPy  polypyrrole 

PPy-CS  chondroitin sulphate-doped polypyrrole 

PPy-HA hyaluronic acid-doped polypyrrole 

PS  polystyrene 

Ra   surface roughness 

ROS  reactive oxygen species 

runx2  runt-related 2 

s.c.  subcutaneous  

SD  standard deviation 

Smad  portmanteau of Sma in Drosophila and Mad in C. elegans 

TCP  tricalcium phosphate 

TGF-β  transforming growth factor-β 

VEGF  vascular endothelial growth factor 

Wnt  portmanteau of Wingless and integration1 

Zcell  magnitude of cell impedance 
η  ideality coefficient of capacitance in the CPE model 
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1 Introduction 

Bone treatment methods have advanced over the decades, from amputation to 

reconstruction with bone grafts (Awad et al. 2014). An estimated 2.2 million bone 

graft procedures take place annually (Lewandrowski et al. 2000). Currently, the gold-

standard treatment method uses autograft bone (bone tissue from the patient) from 

the iliac crest, as it provides a scaffold for bone ingrowth and contains living bone 

cells that stimulate osteoinduction (Cypher & Grossman 1996). However, there are 

several disadvantages, such as the limited availability of donor tissue, extended 

operation time, and the increased risk of complications, especially with elderly patients 

(Van der Stok et al. 2011, Brown, Kumbar & Laurencin 2013). Other methods 

currently used include allograft bone (human source of origin), xenograft bone (animal 

source of origin), synthetic and natural polymers, ceramics, and their composites 

(Lewandrowski et al. 2000, Brown, Kumbar & Laurencin 2013). Allograft and 

xenograft bone substitutes are sterilised, decellularised and demineralised, leaving only 

the collagens, non-collagenous proteins, and some growth factors from the original 

bone (Gazdag et al. 1995). They possess some major disadvantages, such as 

immunological issues and disease transmission (Asselmeier, Caspari & Bottenfield 

1993, Stevenson & Horowitz 1992). Despite the wide variety of options for bone 

grafts, the bioactivity of the grafts remains an issue. For example, vascularisation is 

one of the key factors in bone regeneration that is difficult to achieve using 

conventional means (Rouwkema, Rivron & van Blitterswijk 2008).  

Bone tissue engineering exploits the body’s own regeneration capacity by 

combining cells, biomaterials and cell-inductive stimuli, such as growth factors (GF) 

or physical stimuli (Sarkar et al. 2013). The aim of bone tissue engineering is to restore 

bone function in critical-sized bone defects that are too large for the body to restore 

through its own regeneration capacity (Liu, Wu & de Groot 2010).  

Approaches in bone tissue engineering can be classified into two main categories: 

1) tissue-engineered constructs with cells and biomaterial scaffolds generated in vitro 

following in vivo transplantation, and 2) scaffolds implanted in situ without addition of 

cells in the constructs. Cells can be retrieved from various sources, including 

embryonic stem cells and somatic adult cells. However, the potential of adult somatic 

cells in tissue engineering is limited due to their low proliferation capability, loss of 

phenotype, dedifferentiation in the culture, and the limited number that can be 

harvested. (Sarkar et al. 2013) 

Mesenchymal stem cells (MSCs) have shown great potential as a cell source in bone 

tissue engineering because they can be used as an abundant autologous cell source for 

patients. MSCs derived from adipose tissue – adipose stem cells (ASCs) – are receiving 
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increasing interest in the field due to their ease of isolation and high availability in 

adipose tissue when compared to bone marrow stromal cells (BMSCs) (Wen et al. 

2013, Zuk et al. 2002). 

Biomaterials provide a template for cells. This template gradually and controllably 

degrades to give way for the target tissue’s regeneration process. The main role of the 

biomaterial is to act as a scaffold to provide mechanical support for cells and the 

surrounding target tissue, but it can also be used to direct growth, migration and 

differentiation of cells by supplying nutrients, drugs, and other bioactive factors, as 

well as physical cues (Sarkar et al. 2013).  

One of the conductive polymers (CPs), polypyrrole (PPy), has shown great 

promise in tissue engineering, not only because it can mediate electrical currents, but 

also because it may enhance the bioactivity of extensively used lactide-based polymers 

in bone applications. Lactide-based polymers alone are relatively hydrophobic (Oh 

2011) with a lack of bioactivity. PPy has been reported to possess good in vivo 

biocompatibility with soft tissues (Wang et al. 2004b, Wang et al. 2004a, 

Ramanaviciene et al. 2007, George et al. 2005, Wan et al. 2005, Jiang et al. 2002), but 

its effects on bone tissue are still unknown. However, excellent attachment, enhanced 

proliferation, and osteogenic differentiation of MSCs (Serra Moreno et al. 2012, Serra 

Moreno et al. 2009) and osteoblasts on PPy coatings (Hu et al. 2014) have been 

previously demonstrated. This indicates that PPy is a potential material in bone tissue 

regeneration in vivo. The combination of conducting polymers and electrical 

stimulation (ES) provides a range of new opportunities to mimic the 

electrophysiological phenomena of living tissues (Hu et al. 2014, Thompson et al. 

2010, Richardson et al. 2009).  

This doctoral dissertation introduces a novel approach in regulating stem cell 

behaviour by combining electrical cues with an electroactive PPy coating to provide an 

alternative method to the conventional chemical induction used in bone tissue 

engineering. Furthermore, this dissertation evaluates the significance of PPy coating in 

enhancing bone-implant interaction of the commonly used bioabsorbable bone 

fixation implant material.  The first study compares two different PPy films, one 

doped with chondroitin sulphate (CS) and the other with hyaluronic acid (HA) as 

substrates for human ASCs (hASCs). The second in vitro study evaluates hASC 

response to chemically oxidised PPy that has been incorporated with CS and coated 

on PLA fibre scaffolds. ES is applied via the constructs in both in vitro studies. In the 

third study, the biocompatibility of PPy in bone tissue and the effect of PPy on bone 

regeneration is studied in vivo in a rabbit model by implanting PPy-coated 

bioabsorbable bone fixation screws into the rabbit’s femur and tibia for 12 and 26 

wks.  
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2 Literature review 

2.1 Bone regeneration 

The main role of bone tissue is to provide structural support and protection for the 

body and to serve as the body’s mineral reservoir. It is a highly complex and dynamic 

tissue that is constantly changing under the regulation of hormones, cytokines, and the 

central and sympathetic nervous systems. (Martin, Wah Ng & Sims 2013, Elefteriou 

2008)  

Regulation in bone is controlled by three main cell types: osteoblasts, osteocytes, 

and osteoclasts.  Osteoblasts are the bone matrix-forming cells that also regulate 

mineralisation. These cells are highly anchorage-dependent; their extensive cell-cell 

and cell-matrix contacts come via a variety of transmembranous proteins, such as 

integrins and connexins, and specific receptors (Lecanda et al. 1998, Sommerfeldt & 

Rubin 2001). As osteoblasts become trapped in their own calcified matrix, they change 

their phenotype and become osteocytes, which remain connected with other similar 

cells and quiescent bone-lining cells, forming an extensive network of intercellular 

communication (Martin, Wah Ng & Sims 2013, Sommerfeldt & Rubin 2001). 

Osteoclasts are multinucleated bone resorbing cells derived from haematopoietic stem 

cells. It is suggested that osteoclasts not only respond to stimuli from osteoblastic, 

stromal and immune cells, growing evidence shows that they can also act as immune 

cells and mutually regulate the function of these other cell types (Boyce, Yao & Xing 

2009). 

The extracellular matrix (ECM) of bone is composed of 70–90% mineral and 10–

30% organic matrix (Boskey & Robey 2013). The composition of bone is presented in 

Table 1. The mineral matrix is composed mainly of hydroxyapatite 

(Ca10(PO4)6(OH)2), which brings mechanical strength to the bone (Boskey & Robey 

2013). Even though the organic matrix is mainly composed of collagen type I (Coll I), 

the osteoblasts secrete the same amount of collagenous and non-collagenous proteins 

on a molar basis (Clarke 2008). Collagen provides tensile strength to the bone 

structure and serves as an important “backbone” for mineral deposition by orientating 

the nucleation of mineralisation (Boskey & Robey 2013). More detailed explanations 

of the functions of some of the non-collagenous proteins are described later in 

Chapter 2.1.1. 
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Table 1. Bone composition. Modified from Boskey and Robey (2013), and Clarke 
(2008). 

Matrix  Content Specific composition 

Mineral  70–90% Ca10(PO4)6(OH)2 

carbonate 
magnesium 
acid phosphate 

Organic matrix  10–30% 85–90% collagenous proteins: 
Coll I, III and V, FACIT collagens 

   10–15% non-collagenous proteins: 
proteoglycans, glycosylated proteins, γ-
carboxylated proteins, growth factors 

Water  5–10%  
Lipids  < 3%  

Coll I, III and V: collagen type I, III and V; FACIT: Fibril-associated collagens with interrupted triple 

helices. 

 

The structure of a long bone encompasses cortical (compact) bone on the outer 

structure that surrounds the marrow space, and an interior scaffold of trabecular 

(spongy) bone interspersed in the bone marrow compartment (Figure 1). The ratios of 

cortical and trabecular bone vary depending on the bone’s location in the body. Both 

cortical and trabecular bone consist of osteons. They are formed in concentric 

lamellae where the osteocytes are entrapped between lamellae. Osteons in cortical 

bone, called Haversian systems, are cylindrical in shape and formed of concentric 

lamellae. The outer surface of the cortical bone is called the periosteum and the inner 

surface is called the endosteum. The remodelling activity of the bone concentrates 

mostly on these surfaces; it is more active in the periosteum where the bone formation 

typically exceeds bone resorption, which is important for appositional growth and 

fracture repair. The reverse is typically true in the endosteum, where the marrow space 

expands with aging. Trabecular bone consists of rods and plates, and the osteons are 

semilunar in shape. (Clarke 2008) 
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Figure 1. Structure of the long bone. Modified from Gunson, Gropp & Varela 
(2013). 

2.1.1 Bone healing and regeneration 

The periosteum, surrounding soft tissue, and MSCs are involved in bone healing, 

which can occur through intramembranous ossification and endochondral ossification 

(Li & Stocum 2014). Intramembranous ossification mainly occurs during embryonic 

development, especially in flat bones, and does not solely contribute to fracture 

healing (Li & Stocum 2014, Kanczler & Oreffo 2008, Cohen Jr. 2006). It involves 

invasion of capillaries into the mesenchymal zone and the migration and 

differentiation of MSCs into mature osteoblasts (Li & Stocum 2014, Kanczler & 

Oreffo 2008). In endochondral ossification, an inflammatory response triggers a series 

of subsequent events (Li & Stocum 2014). During fracture healing, cartilage is formed 

at the fracture site in response to the hypoxia caused by the lack of blood supply 

(Kanczler & Oreffo 2008). Cartilage-forming chondrocytes, derived from MSCs 

migrating from the periosteum and endosteum, enter a hypertrophic state after 

proliferation; their volume dramatically increases and they simultaneously secrete 

ECM (Mackie et al. 2008). Hypertrophic chondrocytes undergo apoptosis, allowing 

invasion of osteoclasts, precursor osteoblasts, and blood vessels into the callus (Li & 

Stocum 2014, Mackie et al. 2008). This triggers new bone formation as osteoclasts 

assist in the removal of cartilage, and the differentiating osteoblasts deposit bone at 

the remnants of the cartilage matrix (Mackie et al. 2008). After 3 to 4 wks of the 

fracture occurring, the newly formed woven bone is replaced by lamellar bone; it may 

take years to restore the original anatomic structure (Li & Stocum 2014). 
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Endochondral ossification also occurs in the growth plates of long bones during 

childhood development. This ossification causes longitudinal bone growth. (Cohen Jr. 

2006, Mackie et al. 2008) 

Proteoglycans play an essential role in endochondral ossification, and many of 

them remain in the mature bone matrix (Boskey & Robey 2013). Proteoglycans 

consist of a core protein and one or several covalently attached glycosaminoglycan 

(GAG) chains (Esko, Koji & Lindahl 2009). They bind large amounts of water and 

cations while excluding anions, and are responsible for matrix maintenance and 

organisation (Heinegård 2009). They may also play a role in regulation of cartilage 

calcification (Bertrand et al. 2010), and it is generally known that they block 

hydroxyapatite formation and growth (Boskey & Robey 2013). GAGs are linear 

repeating disaccharides that consist of an amino sugar and uronic acid or galactose. 

Hyaluronic acid (HA) is the only GAG that does not bind covalently with 

proteoglycans, and instead, interacts non-covalently with them (Esko, Koji & Lindahl 

2009). Aggrecan, a large proteoglycan, binds to HA and one other GAG, chondroitin 

sulphate (CS). Aggrecan is commonly found in cartilage and, in lesser amounts, in 

bone, where its effect is largely unknown, but it is likely to have an effect on growth 

plate calcification (Boskey & Robey 2013). 

In addition to collagen, glycoproteins and γ-carboxyglutamic acid-containing 

proteins are involved in bone regeneration. Alkaline phosphatase (ALP) is a specific 

marker of preosteoblasts and osteoblasts in areas of new bone, while less expression is 

found in a mature matrix (Martin, Wah Ng & Sims 2013). ALP has been reported to 

play a crucial role in mineralisation by regulating the levels of mineralisation inhibitor 

(Yadav et al. 2011, Whyte 2010). Another early marker in bone regeneration is 

ostepontin (OPN), which is an Arg-Gly-Asp- (RGD) containing protein that largely 

accumulates in the bone matrix (Gaudin-Audrain et al. 2008). Bone markers expressed 

in the later stage of osteoblast maturation include bone sialoprotein (BSP) – which is 

also an RGD-containing protein – osteonectin, and osteocalcin (OC) (Boskey & 

Robey 2013). 

2.2 Stem cells 

The main characteristics of stem cells are their ability to differentiate into several cell 

types and proliferate by keeping their differentiation capacity (Sarkar et al. 2013). Stem 

cells can be classified into four main types: 1) Embryonic stem cells (ESCs) and 2) 

adult stem cells are naturally occurring stem cell types, whereas 3) induced pluripotent 

CSs (IPSCs) are engineered, and 4) cancer cells are pathologically occurring stem cell-

like cells (Alvarez et al. 2012).  
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ESCs can be derived from the inner cell mass of the blastocyst before the 

implantation stage (Alvarez et al. 2012). They are received for research from 

fertilisation treatments of couples with their informed consent (Trounson 2007). ESCs 

are pluripotent, meaning that they can differentiate into any cells types of an embryo 

but they lack the capacity to generate complete living organisms (Wobus, Boheler 

2005). The major drawback in using ESCs in tissue engineering is their potential 

tumorigenicity, especially the tendency to form teratomas and teratocarcinomas, and 

the fact that only an allogeneic cell source can be used (Ben-David, Kopper & 

Benvenisty 2012).  

IPSCs were first reported in 2006 when Takahashi and Yamanaka showed that the 

enforced expression of a limited number of genes critical to the maintenance of 

pluripotency enables the reprogramming of somatic cells into pluripotent stem cells. 

Since then, research groups all over the world have been producing IPSCs by 

delivering several different gene cocktails into the cell nucleus using various different 

delivery systems (Rezanejad & Matin 2012). Even though IPSCs have shown several 

advantages over ESCs in tissue engineering, since they possess fewer ethical and 

immunogenic issues, there are still major challenges regarding their use in clinical 

treatments. These challenges include risk of tumorigenesis, incomplete 

reprogramming, retroviral gene-transfer-induced mutagenesis, redifferentiation, and an 

insufficient number of cells for patient treatment (Csete 2010).  

Adult stem cells are present in the vast majority of adult tissues and are responsible 

for maintenance and repair of the host tissue (Hodgkinson, Yuan & Bayat 2009). Even 

though some adult stem cells are restricted to the lineages they are found within, not 

all are tissue-specific, so some are therefore capable of differentiating across 

mesodermal, endodermal and ectodermal lineages (Hodgkinson, Yuan & Bayat 2009). 

For instance, haematopoietic stem cells have been reported to yield cells in the 

epithelium of lung, liver, gastrointestinal track, and skin in addition to their capacity to 

differentiate into all blood cell lineages (Daley 2013).  

The MSCs that are found in several tissues also demonstrate the plasticity of adult 

stem cells; they are most abundant and accessible in adipose tissue and bone marrow 

(Gazit et al. 2013). They are multipotent, giving rise to osteogenic, chondrogenic, 

adipogenic, myogenic and other mesenchymal cell lineages (Wen et al. 2013). Adult 

stem cells do not have a unique marker for multipotency because the expression of 

the markers may change during their culture in vitro, even though they retain their 

multipotentiality (Jones & McGonagle 2008). Therefore, multipotency is commonly 

examined by studying the expression of several surface antigens and their 

differentiation ability (Gazit et al. 2013). The Society for Cellular Therapy has 

proposed minimal criteria for defining human MSCs: (1) they must be plastic-adherent 

in standard culture conditions and develop colony-forming unit fibroblasts, (2) they 



 

22 

must express CD105, CD73, and CD90 and lack expression of CD45, CD34, CD14 

or CD11b, CD79alpha or CD19, and HLA-DR surface molecules, and (3) they must 

differentiate into osteoblasts, adipocytes and chondroblasts in vitro (Dominici et al. 

2006). Interestingly, several studies have shown that MSCs can escape immune 

recognition and inhibit immune responses, which makes them attractive cells for 

clinical use as an allogeneic cell source (Gazit et al. 2013). Immunosuppressive 

properties of bone marrow MSCs (BMSCs) have been reported in vitro and in vivo, but 

those in ASCs have been less studied (Lindroos, Suuronen & Miettinen 2011, Leto 

Barone et al. 2013). So far, they have been shown to be immunoprivileged for their 

lack of the HLA-DR expression that belongs to major histocompatibility complex 

class II (Lindroos, Suuronen & Miettinen 2011, Gonzalez-Rey et al. 2009, Gonzalez-

Rey et al. 2010). Immunosuppression of MSCs is widely studied in organ 

transplantation, where MSCs are administered by intravenous injection to transplant 

recipients (Alagesan, Griffin 2014). In addition, several clinical trials have been 

conducted to examine immunomodulatory properties for other immunologic 

disorders, such as Crohn’s disease (Lindroos, Suuronen & Miettinen 2011).  

2.3 Adipose stem cells 

ASCs are an MSC source abundantly found in adipose tissue. They are easy to isolate 

and, in comparison to BMSCs, the MSC yield is substantially higher (Lindroos, 

Suuronen & Miettinen 2011). The number of ASCs in 300 ml of lipoaspirate is 

normally around 10 million, with greater than 95% purity (Boquest et al. 2006). ASCs 

have similar characteristics to BMSCs, but some slightly different differentiation 

propensities occur (Vishnubalaji et al. 2012).  

ASCs are commonly isolated from adipose tissue by collagen digestion followed by 

centrifugal separation. This separates floating adipocytes from the pelleted stromal 

vascular fraction, which contains fibroblasts, circulating blood cells, pericytes, and 

endothelial cells in addition to adipocyte progenitors and ASCs. ASCs can be 

separated from the stromal vascular fraction by their plastic-adherent property. 

(Gimble, Katz & Bunnell 2007, Zuk et al. 2001) 

ASCs have been reported to differentiate towards various cell types, with the 

emphases being on adipose tissue and skeletal tissues. Differentiation towards 

adipocytes, osteoblasts, chondroblasts, and myocytes have been long confirmed, but 

differentiation towards neurogenic lineages (Cardozo, Gómez & Argibay 2012), 

cardiomyocytes (Lee et al. 2009), tenocytes (Cheng et al. 2014, Yang et al. 2013), 

endothelial cells (Zhang et al. 2011), and nucleus pulposus (Zhang et al. 2014) has also 

been reported. 
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The number of clinical trials with ASCs has increased rapidly over recent years. 

They have been (or are being) studied for several different purposes, such as 

osteoarthisis, osteoporotic fractures, graft versus host disease, treatment of tendon 

injuries, type 1 diabetes, Crohn’s disease, and incontinence (18 Mar 2014: 

clinicaltrials.gov). With regard to bone regeneration, clinical case studies have been 

conducted for treating severe bone defects, especially in cranio-maxillofacial 

treatments (Farre-Guasch et al. 2013, Sandor et al. 2014, Mesimäki et al. 2009, 

Thesleff et al. 2011). A review of thirteen clinical case studies exploiting resorbable 

scaffold materials seeded with ASCs reported successful integration of the construct 

to the surrounding skeleton in ten cases (Sandor et al. 2014). However, the actual role 

of ASCs in regeneration is yet to be determined. 

2.3.1 Osteogenic differentiation of adipose stem cells 

Two families of growth factors have been shown to stimulate osteogenic 

differentiation of ASCs and other MSCs in native tissues: a portmanteau of the 

Wingless and integration1 (Wnt) family, and bone morphogenic proteins (BMPs) 

(Fakhry et al. 2013). Wnt family members play an essential role during tissue 

development and homeostasis (Pinzone et al. 2009). Wnt3 and Wnt10b activate the 

canonical signalling pathway that is essential for bone development (Fakhry et al. 

2013, Day et al. 2005). Non-canonical Wnt members may also be involved in 

ossification (Guo, Jin & Cooper 2008). BMPs belong to the transforming growth 

factor-β (TGF-β) superfamily and trigger cellular responses mainly through a 

portmanteau of the Sma in Drosophila and Mad in C. elegans (Smad) pathway 

(Massague 1998), but they can also activate the mitogen-activated protein kinase 

pathway (Guicheux et al. 2003). BMPs are important in skeleton formation and have 

an effect on runt-related 2 (runx2) and osterix expression, which are transcription 

factors involved in the osteogenic differentiation of MSCs (Li & Cao 2006, Zaidi 

2007). Some of the most common osteogenic markers for ASC characterisation along 

maturation stages are presented in Figure 2.  



 

24 

 

 

Figure 2. The expression of osteogenic markers during the osteogenic differentiation 
stages of ASCs. Modified from Fakhry et al. (2013). ASC: Adipose stem cell; MSC: 
mesenchymal stem cell; CD: cluster of differentiation; ALP: alkaline phosphatase; Coll 
I: collagen type I. 

2.3.2 Chemical factors 

Chemical factors that have been used to induce osteogenic differentiation of ASCs in 

vitro include glucocorticoids, ascorbic acid and growth factors, especially from BMPs. 

The most standard contents in osteogenic medium (OM) are ascorbic acid, 

dexamethasone, β-glycerophosphate and/or 1,25 vitamin D3 (Lindroos, Suuronen & 

Miettinen 2011, Kyllonen et al. 2013a). Ascorbic acid is used in OM mainly because of 

its inducing effect on proliferation and coll I production (Choi et al. 2008, Potdar & 

D'Souza 2010). ASCs have also been reported to maintain their phenotype and 

differentiation potential when subjected to 250 µM of ascorbic acid in culture medium 

(Potdar & D'Souza 2010). Dexamethasone treatment in vitro has been reported by 

Song, Caplan & Dennis (2009) to induce osteogenic differentiation of MSC in vivo. 

The effect in osteogenic markers in vitro was seen after 3 and 4 wks of induction rather 

than at earlier time points. It has also been reported to facilitate the culture expansion 

of MSCs (Park et al. 2011) and maintain stemness during expansion (Xiao et al. 2010). 

In addition, 100 nM of dexamethasone has been shown to reduce inter- and 

intraindividual variations of BMSCs in osteoblastic differentiation (Alm et al. 2012). 

However, dexamethasone in high concentrations has been shown to inhibit 

osteogenic differentiation (Wang et al. 2012). β-glycerophosphate alone has been 

shown to promote calcium phosphate deposition and it is closely linked to high ALP 

activity of bone cell cultures (Coelho & Fernandes 2000). 

The choice of serum also plays an important role in differentiation because serum 

protein contents vary widely (Kyllonen et al. 2013a, Kocaoemer et al. 2007). For 

instance, foetal bovine serum (FBS) has been reported to induce weaker osteogenic 
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differentiation in comparison to human serum (Kyllonen et al. 2013a). Lots can also 

vary noticeably within one serum type, which makes the use of serum challenging for 

cell culturing (Wappler et al. 2013). To overcome the variability and risks of disease 

transmission, xeno-free and serum-free medium replacements have been studied 

(Kyllonen et al. 2013a, Kocaoemer et al. 2007, Lindroos et al. 2009, Rajala et al. 2010, 

Patrikoski et al. 2013, Khanna-Jain et al. 2012, Sensebe 2008, Spees et al. 2004). 

BMPs, namely BMP-2, -4, -6 and -7, are the most commonly used growth factors 

in vitro for inducing osteogenic differentiation of ASCs (Kyllonen et al. 2013b, Kang et 

al. 2004, Luu et al. 2007). However, contrasting effects have been recently reported for 

their efficiency in vitro (Kyllonen et al. 2013b). At present, only BMP-2 and BMP-7 

have been approved by the US Food and Drug Administration (FDA) for clinical use, 

in spinal fusion applications and tibial fractures respectively (Elbackly, Mastrogiacomo 

& Cancedda 2014). Other commonly used growth factors in bone tissue engineering 

include TGF-β, fibroblast growth factor-2 (FGF-2), platelet-derived growth factor 

(PDGF), vascular endothelial growth factor (VEGF), and insulin-like growth factor 

(Elbackly, Mastrogiacomo & Cancedda 2014, Bai et al. 2013). The use of growth 

factors is not without disadvantages, as they may pose a risk of cancer (Leroith, 

Scheinman & Bitton-Worms 2011, Tu et al. 2014) and other adverse effects (Carragee, 

Hurwitz & Weiner 2011). They are also ineffective as well as costly (Tu et al. 2014, 

Garrison et al. 2007). 

2.4 Electrical stimulation in tissue engineering 
applications 

2.4.1 Physical stimulation in bone tissue 

In purely mechanical stimulation, bone responds to changes in mechanical loads by 

increasing or decreasing its strength via a tissue-level negative feedback system called 

the mechanostat (Frost 2004). This can be exploited and mimicked in vitro to reinforce 

or replace chemical induction of MSCs. Mechanical stimulation is extensively studied 

in bone tissue engineering with MSCs and several different stimulation strategies have 

been tested, such as vibration loading (Tirkkonen et al. 2011), stretch loading (Du et 

al. 2012), fluid flow (Knippenberg et al. 2005), and ultrasound (Uddin & Qin 2013).  

Bone tissue is stimulated not only by mechanical stresses during bodily 

movements, but also by electrical currents and fields induced by mechanical loading. 

These currents and fields cause a flow of electrolytes and the generation of electric 

charges due to the piezoelectric properties of bone tissue (Ciombor & Aaron 1993). 
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These inherent electrical currents and fields play an essential role in bone growth and 

remodelling. Fukada and Yasuda (1964) were the first to report bone formation under 

tension dominated by a positive charge, and they observed the reverse in the case of a 

negative charge and compression.  

2.4.2 Electrical stimulation: From physiological phenomena to 
medical applications 

ES has gained interest in tissue engineering in recent years, especially in nerve, cardiac, 

and skeletal tissue applications. The fact that endogenous electric fields play an 

important role not only as action potentials in nerves and muscles but also in 

controlling cellular functions in non-excitable cells makes ES an attractive means in 

controlling stem cell adhesion, proliferation, migration and differentiation without 

extensive use of chemical factors (Titushkin & Cho 2009, Balint, Cassidy & Cartmell 

2013, Titushkin et al. 2011). Electric fields have long been known to take part in 

embryonic development and regeneration, regulating the cell behaviour and spatial 

patterns, such as left–right organ asymmetry (Sundelacruz, Levin & Kaplan 2008, 

Sundelacruz, Levin & Kaplan 2008, McCaig et al. 2005, Erickson & Nuccitelli 1984, 

Serena et al. 2009, Reid, Song & Zhao 2009). For instance, inherent electric fields play 

an essential role in wound healing, giving “a kick start” to the cellular processes 

immediately after the epithelium is breached; chemical gradients, on the other hand, 

can take from minutes to hours to establish (McCaig, Song & Rajnicek 2009, 

Goldman & Pollack 1996). Inherent electric fields are monitored in evaluating the 

state of wound healing by commercially available devices, such as the Dermacorder® 

(Nuccitelli et al. 2011). Furthermore, ES applications are extensively studied for 

excitable cells, such as neuronal and cardiac cells, to direct growth and differentiation 

(Thompson et al. 2010, Ghasemi-Mobarakeh et al. 2011, Kim et al. 2011a, Wang et al. 

2013a, Llucià-Valldeperas et al. 2013, Tandon et al. 2011). In addition, Ciombor and 

Aaron's (1993) remarks regarding the piezoelectric properties of bone and reports on 

the favourable effects of ES on bone regeneration have led to the development of ES 

devices for treating severe bone defects (Griffin & Bayat 2011, Kooistra, Jain & 

Hanson 2009).  

2.4.3 Delivery of external electrical stimulation 

ES delivery systems can be divided into direct and indirect stimulation. In direct 

stimulation, electrodes are in contact with the cell culture or implanted into the patient 
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(Balint, Cassidy & Cartmell 2013, Merrill, Bikson & Jefferys 2005). The method is 

simple and therefore commonly used in in vitro experimental set-ups. However, there 

are several disadvantages, such as the possible corrosion of the electrodes, changes in 

pH, reduced levels of molecular oxygen, and the generation of harmful faradic 

products, such as reactive oxygen species, in the culture medium. (Balint, Cassidy & 

Cartmell 2013, Merrill, Bikson & Jefferys 2005, Ercan & Webster 2010, Hess et al. 

2012a) Stimulation may also be biased due to the formation of a capacitive layer on 

the electrodes (Balint, Cassidy & Cartmell 2013, Merrill, Bikson & Jefferys 2005). The 

risks of corrosion, faradic products and pH change can be reduced by using biphasic 

pulses (Ercan & Webster 2010, Kim et al. 2009).  

Indirect stimulation, which can be classified into capacitive stimulation, inductive 

stimulation, or both, is non-invasive and used in many therapeutic devices and in vitro 

experimental set-ups (Balint, Cassidy & Cartmell 2013). In capacitive stimulation 

systems, parallel metal layers, acting as electrodes, are placed outside the culture 

medium with a small gap between them, and then a homogenous electric field is 

created between the electrodes (Balint, Cassidy & Cartmell 2013). The field created 

has uniform electromagnetic properties across the stimulation area; however, the 

method requires high voltages (e.g. 100 V) and therefore poses some limitations (Hess 

et al. 2012a). Inductive stimulation utilises coils placed around the cell culture area in 

order to create an electromagnetic field (EMF) and to subsequently induce small 

magnitude electrical currents and potentials near the targeted cells (Balint, Cassidy & 

Cartmell 2013, Merrill, Bikson & Jefferys 2005). When two coils are situated so that 

the distance between them is equal to their radius, they create nearly a homogenous 

magnetic field in between them (Bodamyali et al. 1998). Combined stimulation 

includes a static and an AC magnetic field. The disadvantages of using an inductive 

stimulation system include the heat in the coils created by the generation of an EMF 

and that the system requires very accurate placement of the coils due to inseparable 

interplay of the EMF and electric fields; the wrong placement can lead to different 

biological effects. (Hess et al. 2012a) Using the above-mentioned delivery systems, ES 

can be applied in various ways, from the simplest direct current (DC), generated by 

batteries, to alternating currents (ACs) with different frequencies and waveforms 

(square, saw tooth, sinusoidal) using different voltages and current densities (Balint, 

Cassidy & Cartmell 2013). Stimulation systems are presented in Figure 3. 
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Figure 3. Electrical stimulation systems for in vitro applications. Modified from Balint, 

Cassidy & Cartmell (2013). 

2.4.4 Coupling mechanisms of electrical signals with the cell 
membrane 

In vivo electricity mainly arises from cells constantly pumping ions across their cell 

membrane, resulting in membrane potential (Balint, Cassidy & Cartmell 2013). 

Sundelacruz, Levin & Kaplan (2008) examined the changes in membrane potential of 

hASCs under adipogenic and osteogenic differentiation. The resting membrane 

potential was reported to be -37 mV under osteogenic differentiation and -47 mV 

under adipogenic differentiation. The cells were shown to hyperpolarise during both 

differentiation pathways, with the adipogenic differentiation being more substantial. 

Interestingly, the membrane potential could be manipulated to facilitate the 

differentiation pattern of ASCs. When hyperpolarisation was induced by 

pharmacological means, osteogenic markers were upregulated. Other studies have also 

reported that more immature proliferative cells exhibit a strongly depolarised 

membrane potential and terminally differentiated cells exhibit a strongly 

hyperpolarised membrane potential (Sundelacruz, Levin & Kaplan 2013, Levin 2007). 

On the other hand, induced depolarisation of MSC-derived osteoblasts and adipocytes 

has reported to lead to suppression of the osteoblast or adipocyte phenotype even 

under differentiation-inducing soluble factors (Sundelacruz, Levin & Kaplan 2013). 

The underlying mechanisms of polarisation affecting the cell behaviour have been 

tracked to interactions with actin and tubulin cytoskeleton organisations (Nin, 

Hernández & Chifflet 2009, Chifflet, Hernandez & Grasso 2005). 

The cell membrane potential, which is within a range of 106–107 V/m, halts weaker 

external DC electric fields from entering the cell. Therefore, the effects of external 

electric fields of the physiological range are at least partly mediated by the internal 

signalling pathways via the same cell surface sensors that are involved in 

mechanotransduction and chemotaxis (Balint, Cassidy & Cartmell 2013, Erickson & 

Nuccitelli 1984, Hammerick et al. 2010, Zhao 2009, Lin et al. 2008, Funk, Monsees & 
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Özkucur 2009). The intracellular calcium level is a key component in responding to 

electrical signals (Balint, Cassidy & Cartmell 2013, Titushkin et al. 2011). Cytosolic free 

calcium in mouse ASCs has been reported to increase 30 s after electric field initiation 

(Hammerick et al. 2010). Increase in intracellular calcium levels is at least partially due 

to the calcium/calmodulin pathway, which is affected differently depending on the 

method of stimulation (Balint, Cassidy & Cartmell 2013). As direct and capacitive 

coupled stimuli cannot penetrate the cell membrane, they are suggested to couple with 

cell membrane receptors that activate phospholipase C (PLC) (Titushkin & Cho 

2009), and/or voltage-gated calcium channels, raising the intracellular Ca2+ and 

prostaglandin E2 levels (Titushkin & Cho 2009, Titushkin et al. 2011). Instead, EMF 

can induce potentials and currents in the cytoplasm, releasing intracellular calcium 

from reservoirs, such as the endoplasmic reticulum (Balint, Cassidy & Cartmell 2013, 

Li et al. 2006).  

Integrins and other extracellular glycoproteins are also suggested to respond to ES 

at low frequencies (0.1‒10 Hz) of sinusoidal electric fields (~1 V/cm) and may 

therefore share a common transduction mechanism with mechanical forces exerted on 

glycoproteins (Hart 2006, Hart 2008). Integrins transmit the mechanical torque, 

triggered either by ES or fluid shear, directly to the actin cytoskeleton (Titushkin et al. 

2011). In addition, redistribution and clustering of integrins and activation of some 

focal adhesion proteins during ES is mediated by PLC or focal adhesion-mediated 

pathways to alter the Ca2+ dynamics, which in turn controls integrin-mediated cell 

adhesion and migration (Titushkin et al. 2011, Sjaastad & Nelson 1997). Therefore, it 

is highly likely that ES-regulated Ca2+ dynamics also control focal adhesions 

(Titushkin et al. 2011). Cytoskeletal elasticity of the cell membrane in MSCs is 

reported to decrease during ES, which is likely to be through actin cytoskeleton 

reorganisation (Titushkin et al. 2011, Hammerick et al. 2010, Titushkin & Cho 2009). 

MSC elasticity has been reported to decrease to values similar to those found in 

mature osteoblasts when MSCs are put under chemical osteoinduction (Titushkin & 

Cho 2007, Pablo Rodríguez et al. 2004). Changes in MSC mechanics can in turn 

activate other mechanosensors other than extracellular glycoproteins, such as stretch-

activated cation channels in the cell membrane (Cho et al. 1999). Titushkin and Cho 

(2009) found that ES causes ATP depletion in MSCs and osteoblasts, which induces 

the inhibition of linker proteins between the cell membrane and the cytoskeleton; in 

addition, it modulates Ca2+ dynamics. Inhibition of linker proteins triggered 

membrane disruption from the cytoskeleton and was more pronounced in mature 

osteoblasts, since they possess stronger membrane-cytoskeleteon interaction. The 

consequences of the separation of cellular functions are still unclear. The diverse 

mechanism through which ES affects MSC functions is summarised in Figure 4. 
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Figure 4. The coupling mechanisms of ES in MSCs. Modified from Titushkin et al. 
(2011). ATP: adenosine triphosphate; PLC: phospholipase C. 

2.4.4.1 Potential mechanisms in osteogenic differentiation of 
mesenchymal stem cells under electrical stimulation 

Undoubtedly, the above-mentioned ES coupling mechanisms play a major part in the 

initiation of the osteogenic differentiation cascade of MSCs. However, the specific 

signals that determine the osteogenic differentiation pathway in MSCs is unclear. As 

ES can couple in various different ways with MSC-signalling molecules depending on 

the nature of the ES (e.g. the strength of the electric field, frequency), the emphasis on 

the signalling pathways to result in osteogenic differentiation can be very different as 

well. BEC stimulation was reported to increase extracellular-signal-regulated kinase 

(Erk) p38 activation of the mitogen-activated protein kinase (MAPK) pathway (Kim et 

al. 2009), which is known to be involved in VEGF production and cell proliferation 

(Matsuda et al. 1998). In addition, messenger ribonucleic acid (mRNA) expression of 

the hypoxia-inducible factor, which is known to upstream VEGF transcription, was 

noticed to increase 30 min after ES. BEC was also reported to mediate signals through 

a voltage-gated calcium channel and another L-type calcium channel. Calcium 

signalling was found to have a greater effect on proliferation than the MAPK pathway 

under BEC. (Kim et al. 2009) Sun et al. (2007) found that intracellular calcium 

oscillation spikes of hBMSCs (in MM) were changed under ES to resemble the 

oscillation spikes measured from fully differentiated osteoblasts. The same effect on 

oscillation was achieved with chemical osteoinduction. 
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2.4.5 External electrical stimulation in osteogenic differentiation of 
mesenchymal stem cells 

Even though ES has long been used for treatments in bone defects, the use of ES in 

bone tissue engineering has only been studied more intensively over the last five years 

(Kooistra, Jain & Hanson 2009). To date, various ES patterns have been applied to 

induce osteogenic differentiation of MSCs (Kim et al. 2009, Hammerick et al. 2010, 

Titushkin & Cho 2009, Sun et al. 2007, McCullen et al. 2010, Creecy et al. 2013, Hess 

et al. 2012b, Balint et al. 2013, Hronik-Tupaj et al. 2011) or maturation of osteoblasts 

(Zhuang et al. 1997, Zhang et al. 2013, Supronowicz et al. 2002, Meng, Zhang & 

Rouabhia 2011, Meng, Rouabhia & Zhang 2013) in 2 dimensional (2D) or 3-

dimensional (3D) cell cultures. The applied ES patterns for MSCs in vitro are reviewed 

in Table 2. The studies involving DC electric fields have mainly concentrated on the 

effect on orientation and migration (Tandon et al. 2009b, Sun, Titushkin & Cho 2006, 

Zhao et al. 2011). MSCs have been reported to align perpendicularly to the direction 

of the electric field (Hammerick et al. 2010, Tandon et al. 2009b). In addition, the 

coupling of electric fields in the cell membrane (Sun, Titushkin & Cho 2006) and the 

cytoskeleton tension of MSCs (Titushkin & Cho 2009) have been studied with a DC 

electric field. 

 AC ES studies in bone tissue engineering have focused on examining proliferation 

and differentiation of MSCs (Kim et al. 2009, Hammerick et al. 2010, Sun et al. 2007, 

McCullen et al. 2010, Creecy et al. 2013, Hess et al. 2012b, Balint et al. 2013, Hronik-

Tupaj et al. 2011, Hwang et al. 2012). The ES conditions vary widely between the 

studies, which makes the comparison of the ES parameters challenging. However, AC 

electric fields ranging from 20 mV/cm up to 10 V/cm have shown to be suitable 

ranges for MSC stimulation at certain frequencies (McCullen et al. 2010, Hronik-Tupaj 

et al. 2011). In addition, current densities of 1.5‒40 µA/cm2 have been applied to 

MSCs to study osteogenic differentiation. OM conditions used in combination with 

ES have given a stronger MSC response to ES in terms of osteogenic differentiation 

when compared to similar ES conditions in a maintenance medium (MM). This 

suggests synergistic effects between chemical osteogenic induction and ES (Kim et al. 

2009, Hess et al. 2012b). Synergistic phenomenon has also been observed when 

mechanically stimulating hASCs in OM (Tirkkonen et al. 2011). 

Several ES parameters have been reported to enhance ALP activity (Kim et al. 

2009, Hess et al. 2012b), ECM mineralisation in OM (Kim et al. 2009, Sun et al. 2007, 

McCullen et al. 2010) and upregulate OC (Creecy et al. 2013, Hess et al. 2012b, 

McCullen et al. 2010), OPN (Hammerick et al. 2010, Hess et al. 2012b), Coll I, runx2 

(Hammerick et al. 2010), VEGF (Kim et al. 2009, Tandon et al. 2009b, Hwang et al. 

2012), insulin-like growth factor 1 (IGF-1), BMP-2, bFGF (FGF-2), TGF-β1, 
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interleukin-8 (IL8) and (C-X-C motif) ligand 2 (CXCL-2) (Hwang et al. 2012). 

However, some ES parameters used have not upregulated runx2 (Hess et al. 2012a, 

Creecy et al. 2013), osterix (Creecy et al. 2013), OPN (Kim et al. 2009, Creecy et al. 

2013), OC, BSP or Coll I (Kim et al. 2009), even though other osteogenic markers 

were upregulated in the studies. Proliferation has been reported with frequencies of 1 

Hz with sinusoidal waves (Sun et al. 2007, McCullen et al. 2010) and 100 Hz with 

pulsed BEC (Kim et al. 2009, Hwang et al. 2012), whereas set-ups using 10 Hz (Hess 

et al. 2012b) or 50 Hz (Hammerick et al. 2010) have not shown enhancement in 

proliferation. The difference between a 2D and 3D environment under ES has been 

studied by Hwang et al. (2012); they reported that the 3D environment gave a stronger 

expression of chemokine receptors (C-X-C motif) receptor 4 (CXCR4) and IL8, 

which are related to the homing capabilities of MSCs in 3D. 

In addition to traditional markers, the effect of ES on heat shock proteins has been 

studied, as these proteins are upregulated during stress, including oxidative stress, but 

are also reported to affect osteogenic differentiation of MSCs (Norgaard, Kassem & 

Rattan 2006). Upregulation of heat shock protein 27 has been observed in a high 

frequency (60 kHz) AC electric field (Hronik-Tupaj et al. 2011). Oxidative stress may 

also compromise bone regeneration by formation of reactive oxygen species (ROS), 

such as hydrogen peroxide and xanthine/xanthine oxidase (Mody et al. 2001). Only 

one of the above-mentioned ES studies with MSCs has examined the production of 

ROS during ES; it did not detect any accumulation of ROS when stimulating mouse 

ASCs with pulsed ES (Hammerick et al. 2010). Other ES studies with embryonic stem 

cells (Serena et al. 2009) and neural cells (Riquelme et al. 2011) have reported 

generation of ROS during ES at the level that promoted favourable cell behaviour. 

Serena et al. (2009) used electric field pulses of 1 V/mm for 1 or 90 s, and Riquelme et 

al. (2011) used an electric field of 20–25 V/cm with 1 ms pulses at a frequency of 50 

or 10 Hz. 

The choice of electrical parameters has a significant impact on cellular response. 

However, to date, comparison of different electrical parameters has been addressed in 

only a few studies (Hu et al. 2014, McCullen et al. 2010, Creecy et al. 2013, Hwang et 

al. 2012). McCullen et al. (2010) tested the effect of several different electrical 

potentials under 1 Hz of sinusoidal ES on hASCs. Of the potentials 1, 3 and 5 V/cm, 

5 V/cm was found to induce the highest proliferation in hASCs, whereas 1 V/cm was 

the best potential in terms of mineralisation. Hu et al. (2014) tested the effect of 

different DC voltages on rat BMSCs seeded on PPy films and found decreased 

viability when using the highest voltage, 3.5 V. In addition, the longest stimulation 

time, 12 h, already showed decreased viability with lower voltages. From the tested ES 

durations, 2, 4 and 12 h, calcium deposition was the highest when 4 h of ES was 

applied. Kim et al. (2009) found pulsed BEC to induce a significantly higher 
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proliferation in the 2D culture system. Proliferation was the highest with a longer 

pulse and a lower current density when compared to a shorter pulse and a higher 

current density. However, when Hwang et al. (2012) applied the same parameters in 

3D in the other study, no significant enhancement in proliferation was observed. 

Instead, the 3D environment required a stronger current – a 40 µA/cm2 current 

density – to promote proliferation. Both studies with pulsed BEC promoted 

significantly higher VEGF and BMP-2 synthesis, and gene expression. Hwang et al. 

also compared 2D and 3D environments in VEGF expression, finding a significantly 

stronger effect of ES in 3D in comparison to 2D. 
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Table 2. A review of the applied ES patterns for MSCs in osteogenic differentiation in vitro. 

Culture 
system 

Cell 
source 

ES parameters 
Culture 
period 

Cell substrate 

Main results with effective ES parameters 

Proliferation ALP 
activity 

Gene expression Mineralisation Authors 

2D, OM 

 
hASCs 1, 3 or 5 V/cm, 

sinusoidal 1 Hz 
4h/d 

14 d Interdigitated 
electrodes on glass 
(Cr, Au, 25 
“fingers”) 

++ (5 V/cm, 7d) N/A N/A + (1 V/cm, 7 d),  
++ (14 d) 

McCullen et 
al. 2010 

3D, MM hBMSCs Sinusoidal 10 Hz AC 
either 10 or 40 µA, 
6h/d 

14 d Coll I gel and 
BMP-2- and 
BMP-6-
incorporated 

N/A N/A OC: ++ (10 and 40 µA, 14 d) 
OPN: 0 
Runx2: 0 
Osterix: 0 

N/A Creecy et al. 
2013 

3D, MM 
and OM 

 

hBMSCs Rectangular pulses: 
7 ms, 3.6 mV/cm, 
10 Hz 
ES for 4 h followed 
by a 4 h break 

28 d PCL scaffolds 
coated with Coll I 
and Coll I/high-
sulphated HA 
derivative 

0 (neither MM or 
OM) 

++ (7, 21, 
28 d, OM) 

OPN: ++(14 and 28 d) 
OC:++ (28 d) 
Runx2: 0 
ALP: 0 

N/A Hess et al. 
2012 

2D, MM 
and OM 

 

hBMSCs Pulsed BEC, 100 Hz, 
1) 250 μs pulse with 
1.5 μA/cm2 or 2) 25 
μs with 15 μA/cm2 
continuous ES 
during 7 d 

 21 d Au-deposited 
silicon plate 

+++ (group1; 3 
and 5 d), ++ 
(group 2; 5 d), in 
MM only 

++ (group 
2 tested 
only, 10 d) 

Tested in OM only. 
VEGF: + (1, 2, 3, 7 d) 
IGF: ++ (2, 3 d) 
TGF-β1: ++ (3, 7 d) 
BMP-2: ++ (3 d ) 

++ (21 d) Kim et al. 
2009 

3D vs. 
Monolayer, 
general, 
MM 

 

hBMSCs Biphasic, 100 Hz,  
1) 10, 20, or 40 
µA/cm2, pulse 125 
µs,  
2) 1.5 µA/cm2, pulse 
250 µs  

4 d Collagen sponge  ++ (3D, 40 
µA/cm2, 2 d) 

N/A Monolayer:  
IGF, VEGF: ++ 
(4 d) 
BMP-2: + (4 d) 
IL-8: + 
CXCL2: 0 
Fibronectin: 0 
stromal cell-
derived factor-1: - 

3D: 
IGF ++ (2 
d) 
BMP-2, 
FBF-2, 
TGF-β, IL-8, 
CXCL2, 
VEGF: +++ 
(4 d) 

 N/A Hwang et 
al. 2012 

2D, calcium 
oscillation, 
MM and 
OM 

hBMSCs 0.1 and 1 v/cm DC 
or 1 Hz sinusoidal 
AC, 30 min/d 

10 d Not specified  + (OM, 0.1 
V/cm tested 
only, day 10 

 ++ (OM, 
0.1 V/cm 
tested only, 
10 d) 

N/A 
  

+ (10 d, OM) Sun et al. 
2007 
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Main results with effective ES parameters 

Culture 
system 

Cell 
source 

ES parameters Culture 
period 

Cell substrate Proliferation ALP 
activity 

Gene expression Mineralisation Authors 

2D, OM 

 
hMSCs 20 mV/cm, 60 kHz, 

40 min/d 
28 d Glass dish  N/A N/A ALP: ++ (20 d) 

Coll I: ++ (5, 15, 20 d) 
Heat shock protein 27: ++ 
(15 d), – (5 d) 
Heat chock protein 70: – (10, 
15 d), ++(20 d) 

 0 (28 d) Hronik-
Tupaj et al. 
2011 

2D, MM 
and OM 

 

mouse 
ASCs 

Pulsed ES, 6 V/cm, 
50 Hz, 6h/d 

21 d Tissue culture dish  0 (MM tested 
only) 

 ++ (7 d)  ALP: ++ (7 d) 
OPN: ++ (7 d) 
Coll I: ++ (7 d) 
Runx2: ++ (7 d) 
OC: 0 (21 d) 

 0 (21 d) Hammerick 
et al. 2010 

2D, OM 

 
rat 
BMSCs  

0.035, 0.35 or 3.5 
V/cm 

 12 h PPy films with 
different pyrrole 
concentrations 

 N/CA  N/A  N/A  ++ (0.035, 0.35 
V/cm for 4 h); 
0 (3.5 V/cm) 

Hu et  
al. 2014 

2D, MM 

 
hASCs 6 V/cm DC 4 h  Glass slide  N/A N/A Connexin-43: ++(2 h) 

VEGF: ++ (2, 4 h) 
FGF-2: ++ (2 h) 
OPN: 0 

 N/A Tandon et 
al. 2009 

2D, MM 

 
hBMSCs 10–600 mV/mm 10 h Chamber slides  N/A N/A N/A  0 (qualitative, 

wk 4) 
Zhao et al. 
2011 

++/+++: Significant increase/upregulation; +: upregulated; N/A: not applicable; 0: no effect; –: decrease/downregulation, but not significant. AC: alternating 

current; ALP: alkaline phosphatase; BMP: bone morphogenic protein; Coll I: collagen type I; CXCL2: Chemokine (C-X-C motif) ligand 2; DC: direct current; FGF: 

fibroblast growth factor; HA: hyaluronic acid; hASC: human adipose stem cell; hBMSC: human bone marrow stromal cell; IGF-1: insulin-like growth factor 1; IL-8: 

interleukin 8; MM: maintenance medium; OC: osteocalcin; OM: osteogenic medium; OPN: osteopontin; PCL: polycaprolactone; PPy: polypyrrole; runx2: runt-

related 2; TGF- β: transforming growth factor- β; VEGF: vascular endothelial growth factor 
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2.5 Biomaterials in bone applications 

Biomaterials are intended to interface with biological systems to evaluate, treat, 

augment or replace any tissue, organ or function in the body (Nair & Laurencin 2007). 

Nair and Laurencin (2007) list some of the most essential requirements of the 

biomaterial: 

 

 Biomaterial should not evoke an inflammatory or toxic response in body; 

 The degradation of the material should match with the regeneration process and 

healing of the body; 

 The mechanical properties of the material should closely match the mechanical 

properties of the target tissue and the material should sustain suitable 

mechanical properties alongside degradation; 

 The degradation product should not be toxic and the body should be able to 

process and clear it;  

 Biomaterial should have an acceptable shelf life.  

 

Biomaterials can be classified into polymeric (synthetic and natural), metallic, ceramic 

and composite materials. In bone applications, materials from every biomaterial group 

have been exploited. Non-degradable materials – such as titanium alloys, stainless 

steel, and certain ceramics – are excluded from this review.  

Biodegradable polymers can degrade through a hydrolytic or an enzymatic route. 

Most of the natural polymers go through enzymatic degradation, whereas synthetic 

polymers degrade mainly hydrolytically.  The advantages of using natural polymers are 

in their inherent bioactivity, the ability to present receptor-binding ligands to cells, and 

in their susceptibility to cell-triggered proteolytic degradation. However they may 

trigger a strong immunogenic response because they are complex to purify, and they 

may pose a risk of disease transmission. Therefore, many synthetic polymers are still 

commonly used in clinical applications due to their more predictable properties and 

batch-to-batch uniformity. In addition, their properties can easily be tailored for 

specific applications. (Nair & Laurencin 2007)  

Hydrolytically degrading polymers are commonly used as implants because the 

enzymatically degrading polymers have varying degradation properties depending on 

the target tissue’s and patients’ enzymatic activity (Katti et al. 2002). Several synthetic 

polymers are approved for use in bone graft substitute by the FDA, including poly(α-

hydroxy esters), PLA, polyglycolide (PGA), poly(lactide-co-glycolide) (PLGA) and 

poly(caprolactone) (Nair & Laurencin 2007).  
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Ceramics have long been used as materials in bone applications because they can 

closely mimic the mineral matrix of the bone tissue. They primarily include calcium 

phosphates, calcium sulphates or bioactive glass. Calcium phosphate bone substitutes 

are usually made of tricalcium phosphate (TCP) or hydroxyapatite that, among other 

calcium phosphate-based biomaterials, are considered osteoconductive – meaning that 

they allow bone growth within the material and provide attractive surfaces for 

osteoblasts to attach to (Brown, Kumbar & Laurencin 2013). Hydroxyapatite-based 

bone grafts are slow to degrade in comparison to other calcium phosphates, which 

limits their use in bone tissue engineering (Brown, Kumbar & Laurencin 2013, 

Navarro et al. 2008). TCP is less brittle and more osteoinductive than hydroxyapatite. 

It is mainly used for filling small bone defects (Calori et al. 2011). TCPs can be 

classified into α-TCP and β-TCP according to their crystal structures, yet they both 

possess similar chemistry, with a Ca/P ratio of 1:5 (Barrere, van Blitterswijk & de 

Groot 2006). α-TCP is more soluble than β-TCP and is a major reagent in the 

composition of bone cements (Barrere, van Blitterswijk & de Groot 2006). From 

those, β-TCP is more stable up to 1125 ⁰C and is more extensively used for bone 

regeneration (Barrere, van Blitterswijk & de Groot 2006). Bioactive glasses are 

amorphous materials usually containing SiO2 as a network former and Na2O, CaO 

and P2O5 as modifying oxides (Brown, Kumbar & Laurencin 2013, Rahaman et al. 

2011). This composition can be found in Bioglass (45S5) that was developed by Cao 

and Hench (1996) in the 1970s. Some Bioglass formulations are reported to induce 

three times faster bone growth in comparison to hydroxyapatite (Fujishiro, Oonishi & 

Hench 1997). Bioactive glass has the ability to form a hydroxyapatite-like layer on its 

surface through certain chemical reactions when implanted into the body, which 

contributes to the formation of a firm bond with hard and soft tissues (Kokubo, 

Takadama 2006). 

Composite materials combine two or more of the elements described above to 

exploit the beneficial properties of the materials. Commonly used approaches in 

orthopaedic materials involve combining synthetic polymers to bring flexibility of 

ductile polymers and ceramics to gain higher compression strength and introduce 

bioactivity to the implant (Rezwan et al. 2006). From these, poly(lactide-co-glycolide) 

(PLGA)-TCP composites will be more closely detailed below. 

2.5.1 Lactide-based polymers: PLLA, PLGA 

Lactide (LA) -based polymers are classified as poly (α-esters), and more specifically, 

poly(α-hydroxy acids) that mainly degrade by bulk erosion. They are thermoplastic 
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polymers that degrade through the hydrolytically labile ester linkages in their 

backbone. (Nair & Laurencin 2007) 

Lactide is a chiral molecule with two optically active isoforms: L-lactide and D-

lactide. Usually the polymerisation of these monomers leads to semi-crystalline 

polymers, but the combination of racemic D-L-lactide and mesolactide also results in 

amorphous polymers (Nair & Laurencin 2007). L-lactide is a naturally occurring 

isomer and its polymer poly(L-lactide) (PLLA) possesses ~37% crystallinity in its 

structure, the degree depending on molecular weight and processing parameters (Nair 

& Laurencin 2007). The glass transition temperature of PLLA is 60–65 ⁰C and the 

melting temperature is approximately 175 ⁰C (Nair & Laurencin 2007, Middleton & 

Tipton 2000). PLLA is a slow degrading polymer with good tensile strength, low 

extension and high modulus (~4.8 GPa) which makes it a suitable polymer for load-

bearing applications (Nair & Laurencin 2007). The final hydrolysis product, lactic acid, 

is a human metabolic by-product that is processed in the citric acid cycle into water 

and carbon dioxide (Maurus, Kaeding 2004). 

PLGA is one of the most investigated LA-based polymers with different lactide 

chimeras (L- and DL-lactides) and different LA-GA compositions. In the composition 

range of 25–75%, poly(L-lactide-co-glycolide) (PLLGA) forms amorphous polymers. 

The bulk erosion of PLGA is faster than PLLA’s due to its higher hydrophilicity but 

the degradation rate depends on the LA/GA ratio, molecular weight, and the shape 

and structure of the matrix. (Nair & Laurencin 2007)  

The major advantage of the PLGA is its easy processability, controllable 

degradation rates, and that their FDA approval for use in humans (Nair & Laurencin 

2007). PLGA provides a good adhesion surface and supports proliferation of cells, 

and is therefore widely studied for tissue engineering applications (Katti et al. 2004, 

Borden et al. 2002, Lu & Chen 2004). In addition, guided tissue regeneration and drug 

delivery devices have been developed.  

2.5.2 Lactide-based medical devices 

Several orthopaedic products are currently made of PLLA, including suture anchors, 

soft tissue fixation screws and meniscal stringers (Nair & Laurencin 2007). High 

molecular weight PLLA has been reported to totally resorb within 2 to 5.6 years in vivo 

(Middleton & Tipton 2000, Bergsma et al. 1995). Due to the bulk erosion, PLLA can 

lose its mechanical properties already 6 months after hydrolysation, even though 

significant changes in mass will not occur for a long time (Nair & Laurencin 2007). 

PLGA has also been developed and investigated for a wide range of biomedical 

applications, one of the most famous on the market being multifilament sutures, 
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namely Vicryl® and PANACRYL® from Ethicon, Inc. Other commonly used 

applications are different meshes, suture reinforcements, skin replacement materials, 

and duramater substitutes (Nair & Laurencin 2007). In orthopaedics, PLGA is used in 

the form of screws, pins and nails (Bioretec Ltd. 2014). The shape-memory effect has 

been applied for PLLA and PLGA to facilitate, for instance, functions in stents (Xue, 

Dai & Li 2010) or orthopaedic devices (Bioretec Ltd. 2014). ActivaScrewTM, which is 

intended for bone repair, has a shape memory effect with lengthwise compression and 

expansion in the diameter, preventing the screw from loosening.  

Due to the bulk degradation of PLLA and PLGA, zero-order kinetics is 

challenging to achieve. Another disadvantage – especially in PLGA – is its acidic 

degradation product, which can increase the risk of inflammation in vivo (Nair & 

Laurencin 2007, Athanasiou, Niederauer & Agrawal 1996). To overcome the acidic 

degradation products and lack of bioactivity of PLLA and PLGA, they have been 

combined with several materials, such as β-TCP (Debusscher et al. 2009), 

hydroxyapatite (Wang et al. 2013b), and titania nanoparticles (Liu, Slamovich & 

Webster 2006). 

2.5.3 PLGA-β-TCP composites for orthopaedics 

One of the composites used to improve compatibility with bone tissue is β-TCP, 

whose incorporation into the structure improves dissolution properties, enhances 

formation of bone, provides structural strength more closely mimicking that of native 

bone tissue, and buffers the acidic degradation products of PLGA (Ehrenfried, Patel 

& Cameron 2008, Kang et al. 2011, Kang et al. 2013). β-TCP is commercially used as a 

bone filler, root canal filler and artificial tooth root (Kokovic, Todorovic 2011). 

However, β-TCP faces some disadvantages when used alone in bone applications 

because its degradation rate does not quite match with bone absorption – it is slightly 

too quick to degrade (Kwon et al. 2002). It is also brittle, making it susceptible to 

scaffold collapse (Liu, Lun 2012).  

 PLGA-β-TCP composite screws are commercially used in anterior cruciate 

ligament (ACL) fixation. MILARGO® interference screws use a homogenous mixture 

of 30% β-TCP and 70% PLGA by weight. When tested in a canine model, implant 

sites were filled with bone after 36 months of implantation and no residual screw 

material was observed (Barber, Dockery & Hrnack 2011). PLGA-β-TCP composites 

have also been investigated as drug releasing devices for bone regeneration 

(Luginbuehl et al. 2010). For instance, incorporation of tetracycline has been tested for 

prevention of bone infections (Luginbuehl et al. 2010), whereas icaritin, a metabolic 

compound of certain flavonoids reported to stimulate osteogenic differentiation of 
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MSCs (Sheng et al. 2013), and BMP-2 have been tested for enhancement of bone 

regeneration (Chen et al. 2013, Yu et al. 2008). 

2.6 Electrically conductive polypyrrole in tissue 
engineering 

CPs are gaining interest in the field of tissue engineering as they allow direct delivery 

of electrical, electrochemical and mechanical stimulus to cells (Balint, Cassidy & 

Cartmell 2014). Their chemical, electrical and physical properties can be tailored for 

specific applications by incorporating different biological moieties, such as enzymes 

and antibodies (Higgins et al. 2012). To date, several different CPs, such as PPy, 

poly(3,4-ethyl-enedioxythiophene) (PEDOT) and polyaniline (PANI) have been tested 

for tissue engineering (Balint, Cassidy & Cartmell 2014). Of those, PPy is the most 

studied CP; it can be easily modified with different bioactive molecules and 

polymerised at ambient temperatures (Balint, Cassidy & Cartmell 2014). It is used in 

numerous biomedical applications, such as drug delivery systems (Richardson et al. 

2009, Thompson et al. 2011), biosensors (Ates 2013), as a biomaterial in scaffolds 

(Aznar-Cervantes et al. 2012, Sajesh et al. 2013), nerve guidance channels (Abidian et 

al. 2012), neural probes (Gomez et al. 2007) blood conduits (Alikacem et al. 1999) and 

actuators (Liu et al. 2009).  

The conductivity of PPy arises from a combination of several factors. PPy consists 

of single and double bonds that allow electrons to delocalise and move freely between 

atoms, but it also requires dopants acting as a charge carrier between the polymer 

chains (Balint, Cassidy & Cartmell 2014). PPy is in its oxidised form when conductive, 

and it requires presence of negative dopants to stabilise the backbone and neutralise 

the net charge (Bredas, Street 1985). When electrical potential is applied in PPy, the 

dopants start to move in or out of the polymer chain, depending on the polarity, 

simultaneously removing or adding electrons (Ravichandran et al. 2012). This disrupts 

the stable backbone and allows the charge to be passed along the polymer in the form 

of polarons or bipolarons that can travel along the polymer chain (Balint, Cassidy & 

Cartmell 2014). Large dopants give PPy greater electrical stability because they are 

integrated in the polymer; they do not leach out and get replaced by ions from the 

electrolyte (Balint, Cassidy & Cartmell 2014, Liu et al. 2009, Wallace & Spinks 2007, 

Shi et al. 2004). In PPy, the conductivity is present especially because of bipolarons. 

The conductivity of PPy can be up to 7.5 x 103 S/cm (Dai 2004). However, the 

conductivity strongly depends on the concentration and the nature of the dopants 

(Kaynak, Rintoul & George 2000).  
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2.6.1 Biocompatibility of polypyrrole 

PPy has been reported to be compatible with several cell types, such as MSCs (Serra 

Moreno et al. 2012, Hu et al. 2014), skeletal muscle cells (Gilmore et al. 2009), neurons 

(Thompson et al. 2011), cardiomyocytes (Kai et al. 2011), endothelial cells (Garner et 

al. 1999), and osteoblasts (Meng, Zhang & Rouabhia 2011). In addition, PPy is 

reported to be biocompatible in vivo in several tissues, such as in subcutaneous tissue 

in rats (Jiang et al. 2002), the intraperitoneum in mice (Ramanaviciene et al. 2007), 

neural tissue in rats (Wang et al. 2004a, Williams, Doherty 1994), brain tissue in rats 

(George et al. 2005) and the myocardium in rats (Mihardja, Sievers & Lee 2008). In 

addition, PPy has been reported to cause no haemolysis or changes in blood 

coagulation (Zhang et al. 2001) and has implanting PPy caused no changes in spleen, 

kidney and liver indexes in mice (Ramanaviciene et al. 2007). Subacute toxicity, acute 

toxicity, pyrogens, haemolysis, allergens and micronuclei have also been studied with 

PPy, showing no abnormalities (Wang et al. 2004a). One major disadvantage is that 

PPy is not inherently biodegradable. However, the erosion products of PPy have 

shown to be less cytotoxic than those of silver or TiO2 particles, which are common 

wear products of orthopaedic implants (Kim et al. 2011b, Palomäki et al. 2010). 

However, some contrasting results exist for PPy in vivo. Human MSCs were shown 

to grow better on silk fibroin mats when compared to those coated with PPy (Aznar-

Cervantes et al. 2012). Moreover, the thickness of PPy layer was reported to correlate 

directly with tissue response, with endothelial cells adhering less on thicker surfaces 

(Alikacem et al. 1999). A similar study revealed that endothelial cells did not synthesise 

deoxyribonucleic acid (DNA) on a neutral PPy surface, whereas cells on oxidised 

surfaces did not seem to have an effect on cell shape and function (Wong, Langer & 

Ingber 1994). Jakubiec et al. (1998) reported that a highly conductive PPy-coated 

polyester weakened endothelial cell growth, migration and viability. The optimal level 

of conductivity was found to be 103–104 Ω/square. In one study, a fibronectin coating 

was required for bovine aortic endothelial cells to properly adhere to PPy (Ateh, 

Navsaria & Vadgama 2006). In addition, PPy nanoparticles have shown to reduce 

human lung fibroblasts and mouse alveolar macrophage viability (Kim et al. 2011b). 

The variation in biocompatibility of PPy is suggested to arise from different 

fabrication protocols used in the experiments. For instance, rinsing, extraction and 

aging is shown to have an effect on biocompatibility (Ferraz et al. 2012).  

When comparing current knowledge of PPy properties to the general 

biocompatibility requirements of biomaterials mentioned in Chapter 6.1, the main 

challenges arise in the non-biodegradability and poor mechanical properties of PPy, 

while inflammatory and toxic response can be minimised by adequate fabrication 

methods. The mechanical properties of PPy can be modified when used in 
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composites, which will be further described in Chapter 2.6.3. The self-life of PPy has 

been addressed by one study, where aging of nanocellulose-PPy during four weeks of 

storage was reported to have a negative effect on its biocompatibility (Ferraz et al. 

2012).  

2.6.2 Fabrication of conducting and bioactive polypyrrole 

PPy can be polymerised via two main routes, either chemically or electrochemically. 

Chemical polymerisation involves an oxidation agent, such as ferric chloride or 

ammonium persulphate, and it is often used in commercial applications as it allows 

bulk manufacturing and provides many different possible routes of polymerisation 

(Guimard, Gomez & Schmidt 2007). However, chemically produced films yield lower 

conductivity in comparison to electrochemically produced films. It is also highly 

sensitive to the choice and purity of the reagents, reaction times and temperature 

(Balint, Cassidy & Cartmell 2014).  

The polymerisation proceeds through oxidation of pyrrole to give a radical cation 

that reacts with a neutral monomer. The monomer oxidises and deprotonates, 

forming a dimer that is also oxidised into a dimeric radical cation. This further reacts 

with the new monomer, giving a trimer, and the reaction continues, monomer by 

monomer. (Tan & Ghandi 2013)  

In electrochemical polymerisation, presented in Figure 5, voltage is applied 

through electrodes that are placed in a solution with pyrrole monomers and negatively 

charged molecules as dopants. Monomer deposits and oxidises on the positively 

charged working electrode during the applied current, forming insoluble polymer 

chains. (Balint, Cassidy & Cartmell 2014, Guimard, Gomez & Schmidt 2007)  

Three main methods can be used in PPy electrochemical deposition: the 

galvanostatic, potentiostatic, and potentiodynamic. In potentiostatic deposition, the 

voltage is controlled and the current varies. To control the amount of polymer 

deposited, the method requires a coulometer. In galvanostatic polymerisation, the 

current is controlled, meaning that the rate of deposition is steady and controllable. 

(Wallace, Smyth & Zhao 1999)  

In potentiodynamic deposition, the polymerising potential sweeps between a low 

and high potential limit in cycles, resulting in each polymer layer becoming electrically 

active before the next layer is deposited (Mondal, Prasad & Munichandraiah 2005, 

Girija, Sangaranarayanan 2006).  

The electrochemical method allows high control over the thickness and 

morphology of the films and allows formation of very thin films (Balint, Cassidy & 

Cartmell 2014). However, the amount of dopant that can be incorporated into the 
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structure is limited (Meng et al. 2008, Castano et al. 2004) and the substrate that the 

polymer is deposited on must be conductive and it is restricted by geometry and 

surface area (Shi et al. 2004, Zhang et al. 2001). In addition, electrochemically 

synthesising PPy in composites is very difficult, whereas chemical synthesis easily 

allows the combination of PPy with different polymers (Shi et al. 2004, Meng et al. 

2008). 

 

Figure 5. An electrochemical polymerisation set-up. Modified from Balint, Cassidy 
and Cartmell (2014). 

2.6.3 Modification of PPy 

PPy is a non-thermoplastic, rigid and brittle polymer and is insoluble after synthesis, 

which makes PPy difficult to process after synthesis (Meng et al. 2008). However, 

several modifications of PPy have been made to modify its material properties, such as 

its bioactivity, biodegradability, porosity and conductivity. Modifications can be 

divided into four main types: absorbing molecules after PPy polymerisation (Ahuja et 

al. 2007), entrapping molecules inside the polymer (Cosnier 1999), covalently bonding 

the molecule to the monomer (De Giglio, Sabbatini & Zambonin 1999), and simply 

exploiting the doping process (Gelmi, Higgins & Wallace 2010). Scaffolds with 
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conductive PPy cues are usually made by chemical polymerisation as electrochemical 

means require distinct conditions to succeed in 3D (Peramo et al. 2008). 

Different negatively charged biomolecules, such as certain proteins and GAGs, are 

commonly exploited as dopants in electrochemical polymerisation (Serra Moreno et al. 

2012, Serra Moreno et al. 2009, Meng, Zhang & Rouabhia 2011, Thompson et al. 

2011, Gilmore et al. 2009, Gelmi, Higgins & Wallace 2010, Collier et al. 2000, Serra 

Moreno et al. 2008, Richardson et al. 2007). The choice of the dopant can significantly 

alter the surface and bulk properties of PPy (Higgins et al. 2012) such as surface 

roughness, film thickness, Young’s modulus, mechanical actuation (Gelmi, Higgins & 

Wallace 2010), and conductivity (Gilmore et al. 2009). Application of AC ES to the 

doped PPy films causes films to undergo expansion and contraction as the electrolyte 

ions move in and out of the polymer to compensate the charge imbalance on the 

polymer backbone (Gelmi, Higgins & Wallace 2010). Depending on the dopant’s 

properties, such as size and morphology, the dopant can be released from the matrix 

upon ES, which is called dedoping, and replaced by the electrolyte’s anions, such as 

Cl- (Serra Moreno et al. 2012, Higgins et al. 2012). This is exploited in drug release 

(Thompson et al. 2011, Richardson et al. 2007) and in mechanical actuation 

applications (Gelmi, Higgins & Wallace 2010, Martinez, Otero & Jager 2014), where 

the ion exchange profile can be controlled by AC ES.  

Biodegradation of PPy has been tested with several methods, either by synthesising 

it in a composite (Zhang et al. 2013, Sajesh et al. 2013, Shi et al. 2004, Meng et al. 

2008) or modifying the PPy backbone (Zelikin et al. 2002). PPy can be easily 

synthesised as a composite with a biodegradable polymer, such as PLLA (Shi et al. 

2004, Meng et al. 2008). However, this most likely compromises conductivity and it 

does not render the actual PPy backbone degradable (Balint, Cassidy & Cartmell 

2014). An attempt to try to overcome this has involved modifying the backbone itself 

by adding hydrolysable side groups (Zelikin et al. 2002). However, the conductivity of 

the resulting polymer could not be measured and the method did not solve the 

problem of inherent biodegradation, as it still leaves smaller PPy backbone chains 

after erosion. Nevertheless, gradual erosion of short (< 50 kDa) PPy chains allows 

them to be moved by renal clearance (Knauf et al. 1988).  

2.6.4 Polypyrrole in bone tissue engineering 

PPy provides an interesting platform for osteogenic cells even without the application 

of ES. Heparin (HE) -doped PPy (PPy-HE) and PPy-HA induced osteogenic 

differentiation in mouse MSCs when early (runx2, osterix and ALP acitivity) and late 

osteogenic markers (mineralisation) were observed, even in the absence of OM (Serra 
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Moreno et al. 2012). An earlier study by Serra Moreno et al. (2009) tested osteoblast 

viability, adhesion and osteogenic markers on similar PPy-He and PPy-HA films; they 

reported good cell viability, organised actin filaments, and well-maintained focal 

contacts in the cells. Normal osteoblast metabolism was also maintained according to 

the ALP activity. Thin, erodible PPy films have been reported to enhance proliferation 

of hMSCs, when compared to tissue-culture-treated plastic, and to support osteogenic 

differentiation assessed by mRNA expression of Coll I, BSP and OPN (Zelikin et al. 

2002). In addition, thin PPy films made by admicellar polymerisation supported the 

osteogenic differentiation of rat MSCs while being comparable to standard cell culture 

polystyrene (PS) dishes (Castano et al. 2004).  

The combination of PPy and ES for osteogenic differentiation of MSCs is still little 

studied. So far, only one study has addressed the issue by applying DC via chemically 

polymerised PPy films seeded with rat MSCs (Hu et al. 2014). PPy films, with different 

concentrations of pyrrole and oxidant, all induced significantly enhanced ECM 

mineralisation when compared to tissue culture PS. The mineral content increased 

with increasing pyrrole concentration, and ALP activity occurred earlier on PPy films 

than tissue culture PS. In addition, mRNA expression of Runx2 and OCN, regulated 

by Runx2, were upregulated on the PPy films with similar trends as in calcium 

deposition. When a DC electric field was applied, an increasing concentration of 

pyrrole, with increased conductivities, showed an increased calcium deposition. 

Osteogenic differentiation was significantly enhanced with the combination of ES and 

PPy in comparison to unstimulated PPy. 

Osteoblast behaviour in combination with ES and PPy films has been more 

frequently studied. Meng, Rouabhia and Zhang (2013) tested osteoblast adhesion, 

proliferation and differentiation on PPy-He-PLLA membranes where PPy and HE 

were polymerised in a water-in-oil emulsion using an oxidant, and then blended with 

PLLA. DC electric fields of 100‒400 mV/mm were applied through the films. The 

favourable intensity was 200 mV/mm; this induced a significant proliferation with 6 h 

of ES, a significant increase in ALP protein concentration (6 and 8 h of ES) and a 

significant upregulation of mRNA expression and the protein content of OC (6 and 8 

h of ES). However, ALP mRNA expression was downregulated at 2 and 4 h of ES. 

An earlier study by Meng, Zhang and Rouabhia (2011) showed an increase in 

osteogenic gene markers of osteoblasts under ES of 200 mV/mm using similar films. 

Zhang et al. (2013) tested DC stimulation (50, 100, 150, 200, and 250 µA for 4 h 

per day) with osteoblasts on chitosan films containing PPy nanoparticles, and they also 

further modified the film surface by covalently immobilising BMP-2. The conductivity 

increased with the increasing PPy content of the films and did not decrease 

significantly during 28 days of incubation. Higher metabolic activity was observed 

when increasing the PPy content from 4%. The cause for this was suggested to be due 
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to a higher surface roughness. ES seemed to induce stronger metabolic activity in 

osteoblasts than the immobilised BMP-2 alone. Moreover, the combination of BMP-2 

and ES resulted in the highest metabolic activity, osteogenic marker expression and 

calcium deposition. 

2.6.5 Patent landscape and clinical interests of polypyrrole in bone 
applications 

To date, no commercial applications of PPy exist in the field of orthopaedics or bone 

regeneration. However, a few studies have addressed clinically relevant issues, mainly 

concentrating on functionalisation of titanium implants with PPy to overcome issues 

in osseointegration and corrosion (De Giglio, Sabbatini & Zambonin 1999, De Giglio 

et al. 2001, De Giglio et al. 2000). In addition, a few patents are closely related to the 

coating of bone implants with PPy and its composites. A PPy-hydrogel composite 

coating on titanium surfaces has been patented for enhancing bone cell and bone 

growth (Xu et al. 2008). In another patent, a calcium phosphate/magnesium oxide 

bioceramic coating has been patented for developing bone fixation materials, such as 

magnesium-based bone plates, bone screws, and the like (Qu et al. 2012).  

With regard to bone tissue engineering, several different variations of PPy exist in 

the patent field. Panero et al. (2004) have patented a conductive composite consisting 

of HA and its derivatives, including PPy. The patented constructs can have several 

shapes formed by a HA matrix that encompasses electrically conductive PPy and HA 

films. Their intended use is to accelerate tissue regeneration processes in nerve and 

bone regeneration. Interestingly, biodegradable CP patents that include PPy are more 

abundant than scientific publications regarding this topic. Shastri et al. (2002) patented 

a biodegradable CP that includes pyrrole moieties to control cell function, 

proliferation and differentiation. Another patent includes a biodegradable conducting 

material in which oligomers of pyrrole and other conductive moieties are grafted with 

a biodegradable polymer matrix, such as chitosan (Shipu et al. 2009). In addition, a 

biodegradable conducting polymer has been patented that combines heteroaromatic 

conductive segments of pyrrole and thiophene with flexible aliphatic chains via 

degradable ester linkages (Schmidt & Rivers 2002). It is intended for several areas of 

tissue engineering, such as peripheral nerve generation and bone repair.  

A cell culture system involving ES applied via a conducting polymer has also been 

patented. In this system, the conducting polymer acts as a substrate for 

anchorage-dependent cells. Changes in the polymer’s oxidation state during ES are 

used to alter proliferation, differentiation, or other functions of cells. (Wong, Ingber & 

Langer 1998) An electrical stimulator, including a conductive substrate, has been 
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patented to stimulate and record physiological signals of animal-derived cells (Xing et 

al. 2003). Another patent exploits EMF stimulation via electroactive material to induce 

bone cell regeneration of BMSCs (Shastri et al. 1998). 

A patent search was made using Espacenet Worldwide database 

(http://www.epo.org/) and United States Patent and Trademark Office 

(http://www.uspto.gov/). The number of relevant hits concerning PPy in bone tissue 

engineering is presented in Table 3. As shown by the results, only a few applications 

are found with each search type. However, more general patents, such as polymeric 

coatings on implants, may also cover PPy in their description, but they are not 

included in the search. 

Table 3. Patents related to PPy in bone applications. Irrelevant patents, such as neural 
or heart valve applications, were excluded from this search. The survey was last 
checked 15 Jun 2014. 

Search source Key words 
Relevant 

hits 

United States Patent 
and Trademark Office 

“polypyrrole” (abstract) and “bone” 1 
“conductive polymer” (abstract) and “tissue 
engineering” 

3 

Espacenet World 
Wide Database 

“polypyrrole” and “bone” in the title or 
abstract 

2 

“polypyrrole” and “orthopaedic” in the title 
or abstract 

1 

“polypyrrole” and “implant” in the title or 
abstract 

1 

“Polypyrrole” and “tissue engineering” 1 
“conductive polymer” and “tissue 
engineering” in the title or abstract 

3 

Total  12 
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3 Aims of this dissertation 

The main aim of this dissertation was to examine conductive PPy coatings in vitro and 

in vivo for bone regeneration. The aim in examining in vitro was to evaluate PPy as a 

substrate for hASCs in 2D and 3D environments. In vivo, the aim was to evaluate PPy 

as a coating for biodegradable orthopaedic implants. The specific aims of each study 

are listed below: 

 

I. To compare the effects of two electrochemically synthesised PPy films, one doped 

with CS and the other with HA, on attachment, viability, proliferation, and osteogenic 

differentiation of hASCs under ES;  

II. To evaluate the effect of chemically PPy-coated non-woven PLA fibres on hASC 

attachment, viability, proliferation, and early osteogenic differentiation. In addition, to 

examine how certain ES patterns affect hASCs when applied through the PPy-coated 

and uncoated PLA scaffolds;  

III. To examine the in vivo effects of a chemically polymerised PPy coating in terms of 

biocompatibility (acute, systematic and chronic effects) and bone regeneration, aiming 

at better implant-tissue contact in load-bearing orthopaedic fixation applications. 
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4 Materials and methods 

4.1 Biomaterial fabrication 

The pyrrole for all the studies was purchased from Sigma Aldrich (St. Louis, MO., 

USA). HA extracted from Streptococcus equi (Sigma-Aldrich) was used in Study I, 

and CS (chondroitin-4-sulphate, C4S) extracted from bovine trachea (Sigma Aldrich) 

was used in studies I and II. Pyrrole was distilled for purity in a vacuum before use. 

Distilled water and ethanol (Altia Oyj, Rajamäki, Finland) were used in all the 

polymerisations. Before the cell culture, the films (I) and scaffolds (II) produced were 

sterilised by gamma irradiation (BBF Sterilisationsservice GmbH, Kernen, Germany), 

with an irradiation dose of >25 kGy. This dose range has not been reported to 

significantly alter the conductivity of the films (Ercan, Günal & Güven 1995, 

Wolszczak, Kroh & Abdel-Hamid 1995). 

4.1.1 Polypyrrole films 

PPy-CS and PPy-HA films in Study I were electrochemically grown on a sputter-

coated polyethylene-naphthalate film (PEN)/Au films (125 µm Dupont Teonex®) in 

a solution of 0.07 ml of pyrrole and 1 mg of HA or CS per 1 ml of distilled water. An 

Au-coating (VTT Technical Research Center of Finland) with a thickness of 50 nm 

acted as a working electrode, a platinum mesh as a counter electrode, and an Ag/AgCl 

as a reference electrode. A constant potential of 1.0 V was applied to the films until a 

polymerisation charge of 300 mC/cm2 had passed through the working electrode.  

4.1.2 Polypyrrole-coated scaffolds 

In Study II, 16-ply multifilament fibres were made by extrusion (Gimac Microextruder 

TR 12/24 B.V.O., Gimac, Gastronno, Italy) and hot drawing, resulting in a single 

filament diameter of 10–20 µm. The fibres were cut and carded using a manually 

operated drum carder (Elite Drum Carder; Louët BV, CW Lochem, The Netherlands) 

to produce non-woven scaffolds. Several cards were then combined by needle 

punching using a James Hunter Needle Punching Machine (James Hunter Machine 

Co., North Adams, MA. USA) and cut 10 x 10 x 2 mm-sized scaffolds. 
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During the optimisation of PPy coatings, the pyrrole concentration was varied 

between 0.03–0.3 M, the CS concentration between 0.5–2 mg/ml, the ammonium 

peroxydisulfate (APS) concentration (Sigma Aldrich) between 0.01–0.1 M, and the 

polymerisation time was varied from 30 s to 15 min at ambient temperature. The 

optimisation resulted in the following concentrations used for the scaffolds: 

[pyrrole]=0.036 M, [APS]=0.1 M and [CS]=1 mg/ml, polymerisation time 150 s.  

CS and APS were dissolved separately in distilled water prior to the polymerisation. 

Subsequently, CS and APS solutions were combined, and pyrrole was added 

immediately with vigorous stirring. Next, the samples were placed in a polymerisation 

bath. Before the polymerisation, the non-woven scaffolds were pre-treated in ethanol, 

and after the polymerisation, rinsed thoroughly with water and air-dried.  

4.2 Material characterisation 

4.2.1 Atomic force microscopy  

The films in Study I and individual fibres in Study II were characterised by atomic 

force microscopy (AFM; Park Systems XE-100, Korea) to evaluate the surface 

morphology and the roughness of the sample surfaces. Roughness (Ra) values of the 

PPy films (I) were imaged in a dry (air) and wet (PBS) state after soaking the films in 

OM (for detailed contents, see 4.2.6) for 4 days. The dried samples were imaged in air 

using non-contact AFM with a silicon probe (ACTA-905M, Applied NanoStructures, 

Inc., Santa Clara, USA). Before imaging, sample surfaces were carefully rinsed with 

deionised water and dried in ambient air. A nominal resonance frequency of 300 kHz, 

a cantilever spring constant of 40 N/m and a tip radius of < 10 nm were used as 

parameters for imaging at a scan rate of 0.5 Hz to acquire 5x5 µm2 images. The wet 

samples, pre-incubated in OM, were imaged using a contact mode AFM with Silicon 

nitride probes (HYDRA-6R100N, Applied Nanostructures, Inc.). A nominal force 

constant of 0.28 N/m and a tip radius with a curvature of < 8 nm were applied to 

image 20x20 µm2 areas, with scanning parameters of 7 nN and 20 nN force set points. 

Eventually, images of 12x12 µm2 were taken with a scan rate of 1 Hz. Raw 512x512 

pixel data were used for the Ra value analysis.  

In Study II, PPy-coated fibres were imaged in air by non-contact AFM using 

silicon probes. A pyramid-shaped tip and an aluminium reflective coating (radius < 10 

nm) with a nominal resonance frequency of 300 kHz and a cantilever spring constant 

of 4 N/m were used for imaging. A scan rate of 0.5 Hz and scans of 5x5 µm2 were 

applied. 
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The surface roughness was analysed with Park Systems XEI 1.7.5 image analysis 

software (Suwon, Korea). In the case of the PPy films (I), 10 randomly chosen 

4x4 µm2 areas were calculated. The data were 4th order plane-fitted to expose the 

nanoscale details of the PPy surfaces. With regard to the roughness data acquired 

from the coated fibres (II), the analysed area size was varied in order to guarantee the 

reliability of the result. The raw data was 0th order flattened along the fibre axes, which 

were parallel to the slow axis of the AFM, to present the surface topography of the 

curved surfaces. 

4.2.2 Scanning electron microscopy  

Scanning electron microscopy (SEM; JSM – 6360 LV SEM, JEOL, Japan) was used in 

Study II to image coated and uncoated scaffolds. A low acceleration voltage (3 kV) 

was used to prevent sample damage and to induce contrast between electrically 

conductive and insulating areas. For the uncoated scaffold, the imaging was first done 

without a metallic surface coating and then sputter-coated to result in a thin, 20 nm 

gold layer coat (SCD 050, Balzers AG, Liechtenstein).  

4.2.3 Hydrolysis measurements  

Gamma irradiated scaffolds in Study II were incubated in sealed plastic specimen 

chambers containing either PBS or maintenance medium (MM; for detailed contents, 

see 4.2.6) at +37 °C for up to 42 days. The ISO-15814:1999(E) standard was followed 

to set the test conditions. The pH of the buffer solution was measured and changed 

every 3 to 4 days in order to prevent the acidic autocatalytic hydrolysis of PLA.  

4.2.4 Measuring electrical properties of the electrodes, cell culture 
medium, and PPy coatings 

Electrochemical impedance spectroscopy (EIS) measurements were conducted for the 

PPy films (I) and the coated and uncoated scaffolds (II). EIS in Study I was 

conducted in PBS. Doped PPy films on gold-coated Mylar with an area of 1 cm2 were 

used as a working electrode. Platinum mesh acted as a counter electrode and Ag/AgCl 

with 3.0 M NaCl as a reference electrode. Impedance spectra were obtained using a 

100 mHz to 100 kHz range, applying an AC amplitude of ±200 mV (CH 660D 

Electrochemical Analyzer/Workstation, CH Instruments, Austin, USA). All EIS 
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measurements were performed at the resting potential of the films, ranging from +70 

to +195 mV, versus the reference electrode to prevent destruction of the films. The 

average impedance and standard deviation (SD) at 10 Hz and 100 Hz were calculated 

from the impedance values of the three samples per film type.  

Impedance spectra in Study II was measured from circular parallel 1 cm2 

PEN/Au-film electrodes and parallel rigid TiN-coated steel electrodes (electrode 

material TiN) in Dulbecco’s Modified Eagle Medium (DMEM) using a HP 4192A 

impedance analyser (Agilent Technologies, Santa Clara, USA). In this measurement, a 

100 Ω series resistor and an excitation sinusoidal peak-to-peak voltage of 50 mV was 

used. Subsequently, the impedance of the insulating uncoated scaffold and the 

electrically conductive coated scaffold as well as the plain DMEM was measured 

between the rigid TiN electrodes (Oerlikon Balzers Sandvik Coating, Finland), which 

provided an electrochemically stable, smooth, and mechanically rigid construction for 

the measurement cell. Constant phase element analysis (CPE) was conducted using a 

curve fitting tool provided in OriginPro 8.5.1 software (Originlab Corporation, 

Northampton, MA, USA) applying the protocols described by Tandon et al. (2009a). 

Ohm’s law and the impedances measured at 1 Hz and 10 kHz were used to calculate 

the current densities in the 24-well stimulation set-up. 

Cyclic voltammetry (CV) of the films in Study I was recorded in PBS with the 

same instrument and similar electrode set-up as in the impedance recordings of the 

films. Measurements were performed at a scan rate of 50 mV/s and a potential from -

0.6 to 0.5 V. 

After the cell culture experiments in Study I, the through-plane electrical 

conductivity of PPy films was monitored in air using a simple two-wire test set-up 

(Fluke 170 multimeter, Washington, USA). The applied top and bottom electrodes 

were round Au contact electrodes (contact area of 16 mm2) and the PEN/Au films, 

respectively. 

In Study II, the DC conductivity of air-dry scaffolds was measured directly after 

the synthesis and during the hydrolysis test using custom made copper flat alligator 

clips (contact area 6 mm2) and a Fluke 189 multimeter (Fluke Corporation, Everett, 

USA). 

4.2.5 Electrospray ionisation mass spectroscopy 

In Study II, gamma sterilised, coated and uncoated samples of 10 mg were hydrolysed 

for 30 days at +60 °C in 1.0 ml distilled water. Subsequently, the samples were 

analysed with a single quadrupole Perkin Elmer SQ 300-electrospray mass 

spectrometry (MS) system (PerkinElmer, Massachusetts, USA) with a positive ion 
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mode. The drying gas (nitrogen) temperature was set at +175 °C and the flow rate at 8 

l/min. To screen the onset of the PLA oligomers cracking, the capillary exit voltage 

was varied between 60 V and 200 V. The MS was operated in a scan mode (mass 

range 200–1000) using a dwell time of 0.1 ms. The hydrolysis solution was passed 

through a 0.45 µm polytetrafluoroethylene filter, 0.5 ml methanol was added to the 

mixture (water/MeOH 2:1 v/v), and the sample was injected through a syringe pump 

into the mass spectrometer at a flow rate of 5 µl/min.  

4.2.6 Adipose stem cell isolation and cell culture 

The adipose tissue for each study was obtained via tissue harvests from three female 

patients, with an average age of 54 ± 22 years in Study I and 54 ±12 years in Study II. 

Surgical procedures were conducted at the Department of Plastic Surgery, Tampere 

University Hospital. The tissue harvest and the use of hASCs were conducted in 

accordance with the Ethics Committee of the Pirkanmaa Hospital District (R03058). 

Samples from the adipose tissue were manually cut into small pieces and digested with 

collagenase type I (1.5 mg/ml; Invitrogen, California, USA) at +37⁰C for 45–60 min 

with intermittent agitation. After centrifugation, the uppermost layer of fat and 

connective tissue was discarded and the pelleted stromal vascular fraction was passed 

through a filter of 100 µm (Falcon®, Becton Dickinson Labware, New Jersey, USA) 

to remove cellular debris. After two more centrifugation and washing steps, the 

remaining pellet was expanded in T-75 PS flasks (Nunc, Roskilde, Denmark) in MM 

consisting of a DMEM/Ham’s Nutrient mixture F-12 (1:1; Invitogen), 10% FBS 

(Invitrogen) (I) or HS (II) (PAA Laboratories GmbH, Pasching, Austria), 1% L-

glutamine (GlutaMAX I; Invitrogen) and 1% antibiotics/antimycotic (100 U/ml 

penicillin, 0.1 mg/ml streptomycin; Invitrogen). Cells were passaged when reaching a 

confluence level of 80%, and passages 4 and 5 were used for the experiments. The 

OM was changed for the hASCS at the beginning of ES in Study I, consisting of 250 

µM ascorbic acid 2-phosphate (Sigma-Aldrich), 5 nM dexamethasone (Sigma-Aldrich), 

and 10 mM b-glycerofosfate (Sigma-Aldrich) supplemented to the MM.  

4.2.7 Electrical stimulation of adipose stem cells 

A similar electrical stimulator set-up was used in both in vitro studies (Figure 6). 

PEN/Au films, which were either electrochemically coated with PPy (I) or used 

without a PPy coating (II), were attached to custom-made, bottomless 24-well plates 

(Greiner Bio-One GmbH, Frickenhausen, Germany). These working electrodes were 
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attached to the well plate with biomedical grade Silastic® Q7-4720 liquid silicone 

rubber. The top electrodes were bent strips of PEN/Au-films partially extending into 

the cell culture medium. The individual wells were electronically connected in parallel 

by the connection of four parallel strips. The electrode surface area was 1 cm2 for the 

top electrode and 1.5 cm2 for the bottom electrode in each well. The distance between 

the top and the bottom electrodes was 2 mm, which matched the thickness of the 

scaffold in Study II.  

ES was performed in a cell-culturing incubator at +37 °C and 5% CO2 during the 

14-day culture period. Samples were stimulated for 4 h a day with a BEC of ±0.2 V 

amplitude. The waveforms for the 1 Hz (II) and 100 Hz (I and II) BEC were 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. Corresponding non-stimulated samples acted 

as controls. The measured DC current after the 2.5 ms and the 250 ms pulses was in 

the range of 40–50 µA/cm2, corresponding to a cell impedance of 5 kΩ.  
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Figure 6. A schematic illustration of the stimulation device geometry. A) Side 
projection from Study I. Numbers 1 and 2 represent the corresponding areas in 
Figures A and C. The strips of the counter electrode (3) are embedded in the medium. 
A PEN/Au-film coated with PPy-HA or PPy-CS (4) acts as a working electrode. 
Human ASCs (5) are seeded on PPy films. B) A side projection from two wells in 
Study II where hASC-seeded fibre scaffolds are squeezed between working and 
counter electrodes. Study II used a similar ES configuration as Study I but without the 
PPy coating on the PEN/Au films. C) A schematic illustration of the stimulation 
device geometry as a plan (projection). D) A voltage waveform at 100 Hz was applied 
to the samples in both in vitro studies. Biphasic pulses are shown as a blue coloured 
line. Transient net current is presented with a dashed line. The electrical double layer 
charging of the Au electrodes is presented as Q1 and Q2. 
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4.3 Adipose stem cell characterisation 

4.3.1 Adipose stem cell surface marker expression 

In both in vitro studies, cells were characterised with a fluorescence-activated cell sorter 

(FACSAria; BD Biosciences, Erembodegem, Belgium) at passage 1 before the 

experiments. Monoclonal antibodies against the following surface markers were used: 

CD14, CD19, CD49d-PE, CD90-APC, CD106-PECy5 (BD Biosciences); CD45-

FITC (Miltenyi Biotech, Bergisch Gladbach, Germany); CD34-APC, HLAABC-PE, 

HLA-DR-PE (Immunotools GmbH, Friesoythe, Germany); and CD105-PE (R&D 

Systems Inc, MN, USA). Analysis was performed on 10,000 cells per sample, and 

unstained cell samples were used to compensate the background autofluorescence of 

the cells. 

4.3.2 The attachment, morphology, viability and cell number of the 
adipose stem cells 

Cell morphology and viability in studies I and II were evaluated qualitatively using 

live/dead staining (Molecular Probes, Eugene, USA). The samples were incubated 

with 0.5 µM of CellTrackerTM Green (5-chloromethylfuorescein diacetate, CMFDA; 

Molecular Probes) and Ethidium homodimer-1 (EthD-1; Molecular Probes) in PBS at 

room temperature for 45 min. Viable cells with green fluorescence and dead cells with 

red fluorescence were imaged with a fluorescence microscope (Olympus IX51, 

Olympus Finland PLC, Vantaa, Finland). In Study I, standard PS culturing plates 

(without ES; Nunc, Roskilde, Denmark) served as a control for the cell viability and 

morphology evaluation.  

In both in vitro studies, cell proliferation was studied with a CyQuant® Cell 

Proliferation Assay Kit (Molecular Probes), which is based on the absorbance of 

DNA-binding fluorescent dye. On the day of the analysis, the samples were carefully 

washed with PBS and cells were permeabilised with 0.1% Triton-X 100 buffer (Sigma-

Aldrich) in PBS and stored at -70 °C until the analysis. After thawing, 20 µl of the cell 

lysate was pipetted on a microplate (Nunc, Roskilde, Denmark) and mixed with 

CyQuant® GR dye and the kit’s own lysis buffer according to the manufacturer’s 

protocol. The fluorescence of the GR dye bound to cellular nucleic acids was 

measured with a microplate reader (Victor 1420 Multilabel Counter, Wallac, Turku, 

Finland) at 480/520 nm. 
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4.3.3 Alkaline phosphatase activity 

In both in vitro studies, ALP activity was determined from the same Triton-X 100 

lysates as in the cell proliferation assay using an ALP Kit (Sigma-Aldrich) according to 

the manufacturer’s protocol. In brief, the samples were incubated with 50% alkaline 

buffer solution (2-amino-2-methyl-1-propanol, 1.5 mol/l, pH 10.3; Sigma-Aldrich) 

and 50% of p-nitrophenyl phosphate (Sigma-Aldrich) at +37 °C for exactly 15 min. 

The reaction was stopped by adding 1.0 mol/l sodium hydroxide. The colour intensity 

was measured at 405 nm using a microplate reader (Victor 1420). 

4.3.4 Mineralisation 

The mineralisation of the ECM was studied with Alizarin Red staining in Study I. 

Samples were fixed in ice cold 70% ethanol for 60 min at room temperature and then 

rinsed with distilled water before the addition of 2% Alizarin Red solution (pH 4.2; 

Sigma-Aldrich) for 5 min. After rinsing the samples twice with distilled water and once 

with 70% ethanol, they were incubated in cetylpyridium chloride (Sigma-Aldrich) for 

3 h. Supernatant was pipetted on a microplate (Nunc) and the absorbance was 

measured at 544 nm (Victor 1420).  

4.4 In vivo experiment  

4.4.1 Polypyrrole-coated bioabsorbable bone fixation screws 

PPy was chemically polymerised in the presence of CS on PLGA-β-TCP-composite 

screws (ActivaScrew™ TCP, Bioretec, Tampere, Finland). The screws were 2 mm in 

diameter and 10 mm in length, and had X-ray visible β-TCP in the tip. The screws 

were soaked in pyrrole in ethanol solution (1.3 mol/l) for 67 min and then transferred 

into a freshly prepared aqueous solution of FeCl3 (0.5 mol/l) and 1 mg/ml CS for 15 

min. The coated screws were carefully rinsed with deionised water in an ultrasonic 

bath and air-dried. The coated and uncoated screws were sterilised by gamma 

irradiation of 17.5–26 kGy (by a commercial supplier). The stainless steel screws 

(Synthes 211.010, diameter 2.0 mm, length 10 mm) acting as references for foreign 

body reaction were sterilised by autoclaving them at +121 ⁰C.  
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4.4.2 Implantation of bioactive screws 

The animal experiments, authorised by the Animal Ethics Committee of the 

Zhongshan Hospital, Fudan University, China [SYXK(2008)-039], were carried out on 

23 female New Zealand white rabbits with a mean weight of 3.1 ± 0.1 kg. According 

to the standard ISO 10993-6 for biocompatibility studies, the rabbit is the smallest 

possible animal model for the testing of bone implants.  

The animals were randomly separated into four groups presented in Table 4: the 

rabbits receiving coated screws were called the coated group and those receiving 

uncoated bioabsorbable screws were called the control group. In the coated group, 

rabbits were implanted with three PPy-coated screws in the left leg (n=9). The right 

leg was left intact in the 12-week subgroup of the coated group, whereas for the 

26-week subgroup, steel screws were implanted in the right leg in similar manner 

when compared to the left leg.  In the control group, steel screws were implanted in 

the right leg (n=9), similar to coated group, and uncoated screws were implanted in 

the left (n=9). For the torsion tests at the 12-week time point, five rabbits were 

operated on, receiving three coated screws (n=15) in the left leg and three uncoated 

screws (n=15) in the right leg. 

Table 4. The experimental groups in Study III. 

 12-week implantation period 26-week implantation period 

Rabbits with 
uncoated 

screws 

Uncoated group,  
12-week subgroup 

Uncoated group,  
26-week subgroup 

Rabbits with 
coated screws 

Coated group,  
12-week subgroup 

Coated group,  
26-week subgroup 

 

The surgery was performed under sedation and general anaesthesia with an 

intramuscular (i.m.) injection of diazepam (2 mg/kg; SunRise Pharma, Shanghai, 

China) and ketamine (40 mg/kg; GuTian Pharma, Fujian, China), which was also used 

for maintaining the anaesthesia (40 mg/kg). To prevent drying of the eyes, NaCl 

(0.9%; HuaLu Pharma, Shandong, China) was applied.  

The medial side of the distal femur and the upper tibia were exposed with two 

mini-incisions. A 1.5 mm drill bit was used to drill a 10 mm deep implant hole, which 

was slightly countersunk to fit the head of the screw flush with the bone surface. After 

tapping the hole (2 mm), screws were inserted. Two screws were implanted into the 

proximal tibia and one screw into the distal femur. After saline irrigation, the wound 
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was closed by suturing in two layers with nonabsorbable surgical sutures (Ping’an 

medical equipment CO. LTD, Huai’an, China). To prevent infection, penicillin 

(130,000 U/kg; HuaBei Pharma, Hebei, China) was used as an antibiotic by i.m. 

intraoperatively and on the first postoperative day. Animals were dosed with a 

subcutaneous (s.c.) injection of buprenorphine hydrochloride (0.03 mg/kg; Drug 

Research Pharma, Tianjin, China) for analgesia once a day for 3 days after the 

operation. 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 wks 

postoperation to monitor the correct placement of the implants. Twelve and 26 wks 

after the implantation, the animals were euthanised with an overdose of ketamine 

hydrochloride (GuTian Pharma, Fujian, China). Tetracycline (30 mg/kg; Sigma, USA) 

was injected i.m. 8 days and 1 day before euthanasia to detect new bone formation. 

4.4.3 In vivo characterisation methods 

4.4.3.1 Clinical signs 

The appearance, behaviour, and the food and water consumption of the rabbits was 

observed twice daily on weekdays and once daily on weekends. After the procedure, 

the implantation sites were examined for the first 5 days and weekly throughout the 

study. Body temperature and weight were measured prior to the implantation and 48 

h, 2, 4, 12 and 26 wks after implantation. 

4.4.4 Haematology and clinical chemistry 

Haematology and clinical chemistry were performed prior to the implantation and 48 

h, 2, 4, 12 and 26 wks postoperation to evaluate the subchronic toxicity of the coated 

screws. Blood samples were drawn from the readily accessible central auricular artery 

under anaesthesia without overnight deprivation of food. The haematological analyses 

were conducted with an automatic haemocyte analyser (XS-1000i and CA1500, Sysme, 
Japan) and chemical analyses with a biochemical automatic analyser (P800/P2400, 

Roche, Switzerland) at Labway Clinical Laboratory Limited (Shanghai, China). 
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4.4.5 Organ examination 

To avoid drying and subsequently false low values, organs were weighed immediately 

after dissection. For bilateral organs (adrenals, kidneys, ovaries and oviducts), the left 

and right organs were weighed together. Subchronic toxicity was examined from 

organ weights, macroscopic examinations and histology of internal organs. All the 

organ samples were fixed in 10% neutral buffered formalin (XingYinHe Chemical Ltd, 

Hubei, China), dehydrated, and embedded in paraffin (FangZheng Chemical Ltd, 

Sichuan, China). Paraffin blocks were cut into thin sections of 5 µm and stained with 

Haematoxylin and Eosin (Vaijayanthimala et al. 2012). The samples were examined 

under an optical microscope (Axio Imager M1, Zeiss, Jena, Germany) using 

AxioVision SE64 software (Zeiss, Jena, Germany). 

4.4.6 Soft tissue examination 

Soft tissue around the head of the screws (uncoated, coated and steel screws) was 

selected for routine histology. The processing of the tissue samples was done by the 

same method as the organ samples. The coated and uncoated samples were evaluated 

semi-quantitatively. The quantitative comparison was made from inflammatory 

polymorphonuclear cells, lymphocytes, plasma cells, macrophages and giant cells. 

Qualitative comparison was made from the extent of necrosis, neovascularisation, 

fibrosis and fatty infiltrate. 

4.4.7 Torsion test 

Torsion tests (Iijima et al. 2008) were performed on the day of euthanasia 12 wks 

postoperation to characterise the attachment strength of the bone to the screws. 

Newly formed bone and adherent soft tissue were carefully dissected around the screw 

head. A hexagonal screwdriver linked with the sensor of a digital torque meter (HDP-

5, Tuojing Measuring Instrument Limited Co., Shanghai, China) was used to rotate the 

screws in order to capture the peak value of twist force (Fmax, Nm) during the course 

of loosening the screws.  
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4.4.8 Micro-CT examination 

The bone specimens including the implanted screws were harvested and osseous 

tissue surrounding the coated and uncoated screws in the rabbit femur and tibiae were 

scanned non-destructively by micro-computed tomography (µCT-80; Scanco Medical 

AG, Zurich, Switzerland for the 12-week samples and Siemens Inveon Micro-

CT/PET, Munich, Germany for the 26-week samples). The µCT images, with a pixel 

size of 20 µm, were recorded on a 1024×1024 charge-coupled device detector. The 

images were segmented after scanning using a nominal threshold value of 220. 

Measurement of the total volume and mineral density of the sample areas was 

performed automatically with FEA software (Scanco Medical AG, Zurich, 

Switzerland). In order to cover the surrounding tissue in the scan, a circular area with 

a diameter of 2.2 mm was selected to scan the sample area around the screw axis. To 

calculate the relative amount of the mineralised tissue, the scan was repeated with a 2.0 

mm diameter and deducted from the first area. 

4.4.9 Tetracycline labelling 

The bone specimens, including the implants, were harvested and dehydrated in 

acetone for 1 month and embedded in methyl metacrylate (MMA) (Suicheng Chemical 

Ltd, Guangzhou, China) without decalcification. The MMA blocks were then sliced to 

a 200 µm thickness (E300CP, Norderstedt, Germany) and polished to 20 μm slices. 

The distances between the two tetracycline fluorescence lines were measured from 

several spots under a light microscope (Axioimager, Axiovision). 

4.4.10 Hard tissue examination 

The tetracycline-labelled samples were also used for hard tissue examination by adding 

toluidine blue(ZiYi Chemical Ltd, Shanghai, China) to the slices for 15 min (Deng et 

al. 2008). Subsequently, coverslips were mounted at room temperature for two days. 

The slices were analysed and the number of osteoblasts and chondroblasts were 

counted from the bone-implant interface under an optical microscope (Axio Imager) 

(Di Iorio et al. 2006). 
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4.5 Statistical analysis 

 

The statistical analyses for Ra values, DNA content, ALP activity and mineralisation (I 

and II) as well as for blood samples, torsion test, micro-CT, tetracycline-labelling, 

samples, hard tissue histology, weight and temperature (III) were performed with 

SPSS, version 17 (II and III) and 19 (I). A one-way analysis of variance (ANOVA) 

with Bonferroni post hoc correction was used in Study I for comparison of PPy-HA 

and PPy-CS, including the control and ES groups, and in Study II for comparison of 

the time points (1 d vs. 7 d vs. 14 d) and the stimulation groups (control vs. 1 Hz vs. 

100 Hz). Fisher’s Least Significant Difference (LSD) was used for one-way ANOVA 

to analyse blood samples in Study III. Student’s t-test was used for comparison of the 

time points (7 d vs. 14 d) in Study I and for comparison of the scaffolds (coated vs. 

uncoated) in Study II. In Study III, Student’s t-test was used for comparison of the 

coated and uncoated group within the time points for the torsion test, micro-CT, 

tetracycline-labelling, hard tissue histology, weight, and temperature. Ra values of the 

films (I) were also analysed with Student’s t-test and the equal variance assumption 

was checked by Levene’s Test. The data from the three repeated experiments in 

studies I and II were combined and presented as mean ± SD. In Study III, all 

quantitative data were presented as mean ± standard error of mean (SEM). The results 

were considered statistically significant when p<0.05. 
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5 Results 

5.1 In vitro experiments 

5.1.1 Material characterisation 

5.1.1.1 Atomic force microscopy 

In Study I, PPy-HA films had significantly lower Ra values on dry films and 

significantly higher values on wet films (in PBS) when compared to PPy-CS (Table 5). 

The nanoscopic details of the dry films (Figure 7) showed the PPy-CS surface texture 

consisting mainly of nodules of 40–50 nm in diameter and 5–10 nm in height. The 

nodules were organised into a porous web. PPy-HA had larger nodules of 150–160 

nm in diameter and 30–35 nm in height. The sparsely distributed protrusions on both 

films were similar in size, 500 nm in diameter and 100 nm in height.  

Nanoscopic textures of the films could not be observed in PBS in Study I. Instead, 

imaging in PBS revealed a strong undulating morphology on both films, consisting of 

uniformly spread small 800–1000 nm nodules (Figure 7) and sparsely spread 4–10 µm 

circular protrusions covered with nodules (not visible in the flattened image data in 

Figure 7). The typical height range of the nodules was 100–150 nm for PPy-HA 

(Figure 7D) and 200–300 nm for PPy-CS (Figure 7C). The hills caused by the 

undulating morphology and the protrusions were significantly higher than the nodules, 

which were 400–500 nm for PPy-CS and 600–800 nm for PPy-HA. The protrusions 

on PPy-HA had a more oval shape, while those on PPy-CS were more circular. 

Therefore, the Ra values represented the height of the protrusions as well as height 

and shape of the nodules. 
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Figure 7. AFM images of dry PPy-CS (A) and PPy-HA (B) films in a scanned area of 
5x5 µm in Study I. Sparsely distributed white areas represent protrusions. Z-scale in 
the images is 20 nm/division. AFM images of wet PPy-CS (C) and PPy-HA (D) in 
PBS have 800–1000 nm nodules seen as white areas. The scanned area is 12x12 µm. 
The Z-scale of the images is 40 nm/division. 

In Study II, the coated fibres were still fully covered with PPy after 20 days of 

hydrolysis (Figure 8). The surface morphology of the PPy coating smoothened over 

the time and the Ra values decreased significantly from 160 nm to less than 80 nm. 

Day 0 showed the typical morphology of a chemically coated PPy surface in PBS 

where the fibres were extensively covered by fine nodules of 200 nm in diameter. The 

nodular morphology was still detected on day 10, but showed smoother areas and 

coarser nodules (>400 nm). The fraction of the smoother areas had further increased 

on day 20. The roughness analysis was consistent and independent of the chosen 

surface area in the images, which were 5 x 5 µm2 in size with 2 x 2 µm2 subareas.  
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Figure 8. AFM images (A) of a coated scaffold at day 0, 10 and 20 in a scanning area 
of 10 x 4 µm in Study II. The surface of the coated scaffold (B) gradually loses its fine 
granular morphology and smoothens during incubation. The Z-scale of the images is 
600 nm. Ra: surface roughness. 
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5.1.1.2 Scanning electron microscopy  

The coated PLA fibres in Study II were covered with a conductive layer because they 

did not build up any electrostatic charge in SEM imaging (Figure 9). Metallised PLA 

fibres appeared substantially smoother when compared to coated fibres. 

 

 

Figure 9. SEM images of the coated (left) and the uncoated (right) scaffold in Study 
II. The PLA scaffold is sputtered with a gold layer 20 nm thick. The images were 
taken with a 3 kV acceleration voltage. 

5.1.1.3 Measuring electrical properties of the electrodes, cell culture 
medium, and PPy coatings 

In Study I, the impedance values of PPy-HA and PPy-CS films did not vary 

significantly (Table 5), yet PPy-CS showed slightly higher impedance values at 10 and 

100 Hz. Both films showed a similar trend in the impedance spectra (Figure 10).  
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Table 5. Surface roughness and impedance values of PPy films in Study II.  

 

Sample Ra in air (nm) Ra in PBS (nm) 

Impedance at 

10 Hz in PBS 

(Ohm) 

Impedance at 

100 Hz in PBS 

(Ohm) 

PPy-CS 14 ± 0.8 320 ±28 54 ±13 45 ±6 

PPy-HA 8.6 ± 0.2 420 ± 40 51 ±6 45 ±2 

PBS: phosphate buffered saline; PPy-HA: hyaluronic acid-doped PPy; PPy-CS: chondroitin 

sulphate-doped PPy; Ra: surface roughness. 

 

 

Figure 10. The impedance spectra of PPy-CS and PPy-HA films in PBS in Study I. 
PPy-CS: chondroitin sulphate-doped PPy; PPy-HA: hyaluronic acid-doped PPy. 

The results of the impedance measurement for Study II are summarised in Table 

6.|Z|cell is the magnitude of cell impedance, CPE represents the capacitance of the 

cell and η is a fit parameter describing the “ideality” of capacitance in the CPE model 

(Tandon et al. 2009a). The resistance of the coated scaffolds significantly increased 

during the first day. The resistance of the air-dried samples immediately after the 

synthesis was 50 ± 20 kΩ; this increased to 90 ± 40 kΩ after rinsing with deionised 

water at day 0, as illustrated in Figure 11. According to the measured data, the coated 

and uncoated scaffolds both had a significant effect on cell impedance in DMEM. The 

low frequency impedances in particular were significantly lower for the cell containing 

the scaffolds in DMEM (either coated or uncoated) than for the cell containing only 
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the medium. As expected, the coated scaffold induced the most significant decrease in 

cell impedance at lower frequencies. The ideality coefficient η of the coated scaffold 

was low (0.83), which suggests that the capacitive CPE model did not describe the cell 

impedance spectrum in this case. Contrary to expectations, the uncoated scaffold also 

decreased the cell impedance. Impedance at a low frequency was 3-fold higher and the 

capacitance was 10-fold lower for the Au electrodes than for the TiN electrodes. 

Table 6. Summary of the impedance data from Study II. 

Sample 
Zcell at 1 Hz 

() 

Zcell at 10 

kHz () 

CPE capacitance 

(F) 

Ideality 

coeff.  

PEN/Au/film 240,000 15 2 0.97 

TiN 83,000 17 20 0.94 

TiN/uncoated scaffold 13,000 26 20 0.90 

TiN/coated scaffold 1700 12 14 0.83 

PEN: polyethylene-naphthalate; |Z|cell: the magnitude of cell impedance. 

 

 

Figure 11. The resistance of the coated scaffold in air in Study II. 
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Impedances derived from sinusoidal test signals were used for estimating the 

magnitude of the stimulation current during the biphasic pulses. The calculated 

theoretical current densities were I1,2, DC ±13.3 µA/cm2 for the DC current and I1,2,max 

±16.7 mA/cm2 for the transient current. The real transient current density, which 

could not be directly measured with the system used, was limited by the current 

amplifier to roughly ±0.4 mA/cm2. 

In Study I, both films showed well-defined voltammetric profiles, but PPy-CS had 

slightly higher electrochemical activity and doping level when compared to PPy-HA. 

This was evidenced by the integrated surface areas covered by the respective 

voltammogram (Figure 12). The conductivity of the films was confirmed to be at 

similar levels (10-3 S/cm) as before the experiment when measured in air (data not 

shown).  

 

 

Figure 12. The CV profiles of PPy-CS and PPy-HA films in PBS in Study I. PPy-CS: 
chondroitin sulphate-doped PPy; PPy-HA: hyaluronic acid-doped PPy. 

5.1.1.4 Electrospray ionisation mass spectroscopy 

In Study II, the coated and uncoated scaffolds had very similar ESI-MS spectra 

(Figure 13) which contained peaks of PLA hydrolysis products (Andersson et al. 

2010) and the corresponding Na peaks. Peaks related to potential degradation 

products of PPy or CS, such as oxidised pyrrole oligomers or oligosaccharides, were 

not found in the studied m/z range of 200–1000.  
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Figure 13. The hydrolysis products of coated and the uncoated scaffolds shown in 

ESI-MS spectra in Study II. All peaks were found in an m/z range of 200‒700. 

5.1.2 Adipose stem cell surface marker expression 

The surface marker analysis was performed on all the cell lines used in the studies. 

The expression levels are presented in Table 7. According to the guidelines 

recommended for multipotency of MSCs (Dominici et al. 2006, Lindroos et al. 2010, 

McIntosh et al. 2006), the expression is considered positive when ≥75%, moderate in 

the range of 2–50% and there is a lack of expression when ≤2%. The positive 

expression of CD73, CD90 and CD105, which are the required positive markers in 

MSC identification, was apparent in both studies. Of those, however, CD105 showed 

a highly varying expression in Study II. Lack of expression was measured in both 

studies from CD14, CD19, CD45 and CD106. Moderate expression was detected in 

both studies from CD34, CD49d and HLA-ABC. Of those, the expression of CD34 

greatly varied in Study I. Moreover, in Study I, HLA-DR was expressed moderately, 

whereas in Study II it was not expressed by hASCs.  
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Table 7. Surface marker expression of undifferentiated hASCs in Studies I and II. 
The results are presented as mean percentage ± SD of surface marker expression. 

Surface 
protein 

Antigen Study I Study II 

CD14 Serum lipopolysaccharide-binding protein 1.7 ± 0.8 1.9 ± 2.3 

CD19 B lymphocyte-lineage differentiation antigen 0.9 ± 0.4 0.5 ± 0.2 

CD34 Sialomucin-like adhesion molecule 9.3 ± 8.75 26.4 ± 32.3 

CD45 Leukocyte common antigen 1.1 ± 0.3 2.3 ± 1.7 

CD49d Integrin a2, VLA-4 11 ± 13 51.5 ± 14.4 

CD73 Ecto-50-nucleotidase 91.2 ± 12.7 88.9 ± 2.7 

CD90 Thy-1 (T-cell surface glycoprotein) 99 ± 0.3 98.1 ± 0.3 

CD105 SH-2, endoglin 85.3 ± 12.1 82.5 ± 21.8 

CD106 VCAM-1 (vascular cell adhesion molecule) 0.7 ± 0.3 1.7 ± 2.4 

HLA-ABC Major histocompatibility class I antigens 9.2 ± 7.0 22.7 ± 12.0 

HLA-DR Major histocompatibility class II antigens 7.0 ± 0.4 0.7 ± 0.3 

CD: cluster of differentiation. 

5.1.3 The attachment, morphology, viability and number of the 
adipose stem cells 

The majority of the hASCs were viable in all of the experimental groups in both 

studies. However, crucial differences in spreading and attachment of the cells were 

seen in Study I, where hASCs strongly aggregated and detached on the PPy-HA 

surfaces (Figure 14 E–H). In contrast, the cells on PPy-CS films (Figure 14 A–D) 

showed substantially higher cell density and homogenous spreading even when 

compared to cells on PS (Figure 14 I–J). Interestingly, the cells on PS were unevenly 

spread, forming a net-like pattern on the surface. Cell density increased with time on 

both PPy-CS and PS, whereas this could not be evaluated from PPy-HA due to the 

high detachment of the cells. 
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Figure 14. Cell viability, attachment and morphology were evaluated by live/dead 

imaging in Study I. The PPy-CS controls (A‒B) and the ES group (C‒D) were the 
most favourable films for hASCs and did not show any differences between the 

groups. Cells on the PPy-HA controls (E‒F) as well as on PPy-HA ES films (G‒H) 

aggregated equally. PS (I‒J) acted as a control over cell morphology. The scale bar is 
500 µm. ES: electrical stimulation; PPy-CS: chondroitin sulphate-doped PPy; PPy-HA: 
hyaluronic acid-doped PPy; PS: polystyrene. 

In Study II, hASCs showed a clearly flatter and more elongated morphology in the 

coated scaffolds compared to the uncoated scaffolds (Figure 15) on day 14. This was 

also evident on both sides of the scaffolds, as well as on the cross-section of the 

scaffolds (data not shown). No differences in viability, morphology or attachment 

between the controls and stimulated groups were observed, nor were substantial 

differences in viability, morphology or attachment seen between the control and 

stimulation groups in either of the studies. Therefore, ES did not seem to compromise 

the viability of the cells.  
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Figure 15. Live/dead images of hASCs on coated and uncoated scaffolds at the 14-
day time point in Study II. The scale bar is 500 µm. ES: electrical stimulation. 

Cell proliferation was evaluated quantitatively in both studies by measuring the 

total DNA content. In the control group on day 7, hASCs on PPy-CS showed a 

significantly higher cell number in comparison to those on PPy-HA in Study I (Figure 

16). No differences were observed in the other groups, but the trend where PPy-CS 

induced a higher cell number remained similar in the stimulated groups. However, on 

day 14, the controls in PPy-CS and PPy-HA were at similar levels. The cell number 

increased significantly with time on both films in the control group, but only the PPy-

CS samples showed a significant increase in the cell number under ES.  
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Figure 16. The relative DNA content of the hASCs in Study I. The results are 
expressed as mean ±SD and *=p<0.05. ES: electrical stimulation; PPy-CS: 
chondroitin sulphate-doped PPy; PPy-HA: hyaluronic acid-doped PPy. 

In Study II, the cell number was significantly higher in the coated scaffolds when 

compared to uncoated scaffolds at all the time points, with the exception of the 7 d 

control and the 7 d 100 Hz (Figure 17). A significantly increased cell number was 

detected in 1 Hz group between day 1 and day 7 and in the control group between day 

7 and day 14. No effect of ES on proliferation was observed in either of the 

stimulation groups.  

 

 

Figure 17. The relative DNA content of the hASCs in Study II. The results are 
expressed as mean ±SD and *= p<0.05. ES: electrical stimulation. 
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5.1.4 Osteogenic differentiation of adipose stem cells 

In Study I, both film types supported early osteogenic differentiation according to 

ALP activity, and no significant differences between the films were found (Figure 18). 

However, a significant increase in ALP activity with time was seen only in hASCs on 

PPy-CS in both the control and the ES group. In Study II, ALP activity was at a 

higher level in the case of hASCs on coated scaffolds in all groups at 7 and 14 d 

(Figure 19). However, no significant differences were detected. One donor line did 

not show detectable ALP activity at any of the time points in Study II. Therefore, the 

data from only two donor lines is shown. Moreover, ALP activity varied substantially 

between the two donor lines. 

 

 

Figure 18. The relative ALP activity of the hASCs in Study I. The results are 
expressed as mean ±SD. ES: electrical stimulation. 
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Figure 19. The relative ALP activity of the hASCs in Study II. The results are 
expressed as mean ±SD. ALP: alkaline phosphatase; ES: electrical stimulation. 

No significant effect of ES was seen on ALP activity in either of the film or 

scaffold types in Studies I and II (Figure 18 and Figure 19). However, in Study I, in 

late osteogenic differentiation at day 14, PPy-CS was superior to PPy-HA, inducing 

significantly higher mineralisation in the ES group. However, the PPy-CS and PPy-HA 

controls showed similar mineralisation levels (Figure 20). Mineralisation slightly 

increased with ES in both films types, and thus was not significant. In Study I, one 

donor line was excluded from the mineralisation data as it did not show detectable 

mineralisation levels. No effect of ES on ALP activity was detected. 

 

 

Figure 20. Relative ECM mineralisation in Study I. The results are expressed as mean 
±SD, and *= p<0.05. 
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5.2 In vivo experiment 

5.2.1 Post-operative examination 

All rabbits recovered well from the operation even though one rabbit had a decubitus 

ulcer and another had a slight opening of surgical wound 3 wks postoperation. X-ray 

markers of the biodegradable screws were visible and in the right position (Figure 21) 

8 wks postoperation. 

The weight of the rabbits steadily increased with time, showing no differences 

between the experimental groups. Body temperature also remained stable in both 

groups during the study, and no differences were found. 

 

 

Figure 21. A radiograph of a rabbit 8 wks postoperation in Study III. The β-TCB 
markers are shown by the red arrows and the steel screws by the yellow arrows. 

5.2.2 Haematology and clinical chemistry 

Monocyte, platelet counts, and blood urea nitrogen were significantly higher in the 

uncoated group when compared to the coated group 2 wks postoperation. The 

uncoated group also had a significantly higher blood cell count and platelet count 12 

wks postoperation. No statistically significant differences were found between the 

groups at any other time point. When choosing the blood samples prior to the surgery 

as a baseline, no significant differences were found in the uncoated group. In the 

coated group, creatinine values per weight significantly increased 2 wks and 4 wks 

postoperation, but were still within the normal range. The creatinine values recovered 

back to baseline at the 12-week time point. 
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5.2.3 Organ and soft tissue examination 

No significant differences in weight, appearance or histology of the organs were found 

between the groups. The heads of the coated, uncoated and steel screws were covered 

by new calluses that were more apparent in the 26-week subgroup.  

Macroscopic examination showed no notable differences between the implantation 

site, and only slight haematoma, oedema or encapsulation was found in the 

surrounding soft tissue. No substantial differences in semi-quantitative evaluation 

were found either at the 12-week or 26-week time points. According to the semi-

quantitative evaluation, the irritation level was slightly higher for the coated screws 

when compared to the uncoated screws.  

5.2.4 Implant-tissue contact and new bone formation 

Significantly higher torsional forces were required for the coated screws when 

compared to the uncoated screws when retracting them from the bone tissue (Figure 

22). Five coated screws and two uncoated screws broke during the twist test.  

 

Figure 22. The peak values of the torsion forces of the coated and the uncoated 
screws in bone tissue in Study III. *= p<0.05. 

Postoperative micro-CT measurements revealed a significantly greater amount of 

mineralised tissue in the coated samples than in the uncoated samples at both time 

points. Mineralised areas were found around most of the samples. Results for the 

26-week subgroup are presented in Figure 23. 
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Figure 23. A quantitative evaluation of the mineralised areas around the screws 26 
wks postoperation in Study III (B). *= p<0.05. 

Tetracycline injections with 7 d intervals resulted in two tetracycline-labelled lines 

that illustrated the bone formation front in the hard tissue histology samples (Figure 

24a). A significantly longer distance between the two tetracycline lines was found in 

the coated samples compared to the uncoated samples in both subgroups, as shown in 

Figure 24(b) and (c). This is directly proportional to the new bone formation rate, 

which indicates a significantly higher rate for the coated samples.  
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Figure 24. A quantitative evaluation of the bone formation rate measured from the 
average distance between the two tetracycline lines (a) in Study III. The scale bar is 
100 µm. The coated screws induced a significantly higher bone formation rate 
compared to the uncoated screws 12 wks (b) and 26 wks (c) postoperation. *=p<0.05. 

With regard to the hard tissue histology 12 wks postoperation, a darker blue band, 

indicating new bone, was found in the coated samples when compared to the 

uncoated samples (Figure 25). After a postoperation period of 26 wks, the dark blue 

band was similar between the uncoated and coated samples (Figure 26). The implant-

bone interface was larger in the uncoated group compared to the coated group at the 

12-week time point, as illustrated by a white band at the interface of the uncoated 

samples. No inflammation was detected from any of the samples. The PPy coating, 

stained with Toluidine blue, was apparent in the 12-week subgroup and some traces 

were found in a few coated samples in the 26-week subgroup. However, the presence 

of PPy had decreased substantially with time. Toluidine blue also stained PLGA, 

which showed as colourful stripes dominated by blue, green and yellow, in the 12-

week subgroup. In addition, the total number of osteoblasts and chondroblasts at the 

bone-implant contact was significantly higher in the coated groups at both time points 

(data not shown).  
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Figure 25. The hard tissue histology of the uncoated (a) and the coated (b and b’) 
screw 12 wks postoperation in Study III. The samples were stained with Toluidine 
blue. The scale bar is 500 µm for figures a and b and 100 µm for figure b’. New bone 
is marked with red arrows. The PPy coating is marked with a green arrow. MC: 
marrow cavity; P: PLGA-β-TCP; T: β-TCP. 
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Figure 26. The hard tissue histology of the uncoated (a and a’) and the coated (b and 
b’) screw 26 wks postoperation in Study III. Samples were stained with Toluidine 
blue. The scale bar is 500 µm for a and b, and 100 µm for a’ and b’, which are 
magnifications from a and b respectively. New bone is marked with red arrows. Some 
traces of PPy coating were still found and are marked with the green arrow. MC: 
marrow cavity; P: PLGA-β-TCP; T: β-TCP. 
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6 Discussion 

6.1 Effect of polypyrrole dopant in vitro 

Surface chemistry is evidently a major factor in cell adhesion (Rivera-Chacon et al. 

2013). Surface topography also plays an important role in controlling cell fate, as 

demonstrated in several topographical studies on titanium surfaces (Mendonca et al. 

2011, Osathanon et al. 2011, Gittens et al. 2011, Kaivosoja et al. 2013, Myllymaa et al. 

2010). Nano- and microroughness together have been reported to play an important 

role in the adhesion, proliferation and osteogenic differentiation of MSCs (Gittens et 

al. 2011). In Study I, CS- and HA-doped electrochemically polymerised PPy films 

were compared, revealing great differences in cell attachment. PPy-CS promoted cell 

attachment and homogenous spreading of the cells across the films, whereas PPy-HA 

triggered heavy aggregation and cell detachment. With regard to the AFM data of the 

films in PBS, PPy-HA revealed significantly higher Ra values and oval-shaped 

protrusions when compared to the lower Ra values of PPy-CS and its round-shaped 

protrusions. Moreno et al. (2009) reported poor attachment of mouse osteoblasts on 

rougher and more irregular PPy-HA surfaces in comparison to smooth PPy-HA films 

that were electrochemically polymerised with low (0.1 mA/cm2) current densities. 

Moreover, similar results to Study I were found by Gelmi, Higgins & Wallace (2010), 

who reported larger nodules for electrochemically synthesised PPy-HA when 

compared to that of PPy-CS; they also reported that the PPy-HA nodules were more 

irregularly sized.  

Surface morphology is not only affected by dopant content but also by the 

duration of the polymerisation or applied charge passing through the electrochemical 

cell during PPy synthesis (Gilmore et al. 2009). Increased polymerisation times 

increase the film thickness and subsequently result in a higher surface roughness of 

the films (Gilmore et al. 2009), whereas higher current densities are reported to yield 

rougher surfaces even though the total charge passing the electrical cell is kept 

constant (Serra Moreno et al. 2009, Serra Moreno & Panero 2012). In Study I, 

potentiostatic electrochemical synthesis was used, implying that the current density 

varied during the polymerisation. Therefore, a controlled surface morphology on the 

films was more challenging to achieve. However, the charge passing through the 

electrical cell was observed to increase steadily during the polymerisation in a similar 

fashion for both films.  

Earlier reports indicate that the higher surface roughness and distinct topographical 

features of PPy-HA films were the most probable factors for hASC aggregation on 
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PPy-HA films (Serra Moreno et al. 2009, Gelmi, Higgins & Wallace 2010). According 

to the strong green fluorescence and the absence of red fluorescence in the viability 

assay in Study I, the aggregation of the cells on PPy-HA did not seem to compromise 

viability. This kind of surface could be exploited for anti-adhesion purposes, such as in 

chondrogenic differentiation, where cell aggregation is one of the earliest signs of 

chondrogenesis (Wu et al. 2010).  

Other film properties that may have had an impact on hASC response are 

mechanical factors, such as the mechanical properties of the film and film actuation 

during ES. For example, Gelmi et al. (2010) reported that Young’s modulus was 

higher for PPy-HA than for PPy-CS films. Moreover, PPy-CS showed a higher level 

of strain in electrochemical actuation, which was deduced to result from the lower 

Young’s modulus of PPy-CS. Dopand chemistry and size may therefore have a 

substantial impact on the mechanical cues experienced by cells. These factors should 

be elucidated in future studies. 

HA and CS were chosen for dopants because they are both frequently exploited in 

bone tissue engineering (Serra Moreno et al. 2012, Serra Moreno et al. 2009, Jha et al. 

2011, Wollenweber et al. 2006, Rentsch et al. 2009). In a study where rat BMSCs were 

cultured on several different immobilised GAG surfaces, HA and CS were the only 

GAGs found to promote proliferation even without the addition of fibronectin or 

vitronectin (Uygun, Stojsih & Matthew 2009). Interestingly, in a similar study Mathews 

et al. (2014) reported the CS to have the weakest effect on osteoblast differentiation of 

BMSCs over the other GAGs tested, namely HA, HE, and dermatan sulphate. 

Moreover, HA provided the most favourable condition for osteogenic differentiation 

and ECM formation. 

The significant increase in Ra values from dry to wet PPy films suggests that the 

films absorbed significant amounts of water. This was substantially stronger in PPy-

HA films. Study I did not address the degree of water uptake, but earlier studies have 

reported a 19% swelling of similar PPy-CS films after soaking in PBS for 4 d (Serra 

Moreno et al. 2008) and 18.9% of water uptake by PPy-HA after 7 d of soaking in 

PBS (Serra Moreno et al. 2012). The aging of the films in PBS was reported to change 

the film morphologies to become rougher and more porous (Serra Moreno & Panero 

2012). Another reason for changes in morphology in both films in Study I could be 

the ion exchange between PPy and the electrolyte. This does not necessarily require 

external potential changes; this was demonstrated by Serra Moreno and Panero (2012), 

who reported 97.55% HE content in PPy-HE films after 30 d soaking in PBS. 

In order to reach further conclusions on the effect of PPy film properties on 

hASCs, more thorough characterisation should be done in future. For example, zeta 

potential characteristisation would bring valuable understanding about the electrical 

surface properties of PPy films in the function of pH (Mehmet et al. 2014). In 
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addition, the chemical composition could be characterised by energy-dispersive X-ray 

spectroscopy. 

In Study I, proliferation was significantly lower with PPy-HA on day 7 but 

increased to a similar level as PPy-CS on day 14 in the non-stimulated group. Hence, 

despite the aggregation of the hASCs, PPy-HA films supported the increase in the cell 

number with time. Both films equally promoted ALP activity, which was at the highest 

level on day 14 in both groups and films types. Interestingly, mineralisation was found 

to be significantly higher in PPy-CS samples in the ES group, even though PPy-HA 

and PPy-CS showed similar levels of mineralisation in the control group. This suggests 

synergistic effects between PPy-CS and ES on the late osteogenic differentiation of 

hASCs in comparison to PPy-HA under ES. Earlier studies have not addressed PPy-

CS impact on the mineralisation of osteoblastic cells. Only PPy-HA has been reported 

to increase ECM mineralisation of mice BMSCs (Serra Moreno et al. 2012).  

 

6.2 Polypyrrole-coated polylactide fibre scaffolds for bone 
tissue engineering 

Different strategies to fabricate PPy composite scaffolds have been tested by mixing 

PPy with ECM components, such as collagen (Yow et al. 2011) and ECM-like natural 

polymers, namely chitosan (Wan et al. 2005), alginate, (Sajesh et al. 2013) and gelatin 

(Vishnoi, Kumar 2013). One study has also addressed the use of PPy-coated PLA 

fibres for neurite outgrowth by synthesising poly(glutamic acid)–sodium dodecyl 

sulphate-codoped-PPy nanoparticles on a PLA fibre surface (Zeng et al. 2013). Other 

PPy composites tested for tissue engineering applications are fabricated as membranes 

and films (Hu et al. 2014, Zhang et al. 2013, Meng, Rouabhia & Zhang 2013, Shi et al. 

2004, Castano et al. 2004, Lee, Lee & Schmidt 2009, Huang et al. 2010, Beattie et al. 

2006). When compared to the earlier studies, Study II took a simpler approach to 

fabricating conductive 3D structures by minimising the use of chemicals needed for 

the process. The supporting PLA non-woven fibre structure was chosen for its 

biocompatibility and its favourable and well-characterised degradation and mechanical 

properties.  

The PPy coating was chemically synthesised on PLA non-woven fibre scaffolds by 

immersing it into the mixture of pyrrole, oxidant and CS, which was found to be a 

suitable dopant in Study I. Coated scaffolds showed superior performance in 

comparison to uncoated scaffolds due to the better viability and morphology of 

hASCs on the coated scaffolds during the 14 days of the experiment. The morphology 

of the hASCs was elongated and flattened against the PPy coating, suggesting that the 
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coating provided plenty of suitable adhesion sites for the cells. By contrast, hASCs on 

plain PLA fibres were rounder and smaller. Moreover, the cell number was found to 

be significantly higher in PPy-coated scaffolds in most of the experimental groups. 

PPy-coated scaffolds also supported early osteogenic differentiation of hASCs; 

however, no significant differences were detected. ALP activity was at the highest level 

on day 7 and showed a slight decrease in all the groups at day 14. This could either 

indicate that osteogenic differentiation of hASCs had proceeded to a late 

differentiation stage at the 14-day time point, or that the cells experienced 

dedifferentiation during the decrease in ALP activity.  

According to the results of Study II, PPy-coated fibres provided favourable in vitro 

conditions for hASCs over the plain PLA fibres. Before the actual experiments, PPy 

polymerisation conditions were optimised by varying the pyrrole and oxidant 

concentrations from 0.03–0.3 M and 0.01–0.1 M respectively, and polymerisation 

duration from 30 s to 15 min. The best coating ([pyrrole]=0.036 M, [APS ]=0.1 M and 

[CS]=1 mg/ml, polymerisation time 150 s) was chosen for its highest conductivity and 

its uniformity (data not shown). Hu et al. (2014) tested the different oxidant and 

pyrrole concentrations in more detail with PPy membranes, using the same oxidant as 

used in Study II. They reported a thicker PPy layer and higher conductivity with 

increasing concentrations of pyrrole. The highest concentration, [pyrrole] = 0.5 M, 

[APS] = 0.1 M, was closest to Study II. The sheet conductivity for the films was 

measured at 0.25 mS (Hu et al. 2014). The roughness of the chemically synthesised 

PPy films has been reported to increase with increasing film thickness when fabricated 

with admicellar polymerisation (Castano et al. 2004). It is likely that the same 

phenomenon occurs in the chemical polymerisation without the use of a surfactant. 

The challenge lies in determining whether the optimal combination of conductivity 

and roughness in PPy coatings can be achieved. 

The coated fibre surface was covered by fine nodules in Study II. Although direct 

comparison of the surface morphologies between studies I and II is challenging, given 

that they were done in different dimensions, some rough comparisons of the 

roughness and morphology of the PPy coatings can be made. Nodule sizes on the 

coated fibres, in comparison to the nodules found on the electrodeposited PPy films 

in Study I, were smaller, which was reflected in substantially lower Ra values for 

coated fibres. Ra values for PPy-CS films for Study I were ~320 nm whereas they 

were ~80 nm in Study II after soaking the fibres for 10 days in PBS. Hence, the 

relatively smoother surface of the chemically polymerised PPy coating on the fibres 

could have provided a more favourable surface roughness for the cells when 

compared to the PPy-CS film. 

With regard to the degradation of the PPy coating in Study II, no traces of PPy or 

CS were found in the hydrolysed samples after 30 d under hydrolysis; only PLA 
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degradation products were detected. However, morphological changes in the PPy 

coating were evident during the course of 20 d of hydrolysis in PBS because the Ra 

values decreased substantially. The fibres were still fully covered by PPy after a 20-day 

incubation in PBS. Whether the morphological changes were due to PLA or PPy 

degradation, water uptake, ion exchange, or some other factor is unclear. 

It is also unclear what role CS played in PPy coating properties. Viscosity 

measurements revealed CS rapidly splitting into fragments during the chemical 

oxidation of PPy (data not shown). However, the presence of CS rendered PPy 

surface permanently hydrophilic, but no traces of CS hydrolysis products were 

detected. This confirms that other polymerisation methods, such as emulsion 

polymerisation, should be used, if a strong presence of CS or other GAGs is required 

(Meng, Rouabhia & Zhang 2013, Meng et al. 2008). 

According to measurements in Study II, the PPy coating clearly promoted lower 

impedance values when compared to the plain medium. Surprisingly, uncoated 

scaffolds resulted in lower impedance values in comparison to the medium, although 

this was to a lesser extent when compared to PPy-coated scaffolds. The relative 

permittivity of the medium (~80) is much higher than that of the dry PLA polymer 

(~3.5; Buchner, Hefter 2009, Pluta, Jeszka & Boiteux 2007). Even though PLA is an 

insulator, the surface ionic conductivity may have increased on the fibre surface. It is 

unclear how long the PPy coating stayed conductive during the cell culture in Study II. 

The DC and AC conductivity of the coated fibres was confirmed to be substantially 

higher than DMEM after 2 d of soaking in DMEM. However, an enhanced current 

flow along the PPy coating may have been exceeded since it is difficult to discriminate 

between ionic and electronic conductivity, and therefore current may have partly gone 

through DMEM. 

6.3 Polypyrrole promotes bone regeneration in vivo 

To date, very little is known about the impact of PPy on bone tissue even though 

several studies in vitro suggest its high potential in bone regeneration applications 

(Serra Moreno et al. 2012, Hu et al. 2014, Castano et al. 2004, Zelikin et al. 2002). As 

Study II revealed the excellent viability of hASCs with the chemically produced PPy 

coating, Study III took a step further to exploit the coating on bioabsorbable PLGA-

β-TCP composite screws and to test it in vivo in a rabbit model. To minimise the 

number of rabbits, following the principles of the 3Rs (Gauthier, Griffin 2005), but 

still to receive quantitative and reliable data, three parallel screws were implanted in 

each hind leg of the rabbits. Moreover, suitable target tissues were found in the femur 

and tibia in order to test the screws in load-bearing conditions.  
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Coated screws did not induce acute, subchronic or chronic toxicity, as evaluated by 

the clinical signs, organ examination, soft tissue examination of the implant area, and 

haematology and clinical chemistry. Moreover, coated screws showed high 

compatibility with bone tissue throughout the 26-week-long implantation period, as 

neither inflammatory cells nor allergic reactions were found in the implant area 

according to the hard tissue histology. Coated screws were stored in appropriate sterile 

packages for ten months at ambient temperature before implantation and can 

therefore be considered to possess a reasonable self life, yet this will need to be further 

elucidaded with appropriate characterisation methods. 

Interestingly, the PPy coating was found to significantly promote new bone 

formation in the implant site according to the micro-CT and the cell count from hard 

tissue histology samples in both the 12- and the 26-week subgroups. Hard tissue 

histology also showed bone tissue in a closer proximity to the coated implant surface 

than in the uncoated screws in the 12-week subgroup. This could explain why 

significantly higher torsional forces were required to retract coated screws from the 

bone tissue compared with the forces required for uncoated screws. During the 

torsion test, five coated screws broke, whereas this happened only twice for uncoated 

screws. This could either be due to stronger tissue-implant attachment or a higher 

degradation rate of the coated screws. In addition, the faster bone turnover of the 

coated screws compared with the uncoated was evidenced by the tetracycline labelling 

in the hard tissue samples showing greater distance between the two tetracycline-

labelled lines at both time points. Tetracycline binds to newly mineralised bone tissue 

and can therefore be exploited to expose the present bone formation front at the time 

of administration (Pautke et al. 2010, Frost 1963). 

The PPy coating was evident in the hard tissue histology samples in the 12-week 

subgroup, where the PLGA-β-TCP matrix was clearly present, but it started to show 

signs of degradation, as indicated by the deformations in the screw shape. Some traces 

of PPy were found in the 26-week subgroup. However, the PLGA-β-TCP matrix had 

heavily degraded by the 26-week time point, also causing PPy coating to crack and 

erode. The significantly increased creatinine levels in the coated group 2 wks and 4 

wks after surgery suggest that PPy coating started to erode 2 wks after implantation; 

however, the erosion evidenced between twelve and 26-week time points did not 

affect renal functioning. Moreover, all the increased levels were still within normal 

range. The time course of the degradation and bone formation is similar to an earlier 

study conducted with PLA rods in rabbit bone tissue (Saikku-Bäckström et al. 2000). 

In this study, new bone formation was reported to commence between 6 and 12 wks 

after the implantation, and the molecular weight of the rods had decreased to less than 

30% in 24 wks. 
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6.4 Electrical stimulation as a potential differentiation 
method in bone tissue engineering 

ES has shown to affect MSC functioning in several ways in vitro depending on the 

electrical parameters used and the surrounding environment. Even though hASCS 

have shown great potential in bone tissue engineering due to their numerous 

advantages over BMSCs, the effect of ES on hASCs has so far only been addressed by 

a few studies in 2D (McCullen et al. 2010, Tandon et al. 2009b) and no studies exist in 

the 3D environment.  

In studies I and II, pulsed BEC with a zero net charge was chosen because it 

prevents accumulation of charged proteins and keeps the pH at steady levels at low 

frequency (< 500 Hz) ranges (Kim et al. 2009, Bodamyali et al. 1999, Huang, Carter & 

Shepherd 2001). Large pH changes have a major effect on enzyme activity, such as 

ALP activity (Monfoulet et al. 2014), and changes in ionic conductivity of neural 

membrane have also been reported (Chesler 1990).  

Earlier studies have discovered that resting periods between mechanical stimulation 

of bone restore the mechanosensitivity of desensitised bone cells (Robling, Burr & 

Turner 2001, Srinivasan et al. 2002, LaMothe & Zernicke 2004). LaMothe and 

Zernicke (2004) found the longest resting period, 8 h, to be the best recovery time. 

Tandon et al. (2009b) tested the short-term effects of DC (6 V/cm) in MM, reporting 

upregulation of several bone formation-related genes after 2 or 4 h of ES. Acute (~5 

min) and chronic (4 h) effects of 1 Hz sinusoidal ES on hASCS were tested by 

McCullen et al. (2010), mapping the cell response under different potentials. The ES 

experiments were conducted in OM, resulting in an upregulated proliferation and 

mineralisation on certain potentials. Based on these earlier studies, 4 h stimulation and 

a 20 h rest period was chosen for studies I and II. The applied voltage, ±1 V/cm, was 

within safe physiological ranges that were previously screened by McCullen et al. 

(2010). 

ES was first tested in a hASC monolayer under chemical osteoinduction in Study I 

by exploiting the electrochemically polymerised PPy-CS and PPy-HA films. The only 

noticeable effect of ES was seen in ECM mineralisation, which was higher on both 

films when compared to the control groups without ES, but this difference was not 

statistically significant. Interestingly, ES triggered significantly higher ECM 

mineralisation in hASCs on PPy-CS in comparison to those on PPy-HA. CV 

measurements in Study I revealed a slightly higher electrical activity of PPy-CS when 

compared to PPy-HA, which could partly explain the synergy between PPy-CS and 

ES. Higher electrical activity of similar PPy-CS films has also been demonstrated in an 

earlier study where PPy-CS had a higher total impedance in comparison to PPy-HA 

(Serra Moreno & Panero 2012). In Study I, the impedance of both films was at a 



 

90 

similar level, yet the impedance of PPy-CS slightly increased in low (<10 Hz) 

frequencies in comparison to PPy-HA. Cell response to ES may also be strongly 

dependent of the electrical properties of PPy. Hu et al. (2014) demonstrated how 

higher conductivity of PPy can lead to stronger ECM mineralisation of rat MSCs.  

In Study II, an additional ES group with low frequency (1 Hz) was added and the 

hASC response was tested in 3D without chemical osteoinduction. ES was applied 

through coated scaffolds, which were expected to mediate the current along the PPy 

surface. Similar yet uncoated scaffolds were hypothesised to affect cells mainly via the 

electric field generated across the scaffold. There were no positive or negative effects 

observed in any of the groups in terms of viability, proliferation or early osteogenic 

differentiation. The results in Study II are supported by studies that report osteogenic 

differentiation of MSCs only responds to ES under chemical osteogenic induction 

(Titushkin et al. 2011, Kim et al. 2009, Hess et al. 2012b). However, the presence of 

OM during ES in Study I did not trigger a significant effect on osteogenic 

differentiation, apart from the earlier-mentioned effect on mineralisation. Proliferation 

of hBMSCs has been reported in MM in response to pulsed BEC (Kim et al. 2009), 

but Study II was the first to test the effect of ES on proliferation of hASCs in MM. 

The phenomena that hASCs may require chemical induction in order to respond to 

physical stimulus by osteogenic differentiation is already documented in a mechanical 

stimulation study by Tirkkonen et al. (2011); hASCs responded to vibration loading 

only in OM, and no significant effect was seen in MM. As ES and mechanical 

stimulation at least partly share the same internal signalling pathways, the analogue 

from mechanical stimulation to ES may be applicable (Balint, Cassidy & Cartmell 

2013, Erickson & Nuccitelli 1984, Hammerick et al. 2010, Zhao 2009, Lin et al. 2008, 

Funk, Monsees & Özkucur 2009). 

6.5 Donor variation of adipose stem cells  

MSCs are a heterogeneous mixture of cells, and it was recently reported that a single 

MSC may use a distinct molecular mechanism to reach the common cell fate (Jääger et 

al. 2014). The differentiation potential and marker expression of MSCs varies greatly 

between donors, as evidenced by several studies (Alm et al. 2012, Bieback et al. 2012, 

Siddappa et al. 2007, Capra et al. 2012). For instance in Study I, HLA-DR was 

moderately expressed, but it ought to be negative according to the recommendations 

(Dominici et al. 2006). However, it has been reported to be more highly expressed in 

early passages and to decrease upon subsequent passage (McIntosh et al. 2006). 

Moderate expression was also detected from HLA-ABC in both in vitro studies. 
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HLA-ABC has earlier shown a varying expression – from moderate to positive – in 

hASCs (Lindroos et al. 2010, McIntosh et al. 2006).  

High donor variability was observed in the osteogenic differentiation capability of 

hASCs in studies I and II. One donor line in Study I showed no detectable 

mineralisation in any of the groups. Similarly, one donor line in Study II showed no 

detectable ALP activity. Dexamethasone-induced variation in ALP activity in hBMSCs 

has been reported in the past (Alm et al. 2012, Siddappa et al. 2007). However, the 

age, gender, and source of isolation were reported not to affect the variability 

(Siddappa et al. 2007). Study I was conducted in OM, suggesting that dexamethasone 

could partly induce variability via ALP activity (Yadav et al. 2011, Whyte 2010). Study 

II was conducted in MM, but it also showed great variability in ALP activity. Donor 

variation is problematic in clinical treatments and therefore an allogenous MSC source 

from patients with the most optimal ASC characteristics has been considered. 

However, several issues, such as the immunosuppressive characteristics of ASCs, must 

be studied more closely (Lindroos, Suuronen & Miettinen 2011).  

6.6 Future perspectives 

Regenerative bone applications have advanced from simple biodegradable implants 

and scaffolds providing mechanical support to electrospun composite structures with 

drug releasing properties (Kolambkar et al. 2011, Fisher & Mauck 2013). Moreover, 

ECM-derived approaches, such as well-studied decellularised implants, have been 

further developed to construct complex tissues (Fisher & Mauck 2013), such as lung 

tissue (Petersen et al. 2010). Nevertheless, “conventional” lactide-based bioabsorbable 

polymers still prevail in load-bearing bone applications because, in addition to having 

good biocompatibility, they are easy to fabricate with controllable chemical and 

mechanical properties (Nair & Laurencin 2007, Makarov et al. 2013). However, the 

lack of bioactivity and the evident foreign body reaction that causes the formation of a 

fibrous capsule around the implant hinders the regeneration of the bone tissue 

(Kangas et al. 2006, Närhi et al. 2003). Studies II and III show that a simplistic 

approach of coating bioabsorbable lactide-based biomaterials with electroactive PPy 

can significantly improve proliferation of hASCs in vitro, and enhance new bone 

formation and attachment of the bone tissue to the implant surface in vivo. Importanly 

according to Study III, PPy coating seems to fulfil the requirements of not evoking an 

inflammatory or toxic response in body. The electroactive PPy coating could therefore 

introduce new opportunities for enhancing bone regeneration, not only by enabling 

immobilisation or incorporation of biomolecules onto its surface (Hu et al. 2014, 

Higgins et al. 2012), but also by mediating ES and thereby controlling cell fate as well 
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as the release profiles of possible bioactive molecules in the structure (Thompson et 

al. 2010, Thompson et al. 2011, Liu et al. 2009, Richardson et al. 2007, Esrafilzadeh et 

al. 2013). Even though the results in Study III showed that the erosion products of 

PPy as a coating did not seem to disturb bone regeneration, more studies investigating 

its erosion process in vivo should be conducted. This is particularly important when it 

comes to applying PPy in the bulk material. Furthermore, development of 

biodegradable and mechanically feasible, but still conductive PPy derivatives should be 

the focus of the future research as these areas do not meet the requirements of 

biomaterials described in Chapter 2.5.  

Clinical case studies have provided evidence of the high potential of hASCs in 

bone tissue engineering (Sandor et al. 2014, Mesimäki et al. 2009, Thesleff et al. 2011, 

Kulakov et al. 2008, Lendeckel et al. 2004, Pak 2011, Taylor 2010). In order to gain 

recognition as an efficient treatment method, the in vitro cell culture time must be 

shortened by increasing the efficacy of the cell expansion and differentiation, and 

safety issues must be minimised. For instance, the role of MSCs in cancer is still under 

examination (Barkholt et al. 2013). ES could be used to accelerate the in vitro cell 

culture time or to provide an alternative to growth factors in regulating cell growth 

and differentiation. Moreover, ES has been reported to have antibacterial effects 

(Kloth 2005, Daeschlein et al. 2007), which could significantly facilitate the success 

and safety of in vitro products. As shown by the promising results with pre-osteoblasts, 

ES and PPy could also be combined with mechanical stimulation in future 

applications (Liu et al. 2013). However, before advancing into more complex systems, 

a more systematic approach must be taken to evaluate the impact of ES patterns on 

MSCs. As shown by earlier studies, certain types of ES can actually be mechanically 

sensed by the receptors (Hart 2006, Hart 2008). More information is therefore needed 

on the effect of ES at the single cell-level to determine the mechanism behind ES 

coupling with cell receptors to better evaluate the safety of ES at cellular level. Apart 

from comparing different parameters of ES, it must also be noted that the sensitivity 

of MSCs may change during osteogenic differentiation. For instance, stiff actin stress 

fibres of MSCs are more sensitive to ES than softer and more stable actin fibres in 

osteoblasts (Titushkin et al. 2011). 

At present, the guidelines for minimal manipulation of cells, defined by the FDA, 

do not accept the combining of cells with a drug or device (U.S. Food and Drug 

Administration 2009). Given that electric fields play an important role in the function 

and regeneration of tissues (Sundelacruz, Levin & Kaplan 2008, Sundelacruz, Levin & 

Kaplan 2008, McCaig et al. 2005, Erickson & Nuccitelli 1984, Serena et al. 2009, Reid, 

Song & Zhao 2009), the controlled use of ES could provide more natural means of 

stimulating cells in comparison to extensively used drugs. However, the concept of 

minimal manipulation, as defined by the FDA, is very vague and does not give 



 

93 

detailed guidelines or examples (U.S. Food and Drug Administration 2009). The 

European Medicines Agency (EMA) considers expansion and differentiation of cells 

to be substantial manipulation and therefore beyond minimal manipulation 

(Committee for Advanced Therapies. 2011). It can therefore take a long time before 

worldwide regulations meet the products that science has to offer.  
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7 Conclusions 

In this study, electroactive PPy coating was examined as a substrate for hASCs in 

bone tissue engineering with and without ES, and then further evaluated in vivo for 

orthopaedic applications. The main conclusions and findings from the studies are: 

 

I. The electrochemically synthesised PPy-CS film supports hASCS attachment and 

homogenous spreading with and without ES in comparison to PPy-HA. On the PPy-

HA film, hASCs formed aggregations owing to poor attachment to the substrate. 

Furthermore, a significantly higher mineralisation was detected in the case of PPy-CS 

films in comparison to PPy-HA, suggesting synergistic effects between PPy-CS and 

ES. No significant differences were found between unstimulated controls and 

electrically stimulated samples.  

 

II. The chemically polymerised PPy coating on non-woven PLA fibre scaffolds with 

and without ES promoted significantly higher proliferation of hASCs when compared 

to the uncoated counterpart. In addition, the PPy coating induced favourable cell 

morphology and supported the early osteogenic differentiation of hASCs. In 

comparison to the non-stimulated samples, neither of the two ES patterns 

significantly affected cell viability or proliferation or ALP activity.  

 

III. The chemically polymerised PPy coating on bioabsorbable PLGA-β-TCP 

composite screws for bone fixation proved to be biocompatible after the maximum 

26 wks of implantation, showing no acute, systematic or chronic toxicity. Moreover, 

coated screws promoted significantly greater new bone formation according to micro-

CT imaging and hard tissue histology compared to the uncoated screws. The rate of 

new bone formation was also significantly greater on the coated samples, as evidenced 

by the tetracycline labelling. In addition, superior attachment of coated screws to the 

bone tissue was evidenced by the torsion test. 

 

PPy coating is recommended as a conductive hASCs substrate for bone tissue 

engineering and as multifunctional implant coating for bone regeneration purposes. 
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9 Original publications 

CORRIGENDA 

 

There is one error in the original publications 

 

Study I: 

The osteogenic medium contains 250 µM ascorbic acid 2-phosphate, not 250 mM. 
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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.
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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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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 and 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
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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
5mL/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 (125mm 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 40–50mA/
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 8.2 mC, 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 30 mL 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 · 4 mm. 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 

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 bone formation significantly more 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. 

Introduction 

Poly-(lactide/glycolide) copolymers (PLGA) are widely used as bioabsorbable 

polymers in bone fracture fixations due to biocompatibility, non-toxicity and good 

processability [1]. 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 [2, 3]. Several surface modification 

methods have been tested for overcoming this problem, including incorporation of 

growth factors and mixing polymers with osteoconductive calcium phosphates [4-6]. 

These methods may contribute to distinct properties, such as enhancement of 

osteointegration in the case of calcium phosphates [6], 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 [7]. It is the most frequently investigated 

conductive polymer due to its easy synthesis, good tunability of the surface properties 

and long-term ambient stability [8]. Furthermore, PPy incorporated with a variety of 
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biomolecules has been investigated in several osteogenic applications in vitro [9-14]. 

Among these studies, Pelto et al. studied a chemically polymerized PPy coating on 

fibrous non-woven polylactide scaffolds seeded with human adipose stem cells 

(hASCs); they reported enhanced early osteogenic differentiation on the PPy-coated 

scaffolds [10]. In addition to hASCs, PPy has also proven to be compatible with many 

other cell types such as endothelial cells, PC-12 cells and osteoblasts [10, 15-17]. 

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 [18].  

When a PPy coated silicone tube was applied to bridge across the gap of the 

transected sciatic nerve of rat, they observed only a light 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 [18-21]. 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 [19]. 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 [22]. PPy has 

also shown its potential as a blood-contacting material without adverse effects on 

hemolysis or coagulation [23].  

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 polylactide/glycolide copolymer (PLGA) and β-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 
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PLGA-β-TCP-composite screws (ActivaScrew™ TCP, Bioretec, Tampere, Finland) 

consisting of 85:15 PLGA mixed with 10 wt% of β-TCP. The screws were 2 mm in 

diameter and 10 mm in length (Fig. 1). The PLGA-β-TCP-composite screws had an x-

ray positive marker made of β-TCP inserted into the tip of the screws. FeCl3 was used 

as an oxidant and CS as a counter ion. 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 ⁰C. 

 

 

Figure 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) and the right leg was left 

intact. 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). 
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The surgery was performed under sedation and general anesthesia with diazepam 

(2 mg kg-1, 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 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.  

To monitor the correct placement of the implants, post-operative 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. 

 

 

Figure 2. Implantation of two coated screws through one mini-incision in the upper 
tibia. 
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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.  

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 fixed 

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 μm in thickness and 

stained with Hematoxylin and Eosin [24]. 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 
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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 [25] 

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. 

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 μm. 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 
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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 metacrylate (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 μm. 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) [26] 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 

[27]. 

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 

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 significant. 
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Results 

Postoperative examination 

All rabbits recovered well after surgery despite 1 decubitus ulcer and 1 slight opening 

of the surgical wound 3 weeks postoperatively. Radiography showed that the X-ray 

markers of the biodegradable screws were visible and in the correct position (Fig. 3.). 

 

 

Figure 3. Radiographs of two rabbits (a: uncoated group, b: coated group) eight weeks 
post-operatively. The red arrows show the β-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 

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 μmol/l and 92.23 ± 5.24 μmol/l respectively), yet still within normal ranges 

(26.5-115 μmol/l) [28]; 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. 
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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. 

 

 

Figure 4. The peak values of the torsion force of the coated screws were significantly 
higher than those of the uncoated screws at 12 weeks. (*) 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 β-TCP marker of the bioabsorbable screw shown in the images is 

surrounded by PLGA-β-TCP composite. Due to the selected micro-CT parameters 

PLGA-β-TCP composite is not apparent in the figures. Mineralized areas were evident 

in the surrounding tissue in most of the samples. 

 

 

Figure 5. Micro-CT measurements of the implant areas. (a) Representative 3D images 
of the absorbable implants harvested 26 weeks post-operatively. (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. 

 

 

Figure 6. Tetracycline fluorescence measurement between two yellow bands (blue 
arrows) evaluating the new bone formation rate at 12 weeks. (a) Uncoated group (►: 
part of an uncoated screw); (b) Coated group (►: part of a coated screw). Scale bar 
100 μm; (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 weeks. 
(*) Significant difference (p < 0.05). 



13 

 

Figure 7. Tetracycline fluorescence measurement between two yellow bands (blue 
arrows) evaluating the new bone formation rate at 26 weeks. (a) Uncoated group (►: 
part of an uncoated screw); (b) Coated group (►: part of a coated screw). Scale bar 
100 μm; (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 weeks. 
(*) 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 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. The colorful stripes shown in both groups were caused by 

toluidine blue staining in the PLGA-β-TCP matrix. 
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Figure 8. Toluidine blue staining 12 weeks after implantation for hard tissue samples. 
(a) Uncoated screw (scale bar 500 μm). (a’) The magnification of the interface between 
the uncoated screw and bone revealed a thin detectable new bone (NB) band (scale 
bar 100 μm). (b) Coated screws (scale bar 500 μm). (b’) The magnification of the 
interface between the coated screw and bone (scale bar 100 μm). 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 β-TCP, T: pure β-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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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-β-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 β-TCP marker. 
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Figure 9. Toluidine blue staining 26 weeks after implantation for hard tissue samples. 
(a) Uncoated screw (scale bar 500 μm). (a’) The magnification of the interface between 
the uncoated screw and bone revealed a thin detectable new bone (NB) band (scale 
bar 100 μm). (b) coated screws (scale bar 500 μm). (b’) The magnification of the 
interface between the coated screw and bone (scale bar 100 μm). 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 β-TCP, T: pure β-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 [29, 30]. Therefore many coating methods have been used 

to enhance the bonding between bone and the surface of an orthopedic implant to 

improve its osteointegration [7, 31-36]. 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 [7, 37]. As 

PPy has previously shown a good biocompatibility with several tissues [10-13] and has 

excellent cellular attachment properties in vitro [10], 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. 8). 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 β-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.  

The rates of the new bone formation with the PLGA-β-TCP screws were in similar 

ranges as in earlier studies with polylactide-based bioabsorbable bone fixation devices 

where bone formation was reported to occur between 6 and 12 weeks after 

implantation in bone tissue [38, 39]. 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-β-TCP screws, the shear strength of the screws remains at the initial 

level for 16 weeks and drops to 35% at 26 weeks.  
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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-β-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 [8, 40]. Small 

water-soluble PPy chains (1700–3200 Da) have been reported to be excreted by renal 

clearance [41]. The creatinine values in the coated group were significantly higher 2 

and 4 weeks after surgery compared to the coated group indicating slight deterioration 

in kidney function in the rabbits of the coated group. However, the increased 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 evidenced between 12 and 26 week time points did not affect renal 

functioning. 

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 by 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 irritation level of the 

absorbable screw according to the semi-quantitative evaluation. This finding is 

supported by earlier studies conducted on various tissue types [18, 19, 21, 22]. 

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 [14, 42-44]. For instance, different 

concentrations of PPy monomer used in polymerization can drastically vary cellular 

events as a higher PPy concentration during admicellar polymerization has been 

reported to inhibit MSC attachment. It was suggested that the negative effect on cell 

attachment in the 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 [14]. Thin PPy layers have been reported to result in a better cell 

attachment in studies conducted in vitro and in vivo [8, 14, 40]. PPy nanoparticles may 
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also induce slight adverse reactions on cells. This has been reported to be highly 

dependable on particle size [42, 43]. Moreover, the aging of the PPy has been 

suggested to have a negative effect on its biocompatibility with nanocellulose-PPy 

composites, which showed marks of cytotoxicity in several conditions after 4 weeks of 

storage [44]. 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 increased cytotoxic signs when compared to uncoated screws. Nevertheless, 

longer-term effects of the coating require evaluation in the future studies. 

The role of CS in this study remains unclear, as the concentration of CS in the PPy 

coating was not measured. It has, however, been reported to induce permanent 

hydrophilicity of the PPy coating [10] and its carboxyl groups may facilitate 

attachment of PPy to bone tissue [32]. The hydrophilic surface characteristics of the 

coated screws could theoretically facilitate faster water uptake in the implant surface 

[45]. 

Conclusion 

The PPy coating on PLGA-β-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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