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Abstract Considering the well-known phenomenon of

enhancing bone healing by applying electromagnetic

stimulation, manufacturing conductive bone scaffolds is on

demand to facilitate the delivery of electromagnetic stim-

ulation to the injured region, which in turn significantly

expedites the healing procedure in tissue engineering

methods. For this purpose, hybrid conductive scaffolds

composed of poly(3,4-ethylenedioxythiophene), poly(4-

styrene sulfonate) (PEDOT:PSS), gelatin (Gel), and

bioactive glass (BaG) were produced employing freeze

drying technique. Concentration of PEDOT:PSS were

optimized to design the most appropriate conductive scaf-

fold in terms of biocompatibility and cell proliferation.

More specifically, scaffolds with four different composi-

tions of 0, 0.1, 0.3 and 0.6 % (w/w) PEDOT:PSS in the

mixture of 10 % (w/v) Gel and 30 % (w/v) BaG were

synthesized. Immersing the scaffolds in simulated body

fluid (SBF), we evaluated the bioactivity of samples, and

the biomineralization were studied in details using scan-

ning electron microscopy, energy dispersive spectroscopy,

X-ray diffraction analysis and Fourier transform infrared

spectroscopy. By performing cytocompatibility analyses

for 21 days using adult human mesenchymal stem cells, we

concluded that the scaffolds with 0.3 % (w/w) PEDOT:PSS

and conductivity of 170 lS/m has the optimized compo-

sition and further increasing the PEDOT:PSS content has

inverse effect on cell proliferation. Based on our finding,

addition of this optimized amount of PEDOT:PSS to our

composition can increase the cell viability more than 4

times compared to a nonconductive composition.

1 Introduction

Ongoing studies in tissue engineering scaffold design are

mostly focused on improving the physical characteristics of

the scaffolds with respect to their chemical and mechanical

properties [1–4]. However, electrical properties of such

scaffolds have not been widely studied [5–7]. The con-

ductivity of scaffolds has two important effects: (a) it will

enhance the signaling among the cells, and (b) allows the

local delivery of external electrical stimuli to the site of

defects to enhance the healing procedure. However, there
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are few studies that investigated the effect of the conduc-

tive polymers in cell signaling, enhancement of cell pro-

liferation and their application in the tissue engineering

field, which is the subject of our study in this paper [8–12].

There is a large discrepancy in the literature regarding

the quantitative values presented for the electrical proper-

ties of bone and other biological tissues. This is due to the

different fluid content of tissues examined from different

parts of the body by different researchers, absence of

standardized methods of measurement, and different age

and health situation of the obtained tissues. In addition, the

anisotropic property of the bone can induce electrical

anisotropy, and thus the orientation of the bone in the

measurements must be considered in comparing different

reported data. Moreover, perfect alignment of the aniso-

tropic tissue is essential in the measurement techniques

since a slight misalignment can bring about 20 % overes-

timation to data. Fluid content of the biological tissue

induce a drastic difference in their electric properties. The

conductivity of the brain and blood is considered to be

relatively high, however, fat, skin and bone has lower

conductivity due to less fluid content in the range of

10–104 lS/m [13]. Experiments indicate scaffolds with

conductivity values of more than 102 lS/m can effectively

increase cell proliferation and hence improve healing

process in bone tissue engineering applications [9].

Among water-soluble conductive polymers, poly(3,4-

ethylenedioxythiophene) (PEDOT) has been known as a

promising one. Due to its biocompatibility and similarity

with natural biological materials like melanin, PEDOT has

also been introduced as a biomaterial in some studies [8,

14–17]. Poly(sodium 4-styrene-sulfonate) (PSS) is another

water-soluble polymer. Investigations have demonstrated

that sulfonic groups on the polymer surfaces enhance the

cell attachment. The characteristics of both PEDOT and

PSS make the combination of PEDOT:PSS a good candi-

date to be utilized as a conductive polymer with high

ductility in different applications [16, 18–21]. Gelatin

(Gel), as a natural biopolymer, has been broadly used in the

pharmaceutical and medical applications because of its

biological source, degradability, biocompatibility, avail-

ability, and relatively low cost [22–24]. As a bioactive

ceramic, bioactive glasses (BaG) have indicated outstand-

ing integration to the hard tissue due to the precipitation of

calcium phosphate minerals on the BaG surface in the

physiological environment [25].

According to the aforementioned advantages of these

components, we have previously produced macroporous 3

dimensional (3D) hybrid scaffolds composed of PEDOT,

Gel, and bioactive glass [9]. Material characterizations,

in vitro scaffold swelling and degradation, thermal and

mechanical analysis investigation on scaffolds were per-

formed. Addition of PEDOT:PSS not only made a

conductive construct but significantly enhanced our

mechanical properties. Increase of cell viability was

observed by increase of PEDOT:PSS content and we dis-

cussed in detail how the incorporation of a suitable con-

ductive polymer could increase the cell signaling and

consequently improve the cell viability on the scaffolds. In

this paper we will show that there is an optimized value for

the amount of PEDOT:PSS in our composition to be able to

gain its positive possession, and the excess of this polymer

can cause cytotoxicity. Therefore, in this study several

compositions with different concentrations of PEDOT were

prepared and characterized in order to optimize the amount

of PEDOT:PSS. To obtain a better cytocompatibility and

cell viability overview, adult human mesenchymal stem

cells (hMSC) were cultured on the scaffolds for 21 days

and morphology, cell contact, attachment and viability of

the cells were studied. Moreover, biomineralization

behavior of the synthesized scaffolds in simulated body

fluid (SBF) was investigated in detail and evaluated by

FTIR, scanning electron microscopy (SEM) and EDX.

These experiments offer a solid view of mimicking bone

generation and ability of the optimized scaffold to bind to

the surrounding hard tissues. We believe that these con-

ductive scaffolds provide excellent biocompatibility with

appropriate properties, such as improved cell proliferation

and adhesion, as well as enhanced mechanical properties.

2 Materials and methods

Synthesis of scaffolds: The initial precursors for synthe-

sizing the scaffolds include PEDOT:PSS (1.3 wt % dis-

persion in water, PEDOT content 0.5 wt %, PSS content

0.8 wt %, conductive grade, Sigma Aldrich), Gelatin (from

porcine skin, Type A, Sigma Aldrich), and 0.1 M HNO3

(Sigma Aldrich), the crosslinker 1-(3-dimethylamino-

propyl)-3-ethylcarbodiimide hydrochloride (Acros Organ-

ics, Geel, Belgium), N-hydroxysuccinimide (C4H5NO3,

Alfa Aesar, Ward Hill, MA, USA), and the 64S bioactive

glass (BaG) which was produced in our lab using the

previously reported sol–gel method [1, 26]. A solution

composed of Gel (10 % w/v), BaG (30 % w/v), and

PEDOT:PSS (0, 0.1, 0.3 and 0.6 % w/w) was prepared by

dissolving 10 g Gel and 30 g BaG in 100 mL deionized

water to make the initial Gel/BaG solution. Then, the

PEDOT:PSS (0.1, 0.3 or 0.6 % w/w of the whole mass of

the mixture) was added to this solution. The PEDOT:PSS/

Gel/BaG solution was homogenized by utilizing a vortex

for 5 min and a centrifugal mixer (Uni Cyclone UM113;

Japan Unix Co., Tokyo, Japan) at 2000 rpm for half an

hour. To produce the scaffolds employing the freeze-drying

technique, the homogenized solution were molded and

frozen at -20 �C for 6 h. The temperature, pressure, and
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time set of the freeze-dryer (Labconco, Kansas City, MO,

USA) were adjusted at -50 �C, 1.8 mbar and 24 h,

respectively. The obtained porous materials were cross-

linked using the 1-ethyl-3-(3-dimethylaminopropyl) car-

bodiimide hydrochloride (50 mM)/N-hydroxysuccinimide

(8 mM)/ethanol (95 %) solution at 4 �C for 48 h.

Bioactivity evaluation: In order to evaluate the bioac-

tivity of samples, the prepared scaffolds were incubated in

the SBF. The Kokubo’s protocol was employed for the

SBF preparation by using NaCl, NaHCO3, KCl, K2HPO4�
3H2O, MgCl2�6H2O, CaCl2, Tris-buffer, and 1 N HCl as

the precursors [27]. The SBF solution was prepared by

dissolving abovementioned materials into the distilled

water and buffering at pH = 7.4 with Tris- and HCl 1 N at

37 �C.
Structural characterization: The structural morphology

of the scaffolds was characterized via a scanning electron

microscope (SEM: Hitachi S-4800, Tokyo, Japan). The

porosity of scaffolds was determined by the ethanol

replacement technique. Fourier transform infrared spec-

troscopy (FTIR: Agilent Technologies, Santa Clara, CA,

USA) was employed to investigate the functional group of

samples. The phase analysis was carried out using an X-ray

diffractometer (XRD: Bruker Corporation, Billerica, MA,

USA).

Culture of Human Mesenchymal Stem Cells: Cyto-

compatibility experiments were performed using the adult

human mesenchymal stem cells (hMSC). Mesenchymal

stem cells isolated from human bone marrow were pur-

chased from life technologies (StemPro� BM, Life Tech-

nologies). As per manufacture’s recommendations, cells

were cultured in Mesen PRO RS media in humidified

atmosphere of 5 % CO2 and maintained at 37 �C. We first

subcultured the purchased cells which were in passage 4 in

a 75 cm2 flasks. After 3 days, they were relocated to new

75 cm2 flasks at a concentration of 4000 cell/cm2. Cell

culture media was changed every two days. Flasks that

were observed to be 80 % confluent were first washed in

DPBS, trypsinized with TrypLETM Select CTSTM reagent

(Life Technologies) and washed again to be prepared for

our experiments. Cells of passage 6 (P6) were used for all

of our experiments.

Cell Viability Assay: We evaluated the cell proliferation

on different scaffolds using PrestoBlue� Cell Viability

Reagent (Life Technologies, USA). PrestoBlue� is a

resazurin-based non-fluorescent reagent reduced by viable

cells into fluorescent molecule resorufin. Scaffolds were

first sterilized using the ultraviolet for 2 h and placed in

24-well low-attachment culture plates. Three samples were

utilized for each experiment and the data were reported as

mean ± standard deviation.

Scaffolds were soaked in 2 mL of growth medium for

2 h, and then each scaffold was seeded with 8 9 104

cells in 1 mL of the cell suspension. For cell attachment,

seeded scaffolds were incubated with cell suspension

overnight in a humidified atmosphere of 370 �C and 5 %

CO2. After incubation, scaffolds were washed twice with

PBS to eliminate any unattached cells, and were then

relocated into a new plate. The plates were incubated for

7, 14 and 21 days while the Mesen PRO RS media was

replaced every 2 days. Scaffolds soaked in media with-

out cells were used as controls. After completion of the

incubation period (7, 14, or 21 days), 100 lL of the

PrestoBlue reagent was added to each well, followed by

an additional 2 h incubation. Using a pasture pipette, we

mixed the contents of each well to have uniform distri-

bution of color. About 200 lL of the solution was added

into a 96-well plate and the fluorescence was determined

with an emission and exitation wavelength of 560 and

590 nm, respectively, using a spectrophotometer. Total

number of viable cells attached to the scaffold was

calculated using a standard curve which was generated

by aliquoting cells into a 96-well plate within the range

of 10,000–200,000 cells/well. After an 8 h incubation,

cell viability was measured using the above mentioned

kit as per manufacturer’s protocol. A standard curve was

generated by plotting number of cells versus

fluorescence.

DAPI Staining: Cells attached to scaffolds with intact

nuclei were visualized using florescence microscopy. 406-
diamidino-2-phenylindole (DAPI), is a commonly used

fluorescent dye for staining double-stranded DNA. Cell

seeded onto scaffolds were fixed in 4 % paraformaldheyde

for 30 min, and were then permeabilized with 0.1 % Tri-

ton-X 100 for 15 min and after each step scaffolds were

thoroughly rinsed with sterile PBS at room temperature.

This was followed by 20 min incubation of sections in

DAPI (200 ng/mL) prepared in PBS. After the incubation,

samples were gently rinsed with PBS. The morphology of

the cell nuclei was observed under fluorescence micro-

scope (Nikon, USA) at excitation wavelength of 350 nm.

Nuclei with normal phenotype were expected to appear

glowing bright.

After 7, 14 and 21 days, cell-containing scaffolds were

fixed in 3.7 % formaldehyde for 0.5 h at room temperature.

SEM imaging was performed after dehydrating the samples

using ethanol.

A 2100 Digital Multimeter (Keithley Instruments, Inc,

Cleveland, OH, USA) was employed for the conductivity

measurements. The cylindrical samples with the dimen-

sions of 9 mm diameter and 1 mm thickness were used for

this experiment.

The prepared scaffolds with 0, 0.1, 0.3 and 0.6 % w/w

PEDOT:PSS in the mixture of 10 % w/v Gel and 30 % w/v

BaG were labeled 0PED, 0.1PED, 0.3PED, and 0.6PED,

respectively in the paper.
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3 Results

The numerical results demonstrated that the conductivity

enhanced with the addition of PEDOT:PSS to the BaG/Gel

composite up to 170 lS/m for the 0.3PED scaffold. The

conductivity of 0PED, 0.1PED, 0.3PED, and 0.6PED was

100, 120, 170 and 210 lS/m, respectively.

SEM observation from the top view in high and low

magnification was carried out to study the three dimen-

sional morphology of the scaffolds (Fig. 1). The observa-

tions showed an interconnected network of spherical pores

with high porosity for 0PED (a, b, c), 0.1PED (d, e, f),

0.3PED (g, h, i), and 0.6PED (j, k, l) scaffolds. Higher

concentration of PEDOT:PSS led to an increase of the pore

size, as can be observed in Fig. 1. Quantitatively, the

average pore size of the scaffolds was 150 lm for 0PED

samples, which increased gradually to 300 lm for 0.6PED

samples. The porosity percent was approximately 60 %

with 1–3 % rise by increasing PEDOT:PSS in the

composite.

To understand the influence of the chemical composition

of scaffolds on the cell/scaffold interactions, we assessed

cell viability, morphology, and cell adhesion during the

predetermined times (7, 14, and 21 days) using human

mesenchymal stem cells (hMSC). For this purpose, after

the sterilization of substrates, they were placed in a mul-

tiwall plate; the cells were directly cultured on top of the

scaffolds’ surfaces. After 7, 14, and 21 days, viability of

cells in different scaffolds was assessed following by SEM

imaging of the cell loaded scaffolds in order to compare

their spreading and attachment. The results of the number

of viable cells after 7, 14, and 21 days incubation on the

0PED 0PED 0PED 

DEP1.0DEP1.0DEP1.0

DEP3.0DEP3.0DEP3.0

DEP6.0DEP6.0DEP6.0

500 µm 

500 µm 

500 µm 

500 µm 

250 µm 

250 µm 

250 µm 

250 µm 

50 µm 

50 µm 

50 µm 

50 µm 

(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

(j) (k) (l)

Fig. 1 SEM photomicrographs of 0PED (a, b, c), 0.1PED (d, e, f), 0.3PED (g, h, i), and 0.6PED (j, k, l) scaffolds in different magnifications

showing the pores, pore sizes and the interconnectivity between the pores
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0PED, 0.1PED, 0.3PED, and 0.6PED scaffolds have been

presented in Fig. 2. According to this figure addition of

PEDOT:PSS has significant positive influence on the via-

bility of cells up to 0.3 % concentration. Increasing the

amount of the PEDOT more than 0.3 % decreases the cell

viability. A comparison between the viability of different

scaffolds indicates that the number of viable cells on the

0.1PED and 0.3PED scaffold were almost similar with

slightly better outcome in 0.3PED. To observe the cell

morphology and attachment on scaffolds, SEM and con-

focal fluorescent microscopy were employed and examples

are presented in Fig. 3. This figure displays the SEM

images of the cells cultured for 14 days on the surfaces of

scaffolds with different composition of PEDOT:PSS. As

shown in these images, cell adhesion and response of the

cells to the different surfaces were not similar. Repeating

the experiment with various samples, we realized that cell

attachment was noticeably improved in 0.3PED scaffolds.

Figure 3e presents the fluorescent microscopy image of the

0.3PED scaffold after 14 days.

The quality of cell adhesion is known to greatly influ-

ence the proliferation and differentiation of cells. We

observed better proliferation in 0.3PED scaffolds, in which

cells reached to a confluent monolayer of cells on the

surface. Figure 3 also shows the attached cells on the

surface of the 0.3PED scaffold after 7 (f), 14 (g), and 21 (h,

i) days. Accordingly, the cells on the 0.3PED scaffold

exhibited stretched shapes during the cell culture times (7,

14, and 21 days). Cells showed numerous filopodia with

anchorage points to the surface of the 0.3PED scaffold,

denoting a favorable 3D structure and composition of

conductive scaffolds for cell growth.

The samples were incubated into the SBF in order to

follow their in vitro biomineralization. Figure 4 shows the

SEM micrographs of 0.3PED scaffolds after 1 (a, c), and 14

(b, d) days immersion in the SBF. As indicated in Fig. 4b

and d, a layer was found deposited on the surface. The

precipitations appeared in ball-like structure (Fig. 4d). It

can be observed in Fig. 4a that the scaffold surface mor-

phology was degraded and a few cracks appeared on the

surface.

Figure 5 shows the results of energy dispersive spec-

troscopy (EDS) (a, b, c, d, e) analyses and the related SEM

micrographs (f, g, h, i, j) of the 0.3PED scaffold before (a,

f) and after 1 (b, g), 3 (c, h), 7 (d, i) and 14 (e, j) day/days

incubation in the SBF. According to Fig. 5a–e, Ca, P, and

Si peaks could be detected in the EDS analyses. Prior to

immersion in the SBF, the intensity of Si peak was higher

than the intensity of Ca and P elements due to the existence

of bioactive glass in the chemical composition of the

scaffold. However, after the immersion in the SBF, the Si

peak in EDS analyses was decreasing, whereas the inten-

sity of Ca and P was in opposite trend by increasing the

immersion time, showing that the Ca and P containing

precipitates elements were depositing on the surface of the

scaffolds. The SEM images shows that the density of

precipitates was increasing by time and the related EDS

analyses confirm this fact by presenting the increasing

intensity of Ca and P. Figure 5 also shows the detailed

analysis of the deposited layer on the surface of grinded

0.3PED scaffolds before and after 1, 3, 7, and 14 day/days

immersion in the SBF, including FTIR (k) and X-ray

diffraction analysis (XRD) (l) results. According to FTIR

analysis, which has been presented in Fig. 5k, compared

with scaffolds before immersion, the peaks corresponding
Fig. 2 The number of cells after 7, 14, and 21 days of incubation on

the 0PED, 0.1PED, 0.3PED, and 0.6PED scaffolds
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to PO4
3- groups have appeared on the surface after

immersion, which increased by increasing the immersion

time. This gradual rise of the intensity indicates the con-

tinuous apatite formation on the surface of immersed

scaffolds. Appeared peaks at 601 cm-1 and 560 cm-1 are

related to v4 PO4
3- vibrations and bands at 1036 cm-1

raised from v3 PO4
3- vibrations. The XRD patterns,

according to Fig. 5l, confirm that a reaction layer com-

posed of bone-like apatite has been precipitated on the

surface of 0.3PED scaffolds. In early days of immersion,

new peaks at 2h of 26� and 31.7� related to (0 0 2) and (2 1

1) lattice planes of apatite phase according to the standard

JCPDS file No. 090432 were observed. With prolongation

of mineralization time, these two peaks were intensified

and two other peaks of apatite were also found at 27.5�,
39.7� and 46.7�.

4 Discussion

The conductivity of produced BaG/Gel/PEDOT:PSS scaf-

folds was measured. The increase in the conductivity can

be a result of the charge carrier (hole) motion in the

PEDOT:PSS grains that are dispersed in the structure of the

conductive scaffolds [9]. Scaffolds with 150–300 lm pore

size and 60 % porosity can provide a suitable surface area

for cell growth, sufficient volume for cell mass, and an easy

platform for the transfer of the nutrition and removal of the

waste from the cell growth sites. Appropriate size of the

pores and their interconnectivity can enhance the metabolic

activity of cells by the facilitating the diffusion of nutrients

inside the scaffold and metabolic wastes out of it. The

osteoblast ingrowth to the scaffold with appropriate pore

size has positive influence on the mechanical bonding

between the natural bone and the scaffold. This bonding

leads to biological fixation of the scaffold in the nonunion

part of the fracture and ultimate biodegradation and

replacement with the host bone [9, 28]. In tissue engi-

neering methods, cells are seeded in a 3D scaffold which

not only provides the anchorage for cell adhesion, but also

provides suitable cellular environment that regulate cell

differentiation, metabolic activity, and cell–cell signaling

[29, 30]. Although the 0.1PED scaffold can present good

cell adhesion, its quality increased by increasing the

amount of the PEDOT to 0.3 %. However, the response of

the cells does not improve by increasing the PEDOT:PSS

Culture time: 14 days 

0PED 100 µm 

Culture time: 14 days Culture time: 14 days 

Culture time: 14 days Culture time: 14 days 

DEP3.0DEP1.0

DEP3.0DEP6.0 0.3PED 

0.3PED 0.3PED 0.3PED 

Culture time: 7 days 

Culture time: 14 days Culture time: 21 days Culture time: 21 days 

100 µm 100 µm 

100 µm 100 µm 50 µm 

50 µm 50 µm 10 µm 

(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

Fig. 3 SEM morphology of the cells cultured for 14 days on the

surfaces of the 0PED (a), 0.1PED (b), 0.3PED (c), and 0.6PED

(d) scaffolds, the fluorescent microscopy image from the 0.3PED

scaffold after 14 days (e), the attached cells on the surface of 0.3PED

scaffold after 7 (f), 14 (g), and 21 (h, i) days
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content over 0.3 % w/w (e.g., at 0.6PED scaffolds). The

cells were more confluent and the area occupied by the

cells increased on the surface of 0.3PED scaffolds com-

pared to the others. The cells spread well and attached

firmly on the surfaces of these scaffolds, indicating good

cytocompatibility of 0.3PED samples. Considering the

results of cell numbers (Fig. 2), cell attachments (Fig. 3)

and repeating the experiments with different samples, we

were convinced that 0.3 % is the most optimized concen-

tration of PEDOT:PSS for our scaffolds in terms of the cell

response and adhesion. Overall we concluded the enhanced

cytocompatibility in 0.3PED compared to the other scaf-

folds, and accordingly, we performed the biomineralization

experiments for the 0.3PED scaffold. Bioactivity is the

ability of a biomaterial to encourage biological integration;

and for hard tissue, bioactivity is related to the deposition

of bioactive products, such as calcium phosphate apatite on

the surface of samples in physiological environment [27,

31]. Regarding the comparison of the amount of deposited

layer during the incubation time in the SBF solution, we

realized that the deposited white layers on the surface of

scaffolds were denser on the scaffold after 14 days. It can

100 µm 100 µm 

10 µm 10 µm 

5 µm 

(a) (b)

(c)

(e)

(d)

Fig. 4 SEM photomicrographs of 0.3PED scaffolds after 1 (a, c), and 14 (b, d) days immersion in the SBF
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10 µm 

10 µm 

Immersion time: 1 day Immersion time: 1 day 

syad3:emitnoisremmIsyad3:emitnoisremmI

noisremmierofeBnoisremmierofeB

10 µm 

10 µm 

Immersion time: 7 days Immersion time: 7 days 

(a) (f)

(b) (g)

(c) (h)

(d) (i)

Fig. 5 The results of EDS (a, b, c, d, e) analysis and related SEM

photomicrographs (f, g, h, i, j) from the 0.3PED scaffold before (a,
f) and after 1 (b, g), 3 (c, h), 7 (d, i) and 14 (e, j) days incubation

times in the SBF and the detailed analysis on the deposited layer on

the surface of 0.3PED scaffold before and after 1, 3, 7, and 14 days

immersion in the SBF including FTIR (k) and XRD (l) results
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be concluded that the deposited layer on the surface

nucleated and grew during the immersion time. Such

bioactive minerals may be useful in enhancing the chances

of osteointegrated interface formation between the scaffold

and the host tissue after implantation [27, 32]. SBF is a

supersaturated calcium phosphate solution and its chemical

stimulus may activate the nucleation of bioactive minerals.

The induction of bioactivity can be carried out by nega-

tively charged groups. In particular, the formation of sila-

nol (–Si–OH) on the surface of BaG particles is known to

be beneficial for nucleation of bioactive products. These

negatively charged groups attract Ca2?, which in turn

makes the positively charged sites for absorbing PO4
3- and

CO3
2- in the SBF, which may eventually lead to the for-

mation of a phosphate layer. Moreover, inorganic compo-

nents of BaG, including calcium, phosphorous, and silicon

which are bioactive minerals that exist in the inorganic

structure of natural bone, are osteoproductive and osteo-

conductive. The glassy nature of BaG and its composition

in the scaffolds are two crucial factors for bioactivity of

this material. According to these factors and the proven

glassy nature of the BaG using XRD, the scaffolds should

bond to bone. When BaG composites are in contact with

the body fluid, a layer of hydroxyapatite with incorporated

collagen molecules forms on the surface which makes a

biological bonding with the natural bone [25, 33]. Healing

time is a prominent parameter in treatment of the large

bone defects. When this time is extended, there is a risk of

inappropriate connection of fractures. Due to the high

demand for decreasing the healing time and enhancing its

quality, several strategies have been developed, including

employing electromagnetic stimuli [30, 34–40]. If the tis-

sue engineering techniques are going to be combined with

the strategy of applying electromagnetic stimuli, the scaf-

folds are needed to be conductive to locally deliver the

stimuli to the site of the injury. Moreover, even without

using electromagnetic stimulation, the conductivity of the

scaffold assists electrical communication among cells.

Since ion flux of cells influences the common cell behav-

iors, including cell attachment, viability, and migration, it

is expected that applying conductive scaffolds effects

overall cell response and viability [41, 42]. The repro-

ducible observation of increased cell viability and prolif-

eration in 0.3PED scaffolds might be the result of improved

intracellular electrical cell signaling, which is essential for

cell growth.

10 µm 
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5 Conclusion

The purpose of this work was to construct an optimized

conductive bone scaffold composed of PEDOT:PSS. The

ultimate goal is applying effectual electromagnetic stimuli

during the bone healing using degradable tissue engineer-

ing scaffolds. As the primary step to reach this aim, the

authors prepared the conductive scaffolds by including

PEDOT:PSS in the composition of BaG/Gel scaffolds.

Characterizations of the scaffolds showed that they have

porous structure with 60 % porosity and pore size of

150–300 lm. It was understood that the addition of PED-

OT:PSS can improve various characteristics of the scaf-

folds, including biomineralization and biocompatibility.

The optimum scaffold (0.3PED) with 0.3 % (w/w) PED-

OT:PSS in the mixture of 10 % (w/v) Gel and 30 % (w/v)

BaG (0.3PED scaffold) presented more cytocompatibility

compared to others. The results of bioactivity revealed that

the bone-like apatite was deposited on the surface of the

0.3PED scaffold, and the amount and density of bioactive

products were increased by increasing the incubation time

in the SBF. Our future work is focused on applying the

electromagnetic stimulation both in vitro and in vivo to

observe the effect of the stimulation on the growth of the

cell on the synthesized conductive scaffold and ultimately

on the bone healing.
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