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Abstract

The production of bioactive coatings consisting of 45S5 Bioglass1 and mutli-walled carbon nanotubes (CNTs) by electrophoretic deposition

(EPD) was investigated. In addition to pure Bioglass1 coatings, the co-deposition and sequential deposition of Bioglass1 particles (size <5 mm)

and CNTs on stainless steel substrates were carried out in order to fabricate bioactive, nanostructured composite layers. The optimal experimental

conditions were determined using well-dispersed suspensions by means of a trial-and-error approach by varying the relevant EPD parameters:

applied voltage and deposition time. SEM images demonstrated the successful fabrication of Bioglass1/CNT composites by revealing their

morphology and topography. The co-deposition of Bioglass1 particles and CNTs resulted in homogenous and dense coatings exhibiting the

presence of well-dispersed CNTs placed in-between micron-sized Bioglass1 particles. This network of high-strength CNTs embedded in the glass

layer could act as reinforcing element leading to higher mechanical stability of the coatings. The coatings obtained by sequential deposition offered

a two-dimensional nanostructured fibrous mesh of CNTs covering the Bioglass1 layer thus providing a controlled (ordered) nano-topographical

surface. This surface nanostructure has the potential to promote the attachment and growth of osteoblast cells and to benefit the formation of bone-

like nanosized hydroxyapaptite crystals in contact with body fluids.
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1. Introduction

The continuous application of implants and prostheses

requires increased research efforts regarding optimization of

their properties and functionality. The selection of materials

and suitable production processes are decisive factors since

they determine the biocompatibility and mechanical stability of

the devices. A possibility to enhance the performance of

metallic implants, in particular the bonding to bone tissue, is to

coat them with bioactive layers [1–3]. The development of

coatings based on bioactive inorganic materials (hydroxyapa-

tite, bioactive glass) is the subject of numerous studies with the

aim to improve tissue adhesion to the implant surface and

therefore to induce better fixation of the device upon

implantation [1–4].
* Corresponding author. Fax: +44 207 594 6757.

E-mail address: a.boccaccini@imperial.ac.uk (A.R. Boccaccini).

0272-8842/$36.00 # 2009 Elsevier Ltd and Techna Group S.r.l. All rights reserve

doi:10.1016/j.ceramint.2009.09.008
Bioactive glasses are predestined materials for medical

applications, in particular in orthopedic and dental implants,

due to their excellent bioactivity and proved biocompatibility

[5]. In contact with biological fluid, bioactive glasses form

biologically active hydroxycarbonate apatite films structurally

and chemically equivalent to the mineral phase in bone [5,6].

This feature permits strong interfacial bonding between implant

and human tissue. However, contrarily to their outstanding

bioactive potential, bioactive glasses exhibit low fracture

toughness and limited mechanical strength in comparison with

human bone. In case of excessive loading, the bioactive glass

brittleness, even when used as coating on a metallic substrate,

can lead to unacceptable loss of structural integrity and even

failure of the devices. Furthermore coatings made of bioactive

glass, which are subjected to heat treatments during processing,

e.g. by viscous flow sintering, usually possess smooth surfaces

which are not ideal for the attachment of cells, e.g. due to the

lack of topographical features or optimized surface roughness

[7]. In order to compensate these adverse effects a second
d.
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Table 1

Composition of the suspension used for EPD of CNTs.

CNTs Triton X-100 Iodine

Concentration per ml of

distilled water [g/ml]

0.0006 0.0015 0.00005
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component can be used in combination with bioactive glass,

effectively forming a composite material.

Carbon nanotubes (CNTs) attract enormous attention due to

the extraordinary properties they exhibit which are determined

by their unique structure and size [8]. The exploitation of these

features in a variety of applications constitutes a wide and

expanding research field [8,9]. The remarkable high mechan-

ical strength and nanoscaled morphology of CNTs are the

characteristics which make them interesting for biomedical

applications, particularly for developing surfaces with nanos-

caled and ordered fibrous structure [9–12]. For example, it has

been shown that CNT layers provide an optimal nano-

morphology for the adhesion of cells and their growth

[13,14]. Combined with bioactive glasses, carbon nanotube

coated surfaces also promote the formation of bone-like

nanostructured hydroxyapatite crystals when the coatings are in

contact with biological fluids [15]. Additionally, ultra-light but

highly strong CNTs represent potential optimal reinforcing

elements in bioactive glass matrices, as they can form a stiff

network surrounding the glass particles.

The intrinsic complex processing capability of CNTs, due to

their tendency to agglomerate which makes difficult their

integration and dispersion into ceramic or glass matrices to

form composites, is still a demanding challenge for technol-

ogists [16,17]. A very convenient technique for combination of

CNTs and ceramic (nano)particles to form ordered arrays of

CNTs and composite coatings is electrophoretic deposition

(EPD) [12,15,18–20]. EPD relies on the presence of charged

particles (or CNTs) in liquid suspensions which migrate and

deposit onto an oppositely charged electrode upon application

of an external electric field [21]. Electrophoretically deposited

particles build layers of high microstructural homogeneity and

packing density forming structurally robust deposits of varied

thickness [21,22]. In addition to its simplicity, as electro-

phoretic deposition is a cost-effective method normally

requiring simple equipment, EPD is also a versatile technique

that can be used on a great variety of materials, i.e. ceramics,

metals, polymers and glasses. Moreover the technique enables

particulate materials of different size, shape and density to be

co-deposited in order to generate uniform composite coatings

of novel compositions [22]. Furthermore components of

complex shape can be used as the working electrode, for

example porous bodies such as scaffolds for tissue engineering

or textile structures [15,22]. EPD is being increasingly

considered as a convenient processing method for developing

deposits and coatings from nanoparticles. In particular, CNTs

become manageable by means of EPD since the method

enables their manipulation in liquid suspension avoiding

agglomeration problems, thus offering the possibility of their

homogenous incorporation in composites [18–20].

The objective of the present research was to investigate the

feasibility of using EPD to fabricate composite coatings of

bioactive glass and (multi-walled) CNTs on stainless steel

plates. The production of coatings by sequential deposition

from single-phase suspensions was investigated as well as the

co-deposition of both materials from diphasic suspensions.

Whilst the bioactive glass layer represents the surface reactive
component responsible for providing the physicochemical

environment for bone attachment, the carbon nanotubes are

intended to form a reinforcing network surrounding the glass

particles. In addition, a sequentially deposited layer of pure

CNTs on the Bioglass1/CNT coating should provide a

topographical fibrous nanoscaled surface to enhance cell

growth and proliferation.

2. Experimental

2.1. Materials

The bioactive glass powder used was 45S5 Bioglass1 of

composition (in wt.%): 45% SiO2, 24.5% Na2O, 24.5% CaO

and 6% P2O5. The average particle size is approximately 5 mm,

as determined previously [23]. The powder was used in as-

received condition to produce suspensions containing 20, 25, 30

and 40 wt.% of Bioglass1 particles in distilled water. The

constituents were blended using a magnetic stirrer to support

the dispersion process and to prevent sedimentation and

agglomeration. All suspensions were treated ultrasonically

afterwards for at least 20 min at ambient temperature in an

ultrasonicator (Sonomatic, Langfor Ultrasonics) to achieve an

adequate dispersion of the particles. The suspensions exhibited

a pH value of �12.96 and it was observed that bioactive glass

particles were negatively charged in these conditions in

agreement with previous experiments [24].

Multi-walled carbon nanotubes (Nanocyl1-3100 series,

Nanocyl, Belgium) were used. These CNTs are grown by

catalytic carbon vapor deposition (CCVD) and subsequently

purified to greater than 95% carbon. The as-received CNTs

have an average length of about 1.5 mm. These were refluxed in

60 ml of mixed (1:3 volume ratio) concentrated nitric and

sulphuric acid at 1208 for 30 min. The oxidized tubes were then

washed to pH 7. The aqueous CNT suspension had a

concentration of 0.45 mg/ml. For the purpose of EPD, Triton

X-100 and iodine 99.999% (Aldrich Chemical Company Inc.,

USA) were added in given concentrations to the CNTs

dispersed in distilled water. Triton X-100 is used as an ionic

surfactant due to its high dispersion efficiency while iodine is

added to enhance the particle charging in the solution [15].

Table 1 displays the composition of the ingredients in

suspension. CNTs in this type of suspension acquire a surface

negative charge [15].

Diphasic suspensions were prepared by mixing equal parts

of CNT and Bioglass1 particle suspensions. The Bioglass1

suspension contained 25 wt.% Bioglass1 particles. The

dispersion process was carried out using magnetic stirring

and ultrsonication. Magnetic stirring was an essential step since

the mixed suspensions had strong tendency to sedimentation
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and separation due to differences in density of the two

ingredients. All measured pH values of the mixed suspensions

were in the pH range 12.78–12.96.

2.2. Electrophoretic deposition

The electrophoretic deposition from three different kinds of

suspensions on stainless steel plates was carried out. Firstly

suspensions of only Bioglass1 particles were used in order to

optimize the EPD conditions in terms of voltage and time. The

second series of experiments involved the EPD of mixed

suspensions containing Bioglass1 particles and multi-walled

CNTs. Thirdly, the sequential electrophoretic deposition of

Bioglass1 particles and CNTs was conducted. Fig. 1 shows a

schematic diagram of the EPD cell used. Since the used

suspensions provided particles with negative surface charges

(see above), the anode acted as substrate for the deposition.

The anode and cathode were made of 316L stainless steel

plates (RS Components, Northants, UK) with dimensions of

10 mm � 30 mm � 0.2 mm. They were used as received

except for a degreasing treatment in an ultrasonic bath with

acetone. In order to neutralize the surface of the electrodes they

were washed subsequently with distilled water followed by a

final drying step with compressed air. After the cleaning

process, the electrodes were connected to a DC power supply

(Thurlby Thandar Instruments EL561, Cambridgeshire, UK).

The EPD cell was additionally linked with a multimeter

(Thurlby Thandar Instruments) to enable current intensity to be

measured during the EPD process.

Electrophoretic deposition was carried out by setting a

constant voltage in the range of 3–7 V, with deposition time

ranging between 4 and 9 min and electrode separation of 1 cm.

These conditions were determined by an optimization process

based on a trial-and-error approach to generate deposits of

satisfying thickness and uniformity which were visually

inspected. All experiments were conducted at ambient

temperature and samples were carefully and slowly pulled

out of the suspension after EPD. Finally the samples were dried
Fig. 1. Schematic diagram of the EPD cell during the co-deposition of CNTs

and Bioglass1 particles.
for at least 24 h at room temperature in normal air and in

horizontal position to achieve coatings as homogeneous and

smooth as possible.

2.3. Characterization methods

Samples after EPD coating were firstly inspected visually to

control their macroscopic quality and to change EPD

conditions, if necessary. Scanning electronic microscopy

(SEM) was carried out to examine the microstructure and

morphological and textural features of the coatings. The pure

Bioglass1 samples were investigated using a JEOL 5610 SEM

while the coatings containing carbon nanotubes were observed

by means of field emission gun scanning electron microscopy

(FEG-SEM) (LEO 1535).

3. Results and discussion

3.1. Bioglass1 coatings

In the present experiments suspensions with different

Bioglass1 particle concentrations (20, 25 and 40 wt.%) were

used. The results showed that the 25 wt.% suspension yielded

the best coatings in terms of thickness homogeneity and
Fig. 2. Bioglass1 coating obtained by EPD from a 25 wt.% suspension (5 V/

7 min): (a) top view and (b) side view.



Fig. 4. SEM image of a composite Bioglass1/CNT coating obtained by EPD

(4 V/6 min) (cross-section view).
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structural stability upon drying. Fig. 2a shows a typical

Bioglass1 coated sample made by EPD using 25 wt.%

Bioglass1 suspension at 5 V for 7 min. The side view of the

sample in Fig. 2b shows the thickness of the coating on both

sides of the stainless steel planar substrate. Coating of up to

�100 mm in thickness could be obtained.

Since substrates are placed vertically in the EPD cell, there is

an influence of the gravitational force leading to particle

sedimentation, which has an effect on the coating thickness

uniformity. This sedimentation process was observed during

EPD, which is reflected in the morphology of the resulting

coatings. For example Fig. 2b shows the varying thickness of the

coating near the lower end of the substrate. A possible way to

alleviate this problem could be the use of horizontal electrodes,

which is possible when using versatile EPD cells [25].

3.2. Composite Bioglass1/CNT coatings

As described above, the diphasic suspensions prepared for

the electrophoretic co-deposition of CNTs and Bioglass1

particles are composed of equal quantities of each single

suspension. These contain 0.0006 g/ml CNTs and 25 wt.%

Bioglass1 particles. The tiny amount of carbon nanotubes in

comparison to the Bioglass1 fraction has a significant influence

on the composition of the microstructure of the coating and its

appearance. Deposition times between 5 and 6 min and

voltages between 4 and 5 V were chosen for the electrophoretic

co-deposition of the two materials. The SEM micrograph

shown in Fig. 3 indicates that it is possible to achieve an

extraordinary surface homogeneity of the composite coating.

The adhesion of the coating to the substrate was assessed only

qualitatively in this investigation. It was observed that the coating

did not crack or peel off from the substrate even if the substrate

was bent, for example for preparing samples for SEM. This

relatively high adhesive strength is a fundamental requisite for

the prospective application of these coatings on biomedical

implants. In addition, the nanostructured Bioglass1/CNT

composite coating builds an ideal surface for the intended
Fig. 3. SEM image of a composite Bioglass1/CNT coating (4 V/6 min) (top

view) after drying, indicating high surface homogeneity and lack of large

microcracks.
improvement of bone tissue attachment. To observe the coatings

cross sections, samples for SEM were prepared by sectioning

through the coating manually using a razor blade. Fig. 4 is a SEM

image of the coating cross-section. The coating thickness was

measured to be�30 mm. The micrograph reveals CNTs located

in-between the individual Bioglass1 particles and also placed

directly on the surface of the substrate. This means that the CNTs

are well dispersed in the coating layer and they could act as

reinforcing element in the otherwise brittle Bioglass1 coatings.

A good dispersion of the carbon nanotubes is a prerequisite in

order to build a rigid mesh or network of CNTs in the Bioglass1

matrix. Clearly such CNT network must be maintained after

sintering of the coating which will occur via Bioglass1 viscous

flow. The sintering behaviour of Bioglass1 coatings obtained by

EPD has been investigated elsewhere [24] but further research on

the densification and microstructural evolution of Bioglass1/

CNT composite coatings remains the focus of future work.

Higher voltage values gave rise to much thicker layers (of

more than 100 mm). However this increased thickness was not

constant and it was accompanied by strong irregularities in the

coating structure. Visual inspection demonstrated that lower

voltages caused thinner but more regular deposits whilst higher

voltages increased the thickness but also the coating non-

uniformity. By trial-and-error, it was found that most uniform

and stable coatings were achieved using deposition voltages

between 4 and 5 Volts and deposition time of 5–6 min. The

SEM micrograph in Fig. 5 represents the typical fracture

surface microstructure of a CNT/Bioglass1 composite

obtained at the optimal EPD conditions. The uniform woven

layer of carbon nanotubes on the individual bioactive glass

particles indicates that on deposition CNTs have preferentially

deposited on the particles’ surfaces. This result is important in

terms of achieving high dispersion of the CNTs in the glass

matrix upon sintering of the glass by viscous flow, as discussed

elsewhere [26]. The high magnification image reveals a

complete cover of the Bioglass1 structure with randomly

orientated carbon nanotubes. Furthermore the CNTs are seen to

build connections between originally separated glass particles.



Fig. 5. SEM image of Bioglass1/CNT composite coating obtained by EPD

(6 V/5 min). Fracture surface showing CNTs covering individual Bioglass1

particles.

Fig. 6. SEM image of sequential Bioglass1/CNT coating by EPD, showing the

cross-section of the coating characterized by a relatively uniform CNT coating

on the previously deposited Bioglass1 particles.
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This behavior indicates the possible intended reinforcing

function of CNTs in the Bioglass1 matrix. It has been recently

reported that CNTs can reduce the crack propagation in TiO2/

CNT films deposited by EPD [27] and mechanisms related to

crack bridging and CNT pull-out are possible in these

composite layers [28].

As discussed elsewhere [26], the poor mixing of CNTs and

glass particles usually leads to lack of densification negating the

reinforcing capability of CNTs in glass and ceramic matrices.

This problem can be avoided in the present composites where

EPD has produced a uniform distribution of CNTs on the

surface of the individual Bioglass1 particles. It is expected that

upon sintering a uniform distribution of the CNT network in the

glass matrix can be achieved as glass viscous flow will lead to

closing the porosity (observed in Fig. 5).

3.3. Sequential (layered) Bioglass1/CNT coatings

The sequential electrophoretic deposition of Bioglass1

particles and multi-walled carbon nanotubes was conducted in

order to assess the effectiveness of EPD to produce an ordered

fibrous nanotopography (provided by the CNTs) on the

bioactive glass surface. The first Bioglass1 coating was

deposited as described in Section 3.1. Bioglass1 coated

substrates were then used as the deposition electrode (anode)

for the subsequent CNT deposition. An electric field strength of

20 V and a deposition time of 4 min was used. Although small

portions of the Bioglass1 layer detached during EPD of CNTs,

indicating that a heat treatment (pre-sintering) stage might be

required, the remaining Bioglass1 coating could be covered

successfully with CNTs, as observed in the SEM image

presented in Fig. 6.

The coating of carbon nanotubes is clearly observed (Fig. 6),

exhibiting a high packing density of CNTs. A nanoscaled

network was thus created by the random two-dimensional

(planar) orientated CNT layer. The SEM image demonstrates

the nanostructured roughness provided by the CNTs on the mm-

sized bioactive glass particles. This feature is essential for the
intended application of the CNT coated Bioglass1/CNT

composite coatings in tissue engineering scaffolds and

implants, considering the reported positive effect of nanofi-

brous topographies on osteoblast cell attachment and prolif-

eration [29]. The sequential EPD method permits also a certain

infiltration of the carbon nanotubes into the microscopic pores

of the unsintered Bioglass1 structure, as also shown in Fig. 6,

where several CNTs are seen to be located on the micron-sized

Bioglass1 particles underneath the main CNT film. This partial

infiltration could lead to a better adhesion between the CNT

coating and the Bioglass1 layer after sintering.

A comparison of the composite and multilayer Bioglass1/

CNT coatings suggests that combination of both EPD methods

will be required to produce coatings of optimal functionality.

The composite Bioglass1/CNT coating obtained from diphasic

suspensions should provide the required structural stability

whilst a subsequent deposition of CNTs would lead to the

desired fibrous nano-topographical surface to enhance cell

attachment and proliferation. It should be pointed out also that,

in the field of biomimetic materials for tissue engineering,

Bioglass1/CNT coatings are of high interest as templates and

scaffolds because they induce the rapid growth of biological

hydroxyapatite nanosized crystals when the material is in

contact with relevant biological fluids, e.g. simulated body fluid

(SBF) [15]. The presence of CNTs should support the

mineralization process of the surface leading to the formation

of crystalline hydroxyapatite nanofibrous structures with CNTs

acting as templates for biomineralisation, as discussed in the

literature [30].

4. Conclusions

The production of bioactive coatings consisting of 45S5

Bioglass1 and multi-walled carbon nanotubes using electro-

phoretic deposition method was presented. The EPD of

Bioglass1 particles yielded dense coatings with a thickness

of up to �100 mm. EPD parameters, such as concentration of

the suspension, applied voltage and deposition time, were
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found to influence the coating quality. Best results were

achieved using suspensions with 25 wt.% Bioglass1 particles

deposited at 5 V for 7 min. SEM micrographs revealed the

successful co-deposition of Bioglass1 particles and carbon

nanotubes forming composite layers of high relative density

and uniformity. The quality of these deposits in terms of

thickness and packing density was seen to be affected mainly

by deposition voltage. The sequential EPD of Bioglass1

particles and carbon nanotubes was carried out leading to a

homogenous network of CNTs covering and partially

infiltrating the Bioglass1 layer. Besides investigating the

sintering of the composite coatings, future work will involve

the testing of the Bioglass1/CNT coatings in SBF in order to

assess their ability to form biomimetic nano-hydroxyapatite

crystals. Furthermore the general in vitro and in vivo

biocompatibility of the Bioglass1/CNT coatings remains to

be investigated, including issues related to possible toxicity

effects of CNTs, in order to ensure their safe applications in

the biomedical field.
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