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Abstract Many investigations have been attempted to

promote calcification of synthetic polymers for applica-

tions as orthopaedic and dental implants. In this study,

novel titanium dioxide (TiO2) reinforced porous poly(2-

hydroxyethyl methacrylate) (pHEMA) hydrogels were

synthesized. Calcification capacity of the composite poly-

mers was examined using light microscopy, scanning

electron microscopy and Fourier transform infrared spec-

troscopy after incubation of the materials in a simulated

body fluid up to 53 days. Mechanical strength, porosity and

in vitro cytotoxicity were also investigated. Calcification

capacity of porous pHEMA was significantly enhanced by

the addition of TiO2 particulates. Infiltration of calcium

phosphate, up to 1000 lm, was observed. The diffusion

capacity of calcium ions was affected by the porosity and

the interconnectivity of pores in the hydrogel polymers

which were influenced by the presence of TiO2 and the

monomer concentration. Cell viability tests indicated that

porous hydrogels containing 7.5% TiO2 were not toxic to

3T3 fibroblast cells. These results demonstrate that incor-

porating TiO2 nanoparticulates can promote enhanced

formation of calcium phosphate whilst maintaining the

porosity and interconnectivity of the hydrogel polymers

and would be very useful for the development of ortho-

paedic tissue engineering scaffolds.

1 Introduction

Poly(2-hydroxyethyl methacrylate) (pHEMA) hydrogels

are well known for their successful use as vision correction

devices, including contact lenses, intraocular lenses and

cornea implants [1–4]. Extensive investigations on the use

of pHEMA hydrogels as cardiovascular and breast implants

have not been as successful. It has been generally accepted

that calcification, the formation of calcium phosphate

[CaP], on the surface and/or within the matrix of pHEMA,

is one of the major drawbacks for its extended applications.

This is particularly true for applications as breast implants

[5]. Even for the contact ocular lenses, deposition of CaP

on pHEMA is frequently reported and has been a major

concern for the extended use of the lenses [6, 7]. It is

unclear whether or not calcification of these materials is

associated with the presence of blood components. How-

ever the physical properties of the materials, including their

electric charges [8] and topographical and morphological

properties [9], have been found to affect the nucleation and

growth of calcium deposits in the materials. Up to now,

calcification of pHEMA has been considered an adverse

effect and a hindrance for its use as a prosthetic material.

This has attracted numerous investigations aimed at

understanding its intrinsic mechanism and preventing it

from occurring [10].

On the other hand, many investigations have been

attempted to promote calcification of synthetic biomaterials

for applications in orthopaedic and dental surgery. It has

been recognised that deposition of hydroxyapatite (HA)

like CaP onto biomaterials surfaces can facilitate direct

bonding to hard tissue which in turn provides a favourable

procedure to mimic the bone environment through the

promotion of osteointegration by osteoblast attachment and

osteogenic differentiation [11]. Having considered both
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facts that porous pHEMA has been successful in promoting

tissue integration and biocolonisation in the medical

implants [12, 13], and that calcium deposits on pHEMA

have been identified as apatite like CaP by many

researchers, it would be interesting to explore the possible

applications of porous pHEMA as tissue scaffolds for

orthopaedic and dental surgeries.

It is worth mentioning that in most of the aforemen-

tioned applications, pHEMA hydrogels are lightly cross-

linked and are often produced by bulk polymerization,

which results in transparent and homogeneous polymer

networks that contain pores measured in nanometers, and

are therefore classified as nonporous. Polymers of this type

are ideally suited for applications in which a combination

of optical clarity and limited diffusion characteristics is

required. Porous pHEMA made in the presence of a large

quantity of water is chemically identical to this analogue,

but contains large pores ranging from several to several

hundred micrometers. The formation of pores is a conse-

quence of a phase separation during the polymerization

process and the size and distribution of pores can be

manipulated by altering the polymerization conditions

including the monomer water ratio and crosslinking con-

centration [8, 14]. In comparison to the transparent

homogenous pHEMA hydrogels, porous pHEMA has

generated less interest until its applications as a key

component of two ophthalmic implants [4, 5]. The large

pores in the porous pHEMA play an important role in

these implants. They allow the growth of cells and host

tissues across the polymer-tissue interface and into the

interconnected network of pores, therefore preventing

extrusion of the implants that is the one of the most

devastating post surgical complications. The intercon-

nected network of pores is also a useful property which

can be used in developing tissue scaffolds for tissue

engineering applications and controlled drug delivery

systems. On the other hand, TiO2 particles have shown

excellent capacity for inducing calcium deposition and

osteoblast functions in polymers containing nano-sized

titania inclusions [15, 16]. They have also demonstrated

good compatibility with bone cells and tissues in many of

these applications. It is foreseen that incorporating TiO2

particles would enhance the calcification capacity of

pHEMA hydrogels. To examine the effect of nanopartic-

ulate TiO2 on the calcification capacity of porous pHEMA,

several porous pHEMA hydrogels were produced in the

presence of TiO2 nanoparticles. The mechanical strength

and calcification capacity of these materials were exam-

ined. In vitro cytotoxicity of the produced composite

hydrogel scaffolds were also assessed. The effects of TiO2

content on the hydrogel porosity, calcification capacity

and cytotoxicity are discussed.

2 Experimental

2.1 Materials

Ophthalmic grade 2-hydroxyethyl methacrylate (HEMA)

and ethylene dimethacrylate (EDMA) were supplied by

Bimax USA. TiO2 nanoparticles (AEROXIDE� P 25,

99.5 wt%) were obtained from Degussa AG Germany. The

average size of the particles was 21 nm. Ammonium per-

sulphate (APS) and N,N,N0,N0-tetramethylethylenediamine

(TEMED) were purchased from Sigma-Aldrich and used as

initiators for polymerization. Simulated body fluid (SBF)

was prepared according to an established method reported

by Tanahashi et al. [17]. Ion strength was made to that

equivalent to 1.5 times that in human blood plasma. All

chemicals used for SBF preparation were analytical grade.

2.2 Synthesis of pHEMA–TiO2 composite hydrogels

Six composite scaffolds (10HEMA–7.5TiO2, 20HEMA–

5TiO2, 20HEMA–7.5TiO2, 30HEMA–5TiO2, 30HEMA–

7.5TiO2 and 40HEMA–7.5TiO2) and two control hydrogels

(20HEMA and 30HEMA, containing no TiO2) were pre-

pared following standard protocols. In brief, TiO2 nano-

particles were dispersed in water using an ultrasonic bath.

HEMA monomer, crosslinking agent (EDMA), and initia-

tors (10 wt% APS solution and TEMED) were added

subsequently using the formulation given in Table 1. The

mixture was injected into a space between two glass plates

separated with a silicon rubber gasket. Afterwards, the

casting unit was kept at room temperature for 3 h followed

by thermal curing at 60�C for 24 h. Upon completion of the

polymerization, the hydrogel materials were removed from

the glass plates and extracted with sufficient deionized

water in order to remove residual chemicals and mono-

mers. The extracted specimens were then kept in deionized

water for further analysis.

2.3 Characterization of pHEMA–TiO2 composite

hydrogels

The porous structure of the hydrogel polymers was

examined using scanning electron microscopy (SEM). The

polymer density of all hydrogels was determined using a

previously developed method and was used as a quantita-

tive estimate of porosity. Tensile testing was carried out

using a SINTECH� 200/M Material Testing Workstation

(MTS Systems Corporation, USA) at a crosshead speed of

0.5 mm/s. Details of these measurements can be found in

our previous work [18, 19].

The content of TiO2 particles in each composite

hydrogel was measured using gravimetric analysis (GA).
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Three samples from each formulation were placed in a

furnace at 450�C for complete decomposition. The samples

were removed when they had reached a constant weight.

The weights of the samples before and after decomposition

were taken as W1 and W2, respectively. The weight per-

centage of TiO2 in the composite hydrogels was calcu-

lated as 100 9 W2/(W1 - W2). Three measurements were

conducted for each specimen and the average weight per-

centage of TiO2 was computed (Table 1).

2.4 Formation of calcium phosphate

SBF has proved to be very useful in examining the capacity

of HA-like calcium phosphate formation [20]. In this study,

five specimens of disk geometry (ca. 8 mm in diameter)

were removed from each fully hydrated hydrogel polymer

and kept in 10 ml SBF solution at 37 ± 1�C. The SBF

solution was replaced with fresh solution weekly for up to

53 days. Samples were retrieved at 3, 14, 28, and 53 days,

respectively. Thin sections were retrieved using a cryostat

LEICA CM3050S. The formation of CaP was confirmed

using Fourier transform infrared (FTIR) vibrational spec-

troscopy. The calcified samples were further examined by

SEM and light microscopy (LM) after staining with a 2%

Alizarin Red S solution.

2.5 FTIR, SEM and X-ray diffraction (XRD) analysis

FTIR examination was carried out using a Bruker IFS 66

with a resolution of 4 cm-1. OPUS software was used for

data analysis. The composite hydrogels were first freeze-

dried and crashed into fine powder prior to the KBr disc

preparation. Morphological analysis was conducted using a

SEM (Zeiss 1555 VP FE-SEM and Philips XL30 SEM).

The specimens were dried and coated with a thin layer of

carbon using a Speedivac coating unit (model 12E6/1167,

Edwards High Vacuum LTD) prior to the SEM measure-

ments. XRD measurements were performed on a Siemens

D-500 powder diffractometer using Cu Ka radiation. It was

operated at 40 kV/30 mA. The scanning was carried out

from 20� to 70� with a step size of 0.02� and a count time

of 1.5 s/step. To minimize non-desirable scattering signals,

a low background specimen-holder made of silicon single

crystal was utilized in all measurements.

2.6 In vitro cytotoxicity assay

The 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium

bromide (MTT) assay was used to examine the cytotoxicity

of the prepared materials. 3T3 fibroblast cells were cultured

in a Dulbecco’s modified Eagle’s medium (DMEM) con-

taining 10% fetal calf serum (FCS) and 1% penicillin/

streptomycin (Gibco, USA) at 37�C in a humidified 5%

CO2 incubator. Hydrogel disks (10 mm in diameter,

1.5 mm in thickness) were steam sterilized (121�C,

15 min) prior to the pre-culture with DMEM media in 24-

well cell culture plates for 2 h. 150 ll of cell suspension

with a density of 8.5 9 104 cells/ml was placed onto each

of the disks after the pre-culture media was aspirated. A

quantity of 200 ml fresh media was carefully added after

1 h. At the desired times (day 1 and day 3), 30 ll fresh

MTT solution (5 mg/ml in PBS) was added to each well

and the culture plates were incubated for 6 h. The formed

purple formazan was dissolved with 200 ll sodium dode-

cyl sulfate solution in hydrochloric acid (pH 4.7). The

culture plates were kept in the incubator overnight. Optical

density of each well was measured after the scaffolds were

removed from the culture plate with a spectrophotometer

(Beckman, USA) at 570 nm with background subtraction

at 650 nm. Readings of four disks were taken for each

formulation.

Statistical analysis was performed between the groups.

Mean ± standard deviation and the P value were calcu-

lated using one-way ANOVA with SPSS software and

Turkey test. P values \0.05 were considered statistically

significant.

Table 1 Chemical composition and physical properties of pHEMA and pHEMA–TiO2 hydrogels

Sample ID TiO2 (g) HEMA (g) Water (g) EDMA (ll) APS (10 wt%) (ll) TEMED (ll) Measured TiO2

concentration (%)

Polymer density

(g/cm3)

20HEMA 0 2.0 8.0 10 30 20 0 0.23

30HEMA 0 3.0 7.0 15 45 30 0 0.33

10HEMA–7.5TiO2 0.075 1.0 9.0 5 15 10 7.8 ± 0.1 0.14

20HEMA–5TiO2 0.1 2.0 8.0 10 30 20 3.4 ± 0.2 0.24

20HEMA–7.5TiO2 0.15 2.0 8.0 10 30 20 6.8 ± 0.2 0.23

30HEMA–5TiO2 0.15 3.0 7.0 15 45 30 3.7 ± 0.4 0.35

30HEMA–7.5TiO2 0.225 3.0 7.0 15 45 30 6.7 ± 0.5 0.35

40HEMA–7.5TiO2 0.3 4.0 6.0 18.9 60 40 7.0 ± 0.1 0.52
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3 Results and discussion

3.1 Synthesis and physical properties of pHEMA–TiO2

hydrogels

Eight porous hydrogel polymers were prepared including

20HEMA, 30HEMA, 10HEMA–7.5TiO2, 20HEMA–5TiO2,

20HEMA–7.5TiO2, 30HEMA–5TiO2, 30HEMA–7.5TiO2

and 40HEMA–7.5TiO2. All samples appeared translucent

or opaque due to the presence of pores. Sample codes and

the chemical compositions of these materials are listed in

Table 1 (10, 20, 30 and 40 denote the percentage concen-

trations of HEMA in relation to the total quantity of HEMA

and water used in the monomer mixture; 5 and 7.5 repre-

sent the initial percentage concentrations of TiO2 based on

the mass of HEMA). Polymer density and the measured

TiO2 concentration in each hydrogel polymer are also

summarized in Table 1.

A decrease in polymer density was observed in hydro-

gels containing decreased HEMA concentration, indicating

an increase in the number and/or size of pores caused by

the increased phase separation of the polymers from water

phase due to the thermodynamic effect. This change was

also reflected in the morphology of samples revealed

by SEM (Fig. 1). Little change in polymer density has been

observed when TiO2 was added to the hydrogel polymers

(0.23, 0.24, 0.23 for 20HEMA, 20HEMA–5TiO2 and

20HEMA–7.5TiO2, respectively, and 0.33, 0.35, 0.35 for

30HEMA, 30HEMA–5TiO2 and 30HEMA–7.5TiO2,

respectively) although some variations in morphology were

apparent (Fig. 1a vs. b, c vs. d). This indicated that the

entrapment of TiO2 nanoparticulates in the hydrogel

polymer has resulted in some disturbance in the formation

of microstructures, but the effect was not sufficient to

affect the value of polymer density.

Gravimetric analysis indicated that the TiO2 content was

similar to the initial concentration when 7.5% nanoparti-

cles were used. The entrapment efficiency of TiO2 particles

was much lower at 5% initial particle concentration leading

to a content of TiO2 below 4% (Table 1). Uniformly dis-

tributed TiO2 nanoparticles with some aggregations were

demonstrated in all polymer matrices (Fig. 2).

Tensile modulus and strength of the composite hydro-

gels increased dramatically with the increase in HEMA/

water ratio in the monomer mixture. The increases were

caused by the decrease of porosity and increased polymer

density of the hydrogel matrix (Fig. 3). There was a slight

increase in tensile strength in most composite hydrogels

after the addition of TiO2 particulates. The change became

more significant in hydrogels containing a high HEMA/

water ratio such as 40HEMA–7.5TiO2 due to the less

porous structure. Change in tensile modulus by TiO2 was

insignificant and without an apparent pattern. This was

probably due to the particularly small size and generally

low concentration of TiO2 particulates. A drastic reduc-

tion of tensile strength was observed when comparing

Fig. 1 SEM micrographs of

20HEMA (a), 20HEMA–

5TiO2 (b), 30HEMA (c) and

30HEMA–5TiO2 (d) showing

the effect of HEMA/water ratio

and TiO2 concentration on the

porosity of hydrogels
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20HEMA–TiO2 with its control polymer 20HEMA

(Fig. 3b). Repeated testing on the same hydrogel and those

produced in different batches yielded similar results.

3.2 Calcification capacity of pHEMA–TiO2 composite

hydrogels

Formation of CaP on the hydrogel composites after incu-

bation in SBF was confirmed by FTIR (Fig. 4a) which

showed strong absorbance at 564 and 603 cm-1, and

between 1000 and 1200 cm-1, respectively, due to the

asymmetric bending and stretching modes of the phosphate

group. In comparison to the FTIR spectrum of the same

material before incubation in SBF (Fig. 4b), there was also

a slight change at 964 cm-1, attributed to the symmetric

stretching mode of the phosphate group.

The formation of CaP crystals was also revealed by

SEM and LM following Alizarin staining of the specimens

Fig. 2 SEM micrographs of

40HEMA–7.5TiO2 showing

distribution of TiO2 particles

within hydrogel matrix. Arrow
indicates the top edge of the

sample
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(Figs. 5, 7). The appearance of calcium phosphate deposits

on the composite hydrogel 20HEMA–7.5TiO2 was

observed at as early as day 3 (Fig. 5a). Further examination

of the incubated specimens at day 14, 28 and 53 (Fig. 5b–

d) showed that the density of calcium phosphate deposits,

in singular spherical or aggregated forms, increased with

increasing incubation time. At day 28, the surface of the

TiO2 containing hydrogel became fully covered with cal-

cium phosphate. There appeared finer particles on the

hydrogel surface at day 53 which is probably due to the

reduction of ion concentrations in the SBF after 28 days

(no more refreshing with SBF). On the other hand, calcium

phosphate was barely observable on the control 20HEMA

(containing no TiO2) until day 28 (Fig. 6). This indicates

that the formation of calcium phosphate was enhanced by

TiO2 particles.

The formed Ca–P on various hydrogel materials after

3–4 weeks incubation was stained with Alizarin red [8].

The optical micrographs of the stained samples were

shown in Fig. 7. Significant enhancement in calcification

capacity was demonstrated in all pHEMA–TiO2 hydrogels

(Fig. 7b–f). Little Ca–P deposit was found in 20HEMA

(Fig. 7a). Infiltration of calcium up to 800–1000 lm was

observed in 10HEMA–7.5TiO2, 20HEMA–5TiO2 and

Fig. 5 SEM micrographs of

20HEMA–7.5TiO2 composite

scaffold after incubation in SBF

for 3 days (a), 14 days (b),

28 days (c) and 53 days (d)
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Fig. 6 XRD of 20HEMA–7.5TiO2 (a) and 20HEMA (b) after incubation in SBF for various periods of time. No significant calcium phosphate

was formed in 20HEMA until 28 days
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20HEMA–7.5TiO2 (Fig. 7b–d). Diffusion of calcium ions

was reduced to about 200 lm in 30HEMA–5TiO2 and

further reduced to less than 100 lm in 40HEMA–7.5TiO2

(Fig. 7e, f). Whilst the rapid infiltration of calcium was due

to the change in size and connectivity of pores of the

materials, the increased intensity of Ca–P in TiO2 con-

taining hydrogels was largely due to the incorporation of

TiO2 nanoparticles.

3.3 Cytotoxicity examination

3T3 fibroblast cells were used to examine the in vitro

cytotoxicity of all composite hydrogels using the MTT

assay, a commonly used colorimetric method for cell via-

bility determination that is based on the selective ability of

viable cells to reduce MTT into purple formazan upon intact

metabolic activities [21]. 20HEMA hydrogel is an America

Food and Drug Administration (FDA) approved material for

ophthalmic implants [3, 22] and therefore used as a control

material. Figure 8 shows the 3T3 fibroblast cell viability

as a function of incubation time. There was no significant

difference among the materials after 1 day incubation.

Apparent cell growth was demonstrated in all materials from

day 1 to day 3. There was no difference between the cell

viability of the control hydrogels and that of the composite

hydrogels, 10HEMA–TiO2 and 20HEMA–TiO2. A slight

reduction of cell growth on 40HEMA–TiO2 and a more

significant reduction on 30HEMA–TiO2 were observed that

is probably due to the smooth surface features of these two

materials that are less preferable to the anchorage dependent

fibroblast cells (Fig. 8).

4 Conclusions

This study has demonstrated that the calcification capacity

of porous pHEMA hydrogels can be significantly enhanced

using TiO2 nanoparticles. Alternation of porosity and

hydrogel composition can also improve the strength and

the infiltration capacity of the calcium phosphate deposits.

At low HEMA concentrations, the composite hydrogels

contain more pores and better surface properties and are

favorable to both the formation of calcium phosphate and

cell growth. At high HEMA concentrations, the addition

of TiO2 has a larger impact on the enhancement of

mechanical strength of the hydrogel polymers than on the

Fig. 7 Alizarin staining of 20HEMA (a), 10HEMA–7.5TiO2 (b),

20HEMA–5TiO2 (c), 20HEMA–7.5TiO2 (d), 30HEMA–5TiO2 (e)

and 40HEMA–7.5TiO2 (f) after 28 days incubation in SBF, indicating

the effect of porosity on calcification capacity of the hydrogels.

Arrows indicate the edges of hydrogels exposed to SBF solutions
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Fig. 8 In vitro cytotoxicity examination on pHEMA and its com-

posite hydrogels containing 7.5% TiO2 by MTT assay. The obtained
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significant difference in cytotoxicity when compared to 20pHEMA

and 30pHEMA
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calcification capacity. The choice of the application for

these materials should be based on whether it is used for

soft tissue or hard tissue repairing.
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