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Abstract In-vitro calcification of poly(2-hydroxyethyl

methacrylate) (PHEMA)-based hydrogels in simulated body

fluid (SBF) under a steady/batch system without agitation

or stirring the solutions has been investigated. It was noted

that the formation of calcium phosphate (CaP) deposits pri-

marily proceeded through spontaneous precipitation. The

CaP deposits were found both on the surface and inside

the hydrogels. It appears that the effect of chemical struc-

ture or reducing the relative number of oxygen atoms in the

copolymers on the degree of calcification was only impor-

tant at the early stage of calcification. The morphology of

the CaP deposits was observed to be spherical aggregates

with a thickness of the CaP layer less than 0.5 μm. Ad-

ditionally, the CaP deposits were found to be poorly crys-

talline or to have nano-size crystals, or to exist mostly as

an amorphous phase. Characterization of the CaP phases

in the deposits revealed that the deposits were comprised

mainly of whitlockite [Ca9MgH(PO4)7] type apatite and

DCPD (CaHPO4·2H2O) as the precursors of hydroxyapatite

[Ca10(PO4)6(OH)2]. The presence of carbonate in the de-

posits was also detected during the calcification of PHEMA

based hydrogels in SBF solution.
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1 Introduction

The process of calcification of implants or tissues has long

been studied and well described, but the molecular mecha-

nism of calcification is less well understood [1, 2]. This is

probably because the mechanism of calcification is complex

in the presence of biologically active macromolecules, in-

cluding enzymes. Therefore, the mechanism of calcification

of model implants has been studied using an abiotic media.

This equilibration procedure allows simpler evaluation of the

nature of calcification processes in macromolecular matrices,

but it is still necessary to compare the results obtained with

in vivo studies for complete evaluation of the phenomena.

The use of abiotic calcifying media which simulate body flu-

ids, and contain ion concentrations nearly equal to those of

the inorganic constituents of human blood plasma, was first

introduced by Kokubo [3]. The author found that even in a

cell-free simulated body fluid (SBF) system a “bone-like”

apatite can be formed on bioactive materials, such as bio-

glasses and glass-ceramics. Since then, SBF has been widely

used for assessment of the bioactivity of various materials

and the formation of bone-like apatite on various implants

in vitro.

In the case of calcification of polymeric hydrogels, it was

noticed that unlike other synthetic biomaterials, hydrogels

undergo calcification not only on the surface, but also fre-

quently inside the hydrogels [4–6]. As hydrogels have intrin-

sic elasticity and water retention ability, they resemble natu-

ral hydrogels, such as collagen matrices, which are known to

be associated with calcification of various tissues, including

bone. Another important feature of hydrogels that can be re-

lated to the calcification of tissues or bone is that they can

be assembled in three-dimensional form with multiple func-

tional domains, such as groups that mimic the matrix proteins

which regulate mineral growth. Based on this analogy, it is
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quite reasonable to attempt to elucidate the mechanism of

calcification in tissues and bone by studying the calcification

of a hydrogel model.

Previous researchers [7, 8] reported that proteins or pep-

tides in body fluids play a significant role in the calcifi-

cation of hydrogels. They observed that albumin adsorbed

onto hydrogels limited the calcification on the surface, while

low molecular weight peptide, particularly lysozyme, ac-

counted for the calcification inside the hydrogels. These

processes suggest that organic constituents mediate the cal-

cification process. Hence, it would be expected that dur-

ing in-vitro (SBF) incubation the mechanism of calcifi-

cation of hydrogels would be altered, as there would be

no an organic layer to mask the functional groups of the

hydrogels.

Therefore, the mechanism of calcification of hydrogels

in SBF solutions may be proposed to proceed through the

following stages. Initial chelation of Ca2+ ions occurs, in

which the ions bind to hydrophilic/hydrophobic groups of

the polymer, forming Ca-polymer complexes. The chelates

formed will act as nucleation centres to which phosphate ions

are attracted and form crystal nodules. The crystal nodules

continue to grow spontaneously by attracting further Ca2+

and PO3−
4 ions from the SBF solutions until all charges are

neutralized and finally a calcium phosphate (CaP) crystal pre-

cipitates. Often, many of these growing crystals fail to reach

maturation stages and undergo dissolution. However, under

supersaturated conditions, as is the case in SBF solution, cal-

cium phosphate is likely to form as an amorphous precipitate.

There is much evidence that biomaterials-associated calcifi-

cation (BAC) involves the formation of calcium phosphate

phases having compositions similar to that of hydroxyapatite

[Ca10(PO4)6(OH)2] of bone, but of poorer crystallinity [9,

10]. This suggests that the amorphous precipitation process

is prevalent in BAC.

In a previous report [2], it was mentioned that in addi-

tion to precipitation through heterogeneous nucleation, the

mechanism for calcification in abiotic media could be at-

tributed to the concentration gradient for the ionic solutes

when the solution diffuses into the hydrogel network, lead-

ing to local supersaturation and spontaneous precipitation

through homogeneous nucleation. This latter phenomenon

appears to be plausible based on our very recent observation

of the effects of the solute species on the enhancement of

local supersaturation [11].

The current work was aimed to further improve our under-

standing of the mechanism of calcification on/in PHEMA-

based hydrogels, and to identify the CaP phases formed

during the calcification in SBF solutions. Additionally, to

support our earlier hypothesis [11, 12], the effects of copoly-

mer structure and reducing the relative number of oxygen

atoms in the copolymer on the formation of CaP deposits

were also investigated.

2 Experimental procedure

2.1 Materials

2-Hydroxyethyl methacrylate (HEMA), stabilized with

300 ppm of monomethylether hydroquinone, MEHQ, was

obtained from SIGMA and was purified by vacuum dis-

tillation at 63◦C and 2–5 mmHg. After purification, the

HEMA was found by GC analysis to contain approximately

0.05 mol% ethyleneglycol dimethacrylate (EGDMA) as an

impurity. Ethyl methacrylate (EMA), stabilized with 15 ppm

MEHQ; styrene (St), stabilized with 10–15 ppm 4-tertiary

butyl catechol; N-vinylpyrrolidone (NVP), stabilized with

0.01% NaOH, were supplied by ALDRICH Co. Ltd. and

purified by vacuum distillation (2–5 mmHg).

Benzoyl peroxide (BPO) was obtained from SIGMA

and twice re-crystallized from a mixture of chloroform—

methanol [13]. The crystals were dried under vacuum to con-

stant weight and stored in a dark container at ca. 4◦C.

Calcium chloride dihydrate (CaCl2·2H2O), calcium

atomic absorption standard solution (containing 1,000

μg/mL of Ca2+ ion in 0.01% HCl), hydrochloric acid

(HCl), magnesium chloride hexahydrate (MgCl2·6H2O),

potassium chloride (KCl), potassium hydrogen phosphate

(K2HPO4), potassium hydroxide (KOH), sodium chloride

(NaCl), sodium bicarbonate (NaHCO3), sodium phosphate

(Na2SO4), strontium chloride (SrCl2) and trishydroxymethyl

aminomethane [(CH2OH)3CNH2)] were all analytical grade

and used as received.

2.2 Synthesis of PHEMA-based hydrogels

HEMA, or HEMA together with a comonomer, was mixed

with initiator (BPO) 0.05 M, and the resulting solution was

poured into a silicone tube with an inner diameter ≈0.3 cm

and placed into a glass container that could be evacuated.

After the container was purged with nitrogen gas to remove

oxygen for one hour, it was gently evacuated to a pressure

of 2–5 mmHg. Polymerization was carried out in a vacuum

oven (150 mmHg) for 20 h at 50◦C, followed by a post-cure

treatment for 2 h at 80◦C. This led to complete conversion

of the monomer, as indicated by the loss of the NIR peak at

6170 cm−1 which is characteristic of the monomer double

bonds. After preparation, the cylinders were cut to a 2.5 cm

length, soaked in methanol to equilibrium swelling, and then

swollen in Millipore water (18.2 M�cm) until substantially

all the methanol was replaced by water (very small traces of

MeOH were detected by NMR). These swelling steps allow

the samples to attain an equilibrium water content (EWC)

nearly the same for all of the samples. Prior to calcification

experiments, all of the samples were equilibrated in Mil-

lipore water at 37◦C for about 2 weeks. The EWC of the

PHEMA-based cylindrical hydrogels were calculated from
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the weights of the hydrated samples at equilibrium and the

weight of the dry polymers.

2.3 In-vitro calcification

The cylindrical samples were each immersed in glass vials

containing 20 mL of SBF solution and incubated in an oven

at 37 ± 0.5◦C for certain periods of time. The SBF solutions

were prepared according to the procedures described by Tas

[14] and Saiz et al. [15], and were changed once every week.

After completion of the experiments, the samples were rinsed

rigorously with Millipore water. Except for light microscopy,

all samples were dried and placed in plastic vials and stored

in a desiccator.

2.4 Attenuated total reflectance fourier transform infrared

(ATR-FTIR) analysis

An ATR sampling technique for infrared spectrometry was

used to detect the formation of calcium salts on the surface

of the cylindrical hydrogels. This technique is simple, as the

specimen can be measured directly without any additional

treatment. However, good contact between the sample and

the internal reflection element (IRE) is required. For charac-

terization of calcification within the bulk of the samples, a

potassium bromide (KBr) disk technique was employed. In

this case, the calcified samples were prepared in powder form

using a freezer-mill and diluted with KBr (1:50). A mixture

of the sample and KBr was placed in a special die and a

disk was pressed using approximately 104 kg pressure. The

spectra were acquired in the region of 400–4000 cm−1 either

using a Nicolet 870 Nexus FT-IR with a diamond crystal as

the ATR objective or a Perkin-Elmer FT-IR 1600 spectrom-

eter at a resolution of 8 cm−1 using 64 scans.

2.5 X-ray photoelectron spectroscopy (XPS) analysis

The XPS data were acquired using a Kratos Axis ULTRA

X-ray Photoelectron Spectrometer incorporating a 165 mm

hemispherical electron energy analyzer. The source of X-ray

incident radiation was Mg Kα (1253.6 eV) at 150 W (15

kV, 10 mA). Survey (wide) scans were taken at an analyser

pass energy of 160 eV and multiplex (narrow) high resolution

scans at 20 eV. The base pressure in the analysis chamber was

1.0 × 10−7 Pa and during sample analysis was 1.0×10−6 Pa.

For quantification of the Mg peaks, the Mg 2s peak has been

used, as the Mg 2p peak cannot be used because there is a

heavy interference from the Ca 3s peak at binding energy

(BE) of ca. 45 eV.

2.6 X-ray diffraction (XRD) analysis

The CaP deposits were separated from the polymer by scrap-

ing the surface of the sample. In using this procedure, it was

not possible to avoid the inclusion of some of the matrix

polymer. The sample was then ground to fine powder prior

to the XRD measurement. The XRD spectra were acquired

using a Bruker AXS D8 Advance XRD with an X-ray energy

of 1200 W (40 kV, 30 mA) and a scanning speed of 24.5 s

per step with an increment 0.02◦ over a 2-theta range of 2 to

70◦.

2.7 Scanning electron microscopy and energy dispersive

X-ray spectroscopy (SEM/EDS) analysis

Prior to SEM or EDS analysis, the samples were coated with

platinum or carbon. The SEM micrographs were taken using

a JEOL 6400F SEM with an acceleration voltage for the

electrons of 5 kV. For X-ray microelemental analysis a JEOL

6460LA EDS with an electron acceleration voltage of 15 kV

was used.

2.8 Light microscopy (LM) analysis

Both control and calcified samples were first stained with

alizarin red by dipping them in a 1%wt alizarin red—alkaline

solution at room temperature for one day. The samples were

then washed with distilled water, soaked in 0.5% KOH solu-

tion until there was no further change in colour, and finally

they were maintained in distilled water for at least 2 weeks

prior to observation under an LM (OLYMPUS SZH10) in-

corporating a NIKON digital camera.

3 Results and discussion

The SEM images of PHEMA shown in Fig. 1(A) to (D)

after soaking in SBF solution indicate the progress of the

formation of a CaP layer and the aggregation of globular

deposits. The maximum average size of the spherical aggre-

gates before they merge to form a continuous layer is less than

0.5 microns. Once the surface of the hydrogels is fully cov-

ered with a CaP layer, the mechanism of nucleation becomes

independent of the polymer-calcium interaction. Thus, the

formation of CaP deposits beyond the first layer will be

initiated mostly through homogeneous nucleation. Under

these conditions, it would be anticipated that the CaP phases

formed in the upper layers of the deposits would be of the

same form for all of the hydrogels. Evidence for this similar-

ity was obtained from the SEM images of the CaP deposits

formed on the PHEMA homopolymer and the copolymer

samples taken after 9 weeks calcification (Fig. 1(E) to (H)).

Since the morphologies of both the first and the second layers
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Fig. 1 SEM images of the PHEMA hydrogels before (A) and after incubation in SBF solution for 1(B), 3(C), 5(D) and 9(E) weeks, and the calcified

copolymers; P(HEMA-co-EMA) (F), P(HEMA-co-NVP) (G) and P(HEMA-co-St) (H)

of the CaP deposits were found to be the same, this sug-

gests that the formation of the apatite deposits occurs mainly

through spontaneous precipitation of either nanocrystalline

or amorphous CaPs, irrespective of whether the nucleation

was heterogeneous or homogeneous.

Because of the nature of the heterogeneous nucleation,

which occurs in the formation of the first CaP layer, this

layer will be anchored to some degree to the polymer in the

hydrogel, thus all of the subsequent CaP layers will also be

attached strongly onto the surface of the hydrogels.

The XPS and EDS data given in Figs. 2 and 3 respec-

tively provide strong evidence for the presence of Mg2+ ions

in the PHEMA hydrogel after soaking in SBF solution. The

detection of traces of Cl− and Na+ in the EDS spectra arose

because EDS involves the use of a much higher energy radia-

tion than that used in XPS. As a result, the electrons penetrate

deeper into the matrix, leading to the generation of X-rays

from up to a few microns below the surface. At this depth

not all of the Na+ and Cl− ions present in the SBF solution

are completely washed out during rinsing of the samples.

As the apatite deposits formed on the surface of the hydro-

gels contain Mg2+ ions and have a similar morphology to

that observed by Abbona and Angela [16], who obtained ap-
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Fig. 2 XPS spectrum of the PHEMA hydrogel after incubation in SBF

solution for 9 weeks

atite precipitates from solutions with an equal concentration

of calcium and phosphate (5 mM), the deposits are com-

posed of mainly whitlockite-type apatite [Ca9MgH(PO4)7]
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Table 1 XPS spectral data of

the apatite layer formed on the

surface of the PHEMA-based

hydrogels after incubation in

SBF solution for 5, 7 and 9

weeks. A. PHEMA,

B. P(HEMA-co-EMA),

C. P(HEMA-co-NVP) and

D. P(HEMA-co-St)

Mass conc. (%) Mole ratio
Sample/

time C 1s O 1s Ca 2p P 2p Mg 2s Ca/P Mg/Ca

A5 42.24 31.02 14.46 10.27 1.65 1.09 0.19

A7 36.65 33.41 15.17 12.17 1.63 1.03 0.17

A9 37.35 33.10 16.17 11.08 2.11 1.12 0.21

B5 38.46 31.52 16.10 12.08 1.42 1.03 0.15

B7 38.80 34.37 14.69 10.94 0.83 1.04 0.09

B9 31.08 38.07 17.50 10.34 2.73 1.30 0.25

C5 41.19 35.33 12.24 9.25 1.84 1.02 0.24

C7 40.83 34.02 13.29 10.19 1.55 1.01 0.19

C9 41.51 36.44 12.25 8.10 1.35 1.17 0.18

D5 37.50 32.73 15.94 11.13 2.35 1.11 0.24

D7 37.84 32.12 15.83 12.01 2.00 1.02 0.21

D9 36.28 34.20 16.17 11.86 1.25 1.05 0.13

Fig. 3 EDS spectrum of the PHEMA hydrogel after incubation in SBF

solution for 9 weeks

and dicalcium phosphate dihydrate, DCPD (CaHPO4·2H2O).

Whitlockite usually has magnesium incorporated in its struc-

ture, but neither Cl− nor CO2−
3 ions. DCPD is a biocompat-

ible, biodegradable and osteoconductive material which can

be found in fracture callus, bone and kidney stones. It is a

metastable CaP and the most easily formed from a super-

saturated calcium phosphate solution. At pH > 7, as in the

case in SBF solution (pH 7–8), it converts to precipitated hy-

droxyapatite, PHAp [Ca10−x (HPO4)x (PO4)6−x (OH)2−x ] [17,

18]. PHAp has a very complex chemistry, as it can have a

Ca/P molar ratio which varies from 1.5 to 1.67, and even

sometimes beyond this range [17–19]. PHAp with a Ca/P =
1.5 is often called calcium deficient hydroxyapatite (CDHA)

or tricalcium phosphate, TCP [Ca3(PO4)2]. PHAp crystals

obtained by precipitation at pH > 7 have usually poor crys-

tallinity.

At a higher level of supersaturation (as in the case of

SBF solution), the formation of amorphous calcium phos-

phate, ACP [Ca3(PO4)2·nH2O; n = 3–4.5; 15–20% H2O] is

favoured. However, since its solubility is higher than DCPD,

ACP may not be the long-term stable form of CaP in the

precipitates. The nature of ACP still provokes controversy.

Some authors consider ACP to be an amorphous form of
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Fig. 4 Ca/P mole ratios for the deposits formed on the PHEMA-based

hydrogels

PHAp, but others report it to be OCP, TCP, DCPD, or Ca2+,

OH− deficient apatites [17, 18].

Semi-quantitative XPS analysis for each of the elements

present in the deposited layers formed on the samples that

had been calcified for at least 5 weeks, showed that the Ca/P

molar ratios lie between 1.0–1.3. The Mg/Ca molar ratios

range from 0.1 to 0.25 (see Table 1). As the Mg/Ca molar

ratios were mostly higher than the stoichiometric value for

whitlockite (Mg/Ca = 0.11), some Mg2+ ions have replaced

Ca2+ ions in the apatite lattice. Other types of CaP phases

which are also possibly present in the deposits are OCP and

TCP. Additionally, because of the presence of species such

as Na+, Mg2+ and CO2−
3 which can substitute for some of

the ions of hydroxyapatite (e.g. Ca2+; PO3−
4 ; or OH−) during

equilibration in SBF solution, non-stoichiometric or defec-

tive hydroxyapatite is possibly formed. This particularly be-

comes apparent from a consideration of the Ca/P molar ratios

in the early stages of calcification, i.e. for incubation times

less than 5 weeks, where the ratio varied significantly from

1.0 to 7.5, as shown in Fig. 4. The observation of Ca/P molar
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Table 2 The chemical

structures of the units in the

PHEMA-based hydrogels used

in the study

ratios that exceed 1.67 may be attributed to the substitution

of PO3−
4 ions by CO2−

3 ions in the apatite lattice. This is also

indicated in the infrared spectra that are discussed in more

detail below. The lower Ca/P molar ratios (Ca/P < 1.67)

observed at longer calcification times could be due to the

substitution of some Ca2+ ions by Mg2+ ions, as mentioned

above. The existence of carbonated apatite was confirmed

by high resolution XPS analysis for C 1s and O 1s. In the

C 1s spectrum (Fig. 5a), the main peak is associated with

aliphatic carbon (C−H) and the other two peaks are due to

the apatite carbonate carbon (C−O) and inorganic carbonate

carbon, e.g. MgCO3. In the O 1s spectrum (Fig. 5b), the oxy-
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Fig. 5 High-resolution XPS spectra for C 1s (a) and O 1s (b) of the CaP

deposits formed on the PHEMA hydrogel after 9 weeks calcification

gen peak for the carbonated apatite appears at a BE of 532.1

eV. The other two oxygen peaks correspond to P−O (531.3

eV) and P−O−H (533.3 eV) of DCPD and/or withlockite.

Taking into account that the Ca2+ ion has a strong ten-

dency to chelate to oxygen atoms [20], and that PHEMA has

3 oxygen atoms in its unit structure, all of which are read-

ily available for chelation, it was postulated that the extent

of calcification of PHEMA may be lowered by decreasing

the number of oxygen atoms in the matrix polymer through

copolymerization. Table 2 shows how the relative number

of polarizable oxygen atoms can be systematically reduced

by copolymerization of HEMA with EMA, NVP or St. Al-

though the data are somewhat scattered, the initial rate of

the calcium accumulation determined by XPS is obviously

reduced by decreasing the number of oxygen atoms in the

matrix polymer (Fig. 6). At longer calcification times, it ap-

pears that the P(HEMA-co-NVP) has the lowest extent of

calcification, yet it does not contain the smallest number of

oxygen atoms. Similar results have also been demonstrated

for the extent of calcification for copolymers of HEMA with

EMA or 2-ethoxyethyl methacrylate (EEMA) [12]. Thus it

is not yet clear whether there is any correlation between the
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Fig. 6 The calcium content (measured by XPS technique) in the CaP

deposits versus incubation time in SBF solution
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extent of calcification of the hydrogel and the chemical struc-

ture of the matrix polymer.

Tanahashi and Matsuda [21] have suggested that the func-

tional groups chemically attached to the surface of a gold

substrate play an important role in the formation of an

apatite layer on exposure to SBF. They found that a nega-

tively charged functional group, such as H2PO−
4 and COO−,

strongly induced apatite formation. Other polar groups,

including CONH, C(=O)O and OH and the protonated-NH2

group, were found to be less potent. The CH3 group, as a

nonpolar or hydrophobic moiety, was claimed to totally pre-

vent calcification. The works reported by Song et al. [22] and

Filmon et al. [23, 24] also suggest that the ionic functional

groups COO− and H2PO−
4 strongly induced calcification

in urea-treated PHEMA scaffolds and carboxymethylated

PHEMA or alkaline phosphatase-treated PHEMA hydogels.

However, even though PHEMA hydrogels only have polar

ester side chains and non-polar CH3 groups, they are exten-

sively calcified both in biological and abiotic calcifying me-

dia, such as SBF solution. What is more, the calcification of

PHEMA hydrogels not only occurs on the surface, it also oc-

curs inside the hydrogels, as evidenced by LM (Fig. 7b) and

XPS (Fig. 7c) images. The extensive calcification of PHEMA

and some other neutral hydrogel systems, such as PVA and

PVP hydrogels [25], is considered to be due to a synergy

between the high water content of the gels and the presence

of the hydrophilic/hydrophobic domains of the matrix poly-

mer. This synergy promotes the chelation of calcium and the

Fig. 7 The LM (a) before and (b) after, and XPS (c) images of the

PHEMA hydrogels after 9 weeks calcification

formation of phosphate deposits. The process of calcification

inside the hydrogel matrix occurs via the diffusion of ions

into the hydrogels [26].

The natures of the CaP phases in the hydrogels were ex-

amined either by FTIR-ATR or by FTIR studies using pow-

dered samples in the form of KBr discs. The FTIR spectra

of the CaP deposits are presented in Fig. 8, together with

the spectra of sintered carbonated hydroxyapatite (CHAp)

and DCPD for comparison. All of the samples showed spec-

tral patterns similar to DCPD or CHAp (FTIR-ATR), sug-

gesting that the type of CaP deposited varies from DCPD

to CHAp. The characteristic phosphate bands at 1200−900

cm−1 and the carbonate bands at 1650−1300 cm−1 were

observed in all of the spectra. The former band region is as-

cribed to the PO4 group vibrational (ν3) modes, while the

latter band region is due to the CO3 group vibrational (ν3)

modes [27–30]. The absence of a sharp peak at 3570 cm−1

due to the OH groups of HAp indicates that the CaP de-

posits do not contain significant amounts of HAp in a poorly

crystalline or amorphous phase. The low intensity of the OH

band for CHAp was reported to be due to a significant re-

placement of hydroxyl ions with carbonate ions [31], and

the peak is partly masked by the broad H2O absorption, as

in the case of the CaP deposits formed in PHEMA-based

hydrogels.

To examine more closely the development of the min-

eral phases during calcification, FTIR spectra (also given in

Fig. 8), particularly in the spectral range of 2000 cm−1 to

450 cm−1, were obtained for CaP deposited on the surface

of PHEMA during incubation for 1 to 7 weeks. The band at

1645 cm−1 and the band at 793 cm−1 correspond to the vibra-

tional modes of PO4 groups in whitlockite and DCPD [29,

30]. These bands increase in intensity with incubation time.

The peaks at 1550 cm−1 and 873 cm−1 can be ascribed to the

bending modes of the carbonate group in a CHAp phase [29,

31] and/or a DCPD phase and/or CaCO3 [32]. The presence

of carbonate in the deposits is quite plausible as the concen-

tration of carbonate in the SBF solution is relatively high.

Incorporation of CO2−
3 ions as substitutes for PO3−

4 ions in

the apatite lattice or the formation of CaCO3, would both

result in a Ca/P molar ratio that is higher than 1.67. The very

weak peak at 1184 cm−1, that is due to the PO4 bending mode

in OCP [29], increases in intensity with incubation time. The

bands at 963 cm−1 and 945 cm−1 indicate the presence of

HAp and TCP, respectively, and the bands at 562, 473 and

463 cm−1 are all due to the bending/vibrational modes of the

PO4 group of HAp [27–31].

The powder XRD patterns of PHEMA hydrogels after cal-

cification in SBF solution for 9 weeks are presented in Fig. 9.

The absence of any sharp and narrow peaks in the reflections

confirms the previous results; namely that the CaP deposits

are either amorphous or nano-crystalline precipitates. Note

that the poorly resolved reflections from the CaP deposits are
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Fig. 8 ATR-FTIR spectra of

the calcified (7 weeks)

PHEMA-based hydrogels and

FTIR spectra of the PHEMA

hydrogels after incubation in

SBF solution for: 0 (0 week), 1

(1 week), 3 (3 weeks) and 7 (7

weeks)

partially overlapped by reflections from the PHEMA. As a re-

sult, it is difficult to discern all of the peaks associated with the

CaP phases present. The broad and weak peak at 2θ ≈29◦ can

be ascribed to a DCPD reflection (11-2) [33], as it is closely

matches the ICSD pattern of 01-072-07130 for DCPD. Based

on the ICSD pattern of 01-070-2064 for whitlockite and the

ICSD pattern of 00-021-0145/01-084-1998 for CHAp/HAp,

the peak at 2θ between 31◦ and 34◦, which is the main re-

solved peak in the XRD pattern for PHEMA+CaPs, is prob-

ably due to the reflections of whitlockite (217 and 128) [34]

Springer



J Mater Sci: Mater Med (2006) 17:1245–1254 1253

PHEMA 

PHEMA+CaP

10 20 30 40 50 60

21
7,

 1
28

21
1,

 1
12

, 3
00

2-Theta

Whitlockite

Brushite

CHAp

10 20 30 40 50 60

11
0

11
-2

In
te

ns
ity

 (
a.

u.
)

Fig. 9 XRD spectra of the PHEMA hydrogels before and after 9 weeks

incubation in SBF solution

or CHAp/HAp (211, 112 and 300) [35, 36]. Additionally, the

small and broad peak at 2θ ≈ 17◦ is very close to the whit-

lockite reflection (110). Thus the XRD results are consistent

with the results obtained by SEM, EDS/XPS and FTIR mea-

surements, which show that the CaP deposits formed in SBF

are comprised mainly of whitlockite-type apatite and DCPD,

which are the precursors of HAp. It appears that the transfor-

mation of CaP deposits into HAp is hindered by the presence

of Mg. This stabilization effect of Mg on CaP deposits is well

known in biological calcification [19, 37].

4 Conclusions

PHEMA-based hydrogels have been shown to calcify both

on the surface and in the interior of the hydrogels during incu-

bation in SBF solution. The calcification process occurs pre-

dominantly through spontaneous precipitation of CaP, which

forms mainly an amorphous or a nanocrystalline phase of

whitlockite-type apatite and DCPD. These are the precursors

of HAp. The effect of the chemical structure (reducing the

number of oxygen atoms in the copolymers on the degree

of calcification) was found to play an important role only

in the initial stages of calcification. At longer calcification

times, there was no significant effect of chemical structure

or oxygen content on the formation of CaP deposits.
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