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Abstract  Apatite formation in the living body is an essential requirement for artificial 

materials to exhibit bone-bonding bioactivity. It has been recently revealed that sulfonic 

groups trigger apatite nucleation in a body environment. Organic-inorganic hybrids 

consisting of organic polymers and the sulfonic groups are therefore expected to be useful 

for preparation of novel bone-repairing materials exhibiting flexibility as well as 

bioactivity. In the present study, organic-inorganic hybrids were prepared from 

hydroxyethylmethacrylate (HEMA) in the presence of vinylsulfonic acid sodium salt 

(VSAS) and calcium chloride (CaCl2). The bioactivities of the hybrids were assessed in 

vitro by examining the apatite formation in simulated body fluid (SBF, Kokubo solution). 

The hybrids deposited on the apatite after soaking in SBF within 7 days. Tensile strength 

measurements showed a tendency to increase with increases in VSAS and CaCl2 content. 

It was assumed that this phenomenon was attributed to the formation of cross-linking in 

the hybrids. 
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Introduction 

 Artificial materials implanted in bony defects generally become encapsulated 

by collagen fibrous tissues so that they are isolated from surrounding bony tissues. This is 

a normal reaction of the body to protect us from foreign substances. On the other hand, 

several kinds of ceramics are known to bind to living bone without initiating a foreign 

body reaction [i,ii]. They are called bioactive ceramics and are currently used in cases 

where bone substitution is medically necessary. However, bioactive ceramics have some 

features which limit their clinical applications to areas under low load and include higher 

brittleness and lower flexibility than natural bone. Therefore, novel materials exhibiting 

both better bioactivity and mechanical properties are required in medical fields.  

 Bioceramics achieve bone integration via the formation of bone-like apatite on 

their surfaces in the body environment. This apatite formation can be observed even in 

acellular simulated body fluid (SBF, Kokubo solution) with inorganic ion concentrations 

analogous to those found in human extracellular fluid [iii,iv]. Apatite nucleation is 

triggered by specific functional groups such as Si-OH [iii,v], Ti-OH [v,vi], Zr-OH [vii], 

Ta-OH [viii], Nb-OH [ix], COOH [x,xi], phosphate (-PO3H2) [xii] and sulfonic groups 

(-SO3H) [xiii,xiv]. This is significantly accelerated by the release of calcium ions (Ca2+) 

from the material surfaces [xv]. These findings indicate that organic modification of the 

substances that provide these functional groups in the presence of Ca2+ may be an 

effective approach for designing novel bioactive materials abundant in flexibility. Based 

on this concept, several bioactive organic-inorganic hybrids have been developed using 

poly(dimethylsiloxane) (PDMS) [xvi ], chitin [xvii ], chitosan [xviii ], starch [xix ], 

polycaprolactone [xx], and poly(vinyl alcohol) (PVA) [xxi]. 

 Hydroxyethylmethacrylate (HEMA, (CH2=C(CH3)COOCH2CH2OH)) is an 

attractive candidate for organic component of the bioactive organic-inorganic hybrids, as 

it has high hydrophilicity and high biological affinity. Its polymer is already in use for 

medical applications such as contact lenses and as the coating agent on artificial blood 
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vessels [xxii]. We previously synthesized bioactive organic-inorganic hybrids from 

HEMA by modifications with functional groups such as Si-OH [xxiii] and Ti-OH [xxiv] 

as well as Ca2+. The relationship between various functional groups and the properties 

of the hybrids gives important fundamental information for designing novel 

biomaterials with different biological and mechanical characteristics. 

 In this study, the present authors attempted to synthesize the bioactive 

organic-inorganic hybrids from HEMA by modification with sulfonic groups and Ca2+. 

Generally, Si-OH and Ti-OH groups incorporate into a hydrogel structure through 

dehydration and polycondensation. The formed gel may increase the brittleness and 

decrease the flexibility of the hybrids. It is expected that organic-inorganic hybrids 

containing sulfonic groups will maintain high flexibility, since they do not form such a 

gel structure. The extent of apatite deposition on the synthesized hybrids was examined 

in SBF. In addition, the mechanical properties of the hybrids were investigated with 

respect to their composition. 

 

 

Materials and Methods 

 The chemical reagents vinylsulfonic acid sodium salt (VSAS, CH2=CHSO3Na, 

Tokyo Chemical Industry Co., Ltd., Japan), HEMA (Wako Pure Chemical Industries, 

Ltd., Japan) and triethyleneglycol dimethacrylate (TEGDMA, 

CH2=C(CH3)COO(CH2CH2O)3COC(CH3)=CH2, Wako Pure Chemical Industries, Ltd., 

Japan) were dissolved in ethanol. TEGDMA was used as the cross-linking agent to 

improve the chemical durability of the synthesized hybrids. The mixture was radically 

polymerized by heat treatment at 75°C for 3 hours using benzoylperoxide (BPO, 

(C6H5CO)2O2, Nacalai Tesque, Inc., Japan) as the polymerization initiator. Then 100 

cm3 of the obtained polymer solution was mixed with 20 cm3 of ethanol solution 

containing calcium chloride (CaCl2). The mixed solution was cast in a polypropylene 
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mold of 120 mm x 160 mm in size and dried for 2 weeks at room temperature. After a 

bulk gel was formed, a rectangular specimen of 10 mm x 10 mm x 1 mm in size was cut 

from the gel. The compositions of the specimens are shown in Table 1. 

 All specimens were subsequently soaked in 30 cm3 of SBF (Na+ 142.0, K+ 5.0, 

Mg2+ 1.5, Ca2+ 2.5, Cl- 147.8, HCO3
- 4.2, HPO4

2- 1.0 and SO4
2- 0.5 mol·m-3) [iii,iv]. The 

fluid was prepared by dissolving reagent-grade chemicals of NaCl, NaHCO3, KCl, 

K2HPO4·3H2O, MgCl2·6H2O, CaCl2 and Na2SO4 in ultrapure water and buffering at pH 

7.4 with tris(hydroxymethyl)aminomethane ((CH2OH)3CNH2) and the appropriate 

volume of hydrochloric acid. All the reagents to prepare SBF were supplied from 

Nacalai Tesque, Inc., Japan. The temperature of the solution was kept at 36.5°C for 

various periods up to 7 days. After soaking in SBF, the specimens were removed from 

the fluid, washed gently with ultrapure water and dried at room temperature. 

 The surface structural features of the specimens before and after soaking in 

SBF were examined by scanning electron microscopy (SEM; S-3500N, Hitachi Co., 

Japan) and thin-film X-ray diffraction (TF-XRD; MXP3V, Mac Science Ltd., Japan). In 

the TF-XRD, the angle of the incident beam was fixed at 1° against the surface of the 

specimen, and the measurements were performed using a step scanning mode with 

0.02° steps with 1 second at each step. For the SEM observation, a thin film of gold was 

coated on the surfaces of the specimens using a sputtering method. Changes in element 

concentration of SBF due to soaking of the specimens were measured by inductively 

coupled plasma (ICP) atomic emission spectroscopy (Model Optima 4300DVCYCLON, 

Perkin-Elmer Co., England). 

 Mechanical properties of the hybrids were assessed by a tensile test. 

Dumbbell-shaped specimens 60 mm in length and 10 mm in width at the center were 

prepared by the method described above. The specimens were subjected to the tensile 

test using an Instron-type material testing machine (Model AG-I, Shimadzu Co., Japan) 

according to Japanese Industrial Standards (JIS) 7127. The cross-head speed was fixed 
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at 1.0 mm/min. Five specimens at each composition were tested and the average tensile 

strength and Young’s modulus were calculated. 

 

Results 

 Figure 1 shows SEM photographs of the surfaces of the specimens before and 

after soaking in SBF for 7 days. The new deposition of fine spherical particles was 

observed on the surfaces of all the specimens after 7 days. Figure 2 shows TF-XRD 

patterns on the surfaces of the specimens before and after soaking in SBF for various 

periods. Broad peaks assigned to the apatite were observed at 26° and 32° in 2θ for 

S10H90Ca10 after 3 days and the other specimens after 7 days. This indicates that the 

fine particles formed on the specimens in SBF are low-crystalline apatite. Figure 3 

shows element concentrations of SBF after the specimens have been soaked, which was 

measured by ICP analysis. The Ca concentration once increased at the initial stage and 

then gradually decreased, whereas the P concentration gradually decreased. The S 

concentration slightly increased at the initial stage and became almost constant after 1 

day.  

 Figure 4 shows a representative stress-strain curve of the specimens. 

S10H90Ca05 showed strain at failure as high as 100%. The tensile strength increased 

and the strain steeply decreased with an increase in CaCl2 and VSAS content. Almost 

specimens showed a tendency to fracture after plastic deformation. The measured 

mechanical properties were summarized in Table 2. 

 

Discussion  

 Organic-inorganic hybrids synthesized from HEMA by modification with 

sulfonic groups and Ca2+ have potential to form apatite in SBF. This indicates that the 

prepared hybrids can achieve direct bone-bonding after implantation in living bodies. 

Sulfonic groups in the hybrids are assumed to induce heterogeneous apatite nucleation. 
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The increase in Ca2+ content in the hybrids shortens the induction period for the apatite 

formation in SBF. However, the apatite-forming abilities of the hybrids were not 

significantly enhanced by the increase in the numbers of sulfonic groups. This may be 

because when the sulfonic group and Ca2+ form a complex such as -SO3Ca+ or 

(-SO3)2Ca via ion-ion interactions the initial release of Ca2+ into SBF is suppressed. In 

addition, acidity of the dissolved VSAS would decrease the degree of supersaturation of 

the fluid with respect to the apatite. The results shown in Fig. 3 support these 

assumptions. 

 The results of the tensile test revealed that the hybrids obtained had highly 

flexible characteristics at a low content of VSAS and CaCl2. Almost all of them fracture 

after plastic deformation, whereas HEMA-based organic-inorganic hybrids combined 

with silicon and titanium alkoxides show brittle fracture [xxiv,xxv]. This may be 

attributed to the formation of domains of silica and titania gels through a sol-gel process 

which includes hydrolysis and polycondensation of the alkoxides. On the other hand, 

sulfonic groups do not form such a brittle gel structure. Generally swelling property is 

improved at low cross-linking. it is known that the solvent contained in the swelled gels 

can play a role as a plasticizer. Therefore S10H90Ca05 would show significant plastic 

deformation. However, tensile stress and Young's modulus is steeply increased and 

strain at failure is steeply decreased with an increase in VSAS and CaCl2. The added 

Ca2+ ions would increase ionic cross-linking through the formation of (-SO3)2Ca. In 

addition, the sulfonic groups would make hydrogen bonds to the hydroxyl groups to 

form cross-links between VSAS and HEMA. 

 

Conclusions  

 Organic-inorganic hybrids were synthesized from HEMA by modification 

with sulfonic groups and Ca2+. They formed apatite in SBF within 7 days. They showed 

significant plastic deformation at low content of sulfonic group. Incorporation of large 
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amount of sulfonic group and Ca2+ drastically increased the brittleness of the hybrids. 
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