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Abstract In order to improve filler dispersion and phase

compatibility between poly(D,L-lactide) (PDLLA) and

inorganic bioactive glass (BG) particles, and to enhance the

mechanical properties of PDLLA/BG composites, the

silane coupling agent 3-glycidoxypropyltrimethoxysilane

(KH570) was used to modify the surface of BG particles

(represented by KBG). The structure and properties of

PDLLA/BG and PDLLA/KBG composites were investi-

gated by mechanical property testing and scanning electron

microscopy (SEM). This study demonstrated that the Guth

and Gold models can be combined to predict the Young’s

modulus of the composites. The Pukanszky modulus

showed that the interaction parameter B of PDLLA/KBG

composites was higher than that of the PDLLA/BG, which

indicates that there is a higher interfacial interaction

between the PDLLA and KBG. The composites were

incubated in simulated body fluid (SBF) at 37�C to study

the in vitro degradation and bioactivity of the composites

and to detect bone-like apatite formation on their surfaces.

1 Introduction

Synthetic bioresorbable polymers, particularly, poly(D,L-

lactide) (PDLLA) and polyglycolic acid (PGA) and their

copolymer poly(D,L-lactic acid-co-glycolic acid), have

attracted considerable attention for their use as bone-repair

materials [1–11]. A number of reports state that these

materials have proven biocompatibility and complete

bioresorbability, and hence, they can be used as bone

substitute material [3–6]. Moreover, all these synthetic

bioresorbable polymers can be very easily fabricated into

complex structures [7, 8]. However, a number of problems

have been encountered when these materials are used as

bone repair materials since they release acidic degradation

products that lead to inflammatory responses [9–11]. Other

limitations of biodegradable polymers are that the

mechanical strength of all these synthetic bioresorbable

was lower than those of natural cortical bones and that they

lack a bioactive function, in particular, with respect to bone

repair applications. In addition, bone apposition or bonding

is not possible on the polymer surface.

Bioceramics such as hydroxyapatite (HAP), tricalcium

phosphate (TCP), and bioactive glass (BG) are another

important group of biomaterials [12, 13]. BG can react with

physiological fluids and form tenacious bonds with hard (and

in some cases soft) tissues [13–17]. However, the main factor

limiting its application in bone repair is its brittleness;

therefore, it has been used in the form of particulates [18–21].

Autografts are most widely used by surgeons. These

grafts contain viable cells such as bone marrow osteopro-

genitor cells, a collagenous matrix, and non-collagenous

extracellular growth and differentiating factors. Conse-

quently, the autograft is the preeminent therapy for bone

repair, because it has osteogenic, osteoconductive, and

osteoinductive properties [22]. The autograft is chemically

and structurally equivalent to the mineral phase in bone.

The mechanical property is similar to the bone. The major

disadvantages of autograft are donor site morbidity and

limitations on the quantity of graft materials.
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Given the limitations of current of treatment options and

the need for improved clinical outcomes, biomaterials used

for bone repair should have the properties of both biore-

sorbability and bioactivity [21]. Introduction of a bioactive

phase to a bioresorbable polymer imparts it bioactivity to

the polymer and allows rapid exchange of protons in water

with the alkali in the bioglass or ceramic, thereby providing

a pH-buffering effect at the polymer surface and reducing

the acidic degradation of the polymer. Combining the

bioactive materials with biopolymers could produce

materials with better bioactive and bioresorbable proper-

ties. However, such particles would aggregate in the matrix

because of their incompatibility with the biopolymer [23].

The phase-separation phenomenon that results from this

aggregation would then induce graft failure at the interface

and thus cause deterioration of the mechanical properties of

the composites. Hence, the surface modification of bioce-

ramic particles should be performed using organic mole-

cules [24–26]. BG is a class A bioactive material that

exhibits both osteoinductive and osteoconductive proper-

ties [12, 13]. Thus, by combining BG and KBG with

PDLLA, it is possible to develop composites with bioactive

properties that are potentially beneficial in bone repair

materials can be developed.

In this study, we investigated the possibility of using

bioresorbable and bioactive composites of PDLLA/BG and

PDLLA/KBG as bone repair materials. We studied the

mechanical and bioactive properties of composites con-

taining BG and KBG particles. We used a semiempirical

equation developed by Pukanszky to determine the inter-

facial interaction between the polymer matrix and the

inorganic particles. We describe the preparation, charac-

terization, and in vitro degradation of PDLLA/BG and

PDLLA/BG composites and present the preliminary results

regarding their bioactivity in simulated body fluid (SBF)

solution.

2 Materials and methods

2.1 Materials

Amorphous PDLLA with an inherent viscosity of 4.03 dl/g

was provided by Sichuan Dikang Sci & Tech Pharmaceu-

tical Co. Ltd. (Chengdu, China). We used 60S sol–gel

bioglass (BG) powder with a mean particle size of 2–5 lm

that contained 60% SiO2, 34% CaO, and 6% P2O5 (in

molar percent). We prepared 60S BG by the hydrolysis and

polycondensation of tetraethylorthosilicate (TEOS), tri-

ethyl phosphate (TEP), and 2-methoxyethane calcium

alkoxide [27]. The properties of BG particles formed were

characterized by Fourier Transform infrared FTIR spec-

troscopy, X-ray diffraction (XRD) analysis, and X-ray

photoelectron spectroscopy (XPS; Axis Ultra; Kratos

Analytical Ltd., UK). The silane coupling agent 3-glyci-

doxypropyltrimethoxysilane (KH570) was provided by

Sichuan University.

2.2 Surface modification of BG particles

Surface modification of the BG particles with KH570 was

carried out in solution [28]. KH570 (0.5 wt%) was dis-

solved in 80 v% aqueous ethanol solution, and the pH was

adjusted to 4.0 with HAc buffer. The BG particles were

dispersed in the ethanol solution in a ratio of 20% (w/v).

Subsequently, the KH570 solution was added to the BG

slurry. The slurry was mixed for 3 h on a magnetic stirrer

by refluxing at 100�C. The surface modification of the BG

particles with KH570 was completed by drying the slurry

for 4 h in a vacuum oven at 120�C. Next, the surface-

modified BG particles were washed exhaustively with

water to remove the unbound KH570. After centrifugation,

the KH570-modified BG particles (KBG) were dried at

120�C. The particles were characterized by X-ray photo-

electron spectroscopy (XPS), and the results indicated that

their Si content had increased.

2.3 Preparation of the composites

The PDLLA granules were dissolved in acetone in an

Erlenmeyer flask in order to obtain an initial polymer weight

to solvent ratio of 5% (w/v). The polymer suspension was

stirred to obtain a homogeneous polymer solution. Appro-

priate amounts of the BG and KBG particles were then added

to the polymer solution to obtain different proportions of the

weights of BG and KBG to that of the polymer. Subse-

quently, the mixture was sonicated for 30 min in an ultra-

sonic water bath to improve the dispersion of the BG

particles in the polymer solution. Finally, the composites

were deposited by adding a large amount of ethanol. The

resulting composite powder was dried in vacuum at 25�C for

48 h in order to remove the remaining solvent. Dumbbell-

shaped specimens with effective dimensions of 26 9 5 9 2

mm were prepared from the composites by compression-

molding under a pressure of 10 MPa. The temperature for

processing pure PDLLA, PDLLA/BG, and PDLLA/KBG

was 180�C. These specimens were maintained at room

temperature for 3 days before characterization.

2.4 Mechanical property and scanning electron

microscopy (SEM) analysis

Tensile specimens of PDLLA/BG and PDLLA/KBG

composites were tested using a universal testing machine

(CMT4503; Shenzhen SANS Testing Machine Co. Ltd.,

China). The specimens were tested at 25�C by using a
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crosshead speed of 2 mm/min. The tensile strength and

modulus data were both obtained by averaging over five

replicate specimens.

SEM was used to determine the homogeneity of the

PDLLA/BG and PDLLA/KBG composite microstructures

to assess the quality of the dispersion of BG and KBG in

the PDLLA matrix. Samples were gold coated for 120 s at

20 mA and examined under a JSM-5900 (JSM; Japan) at

an accelerating voltage of 10 kV.

2.5 In vitro bioactivity studies

In vitro bioactivity studies were performed using a stan-

dard SBF on the basis of the formulation and method

developed by Kokubo et al. [15]; the inorganic ion con-

centration of this SBF is similar to that of human blood

plasma. The SBF was prepared by dissolving appropriate

amounts of chemical reagents such as NaCl, NaHCO3,

KCl, K2HPO4 � 3H2O, MgCl2 � 6H2O, CaCl2 � 2H2O, and

Na2SO4 into deionized water. The pH of the SBF was

adjusted to physiological pH (pH 7.4) by adding HCl and

buffered by Tris (hydroxymethyl) aminomethane at 37�C.

Dry PDLLA/BG and PDLLA/KBG composites and

PDLLA were immersed in SBF solution with a weight to

volume ratio of 8 9 10-3 in clean polythene bottles that

had been washed using deionized water. The bottles con-

taining the samples immersed in SBF were placed inside an

incubator at a controlled temperature of 37�C. After 7, 14,

and 21 days, the samples were removed from the buffer

and rinsed with deionized water to remove any soluble

inorganic salt. The structural and morphological variations

of the composite surface before and after soaking in SBF

were analyzed by X-ray diffraction (XRD) using a Philips

X’Pert diffractometer with CoKa radiation and by SEM

analysis. The concentrations of Ca, P, and Si were deter-

mined by inductively coupled plasma-atomic emission

spectrometry (ICP-AES; Varian Co., USA), and the pH

values were measured using an electrolyte-type pH meter

(Leici Co., Shanghai, China). The concentrations of Ca, P,

and Si were measured as a function of the immersion time.

3 Results and discussion

3.1 Mechanical property of the composites

Tensile properties of PDLLA, PDLLA/BG, and PDLLA/

KBG composites were analyzed by performing stress–

strain experiments at 25�C. Figures 1 and 2 reveal the

relationship between filler-volume fraction of the com-

posites, the Young’s modulus, and the tensile strength of

the composites. The composite moduli increase with

increasing BG content, as was expected, because of the

stiffness of BG. The observed increase in the modulus of

the BG-reinforced PDLLA can be explained in terms of the

reinforcement effect.

The Young’s modulus data for two-phase PDLLA/BG

and PDLLA/KBG composites were compared with theo-

retical values that had been used to investigate the adhesion

between a spherical filler and an incompressible matrix

[29]. In order to evaluate the affinity between the polymer

matrix (PDLLA) and BG particles, the tensile data points

obtained were compared with the predicted values using

two classical models. Equation 1 is Einstein’s viscosity

equation as modified by Guth and Gold [30].

Ec ¼ Ep 1þ 2:5Vf þ 14:1V2
f

� �
ð1Þ

where Ec and Ep are the moduli of the composite and

polymer matrix, while Vf is the volume fraction of the filler

Fig. 1 Comparison of experimental data with theoretical predictions

of Young’s modulus for PDLLA/BG composites with respect to BG

content. Filled squares-experimental values

Fig. 2 Tensile strength of the PDLLA/BG and PDLLA/KBG com-

posites with respect to BG content
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in the composite. Using this equation, we obtained a

straight line (Fig. 1), which indicates that the predicted

values are considerably in accordance with the experi-

mental ones. The KBG particles did not make the

remarkable difference in Young’s modulus at a lower given

particle content. This is because the Young’s modulus is

measured at small deformation.

Figure 2 shows the association between the tensile

strength of PDLLA/BG and PDLLA/KBG composites and

their filler content, i.e., BG and KBG. The higher the KBG

content, the larger the difference between them because the

tensile strength of the PDLLA/BG composites decreased

more rapidly with the filler content than that of PDLLA/

KBG composites. Nonetheless, the incorporation of KBG

into the PDLLA matrix results in higher tensile strength

compared with the incorporation of unmodified BG. As

shown in Fig. 2, the decrease in the tensile strength is less

obvious for the composites where the surface of BG par-

ticles was treated with a silane-coupling agent. This could

possibly be due to a stronger interactivity between the fil-

ler/matrix interface in the PDLLA/KBG composites than in

the PDLLA/BG composites.

In order to determine the extent of the interfacial

interactions, the following equation derived by Pukanszky

[31] was used:

ryc ¼ ryp

1� Vf

1þ 2:5Vf

exp BVfð Þ ð2Þ

Here, ryc and ryp are the yield stresses of the composite

and the matrix, respectively, Vf is the volume fraction of

the filler BG, and B is a parameter that characterizes the

interfacial interactions in the composite. The surface area

of the filler, the properties of the interphase, surface

treatment, aggregation, and the matrix properties influence

the strength of the composites and thus the value of

parameter B [31, 32]. Generally, a higher value of inter-

action parameter B indicates stronger interfacial interac-

tions [31]. For defining parameter B in the PDLLA/BG

and PDLLA/KBG composites, ln ryc 1þ 2:5Vfð Þ
� �

=
�

ryp 1� Vfð Þ
� �

� was plotted against Vf. The slopes of the

straight lines obtained in the plot depict the values of the

interaction parameter B; these values have been listed in

Table 1. The higher value of the interaction parameter B in

Table 1 confirms higher interfacial interactions between

the PDLLA matrix and KBG. The value of the interaction

parameter B for the PDLLA/KBG composites is higher

compared to that for the PDLLA/BG composites, thus

implying that the latter composites have stronger interfacial

interactions.

The change in tensile strength and interaction parameter

B was mainly because of the greater aggregation of BG

particles in the composite with higher filler content. The

composites containing BG and KBG particles exhibit a

rougher surface than those without fillers (Fig. 3). This

could be due to the agglomeration of the particles in the

matrix. The pure PDLLA samples were flat, smooth, and

had a non-porous surface with no evidence of surface

irregularity, as observed during the SEM analysis (Fig. 3).

On the other hand, PDLLA/BG composites displayed a

markedly different topography (Fig. 3). These samples

exhibited an even distribution of BG particles, with few

agglomerates, which were covered by the PDLLA matrix.

The BG particles protruded from the surface, and there

were gaps between each particle. The composite filled with

BG particles had a rougher surface compared to the pure

PDLLA films. However, in the PDLLA/KBG films, the

KBG particles were uniformly distributed in the PDLLA

matrix; hence, the PDLLA/KBG films had a slicker surface

compared to the PDLLA/BG films.

The variations in the tensile strength of the composites

with varying filler content showed that the surface modi-

fication of particles played an important role in defining the

properties of the composite. After surface modification, the

compatibility between KBG particles and the PDLLA

matrix could be improved such that the particles could be

dispersed more easily and homogeneously in the PDLLA

matrix. The modified surface of the BG particles could

enhance the binding of these particles to the PDLLA, and

hence, the phase separation between the particles and the

PDLLA matrix could be partially prevented.

3.2 In vitro bioactivity studies in SBF

Variations in the surface properties of the PDLLA/BG and

PDLLA/KBG composites (22% vol). and pure PDLLA

before and after soaking in SBF were analyzed using XRD

and SEM. Figure 4 shows the XRD patterns of the pure

PDLLA film before immersion and after 7, 14, and 21 days

of incubation in SBF; the patterns indicate that it has an

amorphous structure before immersion, while there are no

apatite formations on its surface after immersion. However,

the XRD patterns of the composites containing BG and

KBG particles demonstrated the formation of HAP after

immersion in SBF for 21 days, as shown in Fig. 4.

After the surface-modified films were immersed for

7 days in SBF, small crystals developed on the surface of

the composite specimens in regions close to the BG par-

ticles. It can be observed that the apatite-like round parti-

cles are formed and there is a clear boundary between

Table 1 Interaction parameter B for the PDLLA/BG and PDLLA/

KBG composites

Composites B

PDLLA/BG 1.23

PDLLA/KBG 1.41
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adjacent particles; this confirmed that HAP particles

always grow from BG agglomerates in the samples

(Fig. 5). It was also observed that the round apatite-like
Fig. 3 SEM micrographs of the tensile fracture surfaces of a pure

PDLLA, b PDLLA/BG, and c PDLLA/KBG composites

Fig. 4 XRD pattern of a pure PDLLA, b PDLLA/BG, and c PDLLA/

KBG composites after incubation periods of 7, 14, and 21 days in

SBF solution
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particles were not distributed homogeneously throughout

the film surface. However, the HAP formation on the

PDLLA/KBG films was more homogeneous throughout the

surface than that on the PDLLA/BG films. This was

because the KBG particles were uniformly distributed in

the PDLLA matrix. Even after immersion of the PDLLA/

KBG films for 21 days in SBF, there was no apparent

change in the surface microstructure and roughness of the

films.

3.3 The changes in ionic concentration in SBF

Figure 6a shows the ICP-AES results of soluble extracts

prepared with composites PDLLA/BG (22 vol%) after

immersion in SBF. It was observed that the concentration of

silicon increases initially, reaches a maximum at 3 days, and

then decreases. This finding indicates that Si is initially

released during the dissolution of BG particles in SBF and

subsequently develops into an amorphous silica layer on the

sample surface. Moreover, Fig. 6 shows that the concen-

trations of calcium and phosphorous decrease with

increasing immersion time in SBF, which indicates that a

HAP layer is being formed on the composite surfaces, as

anticipated. The silica hydroxide (Si–OH) groups that form

in the presence of calcium ions, disassociating from the BG

particles react with water molecules; this leads to a nega-

tively charged composite surfaces. The positively charged

calcium ions are attracted to the composite surfaces,

resulting in the formation of calcium phosphate. The

hydrated silica on the surface of the BG particles provides

favorable sites for apatite nucleation; this is the ‘‘classical

theory of bioactivity’’ that was proposed by Hench [12, 13].

Figure 6b shows the temporal changes in pH that were

observed during the immersion time. For pure PDLLA, the

pH slightly decreased from 7.4 to 6.9 for the first 21 days.

However, for the PDLLA/BG and PDLLA/KBG compos-

ites, a more rapid increase in pH (7.4–7.65) was observed

for the first 7 days. The results obtained in the present

study indicated that both PDLLA/BG and PDLLA/KBG

composites could compensate for the decrease in the pH of

the SBF solution. Compared to pure PDLLA, the PDLLA/

BG and PDLLA/KBG composites maintained the pH of the

media in the physiological range throughout the test peri-

ods. The dissolution of alkaline ions from the BG particles

locally countered the acidification of the SBF due to the

formation of acidic products by PDLLA degradation.

Fig. 5 SEM micrographs of pure PDLLA (a, b, and c), PDLLA/BG (d, e, and f), and PDLLA/KBG (g, h, and i) composites after incubation

periods of 7, 14, and 21 days in SBF solution, respectively
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The composites containing BG and KBG had shown the

bioactivity as is shown in XRD pattern (Fig. 4) and SEM

micrographs (Fig. 5). Besides, there is no difference

between PDLLA/BG and PDLLA/KBG in the changes of

ionic concentration and pH in the SBF solution. So in the

ICP-AES graph, only one kind of the composites contain-

ing BG can show the changes in the SBF solution induced

by the immersion of the composites containing particles.

4 Conclusion

In order to improve the phase compatibility between the

polymer and inorganic phase, the silane-coupling agent

3-glycidoxypropyltrimethoxysilane (KH570) was used to

modify the surface of BG particles. PDLLA/KBG and

PDLLA/BG composites were prepared by the solution-

mixing method. The Young’s modulus of the composite

foams could be predicted by using an approach based on

the models developed by Guth and Gold. The improvement

in the interfacial interaction was confirmed by using a

semiempirical equation developed by Pukanszky. The

Paukanszky modulus showed that the interaction parameter

B of PDLLA/KBG composites were higher than that of the

PDLLA/BG composites; this shows that the interfacial

interaction between the PDLLA matrix and KBG was

higher. Stronger interfacial interactions in the PDLLA/

KBG composites indicated that these composites had

higher tensile strength than the PDLLA/BG composites.

The modified BG particles could be dispersed uniformly in

the composites; hence, the PDLLA/KBG composites had

greater tensile strength than the PDLLA/BG composites or

pure PDLLA when the filling content was low. Composites

containing KBG were better incorporated into the PDLLA

matrix. Treatment with the silane-coupling agent enhanced

the mechanical properties of the composites in comparison

with the composites containing non-treated BG particles.

At a low content (*5 vol%) of KBG, the PDLLA/KBG

composites exhibited higher tensile strength. The addition

of BG enhanced the Young’s modulus but decreased the

tensile strength of the composites. At a higher content (e.g.,

20 vol%), the modulus was remarkably increased. The

improved mechanical property showed that the composites

can be used non-load bearing bone repair. All of these

results indicated that the composites PDLLA/KBG and

PDLLA/BG showed obviously bioactive property through

adding KBG and BG to PDLLA. The potential bone-

bonding ability of the composites was demonstrated by the

development of bone-like apatite on the surfaces of the

composites after soaking them in SBF.
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