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Abstract: One of the major challenges in the development of biomaterials is the adaptation of the complex elastic nature and elongation 
of human tissues during biomechanical functional loading. Composite materials present the most appropriate means of attempting to
match the mechanical and biocompatibility requirements. Composite films from polylactic acid (PLA) and sol-gel derived bioglass (BG) 
powders with particle size ranging from 50-100 nm were produced by solution casting method. Three different bioglass mixtures of 0.1, 
0.5 and 1% bioglass were prepared. Physico-chemical and morphological properties of bioglass, pure PLA and PLA composites were in-
vestigated using XRD, SEM and FTIR. Bioglass particles were further treated by nanolayer coating of 3-aminopropyltriethoxysilane
(APTES) to improve its mechanical properties. The effects of surface treated bioglass on the fracture of the PLA/bioglass composites
were investigated under tensile loading conditions. The results suggest by nano-surface treating the bioglass with 1% APTES significant-
ly influences the percentage elongation of the PLA/bioglass composite at fracture. SEM shows more agglomeration of untreated bioglass
within the composite. In the treated samples, a better distribution of nanosized bioglass within PLA matrix was observed. Nanolayer
modified bioglass /PLA thin film composites may have a wide range of biomedical applications in tissue engineering with improved elas-
tic properties.
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INTRODUCTION
 Biomaterials, by definition, are “a non-drug substance suitable 
for inclusion in systems which augment or replace the function of 
bodily tissues or organs” [1]. Opportunities for organic/inorganic 
composites in the biomedical field arise from the numerous applica-
tions and the vastly different functional requirements. Biodegrada-
ble polymers and composites are very versatile for tissue engineer-
ing applications because they can be absorbed gradually by the 
human body without permanently retaining residuals in the implan-
tation site [2]. Acid anhydrides, such as polylactic acid (PLA) and 
its co-polymers are among the group of biodegradable synthetic 
polymers that have been used in combination or alone for tissue 
engineering. PLA has been demonstrated to be biocompatible and 
to degrade into non-toxic components with a controllable degrada-
tion rate in-vivo [3-5].
 Since their discovery by Hench and co-workers, bio-glasses and 
glass ceramics have attracted attention of many researchers [6]. 
Bioactive glass/biodegradable polymer composite materials have 
emerged in recent decades as new family of bioactive materials 
with applications ranging from structural implants to tissue engi-
neering scaffolds [7]. Most of these composites that contain sec-
ondary particles show excessive agglomeration and non-
homogeneous particle distribution within the matrix. 
 Effort has been devoted into functionalizing the surface of these 
secondary particles in order to improve adhesion, and their physico-
chemical and mechanical properties. Surface modification of bioac-
tive glasses to improve mechanical and biological properties of 
polylactic acid composites has been investigated using different 
grafting materials [8-11]. Past studies on improvement of mechani-
cal properties have been focused on improving tensile strength, 
tensile modulus and impact energy of the bulk PLA composites 
[12].
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 In this study, it was hypothesized that nanosurface treatment of 
bioglass particles may affect the chemical and physical properties 
of the surface layer and improve the mechanical properties of 
PLA/bioglass thin film composites.

MATERIALS AND METHODS 
Materials
 PLA was obtained from NatureWorks LLC, 3052D Australia. 
Materials for bioglass production, Tetraethyl orthosilicate (TEOS, 
Si(OC2H9)4, 99.90%), Citric acid monohydrate (99%), Ethanol 
absolute (99.8%), Ammonium hydroxide solution (NH4OH, 33%), 
Ammonium phosphate dibasic ((NH4)2HPO4, 98%), Calcium nitrate 
tetrahydrate (Ca(NO3)2.4H2O, 99.60%), PEG (Mw 20,000), acetic 
acid (99.7%) and (3-Aminopropyl)triethoxysilane (APTES) (99%) 
were obtained from Sigma Aldrich Australia.

METHODS
Sol-gel Bioglass 
 The procedures for preparing the bioglass powders (SiO2:CaO:
P2O5 (mol) 55:40:5) were based on the method reported in [13, 14] 
and further modified, and can be described as follows: 1) In an 
well-washed beaker equipped with a magnetic stirrer, 7.639 g calci-
um nitrate was dissolved in 120 mL of deionized water at room 
temperature. The TEOS-ethanol solution was created by diluting 
9.167 g of TEOS in 60 mL of ethanol and added to the calcium 
nitrate solution. Then, citric acid was added into the solution to 
adjust the pH value to 1–2. The reaction mixture was kept stirring 
until a homogeneous and transparent solution was obtained. 2) Un-
der vigorous stirring, the homogenous solution was slowly dropped 
into 1500 mL of ammoniated deionized water, in which 1.078 g of 
ammonium dibasic phosphate was dissolved in advance. During the 
dripping process, the pH value of solution was kept at around 11 
using ammonia water. 3) After being stirred for 48 h and aged for 
24 h, the precipitate was separated from the reaction solution by 
centrifugation at 3000 rpm, washed three times with deionized wa-
ter, and finally separated in 200 mL of 2% PEG-water solution and 
kept still. 4) The precipitate was freeze dried for 24 hrs and fol-
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lowed by calcination at 700 oC in a muffle furnace for 3 h, after 
which the white bioglass powders were obtained.

Bioglass Surface Functionalization
 The deposition method from aqueous alcohol solutions was 
used to obtain silanated bioglass surfaces. A 95% ethanol-5% water 
solution was adjusted to pH 4.5-5.5 with acetic acid. Silane (3-
aminopropyltriethoxysilane, APTES) was added with stirring to 
yield a 1% final concentration and then left for five minutes to al-
low fo hydrolysis and silanol formation. Bioglass powders were 
added suspended in the same solution and stirred for 2-3 minutes 
and then decanted the solution. The particles were rinsed twice 
briefly with ethanol and cured for 5-10 minutes at 110°C in an ov-
en. The obtained silanised bioglass powders were stored in desicca-
tor for further analyses.

Polymer Films and Composites 
 All the composites were prepared using a solvent casting tech-
nique described by [15] and modified by our team. PLA films were 
prepared by dissolving 0.50 g of polymer in 30ml of chloroform. 
The solution was transferred into 9 cm diameter petri dish for 24h, 
and chloroform was allowed to evaporate under low vacuum (in a 
desiccator). The films were stored in desiccators for further anal-
yses. The same procedure with 15 minutes ultrasonication was em-
ployed to prepare PLA/Bioglass composites with loadings of 0.1, 
0.5 and 1% bioglass.

Characterization
 Calcination temperature was determined using simultaneous 
thermo-gravimetry and differential analysis (TG-DTA, SDT 2960, 
TA Instruments, New Castle, DE, USA) for the freeze dried bio-
glass. Sample weight of 30-40 mg was used during analysis under a 
circulating air environment with a heating rate of 10 oC/min from 
room temperature up to 1,100 oC.
 The morphological analysis of bioglass, polymer films and 
composites samples was performed in Scanning Electron Micros-
copy (ZEISS Supra55VP, Zeiss, Sydney, Australia). Samples were 
fixed by mutual conductive adhesive tape on aluminium stubs and 
covered with carbon using a sputter coater. Images were taken at 
various magnifications at acceleration voltages of 5 kV to avoid 
beam damage to the polymer. 
 Phase analysis of the synthesized powders of Bioglass was 
conducted using primarily, X-ray diffraction using Seimens D5000 
X-ray Diffractometer (Siemens, Bayswater, Australia) employing 
CuK� radiation (�=0.15418 nm) with detector (X'celerator). The 
diffractometer was operated at 45 kV and 40 mA at a 2� range of 
20–70° employing a step size of 0.01 and a 4 s exposure.
 The synthesized and surface functionalized bioglass were 
ground in an agate mortar and thoroughly mixed with KBr (FTIR 
Grade, 1% w/w). The FTIR spectra were collected using a Nicolet, 
Magna-IR 6700 Spectrometer FTIR (Thermo Fisher Scientific, 
Madison USA) in the range 4000–400 cm-1. The mechanical char-
acterization was performed by means of tensile and tear tests ac-
cording to the ASTM D882 – 10 and ASTM D1004 – 13 standards 
respectively. Tests were carried out in a universal testing machine 
Instron 6022 equipped with a 5 kN load cell. Deformation was fol-
lowed with windows based software.

RESULTS
Particle Size and Morphology of composites
 Figs. (1a and 1b) show the morphology of untreated bioglass 
PLA composites before tensile testing where the agglomerated 
bioglass particles were poorly distributed within the PLA matrix. 
Fig. (1b) shows the dispersion of nano size bioglass particles within 
polymer matrix at a higher magnification.

Fig. (1). SEM micrograph of PLA- untreated bioglass composite at different 
magnifications; a) 26KX and b) 100KX.

 The distribution of the particles measured by Mastersizer 2000 
(Malvern Instruments, Worcestershire, UK) indicated that particles 
or more accurately the agglomerates were between 1 to 100 micron 
in size. On the other hand SEM analysis of the treated bioglass 
composites showed both agglomerated and well dispersed powders 
with particles sizes ranging from 50-100 nm and some large ag-
glomeration of particles were found within the matrix (Fig. 2a and 
2b).

Fig. (2). SEM micrograph of PLA-1% APTES treated bioglass composite at 
different magnifications; a) 26KX and b) 100KX. 

Sol-gel Bioglass 
 The Fourier Transform Infra Red (FTIR) spectrum of the cal-
cined sol-gel bioglass is presented in Fig. (3). The FTIR spectra 
showed peaks at 1,050 and 463 cm-1, corresponding to the Si-O-Si 
stretching and bending mode. The shoulder at about 796 cm-1 is 
attributed to the symmetric stretching of Si–O bond with nonbond-
ing oxygen, namely, Si–NBO–Ca bending vibration mode. The 
peak at 557 cm-1 ascribed to the vibration modes of the P–O bond. 
However, it has to be considered that in this region both PO and 
SiO groups showed characteristic FT-IR peaks, resulting in a broad 
overlapping band [16]. The small shoulder at 2848 and peak at 
1622 cm-1 are attributed to C-H stretching and O–H bending vibra-
tion band of PEG, which was used in the sol-gel bioglass synthesis. 
The peak at 3433 cm-1 attributed to O-H stretching of free water in 
the bioglass or in atmosphere. The amorphous nature of biglass was 
proved by not showing diffraction maxima in X ray diffraction 
(XRD) pattern.

Tensile and Failure Behaviour of the Composites 
 In Fig. (4a), the effect of APTES treated bioglass on elongation 
at break of PLA composites is presented. The prepared PLA com-
posite with treated bioglass shows improved mechanical properties. 
The APTES treated material have a very high percentage elongation 
at break (an increase of 92 %) compared to pure PLA films and 
improvement of about 55% compared with untreated composites.
 Fig. (4b) shows the tear resistance of PLA-untreated bioglass 
composites with 1, 3 and 5% bioglass loadings. It was observed that 
the tear resistant force and percentage elongation of PLA compo-
sites increases with an increase with the bioglass content from 1 to 
3%. All data represent an average of four specimens. 
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Fig. (3). FTIR spectra of calcined sol-gel bioglass. 

Fig. (4). a) Effect of treated and untreated bioglass on elongation at break of 
PLA composites under tensile testing b) Tear test showing tear resistance 
and percent elongation for untreated bioglass/PLA composites. Error bars 
represent standard deviation (SD). 

 The tensile results showed that pure PLA film has yield and 
failure strength of 140 MPa and 81 MPa respectively with elonga-
tion at failure of 180 %. The maximum elongation at break for un-

treated bioglass composites occurred at 0.1 % bioglass content with 
a yield and failure strength and elongation at break of 6.5 MPa, 4.8 
MPa and 305%, respectively. On the other hand treated bioglass 
composites showed the maximum elongation at break of 346% with 
yield strength and failure strength of 5.2 MPa and 10.1 MPa respec-
tively at 0.5% bioglass content. 
 Tear results for untreated bioglass composites showed that pure 
PLA film has a tear resistant load of 6.6 N while its tear failure 
resistance was 2.2 N with elongation at break of 86%. The maxi-
mum elongation at break occurred at 3% bioglass loading with tear 
yield resistance of 2.9 N, tear failure resistance of 2.1 N and elonga-
tion at break of 151%.

Fracture Morphology of Pure PLA and Composites 
 The morphology of pure PLA film after tensile testing is shown 
in Fig. (5). It was observed that the deformation behaviour is slight-
ly different between the outer and inner surfaces of the films which 
may be due to a variations in the drying rates during fabrication. 
One of the fundamental features observed in PLA thin films after 
fracture is the “riverlines”, which indicates clearly the crack growth 
direction. It is suggested that riverlines observed in multiple frac-
tures initiated along the crack front during deformation and began 
to propagate on several slightly different planes and then subse-
quently converges onto one plane. Similar observations in other 
polymers also were reported [17]. Another feature observed on the 
fracture surface is the formation of “cusps”, which appear on the 
fractured surface as raised platelets along riverlines [18].

Fig. (5). SEM micrograph of tensile fractured pure PLA film showing the 
riverlines at the edge and the surface of the thin film. 

 In Fig. (6), the morphology of fractured PLA-untreated bioglass 
composite is shown. The bioglass particles in PLA matrix protruded 
cleanly from the matrix surface indicating a weak interfacial bond-
ing and the compact agglomerated bioglass powders which are in 
some parts partially bonded to PLA matrix. The fracture seems to 
be initiated within the bioglass agglomerated particle and at the 
particle/PLA interface and spread outwards to the surface. In this 
particular juncture, agglomerated bioglass particle created voids 
within the matrix (Fig. 6). These pores generate weak interfaces 
between the particles and the matrix. Furthermore, the particles are 
weakly adhered within the agglomerate itself due to weak adhesion 
of the individual particles and dissociate to smaller particles under 
load. The morphology of fracture is quite similar to pure PLA films 
with riverlines and cusps at the fracture point.
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 The presence of voids or pores within the polymer matrix could 
explain the difference in increased elongation of the PLA/bioglass 
composites compared to pure PLA films. The effect of voids on the 
elastic modulus of the composites could also be easily calculated 
theoretically and compared to the experimental results.  
 Pores act as stress concentrators in adjacent materials and give 
rise to anfractuous material networks that result in an uneven distri-
bution of strains on loading [19].  
 Predictions of elastic properties of porous polymer composites 
using mixtures model developed by Alam [20] (Equation 1) are 
more accurate than classical mixture rules which do not incorporate 
sufficient details on how microstructural features such as pores 
affect the overall resistance to loading. 

�� � ����
��

��

�
�

��

� �������� �
�

�
� � ��

������

�
                         (1) 

Where,  

E - elastic modulus, Fc, eff - effective area, Fr - particle fraction, ���- 
mean reinforcement length, �� - mean diameter, c - composites, b - 
binder (PLA), r - reinforcement (bioglass), St - stress transfer aspect 
ratio, W - sample width, Wp, max - maximum pore length and ��- 
mean anfractuosity. 
 Table 1 shows the comparison of elastic modulus estimation 
using both rules of mixtures given in equation 1, which incorporate 
pores effect and the experimentally measured values. As the results 
suggested, poor adhesion between bioglass and PLA introduces 
voids within the matrix which consequently affect the Ec of the 
composites. 
Table 1. Summary of the Experimental and Calculated Elastic 

Modulus of Samples 

Parameters
Calculated (Eq. 1) 

or published values 

Experimental values 

Treated Untreated 

Pure PLA 

Elongation % 
180.0 NA NA 

Bioglass (0.1%) composite 

Elongation % 
NA 304.5 305.1 

Bioglass (0.5%) composite 

Elongation % 
NA 345.9 282.1 

Bioglass (1%) composite 

Elongation % 
NA 270.9 171.9 

Er (GPa) 4.1[21] 

Eb, (GPa) 35 [22] 

Ec (0.1% Bioglass) (GPa)+SD 3.8+0.2 3.2+1.0 2.8+1.0 

Ec (0.5% Bioglass) (GPa) +SD 3.6+0.1 3.1+1.2 3.2+1.2 

Ec (1.0 bioglass) (GPa) +SD 3.5+0.4 2.4+0.6 3.2+0.7 

SD = Standard deviation 
 

 The morphological changes of fractured PLA-nanosurface 
treated bioglass with 1% APTES composites are shown in Figs. (7a 
and 7b). As explained earlier, untreated bioglass particles agglom-
erated within the matrix with an average particle size of 1 to 100 

�m. After surface treatment with 1% APTES, bioglass easily dis-
persed in all levels within matrix. In SEM observations particle size 
distribution of 5-50 nm was observed. A close examination of frac-
tured surface of PLA-untreated bioglass and PLA-treated bioglass 
composite revealed a distinct difference in the fracture mode around 
the pores and at the bioglass-PLA matrix interface. 
 

 
 
Fig. (6). SEM micrograph of fractured PLA-untreated bioglass composite 
showing agglomerated particles and related pore within PLA matrix (2KX). 
 

 
Fig. (7). SEM micrograph fractured treated bioglass PLA composite at 
different magnifications: a) 2 KX b) 5KX. 

DISCUSSION
 The fractured surface of treated bioglass PLA composites 
shows thinner riverlines around the particle-matrix interface indi-
cating that the fracture did not start from the particle and spread 
outwards like in the untreated bioglass composites. It was observed 
that most of the bioglass agglomerated particles were protruded 
from the fracture surface indicating a weak interfacial adhesion. 
Higher magnification observations show the uniform distribution of 
bioglass particles within the matrix. 
 It can be suggested that surface treated bioglass with APTES 
provides better bonding between amine part of APTES and carbon-
yl group in PLA matrix that can contribute to a better interfacial 
adhesion than untreated ones especially at the nanoparticle level. In 
addition, it can be postulated that a better dispersion of treated bio-
glass in PLA matrix is observed due to the charge created on the 
outer part of the particle giving way to coulombic repulsion be-
tween the particles as shown in other functionalized nanoparticles 
[23].  

Mechanical Properties of Pure PLA and Composites 
 Fig. (4a) shows the effect of APTES treated bioglass on the 
elongation at break of PLA-bioglass composites. SEM analysis of 
the treated bioglass composites (Figs. 2 and 7) showed both ag-
glomerated and well dispersed powders within polymer matrix. The 
improvement of elongation at break of PLA composites compared 
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with pure PLA films suggests that, the introduction of voids within 
PLA matrix due to poor interfacial adhesion between bioglass and 
PLA might be the cause of increase in composite flexibility. The 
effect of voids within PLA matrix on the elastic modulus was eval-
uated by comparing experimental values to values calculated using 
a mixtures’ model for porous-polymer composites. The results do 
not show any significant differences between treated and untreated 
bioglass (55% difference) and the experimental elastic modulus 
correlate well with the calculated values. 
 In addition nanosurface treated bioglass with 1% APTES com-
posites depicted higher elongation at break possibly due to coupling 
effect of APTES. APTES having bonded one side to bioglass sur-
face, other sides are able to interpose between the linear chains of 
PLA and interfere with attractive hydrogen bonding and Van der 
Waals’ forces between polymer chains, making it more flexible and 
hence enhancing interfacial adhesion between PLA and bioglass 
powders. Similar behaviour was observed in other composites using 
APTES [3]. All these microscopic features reinforce the reasoning 
why bioglass treated composites shown in Fig. (7a and 7b) have 
improved flexibility with narrower riverlines at the fracture point.
 Comparison of elongation at break in treated bioglass compo-
site and pure PLA thin films showed an increase of 92%. In com-
parison to the untreated bioglass, an improvement of 55% was ob-
served. It is envisaged that the improvement obtained could allow 
these materials to be used in wider tissue engineering applications 
where porosity and elongation are required.
 In addition to tensile loading, tear tests were carried out accord-
ing to the ASTM standards (ASTM D1004 - 13). Fig. (4b) shows 
the effect of bioglass contents on PLA bioglass composites elonga-
tion during tear test. It was observed that elongation at break during 
tear tests increases around 152% at 3% bioglass addition and then 
decreases afterwards. The different loading mode than tensile test-
ing and poor interfacial adhesion during tears between bioglass and 
PLA matrix could explain the relatively lower elongation observed 
at break and at only higher bioglass contents than 3%. 

CONCLUSIONS
 PLA/ APTES nanosurface modified bioglass composites were 
prepared by solution casting method using different loadings of 0.1, 
0.5 and 1% bioglass and showed improved elongation at break un-
der tensile testing conditions. Bioglass treated with nanolayer of 1% 
APTES suggested to be effective in improving elongation at break 
of PLA/bioglass composites by enhancing dispersion and adhesion 
of bioglass particles in the polymer bioglass interfaces. Maximum 
elongation at break for PLA/untreated bioglass was 305% obtained 
at 0.1% bioglass which was an increase of 69.5% and decreased by 
-4.5% at 1% bioglass content compared with values for pure PLA 
films. For PLA/treated bioglass composites, the maximum elonga-
tion at break was 346% occurred at 0.5% bioglass loading with an 
increase of 92% then decreased to 50% at 1% bioglass compared to 
pure PLA film. PLA/treated bioglass composites shows an im-
provement on elongation at break of 55% at 1% bioglass compared 
to untreated bioglass composites. The morphology of the fracture 
surfaces showed that treated bioglass composites had stronger inter-
facial bonding at the PLA interface than untreated bioglass compo-
sites.
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