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ABSTRACT: Composites which combine biocompatible polymers and hydroxyapatite are unique materials with regards to their

mechanical properties and bioactivity in the development of temporary bone-fixation devices. Nanocomposites based on a biocom-

patible and amphiphilic triblock copolymer of poly(L-lactide) (PLLA) and poly(ethylene oxide) (PEO) —PLLA-b-PEO-b-PLLA— and

neat (nHAp) or PEO-modified (nHAp@PEO) hydroxyapatite nanoparticles were prepared by dispersion in benzene solutions, fol-

lowed by freeze-drying and injection moulding processes. The morphology of the copolymers of a PEO block dispersed throughout a

PLLA matrix was not changed with addition of the nanofillers. The nHAp particles were spherical and, after modification, the

nHAp@PEO nanoparticles were partially agglomerated. In the nanocomposites, these particles characteristics remained unchanged,

and the nHAp particles and nHAp@PEO agglomerates were uniformly dispersed through the copolymer matrix. These particles acted

as nucleating agents, with nHAp@PEO being more efficient. The incorporation of nHAp increased both the reduced elastic modulus

(�22%) and the indentation hardness (�15%) in comparison to the copolymer matrix, as determined by nanoindentation tests,

while nHAp@PEO addition resulted in lower increments of these mechanical parameters. The incorporation of untreated nHAp was,

therefore, more beneficial with regards to the mechanical properties, since the amphiphilic PLLA-b-PEO-b-PLLA matrix was already

efficient for nHAp nanoparticles dispersion. VC 2016 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2016, 133, 44187.
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INTRODUCTION

Bioabsorbable polymeric materials, such as the aliphatic polyest-

ers poly(lactide), poly(E-caprolactone), and poly(glycolide),

have been progressively applied in the manufacture of medical

devices, including tissue engineering scaffolds,1–4 controlled

drug delivery systems,5–7 and implantable devices8,9 because of

the hydrolytic and enzymatic degradation under biological con-

ditions to non-toxic products.10

Poly(L-lactide) (PLLA) is one of the most applied polyesters in

biomedical field. It is used to produce biodegradable devices

such as surgical sutures11 and scaffolds for temporary bone fixa-

tion12,13 due to its feasible in vivo degradation. However, its

bioabsorption can be limited due to its hydrophobic surface

and high crystallinity, which are, respectively, responsible for

limiting the cell adhesion and mechanical behavior.14

Copolymerization of PLLA with hydrophilic blocks, such as

poly(ethylene oxide) (PEO), is a useful method for tailoring its

surface and bulk physical–chemical characteristics. The hydro-

philic nature of a PEO block improves the adhesion of the

PLLA with synthetic ceramic materials based on calcium phos-

phates, such as nanohydroxyapatite (nHAp, Ca10(PO4)6(OH)2)

and beta-tricalcium phosphates (b-TCP).15 These inorganic par-

ticles have been applied as dispersed phases in polymeric bio-

composites16,17 due to their similarity to the mineral phase of

bone in terms of composition and bioactivity.18

Hydroxyapatite dispersion in a polymeric matrix enhances the ther-

mal and mechanical properties of the overall material.6,7 In addi-

tion, nHAp neutralizes the acid degradation products of PLLA-

based copolymers due to the release of basic ions in the implanta-

tion site, which minimizes the inflammatory response19 and

improves osteoblast adhesion, proliferation and differentiation.14,20

Additional Supporting Information may be found in the online version of this article.
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Nevertheless, the dispersion of nHAp particles in a polymeric

matrix is a crucial factor for the performance of these compo-

sites.21,22 The surface modification of nHAp with a copolymer com-

ponent, such as low molar mass PEO or PLLA, in the case of PLLA/

PEO copolymers, has been described in the literature as a successful

strategy to avoid particles agglomeration by favoring nHAp/copoly-

mer interactions.23–25

To enhance the dispersion of nHAp particles into a poly(E-cap-

rolactone)-poly(ethylene oxide)-poly(E–caprolactone) (PCEC)

polymeric matrix, Fu et al. coated nHAp with PEO and the

resulting modified particles were applied as fillers in composite

membranes at 0–40 wt % of nHAp@PEO. The composite mem-

branes were more hydrophilic than neat PCEC, and consequent-

ly, the degradation rate increased with increasing particle

content. The tensile strength and elongation decreased with an

increase in the nHAp@PEO content while the Young’s modulus

increased in comparison to neat copolymer.26 However, the

authors did not compare the performance of composites with

nHAp@PEO and neat nHAp particles as fillers.

Fibrous composites were fabricated by electrospinning from dis-

persions of nHAp and nHAp@PEO into PLLA homopolymer

solutions in CHCl3/DMF (7/3 v/v). The morphology of the

PLLA/nHAp@PEO fibres showed a smooth fibre surface, which

was attributed to nHAp@PEO being uniformly distributed in

the PLLA matrix, in comparison to PLLA/nHAp fibres that pre-

sented defects due to particle agglomeration.23

The amphiphilic triblock copolymer, PLLA-b-PEO-b-PLLA, was

reported by Kutikov and Song to be able to improve the stabili-

ty of hydroxyapatite suspensions in organic solvents, in compar-

ison to the PLLA homopolymer.27 Once the hydrophilic PEO

block enhanced the particle adhesion to the overall polymer,

fibrous composites with more uniform fibre dimensions

and better hydroxyapatite distribution were prepared by

electrospinning.27

PLLA-b-PEO-b-PLLA amphiphilic triblock copolymers present a

flexible and hydrophilic PEO middle block, and hard and

hydrophobic PLLA end blocks. The non-cytotoxic character of

PLLA-b-PEO-b-PLLA was previously demonstrated thorough

PicoGreen
VR

assays, indicating that these copolymers are bio-

compatible candidates for tissue engineering applications.28 No

individual polymer, however, can meet all the requirements for

the design of temporary devices. Nanocomposites consisting of

a polymer matrix and nHAp can offer an improved set of prop-

erties in comparison to their individual components, which

make them suitable candidates for bone tissue engineering

regeneration.29 Additionally, nano-sized particles provide sub-

stantially higher interfacial area for load transfer when incorpo-

rated into a polymeric composite matrix compared to their

micro-sized counterparts.30

The current study is aimed at the development of nanocompo-

sites based on a PLLA-b-PEO-b-PLLA copolymer matrix and

hydroxyapatite nanoparticles, and the investigation of the influ-

ence of the nanofiller, nHAp, and also of the filler with a PEO

capping (nHAp@PEO), on the morphology and overall thermal

and mechanical properties. The applied strategies were: (i)

synthesis of the PLLA-b-PEO-b-PLLA copolymer; (ii) surface

modification of nHAp using low molar mass PEO; (iii) nano-

composite preparation by dispersion of nHAp or nHAp@PEO

particles in a copolymer benzene solution, followed by freeze-

drying; and (iv) preparation of micro-samples by micro-

injection moulding for material characterization. The nanocom-

posites were characterized by means of thermal analyses, nano-

indentation experiments, and morphology.

EXPERIMENTAL

Materials

L-lactide (LLA, 144 g/mol, Sigma-Aldrich) and poly(ethylene

oxide) (PEO29, Sigma-Aldrich, Mn 5 29 kg/mol, Mw/Mn 5 1.2

and PEO8, Fluka, Mn 5 8 kg/mol, Mw/Mn 5 1.1) were lyophi-

lized to remove residual water prior to use. The catalyst,

Sn(Oct)2, and the poly(L-lactide) (PLLA85, Sigma-Aldrich, Mn 5

85 kg/mol, Mw/Mn 5 2.3) were used as received. Hydroxyapatite

nanopowder (nHAp, Ca5(OH)(PO4)3, 502.31 g/mol, Sigma-

Aldrich) was dried under vacuum at 100 8C for 3 h. The sol-

vents, N,N-dimethyformamide (DMF, PA, Vetec), ethanol (PA,

Synth), and benzene (PA ACS, Êxodo Cient�ıfica), were used as

received, and toluene (PA ACS, Synth) was used after being

dehydrated with a 5 Å molecular sieve (Sigma-Aldrich).

Copolymer Synthesis

The copolymer was synthesized by ROP in anhydrous toluene

solutions (mcopolymer:Vtoluene 5 1:10) under an argon atmo-

sphere. Appropriate amounts of Sn(Oct)2 and PEO29 macroi-

nitiator (ncatalyst:nmacroinitiator 5 2:1, method “A” described by

Trinca and Felisberti31) were initially added to a round-bottom

flask, and the mixture was kept under toluene reflux with con-

tinuous stirring for 1 h. After this pre-activation step, LLA was

added, and the reaction solution was kept under reflux for

44 h. The copolymer was precipitated in cold ethyl ether

(Vreaction solution:Vether 5 1:10), filtered, and dried under vacu-

um at 40 8C for 48 h. The yield was 91%.

Hydroxyapatite Nanoparticle Modification

nHAp particles were functionalized with PEO with Mn 5 8 kg/

mol. PEO8 was added to a nHAp suspension in DMF

(mnHAp:VDMF 5 0.04:10 and mnHAp:mPEO 5 1:1), and the mix-

ture was stirred for 48 h, then centrifuged at 13,000 rpm for 60

min. The supernatant was removed and the material was

washed twice with ethanol to remove the excess of PEO8. The

PEO8 functionalized nHAp (nHAp@PEO) was dried under vac-

uum at 40 8C for 48 h.26

Preparation of Nanocomposites and Micro-Injection

Moulded Samples

Copolymer 15 wt % benzene solutions were prepared, and

nHAp or nHAp@PEO were dispersed by sonication for 4 h to

form viscous suspensions (mparticle:mcopolymer 5 1:10). The sus-

pensions were vigorously stirred and immediately freeze-dried

for 24 h. These pre-mixtures were injection moulded to obtain

specimens for characterization using an injection moulding

machine, DSM Xplore, under a pressure of 6 bar and at heater

and mould temperatures of 180 and 40 8C, respectively. Rectan-

gular specimens of 8.0 3 5.0 3 1.3 mm3 were prepared for

dynamic mechanical analysis (DMA), cylindrical specimens with
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diameters of 5.0 mm, and heights of 3.5 mm were moulded for

nanoindentation tests, and also, discs of 1 mm in height were

obtained for differential scanning calorimetry (DSC). The pic-

tures of the specimens are shown in Figure S1 of the Supporting

Information. The same injection moulding conditions were

adopted for the copolymer and PLLA 85 kg/mol samples, while

in the case of PEO 29 kg/mol, the injection moulding was per-

formed under a 4 bar pressure and at 75 8C, with the mould

kept at 30 8C.

Characterization Methods

Copolymer Structure. 1H NMR spectra of deuterated chloro-

form (chloroform-d, 99.8% containing 0.05% tetramethysilane

(TMS), Cambridge Isotope) copolymer solutions (15 mg in

0.7 mL of chloroform-d) were recorded at room temperature

on an Avance AC/P 400 MHz spectrometer (Bruker). Chemical

shifts (d) in ppm were referenced to the TMS internal standard.

The number average molar masses (Mn, Table I) of PEO8 and

PEO29 were determined using the method described by Krichel-

dorf and Meier-Haack,32 which consists of determining the

molar ratio between the hydroxyl end-groups and main-chain

protons (ACH2A at 3.6 ppm) by 1H NMR spectroscopy after

the quantitative reaction between trifluoroacetic anhydride and

the AOH end-groups (ACH2AOCOCF3 shifted to 4.5 ppm in

esterified PEO).

The number-average molar mass (Mn) and block mass ratio

(PEO:PLLA) of the PLLA-b-PEO-b-PLLA copolymer (Table I)

were calculated from the signal area ratios from the methine pro-

tons of the PLLA lactyl units (ACH(CH3)A at 5.18 ppm) and the

methylene protons of the PEO ethylene oxide groups (ACH2A at

3.6 ppm) in the 1H NMR spectrum (Figure S2 Supporting Infor-

mation), considering the previously calculated Mn for PEO29.33–36

The number-average molar mass (Mn), weight-average molar

mass (Mw), and polydispersity index (Mw/Mn) of the PLLA-b-

PEO-b-PLLA copolymer and homopolymers (Table I) were

determined by GPC performed on a Viscotek GPCmax VE2001

instrument equipped with a Viscotek VE3580 refractive index

and Viscotek UV2500 detectors and three Shodex KF-806M col-

umns. The column system was kept at 40 8C and tetrahydrofu-

ran was used as an eluent at a flow rate of 1 mL/min. Molar

masses were calculated relative to PS standards (Viscotek, molar

masses from 1050 to 3,800,000 g/mol). The chromatograms of

the PLLA-b-PEO-b-PLLA copolymer directly after the synthesis,

and also after processing, are depicted in Figure S3 of the Sup-

porting Information.

Nanoparticle Structure. X-ray diffraction (XRD) measurements

for the nHAp and nHAp@PEO particles were carried out using

a Shimadzu XRD-7000. The radiation source (Cu-Ka X-ray,

k 5 0.1542 nm) was operated at 40.0 kV and 30.0 mA, with

a scanning angle ranging from 5 to 508 and a scanning rate of

28 min21.

The crystal size was calculated according to the Debye–Scherrer

equation37:

Dhkl5
Kk
�

b1=2

cos u (1)

where Dhkl is the average crystallite size in the direction of (hkl)

diffraction planes, K is a numerical factor referred to the

crystallite-shape factor (K 5 0.89 for the hydroxyapatite crystal

habit), k is the wavelength of the Cu-Ka radiation (k 5 1.542

Å) and u is the Bragg angle of the characteristic XRD peak. The

crystal sizes along (002) and (310) diffraction planes correspond

to the length and width of the nHAp crystallite, respectively.38

The amount of PEO8 coated on the nHAp@PEO particles was

determined by thermogravimetry performed on a TA Instru-

ments TGA 2950 under an argon atmosphere (with a 100 mL/

min flow rate) at a 10 8C/min heating rate from 30 to 800 8C.

Suspensions of nHAp and nHAp@PEO in ethanol (1.5 mg/mL)

were prepared and dripped on top of a carbon coated copper

grid and left to dry. The samples were analyzed in a Carl Zeiss

Libra 120 transmission electron microscope (TEM; 120 kV)

equipped with an in-column OMEGA energy filter spectrometer

and an Olympus 14 bits CCD camera with 1376 3 1032

resolution.

Homopolymers, Copolymer, and Nanocomposites

Characterization. DSC experiments were performed on a TA

Instruments Q2000 operating at a 20 8C/min rate. Samples were

heated from 280 to 200 8C (first heating), kept at 200 8C for 2

min, cooled from 200 to 2100 8C (cooling), kept at 2100 8C

for 10 min, and then heated again from 2100 to 200 8C (second

heating). DSC curves were normalized with respect to sample

mass (approximately 10 mg).

The crystallinity degree (Xc) of PLLA was calculated according

to the equation:

Table I. Molecular Characteristics of PEO, PLLA, and the PLLA-b-PEO-b-PLLA Copolymer

Polymer

Final composition

nLLA/na
EO

PEO:PLLAa

mass ratio Mn
a (g/mol) Mn

b (g/mol) Mw/Mn
b

PEO8 — 100:0 8000 12000 1.1

PEO29 — 100:0 29000 40000 1.2

PLLA85 — 0:100 — 85000 2.3

PLLA-b-PEO-b-PLLA 0.9 26:74 115000 43000 1.6

Determined by a1H NMR and bGPC.
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Xc5
DHm
�

w3DH
m;100%

� � (2)

where DHm is the melting enthalpy related to the endothermic

peak, DHm,100% is the melting enthalpy for 100% crystalline

PLLA, taken as 93 J/g,14 and w is the mass fraction of PLLA in

the samples.

DMA experiments were performed on a DMTA V from Rheo-

metric Scientific
VR

with a 0.01% strain at a 1 Hz frequency. Sam-

ples were loaded onto a tension fixture with a 6-mm gap and

equilibrated at 2100 8C. The dynamic mechanical properties

were recorded during heating at 2 8C/min from 2100 to 200 8C.

Cross-sections of micro-injection moulded specimens were

obtained by cryogenic fracture for scanning electron microscopy

(SEM) analysis. Samples were Pt sputter coated in a MD 020

(Bal-Tec) sputter coater. SEM inspection was carried out in a

JSM-6360 (JEOL) SEM, operating at an accelerating voltage of

10 kV.

Approximately 35 nm thick ultrathin sections were cut from

injection moulded specimens in a Leica EM FC6 cryo-

ultramicrotome using a diamond knife at 2100 8C to prepare

TEM samples. TEM investigations were carried out on the Carl

Zeiss Libra 120 TEM.

Nanoindentation tests were performed in a Triboindenter (Hysi-

tron) at 23 8C and 50% of relative humidity using a diamond

Berkovich tip. Two sets of tests were carried out and for each

set and sample, at least 20 indentations were performed at dif-

ferent surface locations. In all cases, displacement data were cor-

rected by thermal drift effect following the procedure

recommended by Hysitron. To obtain representative properties

of the bulk materials, large penetration depths were used, assur-

ing that the deformation volumes were significantly larger than

the size of the morphological domains of the nanocomposites.

Quasi-static mechanical properties (E and H) were evaluated

from indentation experiments performed at a maximum load of

3 mN and at loading/unloading rates of 300 lN/s. A holding

time of 15 s was applied at maximum load to minimize creep

effects in the unloading curve. Under these conditions, the

unloading was assumed to be elastic and the Oliver-Pharr

approach39 was applied (Supporting Information eq. S1-S3).

The viscoelastic response of the materials, was evaluated from

tests carried out by applying a fast loading stage at 3000 lN/s

to limit relaxation phenomena and holding the load at 3000 lN

during 50 s. Displacement data recorded during the holding

stage (h) were interpreted using the indentation creep phenom-

enological model proposed by Beake40,41 (Supporting Informa-

tion eq. S4).

Scanning probe microscopy (SPM) images of the impressions

remaining on the sample surfaces, after testing, were obtained

using the SPM module of the Triboindenter.

RESULTS AND DISCUSSION

Copolymer Synthesis and Characterization

Table I presents the composition of the polymers, expressed as

the LLA and EO units molar ratio (nLLA/nEO) and block mass

ratio (PEO:PLLA), and polydispersity indexes (Mw/Mn), arising

from 1H NMR and GPC analyses (Figures S2 and S3 Support-

ing Information, respectively).

As mentioned in the Experimental section, the copolymer was

subjected to sonication and to injection moulding from the

melting state. A shift in the elution volume from 27.1 to

27.5 mL, and in the polydispersity index (Mw/Mn) from 1.6 to

2.3, was observed, indicating that the processing caused changes

in the PLLA-b-PEO-b-PLLA copolymer molar mass and its dis-

tribution. The chromatograms of the PLLA-b-PEO-b-PLLA

copolymer, before and after processing, are depicted in Figure

S3 of the Supporting Information.

nHAp and nHAp@PEO Structure Characterization

Figure 1 show the XRD patterns of nHAp and nHAp@PEO.

The nHAp diffraction pattern reveals three main peaks at

Bragg’s diffraction angles of 2u 5 25.8, 31.8, and 32.98, which

respectively correspond to the (002), (211), and (300) diffrac-

tion planes.26,43,44 These observations are consistent with the

standard XRD pattern for hexagonal nHAp.42,45 The diffraction

peaks of nHAp@PEO appear at the same angles, however they

are broader and more diffuse than those of nHAp, due to the

presence of PEO8 capping.

The full widths at half maximum (b1 2= ) of XRD peaks at

2u 5 25.88 and 39.98 were respectively used to calculate the

length (D002) and width (D310) of the crystallites [eq. (1)].

Hydroxyapatite crystallites presented D002 5 30 nm and

D310 5 32 nm for nHAp, and D002 5 28 nm and D310 5 28 nm

for nHAp@PEO.

The thermogravimetric curves of PEO8, nHAp, and nHAp@PEO

(Figure 2) show an initial mass loss for both nHAp and

nHAp@PEO of about 0.7% around 220 8C and it is probably

due to moisture (Figure 2: inset). After that, no significant

mass loss events were observed for nHAp. Hydroxyapatites, as

hydrated calcium phosphate materials, begin to gradually

Figure 1. XRD patterns of (a) nanohydroxyapatite (nHAp) and (b) nano-

hydroapatite modified with PEO (nHAp@PEO). The peaks assignment

was done according to ref. 42.
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dehydroxylate at around 800 8C to form oxyhydroxyapatite.24

From the registered nHAp@PEO thermogravimetric data up to

500 8C, a thermal degradation event starting around 360 8C was

associated to PEO8 degradation, and thus, it was concluded that

7 wt % PEO8 was adsorbed on the nHAp surface.25 Yamini

et al. synthesized nHAp particles and PEO functionalized nHAp

(nHAp@PEO). Raman spectral measurements have been per-

formed and the active vibrational modes of PEO were highly

influenced by the electrostatic interaction between the two

materials, evidencing the non-specific adsorption of PEO on the

nHAp surface.25

nHAp and nHAp@PEO particles are predominantly spherical

with diameters of 78 6 39 and 79 6 37 nm, respectively, as

determined by TEM (the diameter distribution curves of the

particles are shown in Figure S4 Supporting Information).

TEM bright field images of nHAp and nHAp@PEO are shown

in Figure 3(a–c), respectively. TEM bright field images show a

darker region, which is related to the denser phase, that is, to

the nanohydroxyapatite particles in both nHAp and nHAp@-

PEO. Alternatively, the grey region around the nHAp@PEO

nanoparticles is thought to be the 5 6 2 nm thick PEO capping.

The chemical composition of the nanoparticle capping was

investigated through electron energy loss spectroscopy using a

10 eV energy slit. The carbon and calcium maps are shown in

Figure 3(d,e), respectively. These maps reveal that the ring

formed by the lighter contrast in Figure 3(c) is mainly com-

posed of carbon, while the particle itself is mainly composed of

calcium, which confirms the PEO layer adsorbed on the nano-

hydroxyapatite surface. The observed TEM particles dimensions

are higher than the corresponding crystallite size (i.e., 28–

30 nm), which is expected due to the fact that these nanopar-

ticles are polycrystalline.46

Figure 2. Thermogravimetric curves of (�) PEO8, (�) nHAp, and (•)

nHAp@PEO particles under argon atmosphere. The inset highlights the

initial mass loss from nHAp and nHAp@PEO.

Figure 3. TEM bright field micrograph of (a) nHAp, (b) and (c) nHAp@PEO and its (d) carbon (in blue) and (e) calcium (in red) maps. [Color figure

can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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The superficial modification of the hydroxyapatite with PEO

was able to improve the nHAp@PEO suspension stability in the

copolymer solutions (in benzene and in ethanol), in comparison

to neat nHAp suspensions. This effect may be attributed to the

steric repulsion originating from adsorbed PEO on the nHAp@-

PEO surfaces.47 After solvent removal, particle aggregation

occurs, as depicted by TEM bright field images (Supporting

Information S4), and this effect is more pronounced in

nHAp@PEO nanoparticles. Similar results have been reported

by Cheng et al. for nHAp@PEO/PLLA scaffolds prepared from

homogeneous suspensions in CHCl3/DMF. The aggregation

resulted from the affinity between nHAp@PEO particles.23

Nanocomposites Characterization

The thermal transitions of the homopolymers, copolymer and

nanocomposites, determined using DSC (Figure 4), are summa-

rized in Table II. For PLLA85, copolymer and nanocomposites, a

glass transition in the first heating occurred at approximately

Tg 5 50 8C. These polymeric systems crystallized and melted

during the first heating, as depicted, respectively, by exothermic

and endothermic peaks with temperature of Tc at 95 8C and

mininum temperature of Tm at 166 8C. The described Tg and

the subsequent crystallization and melting events of the first

heating refer to the PLLA phase. PEO29 melting during the first

heating is depicted by an endothermic peak with Tm 5 75 8C.

There is no evidence of the presence of crystalline PEO phase in

the injection moulded copolymer and nanocomposites.

In the cooling curves, PEO29 and PLLA85 homopolymers crys-

tallization occurred at Tc 5 41 8C and 83 8C, respectively. All the

other samples displayed an exothermic and intense peak at

approximately 100 8C, referring to PLLA crystallization and a

less intense peak assigned to PEO phase crystallization at

approximately 20 8C.48

The glass transition in the second heating occurred at

Tg 5 240 8C for the copolymer and at Tg 5 250 8C for the

nanocomposites, and is associated with the PEO phase. The two

endothermic peaks at approximately 45 and 160 8C in the sec-

ond heating curves came from the melting of the crystalline

phases of PEO and PLLA, respectively. The PEO29 and PLLA85

homopolymers melted at Tm,PEO 5 66 8C and Tm, PLLA 5 158 8C

in the second heating.

The crystallization temperature for PLLA blocks in the copoly-

mer during cooling is higher for the nanocomposites than that

for the pure copolymer, which suggests that the dispersed inor-

ganic particles act as the centre of nucleation and induce earlier

formation of PLLA nuclei.49 Compared with the nHAp nano-

composite, the higher crystallization temperature of the

nHAp@PEO nanocomposite indicates the more efficient nucle-

ating action of nHAp@PEO compared to nHAp for polymeric

segments. The melting peaks of nanocomposites during the sec-

ond heating shifted to higher temperatures, as compared with

the pure copolymer, as a consequence of the higher lamellae

thickness. However, the crystallinity degree of PLLA phase was

not influenced by the nHAp capping. The effect of the nanopar-

ticles on the crystallization of PEO phase followed the same

trend observed for PLLA.

The PLLA mass fraction (w) in the crystallinity degree (Xc) cal-

culation [eq. (2)] was taken as 74 wt % for the copolymer

(Table I) and 67 wt % for the nanocomposites. The comparison

of Xc values reported in Table II (Xc 5 48, 58, and 61%, for the

copolymer and nanocomposites with nHAp and nHAp@PEO,

respectively, taken the DHm from the second heating scans to

ensure the same thermal history of crystalline phase formation)

shows that inorganic particles cause an increase in the crystal-

linity degree of the PLLA phase in the nanocomposites.

Figure 4. DSC curves for first heating, cooling and second heating at 20 8C/min of (a) PEO 29 kg/mol, (b) PLLA 85 kg/mol, (c) PLLA-b-PEO-b-PLLA

copolymer, nanocomposites of (d) nHAp, and (e) nHAp@PEO. The vertical lines mark the melting peak temperatures of the PEO and PLLA homopoly-

mers in the heating curves, while in the cooling curves, the crystallization onset temperature of the homopolymers is highlighted. The arrows point out

the glass transitions of the materials.
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The crystallinity degree of the PLLA blocks in the injection

moulded copolymer and nanocomposites can be inferred

from the first heating data, from the difference of

DHm 2 DHc, PLLA (Table II). The crystallinity degree of the

injection moulded materials (Xc 5 49, 42, and 40%, respec-

tively) showed the opposite trend in comparison to the DSC

second heating experiments. However, this opposing trend in

the DSC first heating does not contradict the described

nucleating capability of the nHAp and nHAp@PEO particles.

It reflects the effect of the processing history and also the

differences between the thermal conductivity values (k) of the

neat copolymer and nanocomposites. In general, semicrystal-

line polymers present k values around 0.1–0.3 W m21 K21 50

while apatites have k values around 1.3–2.0 W m21 K21.51

After the thermal moulding, the injected materials were

allowed to cool down to room temperature, and the higher

thermal conductivity of hydroxyapatite nanocomposites

implies in a higher cooling rate for nanocomposites, what

could contribute to decrease the crystallinity degree in com-

parison to the neat copolymer. This effect is not observed in

the DSC second heating, because all materials were cooled

down at a constant rate of 20 8C/min, and the samples

masses were small enough to guarantee an efficient heat

transfer during the DSC analyses. The reduction of cooling

time of composites, in comparison with the polymeric matrix,

by the introduction of fillers with high thermal conductivity,

and the implication on the polymer crystallization have been

reported previously.52–54

Figure 5 shows the SEM micrographs of the nanocomposites

containing 10 wt % of nHAp [Figure 5(a)] and 10 wt % of

nHAp@PEO [Figure 5(b)]. These micrographs show that nHAp

particles are uniformly dispersed, while nHAp@PEO particles

are more agglomerated. Particle aggregation of nHAp@PEO

occurred already during capping, as depicted by TEM bright

field images (Supporting Information S4).

TEM images of ultrathin films cut from injection moulded

PLLA-b-PEO-b-PLLA [Figure 6(a)] present a dark and diffuse

phase, probably due to PEO middle block phase disperse in the

PLLA matrix. This phase is not observed for the nHAp nano-

composite [Figure 6(b)], suggesting that PEO blocks are

adsorbed on the nHAp surface.

Table II. Thermal Properties of Homopolymers, PLLA-b-PEO-b-PLLA Copolymer and Nanocomposites Determined by DSC and DMA, and Mechanical

Parameters Determined from Nanoindentation Experiments

Material

PLLA85

PLLA-b-PEO-
b-PLLA

nHAp
composite

nHAp@PEO
composite PEO29

Tg ( 8C) First heating 47 55 50 50 —

Second heating 23 239 251 250 —

Tc PLLA ( 8C) First heating 91 97 95 96 —

Cooling 83 95 106 111 —

DHc PLLA (J/g) First heating 25 10 13 15 —

Cooling 38 28 31 33 —

Tc PEO ( 8C) Cooling — 19 25 27 41

DHc PEO (J/g) Cooling — 1.9 2.7 4.0 161

Tm PEO ( 8C) First heating — — — — 75

Second heating — 47 45 44 66

DHm PEO (J/g) First heating — — — — 186

Second heating — 10 14 15 171

Tm PLLA ( 8C) First heating 168 166 167 166 —

Second heating 158 148 166 163 —

DHm PLLA (J/g) First heating 51 44 39 40 —

Second heating 51 33 36 38 —

Xc PLLA (%) First heating 28 49 42 40 —

Second heating 55 48 58 61 —

Tg PEO ( 8C) E00 vs. T — 242 252 243 —

Tg PLLA ( 8C) tan d vs. T — 59 63 54 —

Er (GPa) Nanoindentation 2.45 (60.06) 0.74 (60.01) 0.91 (60.02) 0.86 (60.03) —

H (MPa) 132.9 (65.0) 34.5 (60.4) 39.9 (60.9) 35.5 (61.8) —

A/h(0) 0.067 (60.002) 0.065 (60.001) 0.074 (60.002) 0.072 (60.003) —

B (nm/s) 3.49 (60.19) 3.76 (60.23) 3.65 (60.23) 3.96 (60.38) —

h(0) (nm) 883 (612) 1581 (615) 1450 (622) 1547 (632) —
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In addition, the nHAp@PEO nanocomposite (Figure 7) presents

well-defined nHAp agglomerates and smaller particles spread

throughout the polymeric matrix. The carbon [Figure 7(b)] and

calcium maps [Figure 7(c)] reveal that the small particles in

Figure 7(a) also contain carbon and calcium, and they are prob-

ably particles consisting of nHAp and PEO. These observations

suggest that the amount and length of the PEO block in the

copolymer favor nHAp encapsulation.

The storage modulus (E0), loss modulus (E00), and tan d versus

temperature curves are shown in Figure 8. The analysis of the

E0 versus T curves reveals a continuous decrease from 275 to

100 8C from the initial storage modulus value of 3.109 to

around 5.107 Pa, followed by an increment (to 1.5.108 Pa)

around 100 8C due to cold crystallization and by a decrease

above 125 8C due to PLLA phase melting. The E00 versus T and

tan d versus T curves present two peaks up to 100 8C. The low

temperature peak, at 245 8C, is more evident in the E00 versus T

plot and it is attributed to the glass transition of the PEO

phase. The peak at high temperature, at 60 8C, which is clear in

the tan d versus T plot, is attributed to the glass transition of

the PLLA phase. Their maximum temperatures are assigned to

the Tg of the PEO and PLLA phases (summarized in Table II).

The dynamic mechanical properties associated to PLLA-b-PEO-

b-PLLA block copolymer relaxations have been previously

described elsewhere.28 The DMA results imply that the PLLA-b-

PEO-b-PLLA copolymer and both nanocomposites are multi-

phase systems. E0 decreases by one order of magnitude in the

temperature range of the PEO glass transition, indicating that

the copolymer presents a morphology of a PEO phase dispersed

in a PLLA matrix.28

The glass transition of the PEO phase in the presence of the

nHAp and nHAp@PEO nanofillers becomes narrower, as can be

observed in the E00 versus T curves (Figure 8). This phenome-

non is related to polymer/nanofiller specific interactions, which

hinder the polymer chains relaxations. The mobility restriction

and the free volume reduction of a polymer matrix due to the

presence of hydroxyapatite particles have been reported for

Figure 5. SEM images of the (a) nHAp and (b) nHAp@PEO nanocomposites. The insets highlight the nanoparticles. Scale bars of 2 mm.

Figure 6. TEM bright field micrographs of the (a) PLLA-b-PEO-b-PLLA copolymer and (b) nHAp nanocomposite after processing.
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different polymers (for example: polylactide, polyethylene, poly-

propylene, polyamide) by many authors.55–58 Moreover, the area

of the peak in the tan d versus T curves related to the glass

transition of PLLA phase become higher with the addition of

the nanofillers, meaning the increasing of the amorphous frac-

tion and, consequently, of the relaxation capacity and energy

conversion of the PLLA phase. This could be explained by the

differences of the crystallinity degree of the PLLA phase in the

copolymer and nanocomposites. Table II shows that the crystal-

line degree of PLLA phase increases in the inverse direction of

the tan d versus T area increment.

The main difference between copolymer and nanocomposites in

E0 versus T and E00 versus T curves are observed above PLLA

phase glass transition at around 75–100 8C. At this temperature

range, the storage and loss moduli of nHAp nanocomposite are

smaller than the copolymer, due to the lower crystallinity degree

of the PLLA phase.

The mechanical behavior of the nanocomposites was evaluated

by means of nanoindentation experiments due to the reduced

dimensions of the micro-injection moulded samples for evaluat-

ing the reinforcement effect of fillers in polymer-based nano-

composites.59,60 The size of the deformed volume is larger than

the morphological domains shown in Figure 5, and therefore,

the measured curves are representative of the overall behavior

of the nanocomposites.61

Figure 9(a) shows the typical indentation load-penetration

depth curves obtained in depth sensing indentation experiments

for all micro-injection moulded samples. Despite the higher

crystallinity of PLLA blocks (Xc 5 49%, Table II) compared to

neat PLLA85 (Xc 5 28%), the copolymer behaves tougher and is

more compliant than the PLLA85. This indicates that the amor-

phous character of the PEO disperse phase in the copolymer

overcomes the higher PLLA phase crystallinity degree, and it is,

therefore, more relevant in determining the mechanical proper-

ties of the copolymer and nanocomposites. All samples showed

hysteresis between loading and unloading stages and creep dur-

ing the constant load stage. The impressions left of the sample

surfaces are indicatives of plastic deformation and, consistent

Figure 7. TEM bright field micrograph of the (a) nHAp@PEO nanocomposite and its (b) carbon and (c) calcium maps. [Color figure can be viewed in

the online issue, which is available at wileyonlinelibrary.com.]

Figure 8. Storage (E0) and loss (E00) moduli and tan d versus temperature curves of (�) PLLA-b-PEO-b-PLLA, and of the (�) nHAp and (�) nHAp@-

PEO nanocomposites.
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with the shape of the load-penetration depth curves, the size of

the impression left on the PLLA85 surface by the Berkovich tip

is smaller than that left on the PLLA-b-PEO-b-PLLA surface

[the insets in Figure 9(a)].

The indentation curves of Figure 9(a) were analyzed following

the Oliver-Pharr approach (see Supporting Information eq. S1)

and the mechanical properties are given in Table II. It has been

reviewed that Er values of polymers and nanocomposites calcu-

lated by the Oliver-Pharr approach are generally in the range of

those determined from conventional uniaxial tensile testing.59

In addition, H values can be taken as a measure of the material

yield stress as it is proportional to it.62 The applied holding

time at maximum load was enough to minimize the creep

effects on the unloading curve. This condition was verified

applying the post-experiment data correction proposed by Ngan

et al.63 For all samples, the difference between the corrected

stiffness (Se) and the one determined by the Oliver-Pharr meth-

od (S) was lesser than 1%.

The PLLA-b-PEO-b-PLLA copolymer displays lower Er and H

than the PLLA85 homopolymer. The incorporation of nHAp

and nHAP@PEO moderately increases the Er and H of the pris-

tine copolymer. No remarkable differences are observed in the

mechanical properties of both nanocomposites. These results

are in agreement with the storage modulus values reported at

room temperature in Figure 8.

The slight improvement in the properties of the nanocompo-

sites can be attributed to the balance between the polymer crys-

tallinity and amount and dispersion of the stiff filler (E � 80

GPa for nHAp).64 The crystallinity of PLLA achieved under the

injection moulding conditions decreases with the incorporation

of nHAp or nHAp@PEO, in comparison with that developed in

the neat copolymer. Therefore, the expected large increment in

properties due to the stiffening effect of the rigid nHAp and

nHAp@PEO particles is partially compensated by the reduction

in the matrix crystalline fraction. The lower degree of nanopar-

ticle agglomeration observed in the nHAp nanocomposite sam-

ple, compared to the nHAp@PEO nanocomposite (Figure 5),

may also contribute to the slightly higher increment in modu-

lus. The partial agglomeration of nHAp@PEO nanoparticles

leads to a lower adhesion to the matrix and to a reduction in

the mechanical properties in comparison to nHAp nanocompo-

site. Similar results were reported for a biomimetic nanocompo-

site based on polyamide 6.9 (PA 6.9) and nHAp with load

ratios ranging from 1 to 10 wt %.58 The increment of storage

modulus as a function of nHAp content in nanocomposites

occurs until the limit value of 5 wt %. Above it, the storage

modulus decreased, which was related to the decrease of the

crystallinity degree and also to particle aggregation.58

Figure 9(b) shows the fractional increase in depth during the

hold period of the indentation creep experiments. Creep model

parameters, fitted according to eq. (S4) of Supporting Informa-

tion, are given in Table II. The PLLA85 semicrystalline homo-

polymer shows an inverse relationship between the strain rate

sensitivity (A) and creep rate (B) parameters. This relationship

has also been observed in other polymer systems.40 The

“instantaneous” penetration depth achieved at the end of the

fast loading period, h(0), is larger for PLLA-b-PEO-b-PLLA

than for PLLA85. However, the fractional increase in depth dur-

ing the holding period of PLLA85 and PLLA-b-PEO-b-PLLA

practically coincided, meaning that the viscoelastic behavior of

the copolymer is governed by the PLLA phase. The mechanism

of deformation during indentation creep for a semicrystalline

polymer is described as a “slippage” process in which the lamel-

lar crystals slide within the viscous amorphous phase.65 The

addition of nHAp or nHAp@PEO resulted in the same and

moderate increase in the strain rate sensitivity and creep rate, in

comparison with the pristine copolymer creep behavior. The

reduction of creep resistance can be attributed to the decrease

in crystallinity degree in the nanocomposites, which prevails

Figure 9. Nanoindentation experiments of the PLLA85 homopolymer, copolymer and nanocomposites: (a) load penetration depth curves and (b) tip

penetration depth measured as a function of time. The insets highlight the SPM images showing the impression left by the Berkovich indenter on the

surfaces of the PLLA85 and PLLA-b-PEO-b-PLLA samples.
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over the expected inhibition of the “slippage” process imposed

by the nanoparticles. Similar results were observed in other

nanocomposite systems based on a semicrystalline matrix.66

CONCLUSIONS

Nanocomposites, combining the biocompatible triblock copoly-

mer, PLLA-b-PEO-b-PLLA, and nHAp or PEO surface modified

hydroxyapatite nanoparticles (nHAp@PEO), were successfully

prepared by freeze-drying of benzene dispersions, followed by a

micro-injection moulding process. The nanoparticles act as

nucleating agents and nHAp@PEO is more efficient in increas-

ing the crystallization temperature of PLLA and PEO blocks.

The morphology of the PEO phase dispersed through the PLLA

matrix for the copolymer is not affected by the presence of the

nanofillers, and the mechanical properties of all the studied

materials are governed by the PLLA phase. nHAp partially

agglomerates after surface modification. However, both fillers

are uniformly dispersed throughout the copolymer matrix. The

injection moulded nanocomposites present lower crystallinity

for the PLLA block phase, in comparison with the neat copoly-

mer due to the processing conditions and also to the higher

heat conductivity of the nanocomposites after nanofillers incor-

poration. The moderate increment of the elastic modulus E

(�22%) and hardness H (�15%), while the creep resistance of

the nanocomposites is reduced, in comparison to the neat

PLLA-b-PEO-b-PLLA copolymer, is more pronounced for the

nHAp nanocomposite and it reflects two opposing effects: the

filler reinforcement and reduction in PLLA crystalline fraction.

Our results indicate that the PEO blocks in the copolymer can

disperse nHAp particles. Thus, we conclude that a previous

encapsulation of the nHAp particles with PEO is not necessary

to promote filler dispersion and improve mechanical properties.

Compared to the reported conventional hydrophobic PLLA, the

biocompatible PLLA-b-PEO-b-PLLA amphiphilic copolymer by

itself exhibits advantages in dispersing hydrophilic nHAp and

nHAp@PEO nanofillers with improved interfacial adhesion for

bone tissue engineering applications.
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