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Abstract Novel PLLA composite fibers containing

hydroxyapatite (HAp) nanorods with or without surface

lactic acid grafting were produced by extrusion for use as

reinforcements in PLLA-based bone plates. Fibers con-

taining 0–50% (w/w) HAp nanorods, aligned parallel to

fiber axis, were extruded. Lactic acid surface grafting of

HAp nanorods (lacHAp) improved the tensile properties of

composites fibers better than the non-grafted ones (nHAp).

Best tensile modulus values of 2.59, 2.49, and 4.12 GPa

were obtained for loadings (w/w) with 30% lacHAp, 10%

nHAp, and 50% amorphous HAp nanoparticles, respec-

tively. Bone plates reinforced with parallel rows of these

composite fibers were molded by melt pressing. The best

compressive properties for plates were obtained with nHAp

reinforcement (1.31 GPa Young’s Modulus, 110.3 MPa

compressive strength). In vitro testing with osteoblasts

showed good cellular attachment and spreading on

composite fibers. In situ degradation tests revealed faster

degradation rates with increasing HAp content. To our

knowledge, this is the first study containing calcium

phosphate–polymer nanocomposite fibers for reinforce-

ment of a biodegradable bone plate or other such implants

and this biomimetic design was concluded to have potential

for production of polymer-based biodegradable bone plates

even for load bearing applications.

1 Introduction

Diaphyseal fractures are common fracture patterns of the

long bones, and the usual strategy in their treatment is to

use bone plates to restrain the movement of the fragments.

In such an application, the bone plate carries the com-

pressive load applied to the bone fragments throughout the

healing process (around 1–1.5 years). The conventional

compression plates are made of metals, including stainless

steel and titanium as well as alloys such as cobalt-chro-

mium [1–3]. Elastic modulus of human cortical bone is in

the range 15–26 GPa, however, that of metals are 5–10

times higher [4]. This modulus mismatch leads to stress-

shielding effect, the result of which is decrease of the bone

mineral mass leading occasionally to bone fracture after the

plate removal. Stress shielding is caused by the absence of

load on the healing bone because of the metal plate taking

over all the stress transfer. Another problem with the use of

metal plates is corrosion and/or accumulation of metallic

particles in the vicinity of the implant that may alter

osteoblast behavior even at subtoxic levels [5], or at distant

body parts including draining lymph nodes, spleen and

liver [6]. Finally, a metal bone plate has to be removed by

surgery after healing is accomplished.

To avoid the stress-shielding, it is desirable to use plates

made of materials with mechanical properties close to

those of the bone. The best candidates are polymers,
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especially the biodegradable ones that would not cause

long term foreign particle accumulation in the body and

would eliminate the cost and discomfort of a removal

surgery. Therefore, studies on such biodegradable poly-

meric osteofixation devices have been continuing since the

introduction of first biodegradable devices in 1966 [7].

Poly(L-lactide) (PLLA) is one of the sturdiest and most

frequently adopted biodegradable polymer in bone fixation

systems [8–11], however, the most prevalent problem

reported about those devices is their mechanical properties

that cannot approximate to those of bone.

The inherently better mechanical properties of PLLA

among other polylactides is due to its semicrystalline struc-

ture, where the steric effects cause tight association in

crystallite regions which act like crosslinks between polymer

chains and improve the mechanical properties. The crystal-

lite regions, though, are not degraded as fast as the polymer

backbone and mobilized and released into circulation.

Although these free particles were reported to have a risk to

evoke a highly inflammatory body response against PLLA in

some cases [12], lack of sufficient sources of alternative

biodegradable polymers with comparable mechanical prop-

erties and generally accepted high biocompatibility of

polylactide polymers are the reasons for the never-ending

interest for PLLA in mechanically demanding applications.

Although the mechanical demand on metallic and

ceramic biomaterials is normally below their ultimate

strengths, these requirements are generally higher than the

capability of polymers, making them prone to mechanical

failure [13]. At this point, polymer composites appear as

potential candidates in overcoming this mechanical disad-

vantage [14–16]. Composites of biodegradable polymers

with hydroxyapatite (HAp) are especially attractive for

bone tissue applications because calcium phosphate–poly-

mer composites create a highly biocompatible [17] and

osteoconductive product [18–21]. HAp can also tightly

bind to the bony tissue chemically so that the bone and

implant unite [22, 23]. Furthermore, the sustained release

of calcium and phosphate from those composites is an

added benefit, where the two ions serve as substrates in

remodeling reactions of mineralized tissues [24].

The nano-scaled crystal structure of natural apatite

explains the reason behind the superior mechanical prop-

erties of bone over any biomaterial designed for use in long

bone healing [25]. In this study, HAp nanorods were used

to mimic the natural apatite of the bone. In order to

increase the mechanical strength, HAp nanorods were

aligned parallel both to the composite fibers and the long

axis of the bone plate, a design that occurs in long bones

where collagen fibers with distributed nano apatite crystals

are aligned parallel to the long axis of bone.

In the literature, there are quite a number of examples

for use of micro or nano HAp rods/fibers or particles in

composite biodegradable polymeric biomaterials desig-

nated for use in bone fixation or grafting [26–32]. Despite

different sample geometries which were tested for different

aspects including tensile, compressive, or bending usually

resulted in non-comparable results, it can be deduced that

all these composites resulted in superior mechanical

properties for bone repair applications than their mono-

phasic counterparts. Studies with continuous fiber rein-

forced biodegradable plates are also available, in a lower

number of cases, in the literature [33, 34]. Composites

containing newly developed reinforcements of continuous

or short phosphate glass fibers with 10–20 lm diameters

were also suggested as alternatives for HAp fibers with

claims of high mechanical properties and complete bio-

degradation [35, 36]. However, to our knowledge, this is

the first study in the literature where calcium phosphate–

polymer nanocomposite fibers are used in the reinforce-

ment of a biodegradable bone plate or any other implant.

Furthermore, loaded calcium phosphate particles were in

the form of nanorods and the here presented technique

enabled their placement parallel to the long axis of the

implant, mimicking the bone’s microscopic structure with

the expectation that this design also attains the mechanical

properties of the implant.

Use of continuous reinforcing fibers is a common

practice in manmade composite materials adopted for

increased mechanical properties towards the fiber align-

ment direction. In the structure of bones, however, nature

utilized non-continuous but still aligned slender apatite

nanoparticles for reinforcement of the collagen fibers, the

main matrix component. This discrete pattern was sug-

gested to provide bones enough strength and toughness

without being brittle due to the elimination of crack

propagation throughout the reinforcement axis [25]. This

design pattern was mimicked in the current study with the

hypothesis that it can help increase mechanical properties

of PLLA as bone plates or other devices for fixation of load

bearing bones in a completely biodegradable manner.

HAp nanorods with 50–150 nm length with 5–20 nm

diameters were hydrothermally synthesized. They were then

surface grafted with lactic acid in order to achieve both a

higher chemical compatibility between HAp nanorods and

the PLLA matrix and to have a more homogenous distribu-

tion of nanorods within the polymer. Nanocomposite fibers

of PLLA and HAp nanorods were prepared by extrusion and

tensile tested. The bone plates were produced by embedding

these composite fibers within PLLA matrix in a mold via

melt pressing and the plates were mechanically tested for

compression. In situ degradation studies in PBS and in

ultrapure water were carried out and weight loss and pH

change were followed for up to 6 weeks. In vitro studies

were done using rat bone marrow stem cells to study the

interaction of nanocomposite fibers with osteoblasts.
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2 Materials and methods

2.1 Materials

Poly(L-lactide) (Resomer L210, i.v. 3.3–4.3 dl/g) was

purchased from Boehringer-Ingelheim (Germany). Lactic

acid (90%), and hydroxyapatite (amorphous nano-micro

particles, cHAp) were obtained from Fluka (Switzerland).

Dexamethasone, b-glycerophosphate disodium salt, and

glutaraldehyde solution (grade I, 25%) were purchased

from Sigma-Aldrich (Germany). Dulbecco’s Modified

Eagle Medium (DMEM, high glucose) and fetal bovine

serum were obtained from Hyclone (USA). Alamar Blue

cell proliferation assay was from Invitrogen (USA). FITC-

phalloidin and DAPI were obtained from Sigma (USA).

2.2 Synthesis of hydroxyapatite nanorods

Hydroxyapatite (HAp) nanorods were synthesized by

modifying the method reported by Yubao et al. [37].

Briefly, 0.3 M (NH4)2HPO4 and 0.5 M Ca(NO3)2 aqueous

solutions were prepared, pH was adjusted to 11 with

ammonia solution and the phosphate solution was added at

a constant rate into the calcium solution while stirring. The

suspension was heated at 70�C for 2 h, washed with dis-

tilled water, ethanol, and acetone, and then heated at 140�C

for 2 h, washed with distilled water and the precipitate was

dried under vacuum.

2.3 Lactic acid surface grafting of HAp nanorods

The synthesized HAp nanorods were surface grafted with

lactic acid according to procedure of Qiu et al. [38]. In

brief, the nanorods (1 g) and lactic acid solution (1.2 or

2.2 g) were heated in a flask containing 30 ml tetrahydro-

furan (THF) and 45 ml toluene at 150�C for 10 h. Then,

the particles were washed with THF and ethyl acetate and

dried. FTIR spectrometry was carried out with a Jasco 4200

(Japan) spectrometer. Elemental analysis of the lacHAp

and nHAp for carbon and hydrogen were carried out in a

CHNS-932 elemental analysis system (LECO, USA).

2.4 Preparation of nanocomposite fibers

Predetermined amounts of hydroxyapatite (nHAp, lacHAp,

cHAp) were suspended in 5 ml chloroform using a probe

ultrasonicator (Cole-Palmer Instruments, 4710 series,

USA) at 25 W for 2 min and then added into a PLLA in

chloroform solution (5%, w/v) to obtain a HAp fraction of

0, 10, 20, 30, 40, or 50% (w/w) (total mass of HAp and

PLLA is 2 g). The PLLA solution was further incubated in

a Branson 2200 ultrasonic bath (Branson Co., USA) at

60 W for 6 h. The content was poured in a petri plate, dried

in air overnight, cut into about 0.5 cm 9 0.5 cm chips and

further dried under vacuum at 50�C for 8 h. The chips were

extruded with a Dynisco LCR 7001 capillary rheometer

(Roper industries Inc., USA) at different temperatures

(165–225�C) and the products were collected as continuous

fibers. To be used in in vitro evaluations, some of the fibers

were aligned side by side and attached to each other by

spraying with chloroform and air drying so that they pro-

vide cells ca. 1 cm 9 1 cm attachment surface.

2.5 Production of bone plates

In order to evaluate the reinforcing effect of composite

fibers on the bone plates, one or two layers of fibers (each

layer containing 8 individual 5 cm-long composite fibers

that were parallel to each other and longitudinally placed)

were buried within a PLLA matrix in a custom designed

mold (5 cm 9 1 cm 9 0.3 cm). The particular mold was

determined to accommodate an amount of 2 g PLLA

powder to obtain the best result in plate production.

Therefore, the amount of PLLA powder to be put into the

mold, along with reinforcing composite fibers, was deter-

mined by subtracting the total weight of reinforcing fibers

from 2 g. The obtained amount was divided equally into

two or three for producing plates reinforced with one or

two layers of composite fibers, respectively. In the case of

one layer of fiber reinforcement, one portion PLLA powder

was spread on the bottom of mold, a layer of 8 reinforcing

fibers was placed over powder and the other portion of

PLLA powder was poured on top (total fibers/plate volume

fraction is 0.12). In the case of two reinforcing layers (each

having 8 fibers), an arrangement of the PLLA powder

portions were placed in the same fashion but this time two

layers of fibers were sandwiched within the structure so

that there is another PLLA powder layer between these

fiber layers (volume fraction is 0.24). A maximum of 8

fibers could be placed in each layer so that they will be

parallel to the plate’s c-axis, be completely buried within

the plate matrix and do not touch or intersect each other.

After filling the materials, upper part of the mold, which

can tightly fit into the inner compartment, was placed. The

mold was heated to 175�C and 2 bar pressure was applied

for 1 h while keeping the same temperature. Then the

heater was stopped and pressure was relieved after the

mold cooled to room temperature.

2.6 Scanning electron microscopy

SEM and STEM (Scanning Transmission Electron

Microscopy) investigations of the nanorods were done after

air drying ethanol dispersion on a SEM stub. Internal

structures of the composite fibers were investigated after

exposing the cross section with freeze fracture. Quanta
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400F model field emission SEM (FEI Co., USA) was used

in the visualizations.

2.7 Mechanical testing

The tensile properties of 5 cm long PLLA–HAp composite

fibers were determined under the conditions defined in

ASTM D638-08 with 2 cm gage length and 1.2 cm/s

crosshead speed using MT-LQ model mechanical tester

(Stable Micro Systems, UK) with a 2500 N load cell.

Tensile tests were repeated at least for 5 times.

For compression testing of the plates (25 mm 9

10 mm 9 3 mm) through their long axes, ASTM D695-08

was followed and a support jig was used as advised. The

tests were performed at a crosshead speed of 1.3 cm/min

using Lloyd LRX5 K tester with a 5000 N load cell (Lloyd

Instruments Limited, UK). All the compressive tests were

repeated twice.

2.8 In situ degradation studies

Composite fibers were tested for degradation according to

the directives of ASTM F1635-04a. After bringing the

composite fibers to a constant weight, fibers were cut to be

between 1.5 and 2 cm lengths (depending on fiber diame-

ter) so that each fiber weighed ca. 60 mg. They were

maintained within capped test tubes containing phosphate

buffered saline (PBS, 10 ml, 0.1 M, pH 7.4) for up to

6 weeks on an orbital shaker (37�C, 50 rpm). At prede-

termined time points, the fibers were removed, gently

washed with distilled water, dried in vacuum oven until

constant weight and the weights were recorded.

The same test was repeated with ultrapure water in order

to determine pH changes. At the end of each time interval,

pHs of the solutions were recorded with Eutech Cyberscan

pH510 (Thermo Fisher Scientific, USA). All degradation

and pH change tests were studied in triplicates and results

were averaged.

2.9 In vitro behavior of composite fibers

2.9.1 Cell culture studies

The interaction between the composite fibers and rat bone

marrow stem cells were evaluated by determining cell

proliferation and spreading. Isolation of mesenchymal os-

teoprogenitor cells from femurs and tibiae of 6 week old

male Sprague-Dawley rats was done according to Kose

et al. [39]. After reaching confluency, isolated cells were

lifted by 0.05% trypsin-EDTA and resuspended in osteo-

genic medium (DMEM with 20% fetal bovine serum, 100

units/ml penicillin, 100 lg/ml streptomycin, 1 lg/ml

amphotericin B with 10 mm b-glycerophosphate, 50 lg/ml

L-ascorbic acid and 10 nm dexamethasone). Cell suspen-

sions (2.5 9 105 cells in 50 ll) were seeded on ethanol

sterilized PLLA-HAp composite fiber constructs

(1 cm 9 1 cm) that were placed in 6-well plates. After

waiting for an initial attachment for 30 min, more medium

was added to cover the samples. The cells were grown for

up to 2 weeks and media were refreshed every other day.

Number of viable cells was assessed using Alamar Blue

assay according to the procedure supplied by manufacturer.

The test media in the wells were then discarded, washed

with sterile PBS, fresh medium was added to the wells and

the incubation was continued. Each sample was studied in

triplicates and Alamar Blue assay was studied in duplicates

for each triplicates and averaged. Statistical significance

was determined by unpaired, two-tailed Student’s t-test at a

95% confidence interval.

2.9.2 Confocal laser scanning microscopy

In order to study cell morphologies, cell–seeded composite

fiber constructs were incubated for 3 days, rinsed with PBS

and fixed with 4% p-formaldehyde in PBS for 30 min at

room temperature. The samples were then treated with

Triton X-100 (0.1%) for 5 min, washed with PBS, and

incubated at 37�C for 30 min in BSA-PBS (1%) solution.

Then the plates were stained with 1:100 diluted FITC-

labeled phalloidin for 1 h at 37�C to stain actin filaments.

After several washes with PBS, samples were treated with

1/3000 diluted DAPI for 4 min at room temperature to

stain the nuclei. Afterwards, the samples were washed with

PBS and studied with the confocal laser scanning micro-

scope (TCS SPE, Leica, Germany) with a 488 nm laser for

FITC-phalloidin and 358 nm light for DAPI. The images

obtained at both wavelengths were overlaid.

2.9.3 Electron microscopy

Cell-seeded composite fiber constructs were washed with

PBS and then with 0.1 M cacodylate buffer (pH 7.4),

incubated in 2.5% glutaraldehyde solution for 2 h at room

temperature, washed with cacodylate buffer and dried

under vacuum. They were then coated with gold–palladium

sputtering and examined with FEI Nova NanoSEM 430

model SEM (FEI, USA). Energy dispersive X-ray spec-

troscopy (EDX) was also conducted with the same system.

3 Results and discussion

3.1 Production of PLLA–HAp nanocomposites

The hydrothermal synthesis resulted in nanorods of

50–150 nm length with 5–20 nm diameters (Fig. 1). EDX

2416 J Mater Sci: Mater Med (2011) 22:2413–2427

123



analysis revealed that they were calcium deficient

hydroxyapatite with a Ca/P of 1.56, which is lower than

that of HAp (1.67). This indicates that these nanorods will

dissolve faster than HAp does and is very suitable for a

biodegradable bone plate application.

The obtained HAp nanorods were chemically grafted

with lactic acid, the monomer of the fiber and plate matrix

(PLLA), with the hypothesis that lactic acid graft on the

surface of HAp nanoparticles will increase compatibility

with the surrounding PLLA matrix and help a more

strongly association to the matrix. A high degree of inter-

face strength could also be attained, for example, using an

in situ polymerization technique, however, alignment of

the HAp nanorods through fiber and plate c-axis would not

be possible in such a case.

3.2 FTIR analysis of lactic acid–surface grafted HAp

nanorods

Figure 2 shows the IR analysis results of lactic acid grafted

HAp (lacHAp) and of pure HAp and lactic acid. The

products’ IR spectra resemble very much that of calcium

phosphate which is expected because the bulk of the

composite is calcium phosphate. There is very little indi-

cation of lactic acid binding. The 1583 and 1418 cm-1

peaks are not present in the spectra of either nHAp or lactic

acid, and are attributed to masCOO- and msCOO-

vibrations, respectively, of lactate species in calcium lac-

tate [40], which apparently formed as a result of grafting.

3.3 Elemental analysis of HAp nanorods

Lactic acid surface grafting was confirmed more distinctly

by the elemental analysis data for nHAp and lacHAp

samples. When grafting was carried out using a lactic acid

to HAp ratio of 1.2 or 2.2, the C and H contents were found

to be 2.12 and 0.78%, respectively, in both cases. The

proposed mechanism for grafting of lactic acid onto HAp

involves loss of –OH from HAp, loss of –H from lactic acid

and ionic association of Ca and lactic acid, releasing a H2O

molecule per bond (Eq. 1) [38]. Although there are 5 cal-

cium atoms in each nHAp molecule, there is only one

hydroxyl group; therefore, association of only one lactic

acid is possible with each nHAp molecule. Since the only

carbon source in lacHAp is lactic acid, 2.12% (w/w) carbon

content indicates that a fraction of lactic acid (5.24%, w/w)

is present in lacHAp. Theoretically, in order to have 1

lactic acid to be bound to 1 HAp molecule, the weight

fraction of lactic acid in lacHAp must be 15.5% (w/w). So

our result indicates that the lactic acid grafting efficiency is

ca. 34%, or in other words, one in every three nHAp has a

lactic acid bound to it. Since the tests started with 1.2:1 or

2.2:1 (w/w) nHAp to lactic acid ratio in preparation solu-

tions led to the same result, 34% appears to be the maxi-

mum grafting efficiency that could be obtained under these

reaction conditions.

3.4 Production of nanocomposite fibers

Nanocomposite fibers produced with capillary rheometer

had smooth surfaces, with no cracks or air bubbles all along

the fiber length. Fiber diameters were between 0.60 mm

and 0.94 mm, depending on the HAp content and the

process temperature. Cross-section and the surface of pure

PLLA fibers were also very smooth without air bubbles or

cracks (Fig. 3a, b). On the other hand, the surface of the

40% (w/w) cHAp containing composite fibers were very

rough with large numbers of small and large voids both on

the outer surface and the cross-section (Fig. 3c, d). The

cHAp particles were more or less evenly distributed within

the polymer bulk (Fig. 3d). The outer fiber surface and

the cross-section of the 40% (w/w) nHAp containing

composite fibers were much smoother than the cHAp

Fig. 1 Scanning-transmission electron microscope image of hydro-

thermally synthesized HAp nanorods

1
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containing composites (Fig. 3e, f). There were no voids in

the cross-section but very small voids, in both number and

size, were observed on the outer fiber surface. nHAp parti-

cles were very evenly distributed within the polymer bulk

and a detailed examination of the Fig. 3f reveals that most of

the nHAp lay parallel to the fibers (extrusion axis or the z

axis). The alignment was also evident in the SEM images of

longitudinal sections from nHAp–PLLA fibers (Fig. 3g, h).

This type of orientation of the nanorods can be explained by

the fact that the large shear force, which is parallel to the flow

axis of the molten polymer, acts on the freely moving HAp

nanorods to force them to move parallel to the direction of

motion and make their long axis almost parallel to the flow

axis. Since there are no such strong forces acting on the

polymer melt in x or y axis directions, long axis of the HAp

nanorods could deviate from the flow axis. This type of

inclinations of the nanorods could be eliminated by creating

simultaneous forces directed towards the center of the rod.

Therefore, it is evident from these observations that HAp

nanorods within PLLA matrix can be aligned parallel to the

extrusion axis of composite fibers produced with capillary

rheometer. Additionally, a die having a conical flow path

with a continuously decreasing barrel diameter could pro-

vide a better alignment of the nanorods.

The lacHAp particles in the 40% (w/w) lacHAp–PLLA

composites fibers (Fig. 3j) have a high degree of aggre-

gation, causing a non-homogenous distribution and no

signs of alignment within the polymer bulk. On the other

hand, distribution of lacHAp particles in the 10% (w/w)

lacHAp–PLLA composite fibers revealed a better distri-

bution pattern in the polymer and an alignment along the

extrusion axis, just like the nHAp particles (Fig. 3j, insert).

Therefore, lactic acid grafting of HAp particles seem to

favor self-aggregation, instead of associating with the

PLLA, and prevent even distribution of the HAp particle

within the composites loaded with high amounts of HAp.

3.5 Tensile properties of composite fibers

HAp particles are much stiffer than the polymer and they

are not ductile because of the crystalline structure. This

high stiffness can influence the tensile properties of the

resulting composite fiber only when the polymer and HAp

particles have some sort of interaction. The nHAp loaded

fibers showed their best performance at 10% loading by

increasing the Young’s Modulus (YM) values over that of

unloaded fibers (Fig. 4), while 20% and 30% loadings

caused similar YM values with the unloaded ones. The

composite fibers containing 40 and 50% nHAp were so

brittle that it was not possible to test them.

Increasing the lacHAp nanorod content, up to 30% of

the composite, increased the YM values, after that the YM

starts to decrease but reached a YM value lower than that

of unloaded fibers at a loading as high as 50% (Fig. 4). The

decrease in the mechanical properties of 40 and 50%

lacHAp containing fibers is probably the result of high

level of agglomeration of the nanorods within the polymer

matrix which was not observed in lower levels of lacHAp

loadings (data not shown). Nevertheless, lactic acid graft-

ing improved the tensile properties significantly, especially

at higher HAp loadings, as also was observed by Hong

et al. [41]. The Ultimate Tensile Strength (UTS) values

decreased with all three HAp species and at any loading ratio

(Fig. 5) but the decrease in nHAp containing fibers was

sharper, compared with the case of lacHAp containing ones.

With essentially the same geometry and size of lacHAp and

nHAp particles in mind, these observations suggest that

surface grafting HAp nanorods with lactic acid is effective

in improving the interfacial strength between the filler and

the matrix and thus the tensile properties over those of

nongrafted nanorods.

Surprisingly, the composite fibers loaded with the

commercial HAp source (cHAp) showed the best tensile

YM and UTS values at all compositions. One possible

explanation to this observation might be that because the

amorphous HAp particles were rough and irregular, they

can mechanically interlock the polymer molecules in the

bulk and thus improve the tensile properties, as suggested

by Cheang and Khor [42]. Surface area of the individual

cHAp particles is also much higher due to their irregular

surface topologies. These two phenomena are not observed

with nanofibrous rod-type fillers with smooth surfaces used

Fig. 2 FTIR-ATR spectra of lacHAp, nHAp and lactic acid. Arrows
indicate the 1583 and 1418 cm-1 bands attributed to masCOO- and

msCOO- vibrations in lactate ion, respectively (as: asymmetric, s:

symmetric). Other peaks belong to the lactic acid groups
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Fig. 3 SEM micrographs of freeze fractured pure PLLA or HAp–PLLA

composite fibers. Cross sectional view of pure PLLA fibers: (a) 9259,

(b) 916,000. Cross sectional view of 40% cHAp–PLLA fibers: (c) 9250,

(d) 960,000 (arrowheads: cHAp particles). Cross sectional view of 40%

nHAp–PLLA fibers: (e) 9250, (f) 960,000 (arrowheads: some of the

nHAp particles). Longitudinal section view of 40% nHAp–PLLA fibers:

(g) 9150 (arrow: flow direction), (h) 950,000 (inset: 9100,000, arrow-

heads: some of the nHAp particles). Cross sectional view of 40% lacHAp–

PLLA fibers: (i) 9250, (j) 930,000 (arrowheads: aggregates of lacHAp

particles; inset: 10% lacHAp–PLLA, 9100,000, cross-sectional view)
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Fig. 5 UTS values of PLLA–HAp composite fibers prepared with

capillary rheometer. Values are expressed as means ± standard

deviation. Dashed line represents UTS value of pure PLLA fiber

(73.9 MPa). Values for 40 and 50% nHAp containing composites

could not be determined due to high brittleness

Fig. 3 continued

Fig. 4 Young’s Modulus (tensile) values of PLLA–HAp composite

fibers prepared with capillary rheometer. Values are expressed as

means ± standard deviation. Dashed line represents YM value of

pure PLLA fiber (1.75 GPa). Values for 40 and 50% nHAp containing

composites could not be determined due to high brittleness
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in this study and PLLA fibers loaded with HAp nanorods

were devoid of the associated beneficiary effects on the

ultimate tensile properties.

Increasing the commercial HAp (cHAp) loading in the

composite fibers resulted in a steady increase or decrease in

the YM or UTS values, respectively. Although these trends

in YM and UTS were obeyed by the fibers in all cHAp

ratios, 40% cHAp loading showed an irregular pattern. One

possible explanation is that this is due to the large number

of voids distributed randomly within matrix of cHAp loa-

ded fibers (Fig. 3c), causing discontinuity in material

throughout c-axis and causing premature failure during

mechanical testing. Although such voids were observed in

fibers with all cHAp loading ratios, the random nature of

their distribution within the matrix has certainly some

effect on such unexpected mechanical behaviors.

The UTS and YM values (73.9 MPa and 1.75 GPa,

respectively) of the pure PLLA fibers obtained in this study

were comparable or better than others reported in the lit-

erature for extruded pure polymers. For example, Weir

et al. [43] produced PLLA (Resomer L210) rods of 2 mm

diameter with extrusion and followed by annealing. The

resulting rods had UTS of 64.3 MPa and YM of 0.67 GPa.

Lewitus et al. [44] produced 0.1 mm thick PLLA films by

extrusion and reported UTS of 57 MPa and YM of 1.79

GPa.

In Fig. 6, UTS and YM values were plotted against the

composite’s lacHAp nanorod content (up to 34%) and

opposite trends are observed between these two. Increasing

the proportion of any type of HAp in the composites had

decreased the UTS values. This was expected since the

presence of HAp particles between the polymer macro-

molecules decreases the polymer’s crystallinity, and

therefore, its mechanical strength. In general, presence of

fillers decreases mechanical strength [45] and this is also

valid in this study. Also, discontinuities in the matrix which

were introduced by the added nanoparticles have a negative

effect on the mechanical properties of the composite fibers.

Although their association with the PLLA matrix was

increased by chemically surface grafting them with lactic

acid, the nanoparticles were still not bonded to matrix and

act like defects.

3.6 Compressive properties of bone plates reinforced

with PLLA–HAp composite fibers

Compressive properties of the composite fibers were

expected to increase with the increasing HAp content

within the structure (until reaching an optimum) because

HAp nanorods, as would be expected for ceramic materi-

als, cannot be deformed at level of compressive forces

causing deformation of the polymers. Furthermore, longi-

tudinally aligned HAp nanorods would be expected to

resist compression much better than a continuous fiber

reinforcement with the same material, due to elimination of

crack propagation, as suggested by Ji and Gao [25]. It was

not possible to directly experiment these hypotheses due to

the fact that the produced composite fibers had small

diameters and they failed through bending during com-

pressive tests. Instead, bone plates reinforced with these

composite fibers (Fig. 7) were compression tested through

the long axes of both bone plates and the reinforcing fibers.

The compressive mechanical properties of these plates

are presented in Table 1 where it is seen that incorporation

of composite rods only marginally affect the YM values,

the highest increase (ca. 1.31 GPa, a 4% increase) was

observed with the plates containing 16 of the nHAp–PLLA

composite fibers. The changes were small probably due to

the low content of composite fibers in the final plates in

which the mass of the each fiber constituted only 1% of the

total mass of the plates. Reinforcement with nHAp con-

taining fibers did not decrease the compressive strengths of

the plates at all. Thus, the mechanical contribution of

Fig. 6 UTS and Young’s Modulus values of the lacHAp–PLLA

composite fibers. Values are expressed as means ± standard

deviation

Fig. 7 PLLA bone plate reinforced with 8 PLLA-HAp composite

fibers. a Top view, (b) Vertical cross section, (c) Schematical

representation
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reinforcement fibers plates can be enhanced by increasing

the volume fraction of the fibers within the plates both by

optimizing the implant geometry and further compacting

the fiber diameters through changing capillary rheometer

process parameters.

In contrast to the positive effects of lacHAp on the tensile

properties of the composite fibers, incorporation of lacHAp–

PLLA composite fibers into the plates decreased the com-

pressive strength significantly (from ca. 109.8 MPa to ca.

63.1 MPa with 8 fibers and to ca. 76.4 MPa with 16 fibers).

This seemed to be in agreement with the observation that the

surfaces of 30% or higher rations of lacHAp containing

composite fibers were somewhat loose. Indeed, during com-

pressive testing, the plates were observed to delaminate sig-

nificantly, in parallel to the long axis, starting from the point

where the plate makes a contact with the mechanical tester’s

clamps. Such a delamination did not occur in the case of

composites containing other types of HAps; their failures

occurred suddenly at the contact point with the tester’s clamp.

As was mentioned in Sect. 3.4, the nanoparticles showed

a high tendency of self-aggregation in composite fibers

loaded with 30% or more lacHAp. This prevented their

homogeneous distribution within the body of the composite

fibers. Furthermore, it was concluded that these particles

were localized at the surface of the fibers because they

presented a surface with loosely attached particles.

Therefore, at high lacHAp loadings the loose surface par-

ticles prevented strong integration of fibers with the matrix

of the bone plates during molding. During compressive

testing, plates impregnated with those fibers experienced

delamination right at the fiber-matrix interfaces.

Plates reinforced with cHAp containing fibers showed

some ambiguous results; plates with 8 fibers showed no

change in YM values but a decrease in compressive

strength, while the 16 fiber plates had a lower YM but no

decrease in compressive strength. Overall, however, plates

reinforced with nHAp containing fibers had higher or equal

mechanical properties compared to the unreinforced plates.

Among all the tested HAp–reinforced fibers, the ones

containing nHAp showed the best compressive performance.

The compressive strengths of the plates reinforced with nHAp

containing fibers are in agreement with those reported in the

literature. Verheyen et al. [14] prepared PLLA–HAp

composites containing 10 to 50% (w/w) sintered HAp parti-

cles (\45 lm) by an in situ polymerization technique and

found that the compressive strength values were between 77.7

and 136.6 MPa. The YM values were about 4 times higher

than ours (4.8 to 6.8 GPa). This difference between their and

our results can be explained by the superiority of the in situ

polymerization techniques in which monomers are polymer-

ized in the presence of HAp particles, trapping them among

entangled polymer chains. Also, unlike the rectangular prism

shaped test samples used in this study, they used cylindrical

test samples and this probably affected the results. However,

their unloaded polymeric samples also had a much higher

compressive modulus (5.1 GPa) than this study (1.26 GPa),

so the data obtained in both studies could be considered

comparable. Another composite produced in a different

geometry (1 cm 9 1 cm 9 1 cm cubes) were obtained by

Ignjatovic et al. [16] who compacted porous composites of

PLLA and 20% (w/w) HAp nanoparticles with melt pressing

and obtained a YM of 9.7 GPa and a compressive strength of

127 MPa. Since our experimental design aimed at producing

reinforced bone plates containing HAp nanorods we could not

employ machining or further processing. Even though their

results are better, the comparison is not really valid. Huttunen

et al. [34] prepared flat plates for hard tissue implants by melt

pressing laminates from poly(L,DL-lactide) 70:30 loaded

with (up to 50%, w/w) 50–125 lm b-tricalcium phosphate

(b-TCP) granules where the individual layers were, before-

hand, threaded inside a circular braid knitted from

poly(L,D-lactide) 96:4 fibers. Compared to the unloaded

samples with compressive yield strength of 97 MPa, b-TCP

loading caused a decrease (to as low as 83 MPa) or increase

(to as high as 123 MPa) in the compressive yield strength

when the samples were tested parallel or perpendicular,

respectively, to the sheet structure. Authors stated that fiber

reinforcement did not have any significant effect on the

compressive strength and modulus data were not supplied.

3.7 In situ degradation of PLLA–HAp composite fibers

3.7.1 Change in pH

The changes in the pH of ultrapure water during 42 days of

in situ degradation are shown in Fig. 8. The initial pH of

Table 1 Compressive mechanical properties of PLLA bone plates reinforced with PLLA–HAp composite fibers

Reinforcement Young’s modulus (GPa) Compressive strength (MPa)

No fiber 8 fibers 16 fibers No fiber 8 fibers 16 fibers

No reinforcement 1.26 ± 0.04 – – 109.8 ± 6.1 – –

30% cHAp–PLLA fibers – 1.25 ± 0.07 1.08 ± 0.11 – 100.0 ± 15.6 109.1 ± 6.9

30% nHAp–PLLA fibers – 1.30 ± 0.03 1.31 ± 0.05 – 108.6 ± 3.4 110.3 ± 6.6

30% lacHAp–PLLA fibers – 1.23 ± 0.06 1.21 ± 0.04 – 63.1 ± 14.4 76.4 ± 18.0
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ultrapure water was 6.9 and there were detectable decreases

in this value as the soluble oligomers leached out of the

degrading polymer, increasing the number of acidic mol-

ecules in the medium. Composite fibers with 40% (w/w)

HAp content of any type showed the most significant

decrease in pH. HAp crystals are hydrophilic in nature and

absorb water. In a polymer–HAp composite, HAp crystals

within the polymer structure speed up transport of water

from the surrounding medium into the composite bulk

(unlike that observed in a hydrophobic polymeric material),

increasing the degradation rate of polymer due to hydro-

lytic attack. Therefore, the observation that highest pH

decrease is in the composites with the highest HAp (40%,

w/w) should be a result of this water drawing activity of

HAp into the polymer bulk, causing more hydrolysis in the

polymer backbone. Although the interaction between HAp

particles and the polymer matrix can further decreased due

to water ingress (being the reason for the generally

observed early loss of mechanical properties in in situ or in

vivo), this situation is not expected to have an extensive

effect on decrease of the pH of incubation medium.

3.7.2 Weight loss

Random hydrolytic scission is the main degradation route

for PLLA and pH is also an important factor influencing

the rate of degradation. Therefore, PBS was chosen as a

basic buffered medium that is frequently used in the liter-

ature, instead of a simulated body fluid the components of

which would not be expected to affect the degradation

mechanism.

Weight losses (percent loss of the original weight) of

pure PLLA or composite fibers were monitored in 0.1 M

PBS for 42 days, to study the extent of degradation of the

composite fibers developed in this study. As expected, the

weight losses increased with increasing incubation duration

for composites with HAp of any type (Fig. 9). Pure PLLA

fibers and composite fibers containing only 10% (w/w)

HAp of all types did not show a significant weight loss

during the whole test duration. This was observed to a

limited extent for the composite fibers with 20% (w/w)

HAp of any sort. Although there is significant weight loss

in composite fibers containing 40% (w/w) of all types of

HAp, the most distinct weight loss was seen in composite

fibers with 40% (w/w) lacHAp. This is in accordance with

the most significant pH decrease observed with this com-

posite type. Therefore, presence of higher amounts of HAp

within composites facilitates the degradation, leads to

weight loss and pH decrease. Also, lactic acid grafting of

the HAp nanorods appears to speed up the degradation

process further because the release of lactic acid from the

HAp surfaces obviously increases the mediums acidity and

PLLA degradation occurs faster in acidic media. It was

noticed that the composite fibers containing 40% (w/w)

lacHAp nanorods crumbled easily. No such behavior was

observed with any other composite fibers.

The fibers were found to degrade with time in situ,

therefore, it is expected that the mechanical properties of

the implants that were reinforced with the here presented

composite fibers will start to gradually lose their mechan-

ical properties as soon as tissue fluids get in touch with the

fibers. Since these reinforcing fibers are devised to be

impregnated into the implants, however, the reach of tissue

fluids to the fibers would not occur until the outer polymer

matrix of the implant gets eroded or becomes leaky to the

fluids. This can also prevent the rapid reach of tissue fluids

to the filler–matrix interfaces, which otherwise cause early

drop in the mechanical properties of the composite mate-

rials. Therefore, the time taken by the fluid to reach the

reinforcing fibers can be tuned by changing the thickness of

surrounding polymer matrix so that course of mechanical

deterioration of the implants can be matched to bone

healing.

3.8 In vitro evaluation of composite fibers

Even though the composite fibers were buried within the

plates produced in this study, the surrounding PLLA matrix

degrades and eventually the fibers embedded in the plates

come in contact with the surrounding medium and with the

Fig. 8 pH of composite fibers

during 42 days of in situ

degradation in ultrapure water at

37�C
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cells. Furthermore, the degradation mechanism for PLLA

is bulk erosion and this is expected to create gaps or voids

within the plate structure, enabling the cells to penetrate

inside the plate much earlier than the whole surrounding

PLLA is degraded via surface erosion. This latter phe-

nomenon could be realized sooner in the case of an implant

device in which the buried composite fibers are close to the

surface of the plate/device due to increased volume fraction

of the fibers. Therefore, it was necessary to assess the

interaction between the cells and the composite fibers.

Suitability of the produced composite fibers for use as a

biocompatible implant was evaluated using rat bone mar-

row mesenchymal stem cells (MSC). During 14 days of

incubation, MSC proliferation was monitored on sheet

constructs consisting of fibers attached to each other, side

by side, by spraying chloroform on PLLA or PLLA–HAp

composite fibers. The cell numbers increased from Day 7 to

Day 14 on all the construct types (Fig. 10). Despite the fact

that the least cell number increase was observed on the

constructs produced from pure PLLA fibers (slightly lower

than 20%) this is still in agreement with the literature that

polymers belonging to the PLA family do support osteo-

blast proliferation [46].

In all the other composite constructs, there were various

types of HAp within the structure and all of these shoved a

minimum 2-fold increase in cell numbers from day 7 to 14.

The increase was not proportional with the HAp content in

the constructs; presence of HAp seemed to be enough to

enhance cell growth. Again, this is in agreement with the

literature where the presence of HAp particles on the

material surfaces provides highly favorable bone attach-

ment sites for the tissue cells [19]. All the constructs were

favorable for attachment of osteoblasts, which is an

advantage in terms of attraction of these cells to the injury

site whenever the bone is fixed with a bone plate made of

the materials studied in this work.

It should be mentioned that the sheets of fibers (attached

through solvent spray) were not impermeable and some of

the cells added on top of the sheets were lost through

leakage. Therefore, the starting cell numbers on individual

constructs were not constant. For example, cell numbers on

lacHAp constructs was higher than the others, and this

cannot be interpreted as a higher preference of cells for

those constructs. Instead, this could probably be the result

of the initial number of cells attached on these constructs

was higher and this difference was maintained throughout

the experiment. Nevertheless, all the increases in the cell

numbers between days 7 and 14 within each series were

statistically significant (P \ 0.05).

In order to determine the cell behavior and to qualita-

tively monitor cell attachment and spreading on the con-

structs, samples were fixed 3 days after seeding, stained

with FITC-labeled phalloidin and DAPI and observed with

a confocal microscope (Fig. 11). It was observed that the

cells attach well on the fiber surfaces of the scaffolds

regardless of the fiber type, PLLA or PLLA–HAp

Fig. 9 Weight loss (%) of

composite fibers during 42 days

of in situ degradation in PBS at

37�C

Fig. 10 MSC proliferation on PLLA–HAp constructs. Values are

expressed as means ± standard deviation. All the increases in cell

numbers within each series were statistically significant (P \ 0.05),

determined by unpaired two-tailed Student’s t-test at a 95% confi-

dence interval
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composite fibers, as was shown by the elongated cyto-

skeletons on all types of fibers.

SEM micrographs revealed that cells spread well on

composite fibers containing any type of HAp, in every

polymer to HAp ratio tested (Fig. 12b–d). Especially in

Fig. 12c, direct contact of cellular protrusions (filopodia)

with higher chemical compatibility of the composite fiber

is apparent. The nanorod-shaped HAp crystals are visible

in the SEM (denoted as H) and their chemical identity was

proven by EDX. In contrast to HAp containing composite

fibers, both spread and normal cells were observed on

HAp-free PLLA fiber (Fig. 12a). This is in agreement with

the cell proliferation studies which showed the lowest

proliferation with cells seeded on HAp-free PLLA fibers.

Therefore, SEM and fluorescence microscopy results

collectively suggest that nanocomposite fibers produced

from PLLA and different HAp’s in this study very well

support osteoblast attachment, growth, and spreading,

where the extent of these are higher in composites con-

taining any type of HAp.

4 Conclusions

Reinforcement with composite polymer fibers containing

aligned nHAp nanorods seemed to have a potential in

increasing the compressive mechanical properties of bone

plates or other hard tissue fixation implants, provided that

quality and number of reinforcing fibers are increased.

Alignment of the HAp nanorods towards the fiber axis can

Fig. 11 BMSCs 3 days after seeding on bone plates. a PLLA, 9100, (b) PLLA–40% cHAp, 9100, (c) PLLA–40% nHAp, 9200, and

(d) PLLA–40% lacHAp, 9100. FITC-phalloidin for cytoskeleton and DAPI for nucleus
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easily be achieved by a simple extrusion technique. Pres-

ence of HAp is definitely an asset but the optimum

geometry and chemistry must be further studied.
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