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Abstract

Many studies are currently underway to make synthetic bone-like materials with compositions of polymeric materi-
als and hydroxyapatite (HA). In this paper, we report on the biomimetic preparation of poly-L-lactic acid (PLLA)/HA
composites. Initially, HA nanorods with well-oriented organization were prepared with a simple hydrothermal
method using dodecyl phosphate, a type of surfactant with a phosphorus head group, as the templating agent. The
precipitate clusters consisting of hydroxyapatite nanorods exhibited a well-ordered microstructure. Subsequently,
the obtained precipitates were dispersed in PLLA solutions to make slurries for tape casting. After homogenizing and
tape casting, the obtained green sheets were further laminated and thermally compressed to form the final PLLA/HA
composites. The microstructure and the resulting properties of the composites were investigated. The PLLA/HA com-
posites containing nano-sized hydroxyapatite with structural features close to those of biological apatite make them

attractive for bone tissue engineering applications.
Keywords: PLLA, HA, hybrid composites

I. Introduction

Natural bone is a composite material made up of a colla-
gen fiber matrix stiffened by hydroxyapatite (HA) 1. The
collagen constitutes the main component of a three-di-
mensional matrix and manipulates the formation of ap-
atite into a highly organized structure. This fine-tuning or
adaptation of the structure to its function makes human
bone a material with unique properties 2. The generation
of these organized nanostructured hybrid systems, using
templates to guide the attachment, assembly of inorganic
components from the nano-scale is an important challenge
for the broad application of these materials.

To duplicate this high performance of natural bone, arti-
ficial bone materials have been produced in which organic
substrates such as poly- (lactic acid), poly(L-lactide), pep-
tide-amphiphile nanofibers, reconstituted collagen, chi-
tosan, gelatinand inorganic substrate have been used in the
mineralization 34 5, 6,7, 8,9, 10, 11, 12, 13, 14, 15, 16, 17,

Surfactants with hydrophilic and hydrophobic groups
are often employed to direct organized superstructures
owing to their specific self-assembly behavior in solu-
tions 18. Samuel I. Stupp ez al. 19designed self-assembling,
synthetic substitutes for collagen, which can act as tem-
plates for hydroxyapatite crystallization. In the work of
Clarkson et al. 29, the surfactant-docusate sodium salt was
utilized to modify HA nanorods with a hydrophobic sur-
face, and then these hydrophobic HA nanorods were or-
ganized into an enamel prism-like structure induced by
solvent evaporation. Benson et al. used dodecylamine as
the template and ordered hydroxyapatite (HA) nanorods

Corresponding author: jxzhang@mail.sic.ac.cn

were prepared after hydrothermal treatment 21. Recently,
Ye et al. prepared oriented HA using P123 and Tween 60
as the template 22,

Biodegradable poly-L-lactic acid (PLLA) is expected
to be applicable as a material for the development of
bone plates or for the temporary internal fixation of bro-
ken or damaged bones (for example see Ref. 23). PLLA
has also been used for drug delivery systems 24 25and in
medicine as material for bone implants and bone fixation
devices 26:27,28,29,30 surgical sutures31>32) and anasto-
motic devices 33owing to their excellent biodegradation
and biocompatibility.

The inclusion of HA into PLLA has been shown to in-
crease the bone-cell responses iz vitro and bone-form-
ing ability i V100, bone bondmg ability (bioactivity)
of the composite in comparison with natural polymers
alone 3 35, Although the polymer composite with inor-
ganic materials is well established, it is difficult to produce
well-defined structures to increase their regenerative po-
tential through the stimulation of protein mediation and
celladhesionand the subsequent matrix synthesis, because
most biomaterials containing inorganic material are brittle
and decomposable.

In this paper, we report on the biomimetic preparation
of PLLA/HA composites. Initially, dodecyl phosphate,
a type of surfactant with a phosphorus head group, was
used as the templating agent to synthesize the oriented
HA nanorods with a simple hydrothermal method. Sub-
sequently, the nanorods were dispersed in PLLA solu-
tions to make slurries for tape casting. Having been ho-
mogenized, the slurries were cast and the obtained green
sheets were further laminated and pressed to form the fi-
nal PLLA/HA composites. The microstructure and the
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mechanical properties were investigated. The composites
containing nano-sized hydroxyapatite with structural fea-
tures close to those of biological apatite make them attrac-
tive for bone tissue engineering applications.

II. Experimental

(1) PLLA-HA composites

In the typical synthesis, calcium nitrate tetrahydrate
(Ca(NOj3),4H,0) and disodium hydrogen phosphate
(Na,HPO,) were used as calcium and phosphorous
sources for HA, respectively. Potassium lauryl phosphate
(SUNMAP-K, Tian Jin Xian Guang Chemical Co. Ltd),
which is a type of organic phosphorus surfactant, was
used as the templating agent. The sample was prepared
as follows: SUNMAP-K aqueous solution was prepared
by adding SUNMAP-K to a fixed amount of water by
stirring at 80 °C in a water bath. After being conditioned,
the aqueous solution of Na,HPO,, Ca(NO;),-4H,0O
and NaOH was added separately and stirred into the sur-
factant solution. For these samples, the Ca: P,,; molar
ratio was kept at 1.67, where the P, includes the P from
the surfactant (P, ) and from Na,HPOy. The Ca: Py, ¢
molar ratio can be adjusted by adding different amounts
of Na,HPO,. NaOH was used to adjust the solution
pH between 10 and 12. The mixture was stirred at 80 °C
in a water bath for 2 hours to yield a milky suspension.
Then the suspension was transferred into an autoclave
and treated in the temperature range of 120 - 160 °C for
24 hours (the hydrothermal pressure is in the range of
1.8 MPa — 2 MPa respectively). The resulting precipitates
were washed three times with de-ionized water. After fil-
tration, the gel-like paste was freeze-dried to yield white
powder.

The green PLLA/HA sheets were prepared by dispersing
HA powder in PLLA solutions (using dichloromethane as
the solvent) to make slurries for tape casting. The content
of HA is 0wt%, 20 wt%, 50 wt%, 70 wt%, 80 wt% and
90 wt% respectively. After being homogenized, the slur-
ries were tape-cast onto the Mylar sheets to obtain green
sheets. The sheets were further laminated and pressed
at 160 - 180°C to form the final PLLA/HA compos-
ites. Pressing was performed in the pressure range of 10 -
15 MPa and held for 3 -5 min.

(2) Characterization

Powder XRD patterns were obtained with a Rigaku
D/MAX-2550V diffractometer. TEM analysis was per-
formed using a JEOL 2100F electron microscope. The
nano HA powder composition was determined with a
Fourier transform infrared spectrometer in the 400 -
4000 cm-! region. Microstructures of the samples were
observed by field emission scanning electron microscopy
(FESEM, JSM-6700F, JEOL, Tokyo, Japan).

Three-point bending strengths were measured with a
universal testing machine (Instron 5565, Instron Corp,
Canton, MA) at a crosshead speed of 0.1 mm/min and
a span of 30 mm. The test pieces used were rectangular,
3x4x40mm?3 in size. Five pieces were tested for each
composition.
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(3) Biological test

The osteoblast-like cell line MG63 (Cells Resource Cen-
ter of Shanghai Institute for Biological Science, Shanghai,
China) was cultured at 37 °C in a humidified atmosphere
of 5% COj in air, in 75-cm? flasks containing 10 ml of
o-minimum essential medium (-MEM), 10 % fetal calf
serum,2 mM L-glutamine, 1 % antimicrobial of penicillin,
and streptomyecin. After confluence, the cell monolayer
was detached and re-suspended in the complete medium
for reseeding onto the PLLA/HA sample surface.

Subsequently, the cell suspension with osteogenic medi-
um was applied to sterilized, PLLA/HA disks (18 mm in
diameter and 3 mm in thickness), which were placed into
a 24-well culture plate. The culture plate was then trans-
ferred to an incubator, with the temperature being kept
at 37 °C for 7 days. After each incubation time, the sam-
ples were taken out and rinsed with a phosphate-buffered
saline solution and then fixed with glutaraldehyde solu-
tion in a sodium cacodylate buffer. Prior to SEM observa-
tion, the samples were dehydrated and dried in the hexam-
ethyldisilizane ethanol solution series. Details of the cell
culture process are well described in the literature 36.
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Fig.1: XRD patterns of HA before and after hydrothermal treat-
ment.

III. Results and Discussion

(1) Precipitate characterization

The XRD pattern of HA powder before and after hy-
drothermal treatment is shown in Fig. 1. The XRD result
revealed the characteristic peaks of pure HA, which was
consistent with JCPDS files (9-432). Before hydrothermal
treatment, the grain size and crystallinity degree were cal-
culated to be 29.1 nm and 23.63 % respectively based on
Scherrer’s equation and reference 37. This is in agreement
with the extensive degree of peak broadening in the X-
ray diffraction pattern shown in Fig. 1. After hydrother-
mal treatment, the grain size and crystallinity degree in-
creased to 39.5 nmand 58.66 % respectively,in good agree-
ment with the results shown in the literature 38. As shown
in Fig. 1, a preferred orientation in the [002] direction was
observed in the sample series. The diffraction patterns sug-
gest that the HA crystallites were aligned along the c-axes.
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To obtain rod like HA grains, precipitation was conduct-
ed at 80 °C with a conditioning interval of 24 h. As shown
in Fig. 2 (a), with only SUNMAP-K as the P source, a lay-
ered structure was observed with a periodical spacing of
planes of 3.29 nm before hydrothermal treatment. This
can be attributed to the surfactant templating structure.
After the addition of Na,HPOy as the P source, the lay-
ered structure disappeared (Fig.2b). HA nanorods were
found to form well-oriented aggregations, based on the
alignment of each other along the c-axes. After hydrother-
mal treatment, the alignment of HA was well preserved,
as shown in Fig. 2¢c. These assemblies appeared to be com-
prised of bundles of same-size nano-HA rods and aligned
parallel to each other to yield an ordered matrix of island,
suggesting that the building blocks of oriented attachment
of nano-HA crystals are self-organized in order.

Fig. 2: TEM micrographs of HA before (a) (b) and after hydrother-
mal treatment (c).

(a) Without Na,HPO, before hydrothermal treatment (with lay-
ered structure)

(b) With Na,HPO,/SUNMAP-K =2:1 before hydrothermal treat-
ment (less ordered structure)

(c) After hydrothermal treatment at 160 °C of sample (b) (ordered
structure)

As we know, phosphorus surfactants tend to self-assem-
ble into a layered structure in water above the critical
micelle concentration (CMC). After the Ca source was
added (the Ca: Pg,, 4 ratio was kept at 1.67), calcium phos-
phate phase tended to develop on the surface of the surfac-
tant micelles as a result of the possible reaction between
the Ca?* ion and the phosphate head groups. TEM ob-
servation confirmed that a laminated microstructure was
developed with alternating organic and inorganic layers
(Fig. 2a). If more Ca2* ions were added (with the corre-
sponding addition of Na,HPOy to keep the Ca:P | ra-
tio at 1.67), more calcium phosphate would be developed
and the inorganic layer thickness would tend to increase.
Although the effect of the surfactants is not strong enough
to keep the mesoporous structure, it participates in the re-
action and can effectively influence the arrangement of hy-
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droxyapatite. Therefore, a less ordered layered structure
will result. After hydrothermal treatment, HA nanorods
tend to grow in preferred orientation and finally lead to the
formation of a well-aligned structure. In this way, the final
material consisting of well-oriented HA nanorods can be
developed.

The HRTEM images (Fig. 3a) and selected area electron
diffraction (SAED) pattern (Fig. 3b) indicate that all these
synthetic nanorods are single crystals with a typical apatite
crystalline structure. The crystal lattice planes were per-
fectly aligned and the lattice spacing was 0.346 nm, cor-
responding to the interplanar spacing of (002) planes for
hexagonal HA. This reveals that the growth of HA occurs
in the [002] direction. This is in agreement with the TEM
observation and would suggest that the building blocks of
oriented attachment of HA nanorods are self-organized
into ordered structures similar to that observed in human
bones.

Fig. 3: HRTEM of HA composites after hydrothermal treatment.
(a) High resolution image showed the alignment of HA nanorods
(b) Electron diffraction showed the well-ordered structure
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Fig. 4 shows the SEM micrographs of the samples. Bun-
dles of nanorod-like HA crystals were observed in the
samples, in agreement with the TEM observation. The
EDS data show that the Ca/P ratio of these synthetic crys-
tals is around 1.65, which approaches the theoretical ratio
of HA (Ca/P = 1.67).

Fig. 4: Micrograph of HA composites after hydrothermal treatment.
Bundles with well-aligned HA nanorods are shown.
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Fig.5 : FTIR spectra of HA after hydrothermal treatment (the char-
acteristic HA and the presence of SUNMAP-K peaks are shown).

The composition of the samples was characterized by
FT-IR. From Fig. 5, we can see the existence of CH, peaks
(2855 and 2919 cm!) and a CH peak (1632 cm-1). This
means that there are residual SUNMAP-K surfactants in
the samples. The absorption band at 3570 cm-! was as-
signed to the hydroxyl group in HA. It is not very sharp,
which indicates that the OH- group may have interac-
tions with the organic surfactants. The band at 1032 cm-!
was assigned to the phosphate stretching vibration, while
the bands at 602 and 562 cm-! were due to the phosphate
bending vibration. The characteristic peaks of PO 43- were
found at 562, 602, 962 and 1032 cm-!. Carbonate bands
at 872, 1380 and 1481 cm-! were also observed, which
demonstrates that HA crystals prepared by the precipita-
tion method contain carbonate ions in the structure. The
carbonate might come from the atmosphere carbon diox-
ide during the whole reaction processes.
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(2) Mechanical and biological properties

Fig.6 shows SEM images of the microstructure of
PLLA/HA composites at a weight ratio of 3 :7. It was
evident that these HA particles were uniformly distribut-
ed in the PLLA matrix. However, some agglomeration
and void formation was observed in the composites con-
taining larger volume fractions of HA. The phenomenon
suggests that the interface between PLLA and HA phase
has a close contact. These SEM micrographs confirmed
that the selected solvent and synthetic technique should
be an effective approach to prepare PLLA/HA compos-
ites that may be applied for biomedical engineering.

Fig. 6: Micrographs of PLLA/HA sheets and composites (with
70 wt% HA).

(a) PLLA/HA membrane with homogeneous distribution of HA
(b) Fracture surface of PLLA/HA showed layered structure

(c) High magnification of (b) showed the pullout of HA grains

Microscopy of the flexural fracture surfaces yielded in-
teresting results. As shown in Fig. 6b, the fracture surface
for PLLA/HA was relatively rough with an obvious lay-
ered structure and cracks visible along the interface be-
tween the layers. The HA grains in the foreground have
been pulled out during the fracture; this might contribute
to the high strength of the samples.

Fig. 7 shows the effect of the amount of HA in the com-
posites on the failure strength and elastic modulus, re-
spectively. There was an initial increase in strength at HA
content lower than 50 wt% and a decrease thereafter. The
PLLA/HA composites with high HA content (90 wt%)
cannot be easily compacted and are not shown in Fig.7.
It has been reported that chemical bonding can occur be-
tween calcium phosphate particles and the PLLA matrix,
with the attractions between oxygen ions in the PLLA
ester group and the calcium ions in the calcium phos-
phate 39, these interactions may contribute to the increase
in strength in HA-PLLA composites. However, these
bonds between the particles and the matrix were not very
strong. With higher loading of HA, the cross-section-
al area of the load-bearing polymer is decreased and so
the strength would be expected to decrease. Additionally,
debonding of the matrix from the particles results in void
formation, which lowers the tensile strength since cracks
can more easily propagate through regions containing
voids than through regions with filler content.
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Fig. 7: Mechanical properties of PLLA/HA composites.
(a) Bending strength and elastic modulus.

(b) Displacement.

(c) Load-displacement curves.

The modulus of each material was significantly depen-
dent on the HA content. Increasing the ceramic content
would increase the modulus of the materials, with PLLA
having the lowest modulus. The strain-to-failure curve
was similar to that for the bending strength. At high HA
content (>50wt%), there is a gradual decrease in strain
to failure as more HA is added to the composite. In the
composites, all the elongation arises from the polymer,
since HA is rigid relative to the PLLA and tends to make
the nanofiber matrix stiffer and less plastic in deforma-
tion, which is the typical characteristic of hard inorgan-
ic phase. Increasing the amount of filler may decrease the
amount of polymer available for elongation and reduce the
displacement. As shown in Fig. 7c, the PLLA-HA com-
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posites exhibit a characteristic failure behavior other than
a linear one as observed in brittle materials. At higher
PLLA content (>20wt%), the HA particles may be sepa-
rated by continuous PLLA phase, though the strong bond
was maintained between the HA particles and the PLLA
molecules, the PLLA/HA samples became “soft” and as a
result, no linear fracture mode resulted.

To assess the cellular response, the osteoblast-like cell
line MG63 was cultured on the PLLA/HA samples
(Fig. 8). After seeding for 3 days, the cells appear to be
flat and are in close contact with the PLLA/HA compos-
ites (Fig. 8a). After seeding for 7 days, the cells become
more elongated and thicker (Fig. 8b), indicating that the
MG63 cells can attach and adhere well to the PLLA/HA
substrate. Further work concerning in vivo biological tests
is underway.

/45,

10pm |

Fig. 8: SEM images of MG63 cells cultured on the PLLA/HA com-
posites

(a) 3 days

(b) 7 days.

IV. Conclusions

Novel PLLA/HA composites with different HA content
were prepared with the co-precipitation, tape casting and
lamination method. In the composites obtained, a high
bending strength of 77.7 MPa was obtained at 50 wt% HA.
The elastic modulus increased constantly with the increase
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in HA content, while the strain to failure decreased with
the addition of HA. The fracture surface of PLLA/HA
samples showed a pull-out of HA nanorods. The obtained
PLLA/HA composites with satisfactory properties may
tind application in orthopedic surgery.
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