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ABSTRACT A series of biocomposite materials was successfully prepared by reinforcing advanced calcium phosphate cement with
hydroxyapatite fibrous and elongated plate-like particles. Powder X-ray diffraction showed that ball-milled biocomposite precursors
(dicalcium and tetracalcium phosphates) entirely transform to a single phase hydroxyapatite end product within 7 h.at 37 °C. Electron
microscopy showed that the resultant biocomposites are constituted of nanoscaled cement particles intimately associated with the
reinforcement crystals. The influence of shape, size, and concentration of the hydroxyapatite filler on the compression strength of
reinforced cements is discussed. The best compression strength of 37 4= 3 MPa (enhancement of ~50 % compared to pure cement)
was achieved using submicrometer-sized hydroxyapatite crystals with complementary shapes. Nanoindentation revealed that averaged
elastic modulus and hardness values of the cements are consistent with those reported for trabecular and cortical human bones,
indicating a good match of the micromechanical properties for their potential use for bone repair. The stiffness of the biocomposites
was confirmed to gradate—compliant cement matrix, cement-filler interface, and stiff filler—as a result of the structuring at the
nanometer—micrometer level. This architecture is critical in conditioning the final mechanical properties of the functional composite
biomaterial. In vitro cell culture experiments showed that the developed biomaterial system is noncytotoxic.
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INTRODUCTION
Ithough fractured bones can repair themselves, there

are some situations where natural reparation and

reconstruction of the hard tissue are limited or tend
to not heal correctly. In such cases, bones may require repair
or substitution in the course of a surgical procedure. From
the viewpoint of biomaterial and biomedical research, cal-
cium phosphate cements (CPCs) are promising materials
that can be effectively used for bone repair and substitution
(1, 2). Several reviews covering the preparation, properties,
and applications of CPC biomaterials are available (3—7).
The current uses of CPCs are broadly related to craniofacial
and periodontal applications, while attempts to use cements
in the areas where bones support dynamic load (load-
bearing applications) have failed to give long-term perfor-
mance. This is due to the lower fracture toughness param-
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eter of CPCs (~0.6—1.5 MPa/m?) (8) in contrast to human
bones (~2—12 MPa/m?) (9).

One of the most promising strategies to improve the
mechanical performance (strength and fracture toughness)
of the CPCs is their reinforcement via physical linking of
spatially allocated fibrous materials (7, 10). The most ap-
pealing feature of such biocomposites is that the filler is
mechanically stronger than the matrix, and therefore, being
thoroughly embedded in the cement, it can prevent potential
crack propagation. There are two types of reinforcement
phases: bioinert and bioactive. In the case of a bioinert
approach, examples include the reinforcement of hydroxya-
patite (HA, Ca;o(PO4)(OH),) ceramics by adding various
biocompatible fibers, such as polymers (11, 12), C (13), SiC
(13), ZrO, (14), or Al,O5 (15) to improve their mechanical
properties. Ordinarily, the bioactivity and bioresorbability
of such composites is reduced, as the bioinert fillers do not
interact with the host tissue. These limitations have strongly
motivated research related to bioactive reinforcements. For
instance, the application of HA (16, 17) or f-tricalcium
phosphate (18) fibers with excellent biological and physi-
ological characteristics as a reinforcement phase has recently
attracted considerable attention. The main advantage of
these materials is that all of their components are biocom-
patible, bioactive, and reasonably osteoconductive.
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Table 1. Specification, Phase Composition, and Compression Strength of Reinforced Biocomposite Cements

amount of the XRD phase compression
sample shape, length L, and diameter D of the HA filler (20) HA filler (wt %) composition strength (MPa)* >
selection of the optimal particle morphology x
pure CPC” HA 2543 _I
CPC—10%PT plate-like; L, a few um to a few tenths of a um 10 HA 27 £ 1¢ —
CPC—10%ND needle-like; L, several tenths of a um to a few hundredths of a um 10 HA 28 £ 2¢
CPC—10%HX hexagonal prism-like; L, a few tenths of a um; D, ~2 um 10 HA 30+ 3
CPC—10%FP fine-plate-like; L, a few hundredths of a nm to a few um 10 HA 37 +3
selection of the optimal volume fraction

CPC—5%HX hexagonal prism-like 5 HA 31 4 34
CPC—10%HX 10 HA 30 + 3¢
CPC—15%HX 15 HA 35+ 2
CPC—20%HX 20 HA 27 £0.67
CPC—30% HX 30 HA 26 + 4"
CPC—5%FP fine-plate-like 5 HA 31 £ 4
CPC—10%FP 10 HA 37+ 3
CPC—15%FP 15 HA 29 + 4
CPC—20%FP 20 HA 23+ 1
CPC—30%FP 30 HA 20+ 0.3

“CS values statistically significant different (P < 0.05, ¢ test). b pure CPC is reported calcium phosphate cement C-D36/T48 (19).
“CPC—10%ND and CPC—10%PT are not statistically different from each other. “Not statistically different from CPC—10%HX, CPC—
15%HX, CPC—20%HX, and CPC—30%HX. ¢Not statistically different from CPC—5%HX, CPC—20%HX, and CPC—30%HX. 7 Not
statistically different from CPC—5%HX. ¢ Not statistically different from CPC—5%HX, CPC—10%HX, and CPC—30%HX. " Not statistically
different from CPC—5 % HX, CPC—10 % HX, CPC—20% HX, and pure CPC. ' CPC—5% FP and CPC—15 % FP are not statistically different from each

other.’ Not statistically different from pure CPC.

In spite of the great interest in bioactive reinforcement
by HA fibrous particles (16, 17), systematic studies of the
effect of the shape, size, and concentration of crystals on
the mechanical function of the biocomposites have rarely
been conducted. In our previous investigations, we success-
fully synthesized bioactive and noncytotoxic CPCs exhibiting
rapid conversion to HA (19) as well as HA crystals with
various well-defined particle shapes (plate-like, hexagonal
prism-like, needle-like, and fine-plate-like) and sizes (20). In
this study, we coupled these matrix and filler materials with
the aim of exploring a new family of reinforced biocompos-
ite cements. Marked improvement and sophisticated control
over mechanical properties of engineered biocomposites
were achieved by varying either the shape and dimension
or concentration of the HA filler. The micromechanical
properties of such biocomposite CPCs are largely unknown
and are studied here by means of nanoindentation.

EXPERIMENTAL SECTION

Biocomposite Preparation. Hydroxyapatite CPC was pro-
duced from reactive submicrometer-sized dicalcium phosphate
dihydrate (DCPD, CaHPO, - 2H,0) and tetracalcium phosphate
(TTCP, Cas(PO4),0) via a dissolution—precipitation reaction
using water as the liquid phase (21). In a typical procedure,
equimolar amounts of ball-milled DCPD and TTCP powders with
average particle sizes of approximately 1.1 and 1.5 um, respec-
tively (19), were thoroughly mixed with the desired amount
(Table 1) of HA filler with a plate-like, hexagonal prism-like,
needle-like, or fine-plate-like particle morphology generated by
a urea-assisted hydrothermal method (Figure 1) (20). The fine
powder mixture (0.6 g) was placed inside a latex finger cot,
along with an appropriate amount of distilled water, and then
hand kneaded for 1 min. The used solid to liquid ratio was 3
g/mL, wherein HA filler was not considered. The resulting putty-
like material was then subjected to setting (vide infra).
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Throughout this work, a set of acronyms are used (Table 1).
The first three letters CPC indicate the calcium phosphate
cement matrix, the numbers show weight percentages (wt %)
of the respective reinforcement phase, while the last two letters
reflect the particle morphology of the filler: PT, plate-like; HX,
hexagonal prism-like; ND, needle-like; FP, fine-plate-like.

Biocomposite Characterization. Powder X-ray diffraction
(XRD) patterns of the biocomposites were collected on a Rigaku
RINT 2000 diffractometer, equipped with Ni-filtered Cu Ko
radiation (2 = 1.54178 A). All diffractograms were collected with
a scan speed of 0.5° 26/min, and a 0.02° step width. The
morphology of the biocomposite CPC was observed by scanning
electron microscopy (SEM) using a Hitachi S-4500 microscope,
operating at 15 kV. The fine microstructure of the biomaterials
was studied by transmission electron microscopy (TEM) and
high-resolution TEM (HRTEM) on a Hitachi H-8100 microscope,
operating at 200 kV. The samples for TEM were crushed,
dispersed in ethanol, and deposited on a holey carbon grid.

Setting of Cement. For HA conversion studies, the afore-
mentioned putty-like paste was rapidly shaped into a rod,
divided into several pieces, and allowed to set for 1 h under
ambient conditions. Each piece was separately incubated in
distilled water at 37 °C for a specific period of time. Im-
mediately prior to the XRD analysis, the test sample was very
quickly ground in warm acetone using a hot agate mortar and
pestle (80 °C), in order to remove the rest of the water and, to
some extent, suspend the reaction process.

For the mechanical property measurements, the biocompos-
ite specimens were prepared by pressing the putty-like material
under 5.3 MPa (lowest pressure of the loading device) for 1 min.
The obtained biocomposite cylindrical specimens with an
aspect ratio of 2 (diameter, 6.9 mm; length, 13.8 mm) were kept
for 1 h under ambient conditions to set, incubated in distilled
water at 37 °C for 23 h, and then subjected to the mechanical
tests.

For in vitro tests, 3 times less putty-like biocomposite paste
was used. The specimens, in the form of pellets, were prepared
by pressing under 5.3 MPa for 1 min. The sample was removed
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FIGURE 1. SEM images (scale bar 15 um) of HA reinforcemen
fine plates (D).

from the mold and kept for 1 h under ambient conditions to
set prior to in vitro testing.

Mechanical Tests. Compression strength (CS) tests were
performed using a Shimadzu Autograph AG-I universal testing
machine. All CS values are the average of at least six replicates.
Micromechanical properties of the produced cements (elastic
modulus Eg and hardness H) were measured using nanoinden-
tation (NI). For this purpose, specimens were embedded in
poly(methyl methacrylate), cut with a diamond circular saw,
ground with silicon carbide sandpapers, and thoroughly pol-
ished with diamond paste down to a particle size of 1 um. Quasi-
static NI on a polished cross-section of the specimens was
performed using a Hysitron TriboScan UBI-1 nanohardness
tester in conjunction with a Digital Instruments Nanoscope Il
atomic force microscope (AFM). A Berkovich diamond indenter
tip with a nominal radius of 300 nm was used. The system
calibration, drift correction (thermal and during unloading), and
calculation of the reduced modulus E, and H from the load—
displacement curve were carried out using the software pro-
gram implemented in the TriboScan, which employs the Oliver
and Pharr method (22). Reduced modulus E; is related to elastic
modulus Es through the following equation: 1/E, = (1 — v?)/E; +
(1 — vd)/Es, where v; = 0.07 is the Poisson’s ratio for the
diamond tip (23), vs = 0.28 has been chosen as the Poisson’s
ratio for synthetic HA (24), and E; = 1141 GPa is the elastic
modulus of the diamond (23). The following loading function
was employed: a loading rate of 0.2 mN/s to a peak load of 1
mN, a holding time of 60 s, an unloading to 0.1 mN with a rate
of 0.2 mN/s, holding for 20 s, and finally unloaded completely
with a rate of 0.5 mN/s. Arrays of indents 13 x 13 with a
distance between single indents of 2.5 um were conducted to
create moduli maps.

In Vitro Test. Cytocompatibility of the prepared biomaterials
was studied in vitro through cell culture experiments, adopted
from that of Manjubala et al. (25), using murine preosteoblastic
cells (MC3T3-E1) from mouse calvarie. Usually, 5 x 10° cells
were suspended in 100 uL of culture medium and seeded on
the biocomposite specimens. The specimens were kept at 37
°C for 30 min in Petri dishes to allow the cells to adhere to the
surface, and then 2 mL of the medium was added. The medium
and Petri dish were refreshed twice a week. To probe dif-
ferentiation and viability of MC3T3-E1 cells, ALP (alkaline
phosphatase) and MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphe-
nyltetrazolium bromide) enzyme activity assays were per-
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t phases with different shapes: plates (A), hexagonal prisms (B), needles (C), and

formed. Time points of measurements were on days 8, 14, and
21 for the ALP assay and on days 1, 2, 4, 7, 14, and 21 for the
MTT assay. The efficiency of the cell proliferation and distribu-
tion over the biocomposite surface were analyzed using a light
microscope employing the Giemsa staining histological method.
All enzyme activity assay experiments were reproduced in
duplicate.

RESULTS
The CPC setting reaction is a result of the dissolution and

precipitation processes. Upon mixing with the liquid phase
at ambient temperature, the DCPD and TTCP precursors are
dissolved, and accordingly, the liquid phase is saturated with
phosphate and calcium ions. Then, the nucleation and
growth of crystals of a less-soluble calcium phosphate
compound, viz. Ca-deficient HA, takes place. During precipi-
tation, the HA crystals interlock, thus generating the struc-
tural solidity of the cement. The summary of the specifica-
tion, phase composition, and compression strength of all
prepared reinforced biocomposite cements is presented in
Table 1. Powder XRD analysis shows that all reinforced
biocomposites after 1 h of setting at ambient conditions and
subsequent incubation in water for 23 h are phase-pure
hexagonal hydroxyapatite (Table 1, Figure 2A). The XRD
patterns are characterized by low intensities and very broad
peaks; this is a result of the nanocrystalline nature and
defective HA structure of the pure cement matrix (19).

To study the influence of the presence of the highly
crystalline HA filler on the biocomposite cements setting, the
conversion to the HA end product was investigated using
XRD. It was established that all biocomposites entirely
convert to the HA end product after 7 h of the setting
reaction (e.g., CPC—10%FP, Figure 2B). More specifically,
according to XRD, CPC—10%FP at t = O consists of, as
expected, DCPD, TTCP, and HA. Further phase analysis
reveals total consumption of DCPD already at t = 5 h, while
TTCP is fully exhausted at t = 7 h. The powder XRD patterns
of this biocomposite at t = 7, 8, and 24 h are very much

Neira et al. www.acsami.org
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FIGURE 2. (A) Powder XRD patterns of the reinforced cements and pure CPC products after setting for 1 h at ambient conditions and consequent

incubation in distilled water at 37 °C for 23 h. Tick marks below the patterns correspond to the positions of the Bragg reflections expected

for the hexagonal hydroxyapatite phase (ICDD no. 72—1243). (B) Comparison of the powder XRD patterns at different times of the CPC-

10%FP biocomposite setting. The dotted lines correspond to the most intense diffraction peaks of the DCPD and TTCP cement precursors and
HA product (ICDD no. 9—77, 70—1379, and 72—1243, respectively).

FIGURE 3. SEM images of the CPC—10%FP (A) and CPC—15%HX (B) biocomposites directly after fine mixing of the DCPD and TTCP cement
precursors with HA filler (left panels) and after 24 h of their setting (right panels). The inset in B is the respective high magnification SEM.

similar, and no distinction in phase composition, patterns, cement matrix and reinforcement phase crystals, compre-
shapes, and positions/intensities of Bragg reflections of an hensively generating an associated microstructure of the end
apatite phase are detected (Figure 2). This indicates that the biocomposites. After CPC setting, the interlocked nanoscaled
conversion rate of the biocomposite to HA appears to be very platelet cement crystals are well adhered to the surface of
high, and the dissolution—precipitation reaction is fully the filler HA crystals. Electron microscopy also demonstrates
complete after 7 h of cement setting. Interestingly, the pure uniform spatial distribution of the filler particles throughout
cement converts to HA within 6 h (19). This result suggests the biocomposite, with no evidence of intergrowth between
that the presence of the crystalline HA reinforcement phase the cement nanocrystallites and the reinforcement phase.
does not lead to remarkable changes in the cement matrix Pure cement has a compression strength of 25 £ 3 MPa
setting. The observed 1 h difference appears to result from (mean =+ standard deviation) (19). To enhance its mechan-
the lesser amount of water employed in the course of the ical performance as a whole and to improve the CS in
reinforced biocomposite preparation. particular, this CPC was reinforced with HA crystals with

The morphology and nanostructure of the biocomposites different morphologies. Four biocomposites were generated
were investigated using SEM and TEM (Figures 3 and 4), using the same content of the filler (10 wt %) to select the
which confirm a pronounced physical interplay between the optimal particle morphology(s) with respect to an increase
www.acsami.org VOL. 2 s NO. 11+ 3276-3284 « 2010 IENAPPLIED MATERIALS 3279
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FIGURE 4. Low-magnification (left panels) and high-resolution (right panels) TEM images of the CPC—10%FP (A) and CPC—15%HX (B)

biocomposites.
R 45
A | 404 M CPC-5-30%HX B
T CPC-5-30%FP
354
304
25 SN . S .. . B | _ ... -

Compression strength (MPa)

Sample

Compression strength (MPa)

- e N
e.T

5 10 15 20 30
Percentage of the reinforced phase (wt.-%)

FIGURE 5. Bar graphs of the compression strength performance of the biocomposites as a function of HA filler morphology (A) and concentration
(B). The black dashed line in B represents the CS value obtained for pure cement (25 + 3 MPa) (19).

in the compression strength. Table 1 together with Figure
5A compares the compression strength for the four as-
prepared biocomposites. All reinforced cements exhibit
enhanced CS. In particular, the biocomposites with hexago-
nal prism- and fine-plate-like particle morphologies as filler
show statistically different and considerably increased com-
pression strength compared to that of pure CPC (up to ~20
and ~50%, respectively), while reinforcement with plates
and needles (statistically not significantly different) results
in a moderate increase of CS by ~12% (Figure 5A). A
maximum value of 37 £ 3 MPa for the CPC—10%FP
biocomposite is achieved.

Furthermore, the most effective geometries’ appearances
(fine-plates and hexagonal prisms) for the stiffening of the
cement have been chosen to investigate the effects of filler
amount on the mechanical response of the resultant bio-
composites. A series of reinforced CPCs with the respective
HA particles having a filler content of 5, 10, 15, 20, or 30 wt
% was generated (Table 1). In Figure 5B, the resulting CS
values as a function of the amount of added filler are
compared. Upon reinforcement, the compression strength
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first increases, reaching a maximum of ~33 and ~37 MPa
at 15wt % hexagonal prisms (CPC—15%HX) and 10 wt %
fine-plates (CPC—10% FP), respectively. At higher weight
loadings, CS values of biocomposites are not statistically
different from the value found for pure, unreinforced cement
(CPC-30 % HX and CPC-20 % FP), stay close to this value (CPC-
20 % HX), or decrease to values lower than that of pure CPC
for CPC-30 % FP (Table 1, Figure 5B).

The micromechanical properties of pure CPC and one of
the strongest biocomposites, CPC-15%HX, were further
evaluated and compared by nanoindentation. Arrays of
indents with a distance between indents of 2.5 um were
performed. In order to differentiate between the responses
to mechanical load of the filler and cement matrix, it was
required to use a peak load not higher than 1 mN; otherwise,
the size of indentation became larger than the width of the
hexagonal shaped HA filler (>2 um).

The key results from this NI study are shown in Figure 6.
The AFM image displayed in Figure 6A was acquired after
probing of the pure cement. The resultant array of indents
is well-ordered, and the indent impressions are quite narrow

Neira et al. www.acsami.org
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FIGURE 6. AFM images of the arrays of indents on the surfaces of pure CPC (A) and CPC—15%HX biocomposite (B) after NI probing with a
peak load of 1 mN (size: 35 x 35 um). The indicated square area in B is shown enlarged in C (size: 10 x 10 um). Dashed white lines indicate
the set of indents for which the cross-section height profiles are shown in the bottom of the AFM images. Nanoindentation elastic modulus
maps (D, E, and F) correspond to the images shown in (A, B, and C). The numbers in F indicate calculated Es values. The dotted line in B
indicates the set of indents for which E data points vs position plot are provided as the inset in Figure 7.

in size and depth, as seen from the AFM height profile. The
corresponding Es map (Figure 6D) demonstrates only small
variations in the property within the probed region of the
cement. The average elastic modulus and hardness of pure
CPC are 28.5 + 2 GPa and 1.2 &+ 0.2 GPa, respectively.
The AFM image depicted in Figure 6B shows the array of
indents set on the surface of the CPC—15 % HX biocompos-
ite. In this AFM image, several spontaneously spatially
allocated hydroxyapatite crystals are observed. This indi-
cates that reinforced CPCs do not develop anisotropy of their
mechanical properties through orientation of the fibrous/
platelet reinforcements. The array is more clearly seen in
Figure 6C, which is the the indicated zoomed-in rectangular
area in Figure 6B. The indents can be assigned to three
different regions: cement, cement—HA crystal vicinity, and
HA crystal. This results in a graduation of the mechanical
properties within biocomposite, as is evident from the
corresponding Es maps (Figure 6E and F) and the respective
elastic modulus vs frequency of appearance plot (Figure 7).
As expected, the cement matrix is more compliant and
softer than the reinforced phase; in particular, the average
elastic moduli and hardness values were calculated to be
about 29.7 £ 3.4 GPa and 1.2 + 0.3 GPa for the cement
matrix and 66 £ 7 GPa and 5.7 & 0.8 GPa for the HA single
crystals, respectively. This is further reflected in the larger
indent impression on the cement compared to HA particles
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FIGURE 7. Frequency of appearances vs elastic modulus plot for the
CPC—15%HX biocomposite. The inset is E; data points as a function
of the distance to the HA particle, plotted for the set of indents
indicated by the dotted line in Figure 6B. The solid line connects
data points for visual clarity.

(Figure 6B and C). The elucidated vicinity region was further
investigated by plotting Es as a function of the distance to
the HA crystal (Figure 7, inset). In the typical example
presented, one can clearly observe the gradient of the
mechanical properties in the biocomposite going from the
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biocomposite specimens as a function of time. The insets in A are representative light microscopy images from the Giemsa stained biocomposite

surface after 8 (left) and 21 (right) days of cell culture experiments.

HA crystals to the region further away from it. In the current
case, the cement—crystal interface is characterized by an
elastic modulus of about 38 GPa (Figure 7, inset).

Whereas the mechanical responses from the cement
matrix and from stiff HA crystals are expected, the formation
of a matrix—filler interface which is stiffer than the cement
matrix is somewhat surprising due to the lack of chemical
interaction between them. The origin of the interface stiff-
ness is currently not clear. It is well-known that during NI
the elastic response of the composite material is due to the
long range of the elastic field generated by the indentation
load. Therefore, it is possible that the presence of a stiff
particle inside the matrix at distances as far as 20 times the
indentation depth could affect the measured elastic modulus
of the matrix without physically modifying the matrix. This
occurs in the same way in a soft film on a hard substrate
(26), where elastic moduli higher than the modulus of the
film are obtained for a penetration of about 5% of the film
thickness. However, according to our NI displacement pro-
files (not shown), there is a reasonable deformation of the
cement matrix under a constant applied load, commonly
known as creep. This indicates poor structural regularity of
the CPC solid, which leads to a number of slip systems. The
porosity of the cement is a major factor that contributes to
the slipping (19). Overall, the phenomenon of creep provides
a good remedy to the contradictory issue encountered in a
soft film/hard substrate system. Hence, it is realistic to
expect that the detected cement—crystal interface is not an
artifact of the measurements but rather associated with the
intrinsic properties of the biocomposite. One possible ex-
planation of such an interface is an inherent elastic modulus
gradation of the cement matrix on the cement—crystal
interface. For instance, it could be the result of more
intensive interlocking CPC nanocrystallites reflected in their
closer packaging in the HA crystals vicinity due to a surface-
induced crystallization phenomena.
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Calcium phosphate cements and hydroxyapatite are both
biocompatible; nevertheless, to evaluate whether the HA
filler affects the cytotoxicity of the resulting biocomposites,
we compared the in vitro behavior of the pure CPC and
reinforced CPC-15%HX by means of cell culture experi-
ments. The osteoblastic cells’ differentiation and prolifera-
tion were deduced from the ALP and MTT assays (Figure 8).
The cytocompatibilities of the two tested samples are quite
alike. Both cement and biocomposite promote cell growth
and viability, as evidenced by the observation of the prolif-
eration and differentiation of MC3T3-E1 preosteoblasts
toward a mature phenotype over the monitored period of
21 days. The results also show that the presence of the filler
HA particles in the cement stimulates preosteoblast dif-
ferentiation in the early stage of incubation (ALP on days
7—14), while the proliferation of the system becomes steady
already in the third week of the experiment (MTT on day
21). Likewise, light microscopic analysis of the Giemsa
stained CPC—15%HX at day 8 revealed islands of spindle-
shaped preosteoblasts, which seem to be well-adhered to the
biocomposite surface (Figure 8A, left insert). Total cell
population was significantly enhanced over a period of 21
days. The preosteoblasts are intensively proliferated, result-
ing in a superior and a sustained covering of the whole
exposed CPC—15 % HX surface (Figure 8A, right insert). To
the first approximation, the results from the cell culture
experiment highlight that synthesized biomaterials are cy-
tocompatible and markedly progressive to osteoblastic matu-
ration state.

DISCUSSION

The properties of a composite material strongly depend
upon the size, shape, concentration, orientation, and me-
chanical properties of the filler, and upon the matrix—filler
interface as well (27). In the current investigation, the
influence of the amount of filler and its particle morphology
on the structure and mechanical properties of the biocom-
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posites was addressed. Consequently, composite biomate-
rials having advanced cement (19) as a matrix (compliant
cf. filler, Es ~29.7 GPa) and HA crystals with plate-, needle-,
hexagonal prism-, or fine-plate-like shapes (20) as the rein-
forcement phase (stiffer, E; ~66 GPa) were prepared. De-
tailed experimental studies revealed that derived biocom-
posites are composed of phase-pure hydroxyapatite already
after 7 h of the setting reaction.

The observed compression strength results indicate that
reinforcement plays an important role in the mechanical
performance of the biomaterials. Since CPC is a brittle
material, its strength is determined by the largest present
cracks, which start to grow once the critical stress is reached
(28). 1If a stronger filler is present in the CPC matrix, it
prevents crack propagation by different toughening mech-
anisms, e.g., fiber pull-out, crack deflection, etc. (27) Electron
microscopy observations lead to the conclusion that the
reinforced cements are composite materials formed by
cement nanoparticles and submicrometer-/micrometer-
sized HA crystals intimately associated on the nanometer
scale. This strong attachment of the cement to the HA filler
crystals most likely contributes to the improved mechanical
performance of the as-prepared biocomposites. It is known
that the performance of many fiber-containing composite
materials is very sensitive to the mechanical properties of
the interface region; i.e., interfacial decohesion leads to a
reduction in stiffness (29). Moreover, de-adhesion of the
matrix—fiber interface is one of the toughening mechanisms
that contributes to the increase of fracture toughness of
composite materials (27). Hence, the observed stiff interface
is a beneficial effect likely causing enhanced consumption
of energy for de-adhesion. This may lead to an increase in
the fracture toughness parameter of the biocomposite, al-
though in the current study, we did not analyze the mechanism
quantitatively. Therefore, additional analyses including fracture
toughness and tensile strength are currently underway to rule
out the influence of a stiff cement—filler interface on the
mechanical properties of the biocomposites.

In addition, the existence of a stiff cement—HA crystal
interface (probably due to a more intensive interlocking of
CPC nanocrystallites in the proximity of HA crystals) was
elucidated by means of nanoindentation. This implies that
neutralizing crack propagation in the reinforced cements
under mechanical load is enhanced, leading to greater
compression strength (16).

It is generally accepted that stiff plate-like inclusions are
the most effective in stiffening isotropic composite materials,
followed by fibrous-shaped morphologies, with the least
effective geometry being spherical (16, 27, 30). In this study,
it appears that plate-like particles, having a straight form,
are not so effective as reinforcement phases (CPC—10 % PT).
A similar low strengthening effect was observed for the
CPC—10%ND composite reinforced with straight needle-like
HA particles. In contrast, the CS value obtained for the
cement reinforced with hexagonal prism-like particles is
considerably higher. This indicates that, for the fillers ex-
hibiting particle sizes on the micrometer scale (Table 1) and
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similar structural properties (20), the “three-dimensional”
shape of the crystals is a more determinant factor of the final
mechanical properties. Such a complex shape raises the
possibility for enhanced anchoring effects, resulting in better
strength performance of the biocomposite.

Nevertheless, the best compression strength performance
was achieved by reinforcement of the cement with the fine-
plate HA crystals. This modification leads to an enhance-
ment of the CS from 25 MPa for pure CPC to 37 MPa for
reinforced CPC, an increase of ~50%. Such a significant
enhancement is most likely related to the synergetic effect
of the complementary crystal morphologies of this hydro-
thermally derived product (20). Furthermore, in contrast to
three other micrometer-sized HA fillers, fine-plate HA crys-
tals demonstrate considerably smaller sizes in the submi-
crometer regime (Table 1). Smaller particles are typically
characterized by high specific surface area, providing en-
hanced attachment and a correspondingly better crack
stopping response due to the higher energy consumption for
separation. Finally, the use of small particles with comple-
mentary shapes may optimize interparticle spacing within
a biocomposite batch, observed as an increased overall
homogeneity. Hence, CPC—10 % FP is the strongest among
the other as-prepared biocomposites.

The biocomposite reinforcement is not only affected by
particle shape and size but also controlled by the content of
the filler particles. The compression strength showed a
volcano-like dependence, having maxima at ~33 MPa and
~37 MPa for the reinforcement by HA crystals with hexag-
onal-prism- (CPC-15 % HX) and fine-plate-like (CPC-10 % FP)
morphologies, respectively. This finding suggests that the
strength of the biocomposites at some point starts to be
determined by the concentration of the reinforcement phase
and not by the inclusion’s shape and size, consistent with
reported literature (31). It is known that strength is depend-
ent on the intrinsic flaws in the composites, such as pores
and reinforced phase aggregates. Therefore, it seems that
biocomposites with a high filler content will have high
probability and an increased number of strength-determin-
ing flaws, leading to a reduced strengthening.

Compared to human bones, the elastic modulus Eg (29.7
GPa) of the cement matrix is slightly higher than that
observed for human trabecular bone (15.0—19.4 GPa) (32)
and very closed to the range for human cortical bone
(20.0—25.8 GPa) (33). The hardness of the cement (1.2 GPa)
is higher than observed in human trabecular bone (0.52—
0.62 GPa) and is also slightly higher than in human cortical
bone (0.62—0.74 GPa) (32). It can be concluded that the as-
prepared biocomposites compare closely with human bone
in terms of elasticity as well as plasticity. Good biomechani-
cal compatibility requires the elastic moduli of biocompos-
ites and human bone to be closely matched, thus avoiding
stress shielding of nearby bone from mechanical forces and
the subsequent bone absorption observed when implant
materials with a higher elastic modulus than bone are
employed as a bone graft.
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It is noteworthy that the synthesized biocomposites have
significant clinical relevance, as is revealed in the course of
the cell culture experiments. This material system is prolif-
erative and differentiative from the preosteoblastic cell line
MC3T3-E1, wherein the HA filler is capable of accelerating
the overall cell differentiation. This result indicates that
produced composites are noncytotoxic and appropriately
mimicking aspects of osteoblastic cell growth.

CONCLUSIONS
The mechanical properties of advanced cement were

enhanced via reinforcement by hydroxyapatite crystals with
various particle morphologies. It is shown that the strength
performance of these novel reinforced biocomposites is
determined by the size, shape, and quantity of the reinforce-
ment phase. The measured mechanical properties of the
optimized biocomposites were shown to be very similar to
those seen in human bone. This is of great consequence to
their potential application in bone repair and substitution,
as the biomechanical aspects of calcium phosphate cement
biocomposites play a large role in their cytocompatibility and
the scope of their application. Fine details about the varia-
tions in the micromechanical properties of biocomposites
have been demonstrated by means of nanoindentation with
its unique spatial resolution.
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