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Abstract Eight groups of calcium-phosphate scaffolds

for bone implantation were prepared of which seven were

reinforced with biopolymers, poly lactic acid (PLA) or

hyaluronic acid in different concentrations in order to

increase the mechanical strength, without significantly

impairing the microarchitecture. Controls were un-rein-

forced calcium-phosphate scaffolds. Microarchitectural

properties were quantified using micro-CT scanning.

Mechanical properties were evaluated by destructive

compression testing. Results showed that adding 10 or 15%

PLA to the scaffold significantly increased the mechanical

strength. The increase in mechanical strength was seen as a

result of increased scaffold thickness and changes to plate-

like structure. However, the porosity was significantly

lowered as a consequence of adding 15% PLA, whereas

adding 10% PLA had no significant effect on porosity.

Hyaluronic acid had no significant effect on mechanical

strength. The novel composite scaffold is comparable to

that of human bone which may be suitable for transplan-

tation in specific weight-bearing situations, such as long

bone repair.

1 Introduction

A biocompatible and strong scaffold with osteoconductive

and -inductive properties is highly needed for specific load

bearing purposes in orthopaedic and maxillo-facial surgery.

Today, allograft and autograft are the preferred graft

materials used in the clinic for revision surgery of joint

replacements and spine fusion, but an alternative material

is needed, as allograft and autograft are associated with

several disadvantages and in short supply [1]. The process

of harvesting autograft is associated with an increased risk

of donor site morbidity, as well as difficulties in harvesting

enough viable bone material [2]. Allograft is associated

with slower bone incorporation, because of possible

immunological host reactions [3].

The natural calcium-phosphate compound hydroxyapa-

tite (HA) has been used as a bone substitute for many years,

because of its biocompatibility and osteoconductive prop-

erties. When implanted in bone, HA is slowly resorbed and

replaced by new bone growth [4]. Combining HA with the

more rapidly soluble beta-tricalcium-phosphate (b-TCP) in

an optimal ratio, results in an osteoconductive scaffold with

optimal calcium-phosphate donor potential, because of the

different dissolution rates of the materials. Unfortunately,

HA/b-TCP ceramic scaffolds for implantation in bone are

rigid and fragile, and the mechanical properties are not

comparable to human bone. Therefore, different attempts

to reinforce and improve HA/b-TCP ceramic scaffolds

have been tried. Biocompatible polymers such as poly

lactic acid (PLA), polyglycolic acid and polycaprolactone

have been added to ceramic scaffolds in order to increase

the mechanical strength of the scaffolds without decreasing

the porosity of the final composite [5, 6].

PLA is a biocompatible polymer consisting of long

chains of lactic acid. PLA is degraded by hydrolysis to
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lactic acid, which in turn is excreted as water and car-

bondioxide via the tricarboxylic acid cycle. It is used as a

suture material because of its strength, biocompatibility

and solubility [7, 8].

Low molecular weight (LMw) hyaluronic acid (HyA)

(approximately 30 kDa) has been shown to increase osteo-

genic differentiation of mouse calvarial mesenchymal stem

cells in vitro [9]. Endogenous HyA plays a significant role in

embryogenesis, with its involvement in migration, prolif-

eration and differentiation of mesenchymal cells [10, 11].

Thus, HyA could make up a resilient composite substitute

with osteoconductive as well as osteoinductive potential.

The aim of this study was to investigate the microar-

chitecture and mechanical properties of pure ceramic and

composite scaffolds for bone implantation. We hypothe-

sized that the addition of a resilient biopolymer to a cera-

mic scaffold would enhance the mechanical strength of the

composite scaffold without impairing the microarchitecture

and possible osteoinductivity of the material.

2 Materials and methods

2.1 Materials

Seven groups of different composite scaffolds and one

group of pure ceramic (HA/b-TCP) were produced and

prepared in cubes (10 9 10 9 10 mm) by The Danish

Technological Institute (Taastrup, Denmark) as described

below (Table 1).

Biphasic calcium-phosphate material consisting of HA

and b-TCP with the stoichiometric composition 70/30 was

obtained as a powder from FinCeramica (Faenza, Italy).

Poly(D, L)-lactic acid, PDLLA (50% D-PLA, 50% L-PLA)

Mw = 308000 Da, was provided by PHUSIS (Saint

Ismier, France). Hyaluronic acid (HyA): Mw = 0.05 MDa

low molecular weigth (LMw), and Mw = 1.0 MDa med-

ium molecular weight (MMw) was provided by Novo-

zymes A/S (Bagsvaerd, Denmark).

2.1.1 Preparation of the pure HA/b-TCP scaffolds

The porous structures were prepared using a CO2 foaming

of a ceramic slip with a high polymer content, followed by

binder removal and sintering at 1200�C [12].

2.1.2 Method for deposition of polymers

The polymers were introduced into the sintered porous HA/

b-TCP ceramic scaffold by a solvent infiltration method

(demineralised water for HyA and acetone for PDLLA).

The polymer solution was introduced at room temperature;

the scaffold was subsequently dried under vacuum and

weighed. The process was repeated until the required

polymer load was reached. For the composite scaffolds

containing both PDLLA and HyA, the PDLLA was intro-

duced first. The amounts of polymers added in this study are

expressed as weight percent (wt%) of the total construct.

2.2 Evaluation of pore sizes

Pore sizes and interconnected pores were evaluated by

microscopy.

2.3 Micro-CT scanning and 3D-reconstruction

All scaffolds were micro-CT (lCT) scanned using a

high resolution microtomographic system (VivaCT 40,

Scanco Medical AG. Brüttisellen, Switzerland) followed

by 3D-reconstruction of images and 3D-microarchitech-

tural analysis. The 3D-microarchitectural properties of the

composite scaffolds were compared to those of the pure

ceramic scaffold, HA/b-TCP. The mean porosities, scaf-

fold wall thicknesses (ScTh), structural model indeces

(SMI) and connectivity densities (CD) of the composite

scaffolds were calculated. SMI characterizes the 3D

structure types of the scaffold as a certain amount of rods

and plates. The value of SMI lies between 0 and 3, when

the structure consists of both rods and plates of equal

thickness, depending of the volume ratio of rods and plates.

An ideal plate-like structure will reflect a high mechanical

strength and has a SMI value of 0, whereas an ideal rod-

like structure will reflect a low mechanical strength and has

a SMI value of 3 [13, 14]. CD is topological measurement

used to describe the porosity and number of interconnected

scaffold trabeculae of the material [15].

2.4 Mechanical testing

Following lCT scanning, destructive compression test of the

scaffolds was performed on an 858 Bionix MTS hydraulic

material testing machine (MTS Systems Corporation, Min-

neapolis, Minnesota). All materials were tested the same day,

Table 1 Overview of the materials produced and analyzed in this

study

Group Composite material n

1 No polymer, pure HA/b-TCP 6

2 5% wt PDLLA ? HA/b-TCP 5

3 10% wt PDLLA ? HA/b-TCP 6

4 15% wt PDLLA ? HA/b-TCP 6

5 5% wt HyA-LMw ? HA/b-TCP 5

6 5% wt HyA MMw ? HA/b-TCP 6

7 5% wt PDLLA and 5% wt HyA-LMw ? HA/b-TCP 6

8 5% wt PDLLA and 5% wt HyA-MMw ? HA/b-TCP 6
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under the same dry conditions at room temperature. A load

cell of 1 kN was used, and a static strain-gauge extensometer

(Model 632.11F-20; MTS Systems Corporation) was

attached to the testing columns close to the specimen. Load-

deformation data were collected and converted to stress–

strain data. Max load, ultimate stress (strength), Young’s

modulus (stiffness), and failure energy were calculated.

2.5 Statistics

Data are presented as mean ± SD. All data were assessed

by One-way ANOVA, and the post hoc multiple compar-

isons were adjusted using Bonferoni’s test or paired Stu-

dent’s t-test as appropriate. Value of P \ 0.05 was

considered statistically significant.

3 Results

3.1 Microarchitectural properties

Microscopic evaluation shows highly interconnected sam-

ples with the majority of pores between 300 and 700 lm

and interconnections from 100 to 200 lm (Fig. 1).

Porosities of the composite scaffolds were affected by

adding polymers i.e. polymers added to the scaffold decreased

the porosity (Table 2). The porosities in groups (2, 4, 5)

containing PDLLA or HyA-LMw had porosities of 67, 54 and

69% respectively. These porosities are significantly lower

than the 79% of group 1. The porosities of all other groups (3,

6–8) were not significantly different from that of group 1.

SMI in groups 2, 4, 5 was significantly smaller (P \ 0.05)

than SMI in group 1. Group 2 had an overall mixed shape of

structure type with more plates than rods. The SMI value

seen in group 4 reflected a structure type consisting of plates.

The negative value reflects the concave curvature caused by

fenestrations in a flat plate. Group 5 had an SMI value

reflecting a plate-like structure. Group 1, with no polymer

added, had an overall rod-like structure type. Composite

scaffolds with PDLLA added (groups 2, 4, 5) have signifi-

cantly different structure types as compared to group 1,

whereas the structure type of group 3 were not significantly

different. Groups 6–8 had an overall mixed structure type,

not significantly different from that of group 1.

Scaffold thickness (ScTh) was also evaluated. The

thicknesses of all composite scaffolds (groups 2–8) were

greater than that of group 1, but only the thicknesses of

groups 3–5 were significantly different from group 1. The

thickness of group 4 was even significantly greater

(P \ 0.05) than that for all other groups, except for that of

group 5. There were no significant differences in connec-

tivity density between groups.

The changes in microarchitecture (porosity, ScTh) of the

composite ceramics are visualised in Fig. 2.

3.2 Mechanical properties

Results from destructive compression test can be seen in

Fig. 3. The strength of the composite scaffolds increased

significantly with PDLLA infiltration. Figure 3a revealed a

dose–response effect with the addition of PDLLA from

5–15% seen in the groups 2–4. Group 4 showed signifi-

cantly higher max load and ultimate stress when compared

to group 1 and all other groups. Group 3 exhibited a sig-

nificantly higher strength than all other groups, except

group 4. Groups 2 and 7 were also significantly different

from group 1 regarding the max load applied on the

materials. HyA LMw (group 5) had a significant effect on

overall strength, when compared to group 1.

Young’s moduli for all composite scaffolds were affected

by the addition of polymers (Fig. 3c). Group 4 had a sig-

nificantly higher stiffness than all other groups. The stiffness

of group 4 was approximately 10-fold higher than that of

group 1, whereas the stiffness seen in group 3 was approxi-

mately 6-fold higher than that of group 1. The stiffness for

group 3 was significantly higher than that of groups 1 and 2.

Fig. 1 Microscopic evaluation

of pores and interconnecting

pores of two selected scaffolds.

Microscopic evaluation shows

highly interconnected samples

with the majority of pores

between 300 and 700 lm and

interconnections from 100 to

200 lm. Scale bar represents

100 lm. Group 1 (HA/b-TCP)

(a). Group 4 (HA/b-

TCP ? 15% PDLLA) (b)
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Failure energy was also affected by the addition of

PDLLA. Failure energy was significantly increased and

more than 4-fold higher for group 4 than compared to all

other groups.

4 Discussion

This study investigated the microarchitecture and

mechanical properties of composite scaffolds reinforced

Table 2 Results from l-CT analysis and evaluation of the materials in this study

Groups Porosity (%) SMI (-) ScTh (mm) CD (mm-3)

Mean ± SD P-values

comparisons

with group 1

Mean ± SD P-values

comparisons

with group 1

Mean ± SD P-values

comparisons

with group 1

P-values

comparisons

with group 1

Mean ± SD P-values

comparisons

with group 1

1 79 ± 3 – 2.31 ± 0.29 – 0.15 ± 0.01 – \0.001 12.4 ± 4.3 –

2 67 ± 2 0.03 0.71 ± 0.26 0.04 0.19 ± 0.00 0.06 \0.05 13.4 ± 1.6 0.916

3 71 ± 7 0.10 1.15 ± 0.95 0.11 0.20 ± 0.03 \0.05 \0.05 11.1 ± 3.4

4 54 ± 13 \0.001 1.46 ± 2.61 \0.001 0.25 ± 0.07 \0.001 – 11.2 ± 5.1

5 69 ± 5 \0.05 0.36 ± 0.91 \0.05 0.22 ± 0.04 \0.05 0.14 10.4 ± 5.0

6 71 ± 7 0.10 1.24 ± 0.95 0.14 0.19 ± 0.03 0.08 \0.05 11.3 ± 2.6

7 72 ± 10 0.16 1.29 ± 1.12 0.16 0.18 ± 0.00 0.14 \0.05 10.6 ± 4.7

8 73 ± 10 0.22 1.37 ± 1.09 0.20 0.18 ± 0.03 0.16 \0.05 10.3 ± 3.9

P-values less than 0.05 were considered significant (ANOVA)

Fig. 2 Three-dimensional

reconstructions from l-CT

images of scaffold materials

prepared in cubes

(10 9 10 9 10 mm). Right:

Reconstructions of cubes. Left:

cross sections of cubes.

Microarchitecture is visibly

altered by adding polymers to

the ceramics. This is especially

evident for groups 2–4, where

PDLLA is added
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with resilient biopolymers (PDLLA and HyA). We dem-

onstrated that adding a resilient biopolymer (10% PDLLA)

to the calcium–phosphate scaffold materials does not

impair the microarchitecture with regards to porosity, SMI,

ScTh and CD. Furthermore, the addition of a polymer to

the scaffold enhanced the mechanical strength of the

scaffold making it comparable to that of human cancellous

bone [16] and hence useful for implantation in bone in

specific weight-bearing areas.

The microarchitecture of a scaffold can typically be

characterized by its porosity, interconnected pore size and

scaffold size and shape. Porosity is important for cell

migration and proliferation, transfer of nutrients and vas-

cular ingrowth. Sufficient mechanical strength of a scaffold

is important for ensuring mechanical stability for early

anchorage of the scaffold to the surrounding bone, and

ultimately for optimal bone formation [17]. However,

mechanical strength is influenced by the microstructure as

low porosity (\70%) is correlated with a high mechanical

strength [17]. Consequently, when designing a resilient

composite scaffold material for bone implantation, the risk

of lowering the porosity of the scaffold material when

adding polymers must be considered.

Thickness of the trabeculae of the scaffold (ScTh) is also

an important characteristic and is related directly to the

mechanical strength of the material. Structure type

(reflected by SMI) has been shown to correlate well with

the ultimate strength of a material resembling human tra-

becular bone [18, 19].

The porosities seen in the composite materials described

in this study range from 54 to 73%. The porosities are

lowered as a consequence of adding polymers. The

porosity of the pure ceramic in group 1 is high; conse-

quently with low mechanical strength, stiffness and failure

energy when compared to the PDLLA infiltrated scaffolds

(groups 3, 4). Overall, adding resilient biopolymers to the

Fig. 3 Exact description of materials can be viewed in Table 1.

Destructive compression test show the effects of mechanical prop-

erties of polymers added to the ceramic scaffolds. All data points are

presented. Mean is indicated by horizontal bar. Significant differences

between groups are indicated by asterisks. P-values less than 0.05

were considered significant (ANOVA). Max load (N) (a), Ultimate

stress (MPa) (b), Young’s modulus (MPa) (c), Failure energy

(kJ/m3) (d)
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ceramic improved the mechanical strength significantly;

partially explained by a reduction of the porosity. Never-

theless, for bone formation porosity must be large enough

to allow cell migration and proliferation within the scaf-

fold, as well as supply and allow for exchange of oxygen

and nutrients through ingrowth of capillaries. A pore size of

[300 lm has been shown to encourage osteogenesis

whereas a pore size of *100 lm is generally considered to

be the minimally accepted pore size for induction of new

bone ingrowth [20]. The interconnected pores and pore

sizes (300–700 lm) found in the materials analyzed in this

study are all within the limits of what is needed for optimal

osteoinduction.

Studies have shown a correlation between high porosity

and increased bone ingrowth, but as a result, the mechan-

ical stability of the scaffold is reduced [21]. Thus,

mechanical strength and stiffness of the scaffold must be

increased without compromising the porosity of the mate-

rial, and ultimately affecting stimulation and growth of

new bone. The addition of HyA (groups 5 and 6) results in

a decreased porosity compared to the pure ceramic in

group. The porosities are, however, still optimal for facil-

itation of bone ingrowth. The mechanical strength seen in

these two groups are not significantly better than that of

pure ceramic, although approximately 3-fold higher. The

relatively low strength and stiffness could be explained by

the fairly low amount of HyA LMw/MMw added to the

ceramics (5%). Adding 10 or 15% HyA LMw or MMw to a

ceramic material might also reveal a dose–response effect

regarding the strength parameters as seen with groups 2, 3

and 4. The structure of the two composite scaffolds with

LMw and MMw HyA are overall thicker, plate-like or a

mix of rods and plates, respectively. The combination of

5% HyA LMw or MMw with 5% PDLLA as seen in groups

7 and 8, show similar characteristics as groups 5 and 6

regarding porosity and mechanical strength. The porosities

are acceptable for a composite scaffold, but the mechanical

strengths, stiffnesses and failure energy are low. Probably

due to the shape of the trabeculae, which are found to be

generally mixed with a tendency towards a more rod-like

nature, but also because of the relatively low amount of

polymer added (5%).

The addition of 15% PDLLA (group 4) significantly

decreased the porosity of the material compared to the pure

ceramic from *80 to 54%. This level of porosity is con-

sidered to be too low for bone ingrowth [21]. The

mechanical properties of this composite scaffold are,

however, found to be the highest for all groups, reflected by

the structural properties obtained from the lCT analysis.

The SMI index reveals a highly plate-like structure

although concave, and the ScTh is almost two-fold that of

the pure ceramic. The SMI values also correlate well with

the ultimate strength of the composite scaffolds with

PDLLA added as previously described. Thus, increased

mechanical strength is obtained at the expense of a criti-

cally lowered porosity [16]. Meanwhile, a porosity of 71%,

as obtained with the addition of 10% PDLLA (group 3),

will facilitate bone ingrowth. Mechanical properties of this

composite scaffold also have a significantly higher

mechanical strength than the pure ceramic in group 1. A

dose–response effect can be seen in composite scaffolds

with 5, 10 and 15% PDLLA added. The addition of 5%

PDLLA has no significant effect on the strength of the

material. The porosity is 67% which is also considered to

be optimal for bone ingrowth. The scaffold materials with

PDLLA added have an overall mixed structure, and have a

significantly greater ScTh than that of the pure ceramic.

The elasticities (Young’s moduli) observed for all the

composite scaffolds are, however, relatively low when

compared to healthy trabecular bone [16, 22, 23]. This is

presumably due to the absence of cells and extracellular

matrix components such as collagen. Especially collagen is

considered a contributor to the ductility of bone [24, 25].

Other parameters such as structure type (SMI and CD) and

thickness are highly comparable to that of human cancel-

lous bone, which is also reflected by the mechanical

strength of the scaffold material [18]. In this study we

chose to combine PDLLA and HyA with a ceramic scaf-

fold in order to create a strong and elastic composite

scaffold. In an aqueous solution, HyA is shaped as a

stiffened random coil with a highly hydrated volume [11].

This structure is highly correlated with the compressive

resilience of the polymer. However, testing the compres-

sive strength of the composite scaffolds was done using dry

samples, and this might have had an influence on the

stiffness of the composite scaffolds with HyA. The high

resilience associated with the hydrophobic PDLLA is not

due to its ability to bind water, but more to its bonds and

overall structure [7]. Once in contact with water, the deg-

radation of PDLLA will begin; thus lowering the strength

of the composite scaffold. The expected degradation of the

composite scaffold is, however, slower than that seen for

the pure polymer, and should not affect the mechanical

property of the composite scaffold once implanted in bone

[26]. However, the degradation could create an acidic

environment, which could be cell toxic if contained in a

static environment e.g. in an in vitro cell culture. However,

PDLLA used for these materials have been used for more

than 20 years with proven excellent biocompatibility and

absence of systemic or local toxicity. Therefore, these

composite scaffolds reinforced with PDLLA are considered

safe, even for implanting scaffolds of considerable sizes.

CD is, for all the materials in this study, found to be

almost twice that of human cancellous bone [27]. This

might be an effect of the foaming procedure used for

preparation of the scaffold materials. Natural bone
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remodelling ensures a highly organized arrangement of

trabeculae (Wolff’s Law), whereas the foaming method

produces material with a more random structure.

When comparing the materials in this study with human

cancellous bone, some similarities are present (Table 3).

The porosities of the materials in all groups, except for

group 4 are comparable to cancellous bone. Trabecular

thickness of cancellous bone is 186 ± 29 lm, as is the

corresponding ScTh found in groups 2, 3, 6, 7 and 8 [28].

However, the mechanical strengths of the materials are

only comparable to human cancellous bone when a rela-

tively high dose of PDLLA is added (10–15%).

In conclusion, compared to human cancellous bone, the

composite material reinforced with 10% PDLLA shows

similar characteristics regarding mechanical strength and

microarchitecture. Especially with regards to porosity,

ScTh, SMI and ultimate strength, the material demonstrates

a promising composite scaffold material for bone

formation.

This scaffold might be useful for bone implantation for

specific weight bearing areas. The addition of HyA had no

significant effect on the mechanical properties tested in this

study, but could still be a relevant component of a com-

posite scaffold, because of its osteoinductive potential.

Increasing the amount of HyA to the scaffold (e.g. 15%)

might possibly improve the mechanical properties of the

composite scaffold.
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