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Abstract An interest path to fabricate supports for tissue

engineering is to foam calcium phosphate cement’s pastes

leading to an increase on material’s total porosity and

interconnectivity which facilitates cells’ adhesion, prolif-

eration and differentiation. The aim of this work is to

develop scaffolds of brushite cement and to evaluate its

in vitro degradation rate. Macroporosity was obtained by

foaming the liquid phase with different non-ionic surfac-

tants (Tween 80 and Lutensol ON-110). The foam stability

was achieved by adding chitosan. The scaffolds were

immersed in Ringers� solution during 7, 14, 21 and

28 days and samples’ microstructure, weight loss,

mechanical resistance and apparent porosity were evalu-

ated. Both scaffolds presented interconnected macropores

with sizes ranging from 100 to 360 lm and total porosities

higher than 60 %. These properties could facilitate cell

infiltration, bone growth and vascularization. The scaffolds

obtained in this work should be considered as promising

materials for application in bone tissue engineering.

1 Introduction

More than two decades ago, calcium phosphate cements

(CPCs) were discovered as advanced bioceramics because

of their ability to form a moldable paste that self-set in vivo

[1–3]. Due to their chemical composition, CPCs present

properties as bioactivity, biocompatibility, resorbability

and osteoconductivity allowing them to be used for bone

treatment [2].

CPCs are hydraulic cements which setting reaction leads

to the precipitation of one or more crystalline calcium or-

thophosphates. Cement’s mechanical resistance is a con-

sequence of the entanglement of these crystals [3, 4]. There

are different formulations of CPCs; however, all of them

lead to apatite or brushite as final product. Like any

hydraulic cement, CPCs form plastic pastes that could be

molded into any shape like dense blocks and scaffolds [3,

5].

Scaffolds are tridimensional porous structures that allow

cells to develop throughout the pores [6–8] and, macrop-

orosity and interconnectivity are key factors for scaffolds’

biological, chemical and mechanical performance [6, 7, 9].

Using water soluble and biocompatible surfactants as

foaming agents during CPC setting reaction is being

reported by Montufar et al. [10–12] as a potential path to

produce scaffolds with suitable compressive strength and

macroporosity to promote fast bone ingrowth.

Chitosan is usually used to stabilize foams and emul-

sions due its chemical structure. It is a semi-synthetic

polymer—part of its processing occurs at laboratory, but it

has a natural matrix—that derives from amino polysac-

charides. It is nontoxic, biocompatible, biodegradable,

bioactive and has bactericidal effects [13–16].

The aim of this study was to synthesize and characterize

scaffolds of brushite cement by foaming the liquid phase
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containing Lutensol ON-110 or Tween 80 as foaming

agents and chitosan as foam stabilizer.

2 Materials and methods

2.1 Calcium phosphate cement scaffolds

b-TCP was synthesized by solid state reaction as published

elsewhere [17, 18]. The resulting powder was analyzed in

triplicate by laser diffraction (Mastersizer 2000; Malvern,

UK) and the mean particle size (d(0.5)) was 3.63 ±

0.07 lm.

The liquid phase consisted of an aqueous solution con-

taining 1.5 wt.% of citric acid (C6H8O7, Synth, Brazil),

26.2 wt.% phosphoric acid (H3PO4, Synth, Brazil), and

0.5 wt.% of chitosan (Sigma Aldrich, Germany). The last

one was added to stabilize the foam [16, 19].

CPCs scaffolds were prepared by adding a non-ionic

surfactant (0.02 wt.% Lutensol ON 110; Basf, Germany or

0.11 wt.% Tween 80; Synth, Brazil) into the liquid phase,

which was stirred (IKA�-WERKE, Germany) for 1 min to

obtain the foams. The b-TCP powder was carefully mixed

with the foam in a liquid-to-powder ratio (L/P) of 0.80 mL/

g and the paste was molded into cylindrical silicone molds

(10 9 20 mm). Control samples were prepared without

chitosan and/or surfactant and were named CPC_P and

CPC_C, respectively. All formulations are described in

Table 1.

2.2 CPC scaffolds’in vitro degradation rate

In vitro degradation rate was determined by evaluating

samples’ weight loss (WL) and compressive strength as a

function of time. At least six samples of each formulation

were weighed and immersed in Ringers� solution at

36.5 �C during 7, 14, 21 and 28 days. After each period,

samples were washed with distilled water, dried at

100 �C during 24 h and then weighed again, with resolu-

tion of 0.001 g. The WL was calculated by Equation 1

[20], in which ‘‘Wo’’ is the initial weight of the specimen;

and ‘‘Wd’’ is the weight of the dry specimen after the

different degradation times. The Ringers� solution was

refreshed every 48 h, to avoid significant variations in the

pH [8].

WLð%Þ ¼ ðWo�WdÞ=Wo½ � � 100 ð1Þ

2.3 Characterization

Compressive strength of the samples was evaluated in a

universal testing machine (Instron 5500R) with a crosshead

speed of 0.5 mm min-1. At least ten specimens were tested

for each formulation.

The morphology of the samples’ surface of fracture was

analyzed by scanning electron microscopy (SEM,

JSM5310, JEOL). The samples were coated with gold

(Denton Vacuum—Desk II). The macropores sizes for

each formulation were measured by analyzing SEM

micrographs using ImageJ software.

Crystalline phases formed after CPC setting and during

in vitro degradation rate experiments were analyzed by

X-ray diffraction (X́Pert Pro—PANalytical- X́Celerator,

CuKa, Ni filter, 10 a 408 (2h), 0.02 8/s, 45 kV and 40 mA).

JCPDS files used for phase identification were 09-0077 for

brushite and 09-0169 for b-TCP.

Semi-quantitative phase analyses were performed on the

XRD patterns collected from powdered cement samples by

the direct comparison method. This analysis is based on the

fact that XRD peaks intensities of a particular phase in a

multi-phase sample are proportional to its mass fraction [21].

Samples’ total porosity was obtained by Equation 2

[23] in which ‘‘d’’ is the geometrical density of the speci-

men, and dcement is the cements’ theoretical density which

was calculated, for each formulation, by Equation (3).

dbrushite and d[beta]-TCP are the theoretical density of brushite

(2.32 g/cm3) and b-TCP (3.07 g/cm3), respectively.

Xbrushite and X[beta]-TCP are the mass fraction of each phase

obtained by the semi-quantitative analysis.

P ¼ 1� d/dcementð Þ ð2Þ
dcement ¼ dbrushite � Xbrushite þ d beta½ ��TCP � X beta½ ��TCP

ð3Þ

Xu, et al. (2001) showed that this method is a simple

way to calculate total porosity with values closely matched

with the measured by mercury intrusion method [22].

Table 1 CPC nomenclature of each kind of specimen based on its preparation

Samples Liquid phase Liquid-to-powder

ratio (mL/g)
C6H8O7 (wt.%) H3PO4 (wt%) Chitosan (wt.%) Surfactant

CPC_P 1.54 26.16 0 NO 0.80

CPC_C 0.5 NO

CPC_L 0.5 LUTENSOL ON110

CPC_T80 0.5 TWEEN 80
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3 Results and discussion

Scaffolds of CPC were obtained by adding non-ionic sur-

factants into the liquid phase [10–12]. Chitosan was nec-

essary in order to maintain the stability of the foam and to

prevent the collapse of the porous structure during cement

setting [16, 19, 24].

Cement setting reaction took place as expected; b-TCP

has reacted with H3PO4 resulting in brushite (CaHPO4-

2H2O) [3] as indicated by the XRD patterns of the as

prepared cement and scaffolds specimens (Fig. 1). For all

samples, setting reaction was not complete; thus, in the

final composition there is a mixture of b-TCP and brushite

[3].

Moreover, the foaming process has influenced on b-TCP

? brushite conversion once XRD peaks are more intense

for foamed samples, CPC_L and CPC_T80. Indeed, as

observed on the semi-quantitative analysis of

Fig. 2, b-TCP mass fraction for CPC_L and CPC_T80 are

higher (36 and 42 wt.%, respectively) when compared with

the no foamed samples (19 wt.% for CPC_P and 34 wt.%

for CPC_C). This probably occurred because of the diffi-

culty of mixing the powder with the foam, without

destroying it and before the initial setting time. The pre-

sence of unreacted b-TCP could also be seen in the SEM

micrographs (Fig. 3), which is indicated by white arrows.

Figure 4 shows the XRD patterns for CPC_L scaffolds

after each period of degradation (7, 14, 21 and 28 days) in

Ringers� solution. No different crystalline phases were

observed leading to the conclusion that samples’ degrada-

tion took place by only b-TCP and brushite dissolution in

Ringers�. Since brushite is more soluble than b-TCP [25],

an inversion on the phases’ mass fraction has occurred:

after 28 days immersed in Ringers� solution, the sample

CPC_L presented 45 wt.% of brushite and 55 wt.% of b-

TCP. This behavior was also observed for the others

studied compositions.

The microstructure of each sample before and after

28 days of degradation is shown in Fig. 5. It can be

observed that sample CPC_P_0d has no macropores and

sample CPC_C_0d exhibits a macroporous structure with a

small amount of interconnected pores. In contrast, foamed

samples, CPC_L and CPC_T80, present a homogeneous

distribution of macropores with interconnected pores larger

than 50 lm. For both samples, macropores seem to be

almost spherical and with diameters varying from 100 to

360 lm. Other authors state that scaffolds with pore

diameters ranging from 100 to 800 lm facilitate cell

attachment and proliferation [26, 27]. The samples pre-

pared by the foaming process presented pore size distri-

bution between this ideal range.

Samples’ total porosities before degradation, calculated

using equations 2 and 3,were 49.5 ± 2.6 for CPC_P,

58.6 ± 2.6 for CPC_C, 62.0 ± 2.8 for CPC_L and

65.8 ± 2.8 for CPC_T80. As expected, scaffolds presented

higher porosity when compared with the no foamed sam-

ples, this also can be observed in Fig. 5. In a previous work

our group has employed gelatin as a foaming agent [24]

and the total porosity for brushite cement containing

0.5 wt.% of gelatin was 58.7 ± 2.4 %. Thus, comparing

both studies, it can be observed that the non-ionic surfac-

tants employed here are more effective to produce samples

with higher porosity.

Moreover, it can also be observed in Fig. 5 that all

samples had their porosity increased after 28 days of

immersion in Ringers� solution due to b-TCP and brushite

dissolution.

The weight loss of cements and scaffolds samples as

function of time is presented in Fig. 6. With the immersion

time prolongation, the weight loss of all samples increased.

This effect is more pronounced for CPC_T80 scaffolds,

which after 7 days of degradation had the highest weight

Fig. 1 XRD patterns of as prepared cements and scaffolds samples

Fig. 2 Mass fraction of each cement and scaffold sample
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loss when compared with the other samples. After 28 days,

this sample had 15.8 ± 0.9 % of weight loss while the

cements without surfactant, CPC_P and CPC_C, presented

11.2 ± 0.4 and 10.8 ± 0.8 %, respectively. This behavior

is due to scaffold’s porosity that gives higher surface area

to the material, allowing greater contact with Ringers�

solution, which leads to higher rates of degradation [8].

Sample CPC_L presented an accentuated weight loss in the

first 7 days of degradation. Nevertheless, during the fol-

lowing days it presented a similar behavior to samples

CPC_P and CPC_C, with 28 days of degradation CPC_L

presented 10.5 ± 0.5 % of weight loss.

Figure 7 shows the compressive strength of cements and

scaffolds samples as a function of the different periods of

degradation. As expected, in all studied times, the scaffolds

(CPC_L and CPC_T80) had lower mechanical resistance

values when compared with cements without surfactants

(CPC_P and CPC_C). The compressive strength before

degradation for the foamed samples, was 1.5 ± 0.5 MPa for

CPC_L and 0.7 ± 0.3 MPa for CPC_T80, and after 28 days

of immersion this values decreased to 1.2 ± 0.3 MPa for

CPC_L and 0.4 ± 0.1 MPa for CPC_T80. Nevertheless,

mechanical resistance for CPC_L still has values similar to

those of cancellous bone (1–12 MPa) [28].

A comparison between the scaffolds, CPC_L exhibited

better values for mechanical strength as compared to

CPC_T80 while CPC_T80 presented better values for

weight loss. Both properties are important for bone

regeneration; however, high degradation rates can promote

the bone growth into the scaffold and consequently over-

come mechanical resistance loss.

Fig. 3 SEM micrographs of fracture surface for cements and scaffolds samples without degradation. White arrows represents b-TCP

Fig. 4 XRD patterns of CPC_L scaffolds after different degradation

periods (0, 7, 14, 21 and 28 days)
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Fig. 5 SEM micrographs of fracture surface for cements and scaffolds samples without degradation (_0d) and with 28 days of degradation

(_28d)
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4 Conclusion

CPC scaffolds were obtained by foaming the cement liquid

phase in which non-ionic surfactants were added: Tween

80 or Lutensol ON 110. Both scaffolds presented mac-

ropores with sizes ranging from 100 to 360 lm, intercon-

nected pores and higher total porosity when compared with

the no foamed samples. As expected, after in vitro degra-

dation, the weight loss has increased in spite of decreasing

the compressive strength. Thus, both scaffolds, CPC_L and

CPC_T80, should be considered as promising materials for

bone treatment.
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