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Abstract In the present work, bone-like nanocomposites

have been successfully synthesized based on the mineral-

ization of self-assembled protein-based microgels. Such

mircogels were achieved by the in vitro reconstitution of

collagen monomeric solutions in the presence of alginate in

a microemulsion system. Microstructural observations

revealed that the collagen-alginate composite beads pos-

sessed a nanofibrous three dimensional (3D) interconnected

porous microstructure. The obtained microgels were pre-

incubated in calcium-containing solution to capture Ca2?

ions, and subsequently immersed in phosphate-containing

solution to initiate the formation of hydroxyapatite (HA) by

an alternative incubating procedure. It was observed that a

substantial amount of bone-like apatite nanocrystals were

orderly and homogeneously deposited throughout the por-

ous fibrillar networks. Herein, the collagen-alginate com-

posite microgels served as a mineralization template for the

synthesis of HA-polymer nanocomposites, which could be

ideal vehicles potentially for cell carriers, bone repair and

proteins and drugs delivery in tissue regeneration.

1 Introduction

The inorganic/organic biocomposites consisting of hydroxy-

apatite (HA) and natural polymers such as proteins (i.e.

collagen or gelatin), and polysaccharides [1, 2] have been

extensively investigated in the fields of tissue engineering,

implants, drug delivery systems, and protein chromatogra-

phy [3–5]. The biomimetic combination of biocompatible

polymers and HA is believed to possess synergistic effects

of well-organized structure and topography, biologically

active interface, improved mechanical properties and con-

trolled release behaviors. The mostly claimed underlying

mechanism for the biomimetic synthesis of HA-polymer

nanocomposites suggested that the mineralization occurs

involving the deposition of inorganic phase on the macro-

molecular framework, which is believed to serve as a tem-

plate to mediate the nucleation and growth of apatite as well

as to regulate the size, morphology, and orientation of min-

eral crystals [1, 3, 5].

It is worthy to note that the anionic groups of bio-

polymers exposed in the reactive solution are capable of

enriching the Ca2? ions, leading to a local supersaturation

and then inducing the nucleation of HA. Previous studies

also demonstrated that the apatite nucleation was

enhanced and accelerated in the conditions that the car-

boxyl/phosphate group-containing polymers have been

pre-combined with calcium ions [6–9]. Both the density

of the charged groups and the intensity of the interactions

between polymeric matrix and the inorganic groups

would influence the formation of HA, meanwhile the

accessibility of these functional groups on the framework

is also of importance in this biomimetic mineralization

process.

Type I collagen is the major structural protein of bone

and also a rational candidate biomaterial for soft tissue

repair and bone tissue reconstruction. Extensive investi-

gations have been undertaken for the study of collagen as

the biomimetic synthesis template to develop biominer-

alized tissue materials [10, 11]. A self-assembled collagen

L. Sang � D. Luo � Z. Chen � X. Li (&)

National Engineering Research Center for Biomaterials, Sichuan

University, Chengdu 610064, People’s Republic of China

e-mail: xli20004@yahoo.com

J. Huang

Department of Mechanical Engineering, University College

London, Torrington Place, London WC1E 7JE, UK

123

J Mater Sci: Mater Med (2010) 21:2561–2568

DOI 10.1007/s10856-010-4117-2



matrix with the nativelike fibrils could be obtained on the

basis of in vitro reconstitution of collagen monomeric

solutions into collagen fibrils at proper conditions. The

3D network fibrillar architecture analogous to the natural

extracellular matrix enables collagen as a template for

mineral deposition [1]. Recent studies have focused on

the surface functionalization of collagen such as the

phosphorylation and carboxylation of surface modification

[9, 12] to develop an anionic collagen matrix to induce

the nucleation of apatite. Such a strategy requires the

selection of targeted groups on collagen and possibly

changes the behavior of microfibrillar assembly. However,

only in a few cases has it been introduced the polysac-

charides with charged groups into the collagen matrix

instead of applying complicated surface modification [13].

According to the strategy, the designed composite mate-

rials are endowed with charged functional groups which

may become quite effective in the biomimetic minerali-

zation process.

Alginate is a linear anionic polysaccharide copolymer

consisting of (1 ? 4) linked b-D-mannuronate (M) and its

C-5 epimer a-L-guluronate (G) units in varying proportions,

and its wide applications for the tissue regeneration of

cartilage [14], skin [15], bone [1] and liver [16] have been

demonstrated the excellent biocompatibility. The salient

features of alginate include the strong ionic interactions of

the carboxylic groups located on the polymeric backbone

with multivalent cations (i.e., Ca2?) and with other poly-

electrolytes [17, 18]. In particular, alginate is capable of

attracting and capturing calcium ions, acting as nucleation

agents to encourage apatite nucleation. Therefore, it is

expected that the introduction of alginate into collagen

matrix could afford plentiful carboxyl groups and improve

the calcium-binding efficiency in the performance of bio-

mimetic mineralization.

In the present work, self-assembled collagen-alginate

composite beads with the Ca2?-captured capacity were

fabricated in order to realize the biomimetic synthesis of

HA/polymer nanocomposites. These composite beads were

fibrillar matrices obtained by the in vitro reconstitution of

collagen monomeric solutions in the presence of alginate

through a microemulsion system. Among a certain number

of techniques now available to synthesize polymer-HA

hybrid composites, the biomimetic process by soaking in a

simulated body fluid would require an incubation period up

to one week for securing a homogenous biomimetic apatite

layer [8, 9, 19] whereas the alternative soaking procedure

could form a homogeneous biomimetic apatite layer in a

much shorter time [7, 20, 21]. Hence, the present study

developed the self-assembled collagen-alginate composite

beads with Ca2? capacity as a potential template to bio-

mimetic mineralization via the alternative incubating

procedure.

2 Materials and methods

2.1 Materials

Type I collagen was extracted in our laboratory from calf

skin by pepsin digestion. Alginate (2 wt%, 30–60 cps at

20�C) was purchased from Sigma. Olive oil and glutaral-

dehyde were purchased from Kelong Chemical Agent

Factory, Chengdu, China. All the other reagents were

analytical grade and used without further purification.

2.2 Preparation of collagen-alginate (Coll-Alg)

composite beads

The collagen-alginate (Coll-Alg) beads with a diameter of

500–1500 lm were prepared by using a water-in-oil

emulsion system as described in the reference 22. Briefly,

acidic collagen solution was neutralized to a pH of 7.4 by

2 M sodium hydroxide at 4�C. 2% (w/v) alginate aqueous

solution was added to neutral collagen solution in a ratio of

collagen/alginate = 4:1 (w/w), and then homogenized with

magnetic stirring for 2 h at 4�C. Neutralized collagen

solution was prepared as a control.

An aliquot of 3 ml olive oil was pre-warmed at 37�C.

1 ml Coll-Alg mixed solution prepared above was added to

olive oil slowly. The mixture was emulsified while being

slowly stirred at 60 rpm. After stirring at 37�C water bath

for 2 h, gluteraldehyde was added to crosslink the aqueous

phase of Coll-Alg mixture (final concentration of 2.5%

(v/v)) and kept stirring for another 1 h. The emulsions of

Coll-Alg microdroplets became white and solid, indicating

that the gelation of Coll-Alg was underway. The emulsi-

fication was left overnight without stirring at 37�C to allow

the thorough reconstitution of collagen in the presence of

alginate. Solid Coll-Alg composite beads were collected

after washing with petroleum ether, ethanol for 3 times to

ensure no residual gluteraldehyde and olive oil. Pure col-

lagen beads were also prepared as the control to reveal the

effect of alginate on the nanofibrous network under similar

conditions.

2.3 Deposition of hydroxyapatite (HA) in the Coll-Alg

composite beads

The deposition of calcium phosphate in Coll-Alg microgels

were carried out according to the alternative soaking pro-

cedure. HA was formed in Coll-Alg fibrillar beads by

performing alternative incubations in calcium- and phos-

phate-containing solutions. In brief, the Coll-Alg beads

were firstly incubated in 0.5 M CaCl2 solutions at 25�C for

24 h to absorb and capture calcium ions. Then the beads

were washed with double distilled water for three times to

remove any loosely adsorbed Ca2? ions. Finally, the
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Ca-captured beads were transferred into 0.3 M Na2HPO4

solution for 10 h to initiate inorganic phase deposition. The

above HA formation steps were repeated three cycles to

obtain stable Coll-Alg-HA nanocomposite beads. After the

mineralization process, the nanocomposite beads were

thoroughly washed with double distilled water and then

freeze-dried for 36 h to obtain the dried nanocomposite

beads.

2.4 Characterization

The morphology and the microstructure of lyophilized

Coll-Alg and Coll-Alg-HA nanocomposite beads were

observed on a field emission scanning electron microscope

(FE-SEM, Hitachi, S-4800N). All samples were sputter

coated with a thin layer of gold to avoid electrical charging,

and observed at an accelerating voltage of 5 kV. Compo-

sitional information was assessed by energy dispersive

X-ray analysis (EDX) to scan a well-defined area of the Coll-

Alg-HA sample. Optical photos of Coll-Alg and Coll-

Alg-HA beads were taken through a microscope eyepiece

with micrometric scale (Olympus IX 71) or taken together

with a metric scale through a digital camera. The diameters

of the imaged beads were then measured using the projected

scale as reference. The mean diameter of the beads was

calculated from a sample number of 200 beads (n = 200).

Dried powders of Coll-Alg and Coll-Alg-HA samples

were mixed with KBr and pressed to a plate for Fourier

transform infrared spectroscopy measurements (FT-IR,

Perkin-Elmer Spectrum One B system). The spectra were

collected in the range of 4,000–400 cm-1 at a 4 cm-1

resolution and 20 scan accumulations.

The crystalline phase of calcium phosphate nanocrys-

tals deposited on the Coll-Alg fibrillar networks was

determined on a Y-2000 automated X-ray diffractometer

system (XRD, Cu Ka radiation, k = 0.15406 nm), oper-

ating at 30 kV, 30 mA. The relative intensities were

recorded within the range of 10–60� (2h) at a scanning

speed of 2�/min. The phase identification was performed

with a reference to the JCPDS data cards.

To assess the deposition efficiency, thermal analysis

(TGA, NETZSCH STA 449C) were conducted with a

scanning temperature from 35 up to 800�C at a controller

rate of 10�C/min in a nitrogen atmosphere with an empty

aluminum pan as a reference. The dried samples were

weighed about 5 mg, and placed in an aluminum pan

(n = 3).

3 Results and discussion

The synthesis of Coll-Alg-HA nanocomposites was sche-

matically depicted in Fig. 1. Briefly, the nanocomposite

beads were obtained via a two-step process involving: (i)

the formation of collagen-alginate composite beads

through the self-assembly of collagen fibrils in the presence

of alginate in a water-in-oil emulsion and then crosslinked

with glutaraldehyde; and (ii) the mineralization of Coll-Alg

microgels via the alternative soaking process in calcium-

and phosphate-containing solutions. The obtained Coll-Alg

beads possessed a three-dimensional (3D) interconnected

porous structure and had good elasticity. When the Coll-

Alg beads were pre-incubated in the calcium-containing

solution, the open pores permitted the ease infiltration of

calcium ions throughout the Coll-Alg fibrillar networks

[23]. Owing to the strong associations of calcium ions with

the active radicals of Coll-Alg matrices including anionic

functional groups of alginate, calcium ions were effectively

Fig. 1 Schematic

representation of the

Ca-capturing strategy for the

synthesis of collagen-alginate-

hydroxyapatite nancomposite

beads. a Assembly of collagen-

alginate solution into fibrillar

microgels in a microemulsion

system, b capturing calcium

ions by incubation of microgels

in Ca-containing solution and

then HA synthesis in phosphate-

containing solution
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immobilized onto the surface of the Coll-Alg fibrillar

matrices during the pre-incubation process. When the

phosphate groups were introduced, they were interacted

with calcium ions captured on the organic matrices, and

thereby initiated the deposition of HA [1, 3].

3.1 Morphological assessment of Coll-Alg matrices

for deposition

The effect of alginate on the nanofibrous networks of Coll-

Alg beads was examined in comparison with the pure

collagen beads. SEM images of lyophilized collagen and

Coll-Alg beads are presented in Fig. 2. Pure collagen beads

show an appreciable shrinkage after lyophilization, and

possess a relatively tight structure with a smooth surface

(Fig. 2a). At magnified images (Fig. 2b and 2c), dense and

interlaced collagen nanofibers with the mean diameter

smaller than 150 nm are observed on the smooth surface

(Fig. 2c). In contrast, Coll-Alg beads well preserved their

shape and exhibited a well-organized 3D open porous

architecture (Fig. 2d). Their pores were constructed by

fibrous objects (Fig. 2e, f). Obviously, the introduction of

alginate into collagen in the present study enhanced the

structural integrity of microgels.

Accordingly, the Coll-Alg fibrillar beads were selected

to prepare Coll-Alg-HA nanocomposite beads via an

alternative soaking process. After the mineralization pro-

cess, the mineralized Coll-Alg microgels and their lyoph-

ilized products were examined with a light microscope and

a digital camera, respectively (Fig. 3). The optical image of

the mineralized Coll-Alg microgels revealed the homoge-

neity of the inorganic phase deposition, suggesting that the

mineralization process occurred throughout the whole

microgels instead of merely coating onto the outer surface

(Fig. 3a). After lyophilizing the mineralized Coll-Alg

microgels, spherical nanocomposite beads were obtained

(Fig. 3b). The mean diameter of Coll-Alg-HA nanocom-

posite beads was in a range of 1–2 mm.

Fig. 2 Comparative SEM

images of (a–c) lyophilized pure

collagen matrices and (d–f)
lyophilized Coll-Alg composite

matrices
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The cross sectional SEM images of the Coll-Alg-HA

nanocomposite beads were shown in Fig. 4. In general, the

Coll-Alg-HA beads had a porous microstructure (Fig. 4a).

Compared with Coll-Alg beads, a large amount of inor-

ganic objects could be observed in the mineralized Coll-

Alg fibrillar network, and the mineralization deposition led

to the reduction of the pores. The magnified images

(Fig. 4b, c, d) further revealed that inorganic nanoparticles

were deposited mainly on the surfaces of the nanofibers.

These SEM results confirmed that the Coll-Alg microgels

with the Ca-capturing capability functioned as a 3D mic-

roreactor and were effective for developing Coll-Alg-HA

nanocomposites. Energy dispersive X-ray (EDX) analysis

was performed in a well-defined region of the mineralized

nanofibrous matrix to examine the composition of the

deposited inorganic phase, and its EDX trace was shown in

Fig. 5. The presence of Ca and P peaks was evident and the

average Ca/P ratio was 1.71, very close to that of

stoichiometric hydroxyapatite (Ca/P = 1.67). A slight

higher Ca/P ratio obtained in this study was probably due

to the pre-incubation in calcium solution through both ionic

interaction with negative charged groups and the physical

entrapment as a result of the 3D network of the polymeric

matrix.

3.2 Composition and structure confirmation

The FTIR spectra of Coll-Alg, Ca-captured Coll-Alg, and

Coll-Alg-HA samples were presented in Fig. 6. The pep-

tide bond vibrations of amide I, amide II and amide III of

collagen are generally located at 1657, 1548, and

1244 cm-1, respectively [13]; the characteristic peaks of

alginate are at 1619 and 1420 cm-1 corresponding to the

symmetrical and asymmetrical stretching modes of car-

boxyl group of alginate [6]. In the case of Coll-Alg samples

(Fig. 6a), two strong peaks at 1631–1634 and 1480 cm-1

were recorded. Compared with the spectral features of pure

collagen and alginate, the FTIR spectrum of Coll-Alg

samples suggested the existence of molecular interactions

between collagen and alginate molecules occurred in the

preparation of Coll-Alg beads. After pre-incubation in the

CaCl2 aqueous solution, no extra band and obvious shift of

any bands was observed in the FTIR spectrum of Ca-cap-

tured Coll-Alg samples (Fig. 6b). But, the relative intensity

of the band at 1480 cm-1 decreased, probably relating to

chelating calcium ions and active radicals such as carboxyl

groups. It is worthy to notice that only slight differences in

Fig. 3 a Optical image of mineralized Coll-Alg microgels and

b photo of lyophilized Coll-Alg-HA beads

Fig. 4 Cross-sectional SEM

images of the Coll-Alg-HA

nanocomposite beads
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the width or height of characteristic COO- bands was also

reported in terms of the chelating interaction between

carboxyl group of alginate and calcium ions [2]. For the

Coll-Alg-HA nanocomposites (Fig. 6c), the new adsorp-

tion peaks at 560, 603, 1022, and 1084 cm-1 were assigned

to the stretching vibrations of phosphate groups of HA

[11–13], confirming the formation of crystalline HA during

the alternative mineralization of Coll-Alg microgels. In

fact, the further reduction of the relative intensity of the

adsorption at 1480 cm-1 supported the presence of che-

lating interactions between calcium ion and organic species

[2].

Figure 7 showed the comparative XRD patterns of the

Coll-Alg beads and Coll-Alg-HA nanocomposite beads.

The broad peak centered at 2h = 22� was characteristic of

Coll-Alg organic matrices (Fig. 7a). In the Coll-Alg-HA

beads (Fig. 7b), this broad disappeared, and new reflections

were recorded, attributable to HA [11, 24]. The strong

reflections at 25.8� and centered at 32� (2h), and minor

reflections at 46.8, 49.4 and 53� corresponded to the (002),

(211), (222), (312) and (213) plane of HA, respectively.

The broad nature of these reflections suggested that the

synthetic HA of the nanocomposites was poorly crystalline

bone-like apatite. The strong (002) reflection in relation to

the intensity of (211) reflection indicated the occurrence of

preferably orientated growth of apatite nanocrystals along

organic fibers.

3.3 Deposition efficiency

The comparative TGA curves of Coll-Alg and Coll-Alg-

HA beads were given in Fig. 8 to evaluate the deposition

efficiency after three cycles of the alternative soaking

process. In the case of the Coll-Alg organic matrices

(Fig. 8a), the weight loss of 15.5 wt% occurred between 35

and 150�C, attributable to the liberation of the free water of

the matrices and the decomposition of collagen helix

structure. The significant weight loss of 64.5 wt% in the

range of 230*500 �C was mainly a result of decomposi-

tion of collagen and alginate. Above 500�C, no further

weight loss was recorded, and the total weight loss was

79 wt%, indicative of full carbonation in N2 environment.

Fig. 5 Energy dispersive X-ray (EDX) trace of Coll-Alg-HA nano-

composite beads

Fig. 6 FTIR spectra of (a) Coll-Alg matrices, (b) Ca-captured Coll-

Alg matrices and (c) Coll-Alg-HA beads

Fig. 7 XRD patterns of (a) Coll-Alg matrices and (b) Coll-Alg-HA

nanocomposite beads

Fig. 8 TGA curves of (a) Coll-Alg matrices and (b) Coll-Alg-HA

nanocomposite beads
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In contrast, for the Coll-Alg-HA nanocomposites (Fig. 8b),

there was a 23 wt% weight loss mainly over the whole

range of 35–800�C, corresponding to the thermal decom-

position of organic polymers. It is also notable that the

decomposition peak of the organic substrate was delayed in

the Coll-Alg-HA nanocomposite beads, which suggested

that the integration of HA improved the thermal stability of

the Coll-Alg matrices. The deposition efficiency of HA

nanocrystals onto Coll-Alg matrices was achieved at

60.8 wt%, confirming that the present strategy is efficient.

Above all, the self-assembled Coll-Alg microgels,

which functioned as a 3D microreactor, have been proved

to be promising biomimetic matrices for the synthesis of

bone-like nanocomposites. The salient features of the

present strategy lie in: (1) the combination of collagen with

alginate to enhance a highly porous architecture for ease

infiltration of inorganic ions [23], (2) additionally provid-

ing anionic functional groups (ie. carboxyl group) to endow

the Ca2? capturing capability of the self-assembled

biomimetric matrices, thus securing the effective precipi-

tation of HA nanocrystals. Meanwhile, the HA nanocrys-

tals loaded onto the nanostructured microgels also reduced

the mobility of the polymeric segments and further stabi-

lized the three-dimensional network. These synergistic

effects were believed to be responsible for the good

spherical shape maintenance and less contraction of Coll-

Alg-HA beads in contrast to the Coll-Alg composite beads.

Moreover, the HA nanocrystals deposited on the fibrillar

matrices also endowed the nanocomposites with extraor-

dinary properties such as high surface area for loading

bioactive factors and a cell-friendly surface bonding,

potentially in drug delivery and cells ingrowth applications.

4 Conclusions

The present work reported a novel self-assembled protein-

based matrix to synthesize polymer-HA nanocomposites.

This porous architecture largely mimicked the natural

extracellular matrix with a highly interconnected porous

structure, appropriate for bone tissue regeneration. The

integration of alginate directly endowed the biomimetic

matrices with the Ca-capturing capability, which func-

tioned as a 3D microreactor for subsequent deposition of

HA via an alternative soaking process. The proposed

methodology is efficient in the development of bone-like

nanocomposites (beads).
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