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Abstract In this study, we report the direct precipitation of

nano-HA in the present of maltodextrins with the different

dextrose equivalent (DE) values in the range of 10–30.

Characterization of the obtained samples, using X-ray

diffraction and Fourier transform infrared spectrophotom-

etry, indicated that the presence of maltodextrins, with the

different DE values, does not affect the phase composition

and structure of the obtained composites. Morphology

studies of the samples, using field emission scanning

electron microscope and transmission electron microscope,

revealed that maltodextrin has obvious effect on the size,

shape, and morphology of hydroxyapatite nanoparticles. In

particular, in studied DE range, maltodextrin DE 28–30

with dominant structure of debranched chain is the most

preferable choice to obtain the composite with highly dis-

persed nanoparticles. In vitro assay on pre-osteoblast

MC3T3-E1 cells demonstrated the ability of the compos-

ites to stimulate alkaline phosphatase activity and miner-

alization during differentiation of the cells.

Keywords Hydroxyapatite � Nanoparticle � Aggregation �
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Introduction

In recent years, nano-hydroxyapatite (HA) has been widely

used in biomedical applications as a material for damaged

bones or teeth and other bone-related fields, scaffold mate-

rials, and drug delivery agents due to the fact that HA has a

formula of Ca10(PO4)6(OH)2, which is similar to the mineral

phase of natural bone and results in its excellent biocom-

patibility and high osteogenic potential (Klawitter and Hul-

bert 1971; Murugan and Ramakrishna 2007). Recently, an

interesting research direction is to reinforce nano-HA in a

polymer matrix, which is assumed to improve the mechan-

ical and biological performance as well as to overcome the

aggregation of HA nanoparticles. This aggregation itself is a

key problem in the production of high-performance

nanocomposite (Hule and Pochan 2007; Monika Supova

2009). For this purpose, natural polymers have received

more attention because of their biocompatible and

biodegradable properties. There are intensive studies which

have been focused on the development of composites of HA

with collagen (Yoruc and Aydinoglu 2015), chitosan (Ya-

maguchi et al. 2001; Chen et al. 2002), and alginate (Ra-

jkumar et al. 2011). Collagen/HA composite materials have

been tailored by the addition of different inorganic and

organic components or synthesized with oriented structure to

improve their morphology and properties. More recently,

nanocomposite of HA/chitosan/alginate was prepared and

the pore morphologies and mechanical properties of the

composite scaffolds were determined, and their bioactivity

and osteoconductivity were evaluated (Kim et al. 2015). In

other study of Danilchenko et al. (2009), the porous chi-

tosan–hydroxyapatite materials have shown good osteo-

conductive properties in in vivo experiments.

Among the natural polymers, starch and hydrolyzed-

starch products are also widely used in food and
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pharmaceutical industries. In addition, their hydroxyl

groups can play the role of nucleation sites for the for-

mation of HA crystals, subsequently regulating their

growth and arrangement. However, as far as we know,

there are only a few literature data on the composites of HA

and starch or its hydrolyzed products. Sadjadi, Meskinfam,

and co-workers have synthesized HA via an in situ bio-

mimetic process in the presence of wheat starch (Sadjadi

et al. 2010) and gelatin/starch (Meskinfam et al.

2011, 2012). The result revealed that the shape and mor-

phology of HA are influenced by the presence of

biopolymers as a template. It leads to the formation of rod-

like HA which is similar to this inorganic component in

natural bone. Shakir et al. (2015) reported that they have

synthesized successfully a nanocomposite system incor-

porating dextrin (its character was not informed) into nano-

HA/chitin matrix via co-precipitation route for the appli-

cation in bone tissue engineering.

The aims of this study are to prepare HA/maltodextrin

composites and to determine the effect of dextrose equiv-

alent value and chain structure of maltodextrin on the

morphology and particle size of the obtained composites.

The in vitro effect on the function of pre-osteoblastic

MC3T3-E1 cells is investigated to evaluate the ability of

the composites to stimulate osteoblast differentiation and

mineralization. Maltodextrin is produced from starch

hydrolysis and characterized by the degree of hydrolysis,

expressed by the dextrose equivalent (DE) value. DE is

defined as the percentage of reducing sugar calculated as

dextrose (glucose) on a dry weight basis (Dziedzic and

Kearsley 1995). DE value is the most common parameter

used to characterize maltodextrins. Its theoretical value is

inversely proportional to number average molecular

weight; the higher the DE value, the shorter the glucose

chains. It should be noted that maltodextrin (DE above

about 10) has been more clearly identified and independent

from plant resource (wheat, maize, cassava, etc.) in com-

parison to starch (Roller and Jones 1996; Dziedzic and

Kearsley 1995).

Materials and methods

Ca(OH)2, H3PO4, and C2H5OH 99.7% were extra pure,

purchased from Merck. Maltodextrins were derived from

the controlled hydrolysis of cassava starch using two

enzymes of Amylex HT (Danisco US, Inc, Genencor

Division) and Promozyme (Novozymes A/S, Denmark).

The DE value was determined using Lane-Eynon titra-

tion, based on the reduction of CuSO4 in an alkaline

tartrate solution (AOAC official method 923.09). The

weight-averaged molecular weight (Mw) was measured

using Gel permeation chromatography (GPC, Agilent

1100HPLC using an ultrahydrogel 250 column, RI

detector G1362A and pullulan (as) standard).

Concentration of enzymes and hydrolysis time were

controlled in order to obtain three maltodextrins with dif-

ferent DE values in the range of 10-30 as follows:

Maltodextrin P1 P2 P3

DE 10–12 18–20

28–30

Mw (g/mol) 93,357 11,258 8025

Preparation of HA/maltodextrin composite

HA/maltodextrin composite samples were prepared by co-

precipitation from Ca(OH)2 and H3PO4 in the presence of

maltodextrin at room temperature. Ca(OH)2 suspension of

0.5 M was stirred in 30 min. Then, both aqueous solutions of

0.3 M H3PO4 and 5.0% maltodextrin were added gradually

and simultaneously to the Ca(OH)2 suspension during vig-

orous stirring. When the addition of the solutions is finished,

the mixture was stirred continuously for 3 h and left to stand

for 24 h. The precipitation was filtered and washed with 1:1

ethanol/water mixture until reached pH 7 and then freeze

dried for 24 h. Here, the molar ratio of Ca/P was 1.67 and

maltodextrin content was about 25% in the composites.

A pure HA sample without maltodextrin was prepared in

the same procedure.

Characterization methods of HA

and HA/maltodextrin composites

X-ray diffraction (XRD) patterns were recorded on a D8

Advance Brucker using CuKa radiation. Infrared spec-

trophotometry (FTIR) was performed on Affinity-S1, Shi-

madzu. The morphology images were obtained from the

field emission scanning electron microscope (FESEM,

S4800-Hitachi) and transmission electron microscope

(TEM, JEOL JEM-1010, sample was sonicated in distilled

water for 30 min and deposited on carbon-coated copper

grid). Thermogravimetric analysis (TGA) and differential

thermal analysis (DTA) were carried out from room tem-

perature to 600 �C in air at a heating rate of 10 �C/min on

Setaram Labsys Evo thermal analyzer.

MC3T3-E1 cell assay

The mouse pre-osteoblastic cell line MC3T3-E1, obtained

from the ATCC Cell Bank (Manassas, VA, USA), was

cultured in a-modified minimal essential medium (a-

MEM; Gibco BRL, Grand Island, NY, USA) containing

10% fetal bovine serum (FBS) and 1% penicillin-
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streptomycin at 37 �C in 5% CO2 atmosphere. After two

days, cells were subcultured using a EDTA–Tripsin 0.05%

solution.

At 80% confluence, cells were cultured in the medium

supplemented with 10 mM ß-glycerophosphate and 50 lg/

ml ascorbic acid in a 96-well culture dish for differentia-

tion. Studied samples, suspended in the culture medium at

the different concentrations in the range of 4.0–0.16 lg/ml,

were added into the culture wells. The medium was

changed every 2–3 days.

After 7 days of differentiation, alkaline phosphatase

(ALP) activity was determined using an ALP Assay Kit

(Abcam, Cambridge, England) according to the manufac-

turer’s instructions.

Cell mineralization was evaluated by alizarin red S

staining (0.04 M, Sigma-Aldrich, pH 4.4) after 15 days.

Experiments were repeated three times; data are

expressed as the mean ± SD. Statistical analyses and sig-

nificance were performed using GraphPad PRISM software

version 4.0 (GraphPad Software, USA).

Results and discussion

Composite samples with maltodextrin of P1, P2, P3, and

pure HA sample were denoted as HAP1, HAP2, HAP3, and

HAp, respectively.

Phase structure and composition

XRD patterns of all samples are shown in Fig. 1. They are

all similar and indicate the formation of phase structure of

HA (compared to JCPDS file 00-024-0033) in the com-

posites as well as the HAp sample. Broadening of the peaks

is due to the small size of HA particles, especially in the

composites.

XRD results demonstrate that the presence of mal-

todextrins, with different DE values in the selected range,

does not affect phase composition and structure of the

obtained composites.

Figure 2 displays FTIR spectra of HAp, maltodextrin

(representative sample of P3, the others are the same), and

representative HA/maltodextrin composite (HAP3 sample).

Almost all of characteristic bands for HA and mal-

todextrin are present in the spectra of composite sample.

Because of the presence of both HA and maltodextrin,

some very weak bands were not observed and some bands

become broaden or slightly shifted due to overlapping

bands. In the previous publications on HA/polymer com-

posites (Rajkumar et al. 2010; Wang et al. 2010), the

interaction of HA and polymer, especially, the formation of

bonds between Ca2? ions and COO- or OH- groups of

polymer has been proposed. However, also because of the

overlap of main vibration bands of HA and maltodextrin, it

is very difficult to observe probable change in FTIR spectra

of their composite. PO4
3- group forms intensive absorption

bands at 565 and 603 and at 1000–1100 cm-1 (Markovic

et al. 2004), which were overlapped with the most char-

acteristic bands of maltodextrin (Sun et al. 2013; Bartošová

et al. 2013). An explicit peak at 3570 cm-1 is the char-

acteristic of OH- group in HA molecule (Markovic et al.

2004). A wide band from 3600 to 3200 cm-1 and a band at

about 1600 cm-1 are assigned to adsorbed water and

stretching of the O-H bond of sugar (Souza et al. 2015).

The weak intensity bands at 1410 and 1450 cm-1 are

attributed to an impurity amount of CO3
2- in HA lattice

(Markovic et al. 2004). Double peaks, near 2900 cm-1, are

produced by the stretching of the C–H bond of the methyl

group (Souza et al. 2015).

Fig. 1 XRD patterns of pure HAp and HA/maltodextrin composites

Fig. 2 FTIR spectra of pure HAp, maltodextrin P3, and HAP3

samples
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Maltodextrin content—thermal analysis result

Figure 3 shows the TGA-DTA curves of HAp, maltodex-

trin P3, and a representative composite (HAP3 sample). For

HAP3 sample, DTA curve exhibits two exothermic peaks

at 326 and 375 �C, associated with the weight loss of about

25%, corresponding to the thermal decomposition of mal-

todextrin. Meanwhile, for pure maltodextrin sample, the

decomposition peaks are observed at the significantly

higher temperature, 378 and 506 �C, respectively. The

degradation temperature was shifted to lower temperatures

indicating a decreased thermal stability, probably relating

to the interaction between HA molecule and maltodextrin

chain.

Maltodextrin content, determined approximately from

the weight loss in temperature range of maltodextrin

decomposition, was about 25 wt% composite as expected.

Morphology of the composites

SEM images of HAp and HA/maltodextrin composites are

given in Fig. 4. It can be seen from the SEM image of

HAp that pure HA particles are nearly round with a size of

about 20–30 nm. However, they assembled into short

chains, and then some chains stick together into clusters

with a dimension of 30–60 nm in width and 80–100 nm in

length. A similar morphology is also observed in the

image of HAP1 but size of aggregates is smaller in HAp

sample. In SEM image of HAP2, the agglomeration is

reduced much more than HAP1; the particle chains were

shorter and less linked together. The image of HAP3

sample presents a discrete dispersion of HA nanoparticles.

Thus, the particle distribution was quite improved in

HAP3 sample.

What is observed from SEM images indicates that

template maltodextrin has affected the morphology of HA.

Maltodextrins, in particular, with DE of 28–30 have given

a rather uniform dispersion of HA particles. This is

confirmed more clearly with TEM images of the compos-

ites (Fig. 5). There are rod aggregations with width of

30-50 nm and length up to 100 nm in the image of pure

HA, corresponding to the clusters of particle chains in its

SEM image. In HAP1 sample, the powder exhibits no

serious aggregation. In the next image, the dispersion of

nano-HA particles was improved further in HAP2 sample.

In the TEM images of HAP1 and HAP2 composites, it can

be seen nearly as spherical-shaped HA particles although

they were still aggregated. In the image of HAP3, although

HA particles were not entirely separated, they can be dis-

cerned rather clearly at the very small size, about

10–15 nm.

The main role of polymer in the composite formation is

thought to offer nucleation sites and structural control on

the morphology and size of nanoparticles, their distribution

over the polymer matrix as well. As shown in some studies

(Yin et al. 2011; Colovic et al. 2011), the concentration of

carboxyl, hydroxyl, or amine groups in polymer molecule

has a significant effect on speed and mechanism of HA

nucleation. And then, the density of nucleation sites can

also affect the size of particle aggregates and their mor-

phology. In this study, maltodextrins were distinguished by

chain length of molecule and branched structure, which are

characterized by DE and Mw values. Among used mal-

todextrins, P3 sample with DE 28–30 has the highest

concentration of OH groups; the smallest particle aggre-

gations were formed, possibly due to the largest number of

nucleation sites. More importantly, by using Promozyme in

starch hydrolysis, a debranching enzyme, maltodextrin P3

was intentionally obtained with almost linear molecular

chain, while maltodextrin P1 and P2, using Amylex HT

enzyme, possess linear and branched structure. This is also

consistent to the determined result of their Mw value that

from P1 to P2, Mw was much more decreased than those

from P2 to P3. In HAP1 and HAP2 samples, the bulky

structure of branched chain of maltodextrin P1 and P2

beneficials for the growth of nanoparticle aggregates. In

HAP3, the narrow spaces of maltodextrin helical chains

without branched side have protected HA nanoparticles

from the agglomeration.

Bioactivity of the composites

During differentiation, MC3T3-E1 cells exhibit a devel-

opmental sequence similar to osteoblasts in bone tissue,

including production of ALP, processing of procollagens to

collagens and the mineralization of the extracellular matrix

(Quarles et al. 1992; Ogawa et al. 2007). Therefore, the

influence of studied samples on the differentiation was

evaluated by ALP activity and mineralization. The deter-

mined ALP activity (Fig. 6) demonstrates that in the

presence of HAp or HAP composites, at the concentration
Fig. 3 TGA/DTA curves of pure HAp, maltodextrin P3, and HAP3

samples
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of 4 lg/ml, ALP activity increased compared to negative

control. It is more significant in cases of the composites.

Especially, HAP3 sample showed an increase of nearly

30% relative to control.

Similar to the ALP activity results, the osteoblast min-

eralization was improved by adding of HAP composites;

HAp sample gave a negligible result (Fig. 7). Although this

enhancement was not so large, probably due to low con-

centration of studied samples, an increasing trend of the

mineralization from HAP1 to HAP3 can be seen. These

results provide an evidence of the osteogenic potential of

the composites.

Fig. 4 SEM images of a pure

HAp and the composites of

b HAP1, c HAP2, d HAP3

Fig. 5 TEM images of a pure

HAp and the composites

of b HAP1, c HAP2, d HAP3
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Conclusion

Maltodextrins with the differences of DE value and

molecular chain structure were prepared by the controlled

hydrolysis of cassava starch using two enzymes of Amylex

HT and Promozyme. Composites of HA and these mal-

todextrins were synthesized using the direct precipitation

of nano-HA in the presence of the maltodextrins. SEM and

TEM studies indicate that template maltodextrin has

affected significantly the morphology of HA. In particular,

in studied DE range, maltodextrin DE 28–30 with domi-

nant structure of debranched chain is preferable choice to

obtain the composite with highly dispersed nanoparticles.

Furthermore, the osteogenic potential of the HAP com-

posites was demonstrated by the stimulation of ALP

activity and mineralization during the differentiation of

pre-osteoblast MC3T3-E1 cells.
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