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Abstract Nano-hydroxyapatite/chitosan/carboxymethyl

cellulose (n-HA/CS/CMC) composites with weight ratios

of 70/10/20, 70/15/15 and 70/20/10 were prepared through

a co-solution method. The properties of the composites

were characterized by means of burn-out test, IR, XRD,

TEM and universal material testing machine. The degra-

dation and bioactivity were also investigated by in vitro test

in a simulated body fluid (SBF) for 8 weeks. The results

showed that n-HA particles were dispersed uniformly in

organic phase, and strong chemical interactions formed

among the three phases. Moreover, the composites were

similar to natural bone in morphology and size. In addition,

the compressive strength was improved compared with n-

HA/CS composite. The biodegradation rate was control-

lable by altering weight ratio of the CS/CMC. Meanwhile,

the composites could induce apatite particles to deposit in

SBF. All the above results indicate that the novel com-

posites of n-HA/CS/CMC have a promising prospect used

for bone repair materials in view of the good mechanical

property, adjustable biodegradation rate and bioactivity in

SBF. Additionally, the study would provide a good guide

to exploit clinical application of natural cellulose.

Introduction

It is well known that cellulose is the richest organic re-

source in the nature. Carboxymethyl cellulose (CMC) is a

kind of hydrosoluble cellulose ether derivate, which is

obtained from natural cellulose by chemical modification

[1, 2]. Usually, people use Na-CMC, a kind of biode-

gradable anionic polymer by virtue of the solubility. Be-

cause of its unique properties such as coherence,

thickening, making membrane, suspension and keeping

water, CMC has been widely used in the field of foodstuff,

medicament, cosmetic, coating material, pain, spinning and

weaving, petroleum, paper making, and so on [3, 4].

Additionally, the membrane made of hyaluronic acid and

CMC was reported to have good biocompatibility and anti-

adhesion effect in peritoneum [5, 6]. However, to date,

there is no report of whether CMC can be used in the field

of bone repair.

Currently, there is a great difficulty to develop an ideal

material for the substitution of damaged bone. As we

know, perfect substitution materials for bone repair should

have good biocompatibility and a suitable biodegradation

rate as well as higher mechanical property to support the

ingrowth of new bone tissue. Hydroxyapatite (HA), which

is the main inorganic constituent of bone, has been

extensively investigated due to its excellent biocompati-

bility and bioactivity with human tissue [7, 8]. Especially, a

nano-scaled HA with extraordinary properties such as high

surface area to volume ratio and ultra fine structure similar

to that of biological apatite, which is of a great effect on

cell-biomaterial interaction [9], has been reported to be

used for the treatment of bone defects, and it could bond to

living bone in implanted areas [10, 11]. However, the

fragility and low mechanical strength of n-HA made it

unsuitable to be applied in load-bearing sites [12, 13].

Thus, many scientists turn to the researches on n-HA/or-

ganic polymer composites [14–17]. Chitosan (CS), a nat-

ural biodegradable cationic polymer, has been proved to be

non-cytotoxic and having some biological activities [18].
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In recent years, CS-based materials have aroused much

interest in biomedical field [19–22]. Accordingly, n-HA/CS

composite has been reported to substitute the damaged

bone [23–25]. But its compressive strength and biodegra-

dation are not desirable. Therefore, many cross-linking

agents are tried such as glutaraldehyde [26]. Whereas, the

toxicity of glutaraldehyde is not favorable to the adhesion

and proliferation of osteoblasts [27–30]. Fortunately, CMC

can interact strongly with CS due to the opposite electric

charge and the structural similarity (Fig. 1), thus a compact

network of polyelectrolyte complexes could be formed [31,

32], which is expected to improve the mechanical property

and adjust the biodegradation rate.

Based on the above thought, in the paper, we prepared

three composites of n-HA/CS/CMC with weight ratios of

70/10/20, 70/15/15 and 70/20/10 respectively through a co-

solution method. Additionally, the in vitro degradation and

bioactivity of these composites were evaluated by soaking

them in SBF for different periods. All the results showed

that the novel n-HA/CS/CMC composites had good

mechanical property, adjustable biodegradation rate and

high bioactivity, and it may be a potential candidate as

bone repair materials.

Materials and methods

Raw materials

n-HA was prepared in our laboratory [33]. An 80-mesh

chitosan powder with a molecular weight of about 250,000

and a N-acetylation degree of 80% was purchased from

Haidebei Bioengineering Co. Ltd, Jinan, China. Sodium

carboxymethyl cellulose was purchased from Kelong

Chemical Agent Factory, Chengdu, China, with a molec-

ular weight of about 4.2 · 108 and a substitution degree of

0.7. All other reagents used here were of analytical grade.

Preparation of n-HA/CS/CMC composites

The n-HA/CS/CMC composites were synthesized by the

following procedure. First, 2 wt% CS solution was ob-

tained by dissolving CS in 2 wt% acetic acid solution.

Second, some amount of n-HA was added into CS solution.

Then 2 wt% CMC solution was added in the above mixed

solution with constant stirring in ambient condition. The

dropping speed was about 4 mL/min. After titration, the

stirring was kept for 8 h, and the pH value was kept at 5.5.

Finally, the obtained slurry was aged for 24 h, the pre-

cipitate was filtered, washed with deionized water and

dried in a vacuum oven at 60 �C.

Characterization of n-HA/CS/CMC composites

The uniformity of these composites was measured by burn-

out test at 800 �C. The crystal structure of n-HA, CS, CMC

and their interactions were determined by X-ray diffrac-

tometry (XRD) and infrared spectroscopy (IR). The mi-

crostructures of n-HA and n-HA/CS/CMC composites

were observed with a transmission electron microscope

(TEM) (JME-100CX, Seike Instruments) on a 200 kV.

TEM samples were prepared by ultrasonication dispersion

method using deionized water.

Additionally, the n-HA/CS/CMC composites were ad-

justed into paste with a mixed solution containing citric

acid, acetic acid, gelatin, CaCl2, K2HPO4, and deionized

water, then placed into a particular injector and pressed

into cylindrical blocks with a size of F6 · 12 mm and

dried at 60 �C for compressive strength testing, and n-HA/

CS with a weight ratio of 70/30 was also prepared by the

same method for comparison.

In vitro test

The n-HA/CS/CMC specimens were dried and weighted,

noted as W0. The SBF solution was prepared by dissolving

reagent chemicals of NaCl, NaHCO3, KCl, K2HPO4�3H2O,

MgCl2�6H2O, CaCl2, and Na2SO4 into deionized water.

The ion concentrations of the used SBF resembling human

blood plasma were shown in Table 1 [34]. The fluid was

buffered at physiological pH 7.40 at 37 �C with tri-(hy-

droxymethyl) aminomethane and hydrochloric acid. The

specimens were immersed in 10 mL of SBF for 1, 2, 3, 4, 6

and 8 weeks. All the test tubes were placed in a rocking

water bath with a constant temperature (37 ± 0.5 �C).

After soaking, the specimens were removed from the fluid,

gently rinsed with deionized water for several times, and

cleaned with filter paper to get rid of water on the surface.

These specimens were weighed and noted as W1, then they

were weighed again after being dried, and noted as W2.
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Fig. 1 The structures of

chitosan, cellulose and sodium

carboxymethyl cellulose
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The rate of weight lose (WL) was calculated based on the

formula of WL = (W0–W2) /W0 · 100%, and the rate of

water absorption (WA) was determined by the formula of

WA = (W1–W2)/W2 · 100%. The surface microstructure of

n-HA/CS/CMC specimens after soaking was observed by

scanning electron microscope (SEM) (JSM -5900LV, Ja-

pan). The specimens were removed from SBF, gently

rinsed with deionized water and dried. After the dried

samples were coated with gold, the examination was car-

ried out at an accelerating voltage of 20 kV.

Results

Characterization of n-HA/CS/CMC composites

Burn-out test

Three different parts of the same composite were sintered

in air at 800 �C for 4 h. Table 2 lists the theoretical and

experimental compositions of the composites. It can be

seen that the actual compositions were very close to the

theoretical ones. Moreover, different parts of the same

composite had almost identical composition, which indi-

cates that the three phases disperse into each other uni-

formly.

IR analysis

IR spectra of pure n-HA, CS, CMC and n-HA/CS/CMC

composites are given in Fig. 2. In Fig. 2a the characteristic

PO4
3– and OH– derived bands as well as adsorbed water

bands of pure n-HA were observed. In Fig. 2e, the bands of

at 1,655 cm–1 and 1599 cm–1 were assigned to amide I

(C = O) and amino (NH2
–) of pure CS. The spectrum in

Fig. 2f of pure CMC displayed two characteristic absorp-

tion bands at 1,607 cm–1 and 1,420 cm–1, which represents

symmetry stretching and asymmetry stretching of COO–

group respectively. However, comparing with these IR

spectra, it can be seen that the specific peaks of pure n-HA,

CMC and CS all appeared in the spectra of n-HA/CS/CMC

composites (as shown in Fig. 2b–d) except for slight band-

shifts. An absorption at 1655 cm–1 in CS shifted to 1,612~
1,644 cm–1 in the three n-HA/CS/CMC composites, which

might be the result of the formation of NH3
+. Additionally,

the peak of asymmetry stretching of COO– was still found

at ~1,420 cm–1. Clearly, the ionic cross-link of COO– and

NH3
+ could be formed because of the strong static electric

interaction. At the same time, –OH in composites had a

slight band-shifts, which suggests that they have formed

inter- or intra- hydrogen bonds among the three phases of

n-HA/CS/CMC composites.

XRD analysis

Figure 3 shows the X-ray diffraction patterns of pure n-

HA, CS, CMC and n-HA/CS/CMC composites. The char-

acteristic peaks of n-HA are shown in Fig. 3a. In Fig. 3e,

two main diffraction peaks of CS at 2h = 10� and 20� were

Table 1 Ion concentrations in simulated body fluid (SBF) and human

blood plasma

Concentration (mM)

Na+ K+ Ca2+ Mg2+ HCO3
– Cl– HPO4

2– SO4
2–

Blood plasma 142.0 5.0 2.5 1.5 27.0 103.0 1.0 0.5

SBF 142.0 5.0 2.5 1.5 4.2 148.0 1.0 0.5

Table 2 Theoretical and actual compositions of n-HA/CS/CMC composites as determined by burn-out tests at 800 �C

Theoretical composition Actual composition

n-HA(%) Organic (%) n-HA(%) Organic (%)

SI SII SIII Mean value SI SII SIII Mean value

70 10/20 69.32 68.76 69.20 69.09 30.68 31.24 30.80 30.91

70 15/15 69.27 69.63 67.17 68.69 30.72 30.37 32.83 31.31

70 20/10 68.52 70.78 70.62 69.97 31.48 29.22 29.38 30.03

Fig. 2 IR spectra of (a) pure n-HA, (b) 70/10/20, (c) 70/15/15, (d)

70/20/10, (e) pure CS and (f) pure CMC
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observed. In Fig. 3f, we can find two main diffraction

peaks of CMC at 2h = 32�and 46�. The XRD patterns of

the n-HA/CS/CMC composites shown in Fig. 3b–d were

characterized by specific diffraction peaks arising from n-

HA and CMC. However, the specific peaks of CS disap-

peared evidently in three composites, which might be the

result of the interaction of CS and CMC. In conclusion, it

can be inferred the interaction mode of the three phases of

n-HA, CS and CMC, as shown in Fig. 4.

TEM observation

TEM photographs of n-HA and n-HA/CS/CMC are shown

in Fig. 5. Figure 5a is for n-HA and Fig. 5b is for n-HA/

CS/CMC composite whose weight ratio is 70/15/15. It can

be seen that the n-HA exhibited nanometer short rod

crystals with a mean size of about 50 nm in length and

10 nm in width, and these n-HA crystals had a good dis-

persive property and displayed a relatively uniform mor-

phology. With the addition of CS and CMC, the composite

particles showed longer and wider with an average size of

about 80 nm in length and 30 nm in width, and it was still

in the range of nanometer grade.

Compressive strength

Table 3 illustrates the values of the compressive strength of

three n-HA/CS/CMC composites and n-HA/CS composite.

From the data, it can be seen that the values of three n-HA/

CS/CMC composites were higher than that of n-HA/CS,

and the n-HA/CS/CMC composite with a weight ratio of

70/15/15 had the highest compressive strength.

In vitro test

The rates of weight loss and water absorption

The rates of weight loss and water absorption of three n-

HA/CS/CMC composites as a function of soaking time in

SBF solution are shown in Fig. 6. It can be seen that the

rate of weight loss of three n-HA/CS/CMC composites all

increased during the soaking time, and the rate of weight

loss was more significant when the content of CMC in n-

HA/CS/CMC composites was higher. The rate of weight

loss of the n-HA/CS/CMC composite with 70/10/20 weight

ratio was up to 50.12% after it was soaked at 8 weeks.

However, the rate of weight loss of the n-HA/CS/CMC

composite whose weight ratio is 70/15/15 had little change

tendency.

Fig. 3 XRD patterns of (a) pure n-HA, (b) 70/10/20, (c) 70/15/15,

(d)70/20/10, (e) pure CS and (f) pure CMC
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Fig. 4 The interaction mode of n-HA/CS/CMC composite

Fig. 5 TEM photographs of (a)

pure n-HA and (b) 70/15/15 n-

HA/CS/CMC composite
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According to the change tendency of their rates of water

absorption, we can find the rates of water absorption of

three n-HA/CS/CMC composites increased at beginning

and then decreased with the soaking time. Likely, the rate

of water absorption of the n-HA/CS/CMC composite

whose weight ratio is 70/15/15 had little change tendency.

SEM observation

Figure 7 shows the SEM microstructures of the n-HA/CS/

CMC specimens whose weight ratio is 70/10/20 before and

after soaking in SBF solution at 37 ± 0.5 �C for 4 and

8 weeks respectively. From the SEM photos, we find that

the surface of the specimen was coarse before soaking, in

which n-HA particles imbedded uniformly in the organic

polymer of CS/CMC with no obvious agglomeration. After

4 weeks soaking, a few apatite particles could be seen to

deposit on the surface, and there were a few micropores on

the surface, as shown in Fig. 7(b). After 8 weeks soaking,

more and more apatite particles were present on the sur-

face.

Discussion

Bone is mainly composed of n-HA and collagen. Accord-

ing to bionic principle, it is an ideal approach to design n-

HA/organic composites materials with good biodegrad-

ability and bioactivity used for bone repair. However, the

problem of interface is a great obstacle to develop ideal

composite. To improve the interface, in this study we

chosed CMC, a natural-based biodegradable material with

good biocompatibility, to act as raw material and ionic

cross-linking agent. The reason is that CMC has opposite

electric charge with CS and it is very similar to CS in

structure, so that they can interact easily in solution and

form a compact network structure of polyelectrolyte under

ambient condition, which will be conduce to combine or-

ganic and inorganic phases. It is no double that it will

improve the mechanical property compared with the simple

CS, and the compressive strength of the n-HA/CS/CMC

composite with a weight ratio of 70/15/15 could reach the

highest because of the strongest cross-linking interaction of

CS and CMC. Moreover, the IR and XRD analyses also

showed that strong chemical interactions such as ionic

bonds and hydrogen bonds were formed among the three

phases, and the interaction mode was supposed in Fig. 4.

Besides, burn-out test is a simple method to calculate the

actual composition of organic/inorganic composites and

determine the homogeneity of these composites. Here, we

found that the n-HA particles dispersed uniformly in or-

ganic phase of CS and CMC, which is also profit to im-

prove the mechanical and biological properties of bone

repair materials. In addition, the co-solution for n-HA/CS/

Table 3 The compressive strengths of n-HA/CS and n-HA/CS/CMC

composites

Composites (%) Compressive strength (MPa)

n-HA/CS/CMC(70/10/20) 68.58

n-HA/CS/CMC(70/15/15) 85.03

n-HA/CS/CMC(70/20/10) 74.91

n-HA/CS(70/30) 61.26
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Fig. 6 The rate of weight loss

(a) and water adsorption (b) as a

function of soaking time

Fig. 7 SEM images of n-HA/

CS/CMC composite with a ratio

of 70/10/20 after soaking in

SBF (a) 0 week, (b) 4 weeks

and (c) 8 weeks
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CMC composites can avoid high temperature and pressure,

so the basic properties of the three components would still

be retained in these composites. For example, we found n-

HA still belonged to nanometer level after compounding. It

is reported that natural bone apatite has a needle crystal

size of u5~10 nm · 20~50 nm [35], so we can conclude

that the n-HA crystals here were very mimetic to bone

apatite in composition, morphology and size, which is

benefit to form bone bonding in osseous areas [36].

On the other hand, it is very essential to evaluate deg-

radation and bioactivity of biomaterials [37]. As we

known, the ion concentrations of SBF resembles that of

human blood plasma, so it is a significant means to soak the

composites in SBF to evaluate in vitro properties. From the

rate of weight loss and water absorption, we can conclude

that the n-HA/CS/CMC composites degraded in SBF with

the soaking time. The rate of weight loss of the n-HA/CS/

CMC composite with a weight ratio of 70/10/20 can reach

50.12% at 8 weeks. Obviously, comparing with the n-HA/

CS composite with the weight ratio of 70/30 whose weight

loss is about 12% at 8 weeks [38], the n-HA/CS/CMC

composites can accelerate the degradation of specimens.

The reason may be that CMC degrades quicker than CS.

However, the rate of weight loss for the n-HA/CS/CMC

composite with the weight ratio of 70/15/15 was the least

among the three n-HA/CS/CMC composites, only 18.2% at

8 weeks. The fact suggested that the n-HA/CS/CMC

composites had an adjustable degradation rate, which is

useful to develop new materials for bone repair. Addi-

tionally, the degradation of n-HA/CS/CMC composites

resulted in more micropores on the surface, which can hold

more water. Meanwhile, more apatite particles deposited

and covered these pores, so water absorption increased at

initial weeks and then decreased. Similarly, the degradation

rate of the n-HA/CS/CMC composite with weight ratio of

70/15/15 was almost equal to that of apatite particles

deposited on the surface, therefore, its water absorption

rate had little change tendency during soaking in SBF.

Furthermore, it is a critical factor to have good bioactivity

for the success of bone repair materials in general [39].

According to the SEM microphotograph, we can find that

more apatite particles deposited on the surface at 8 weeks,

suggesting that the n-HA/CS/CMC composites had high

bioactivity, which might result from the bioactivity of the

raw materials and no other poisonous agents present during

the preparing process.

Conclusion

In the paper, three n-HA/CS/CMC composites with dif-

ferent weight ratios were fabricated by a co-solution

method, and the properties were also investigated. Based

on the above analyses and discussion, we can make a

conclusion that a novel bone repair material can be ob-

tained by incorporating CMC into n-HA/CS system. Not

only did it compound uniformity by chemical interactions

and resembled natural bone apatite in composition,

morphology and size, but also it improved the com-

pressive strength compared with n-HA/CS composite and

had controllable degradation rate via adjusting the CS/

CMC weight ratio. Importantly, the method of preparing

and molding was simple without introducing any toxic

agents, so as to retain good bioactivity in products.

Therefore, we can infer that the n-HA/CS/CMC com-

posites prepared in this paper would be a novel and

desirable bionic bone repair material in view of its good

mechanical property, adjustable biodegradation rate and

high bioactivity, which showed a promising prospect in

the field of biomedicine. Additionally, the study also

provided a good guide to exploit clinical application of

natural cellulose in future.
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