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bstract

ioactive chitosan/apatite powders and adherent coatings have been synthesized by a co-precipitation method and an alkaline transformation at
oom temperature. Powders with organic/inorganic ratios ranging from 42 to almost 90% can be prepared in substantial amounts. This method
llows to coat Ti6Al4V substrates yielding films with thicknesses of approximately 1 �m that show an adhesion strength superior to 15 MPa. The

oating procedure can be repeated to increase the thickness of the layer. The formation of apatite onto these materials after immersion in a simulated
ody fluid (SBF) indicates a potential bioactivity in vivo. The materials have been characterized by viscosimetry, XRD, FTIR, SEM, EDS and
G/ATD. The adhesion strength was determined by a pull-out test.
2006 Elsevier Ltd. All rights reserved.
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. Introduction

The nature-inspired self-assembly techniques are based on
he interaction between the organic template and the inorganic
ller, affecting, for example, to the controlled nucleation and
rystal growth of the inorganic part or to the orientation of the
rganic components to form a higher order hierarchical struc-
ure. In this sense, the combination of a calcium phosphate with
great number of different polymers constitutes a growing field
f research for bone/cartilage substitution.

Chitosan–calcium phosphate composites may result of
reat interest in orthopedic/periodontal applications1–3 due
o the outstanding properties of chitosan.4–7 Chitosan is a
iodegradable mucopolysaccharide formed by the �(1,2) link-
ge of 2 acetamido-2-desoxy-�-d-glucopyranose and 2-amino-
-desoxy-�-d-glycopyranose, obtained by deacetylation of
hitin, the second most abundant biopolymer on earth and found
ainly in invertebrates, insects, marine diatoms, algae, fungi,

nd yeasts. Chitosan has a great number of uses in completely

ifferent disciplines such as cosmetics, photography, water engi-
eering, textile industry, paper finishing, food and nutrition,
olid-state batteries . . .. Focusing on the biomedical field, chi-
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osan and its derivatives have a great number of applications
anging from wound dressings, contact lenses, sorbents and
nzyme supports, drug delivery systems, tissue engineering . . ..
n particular, chitosan uses in the pharmaceutical industry are
rowing continuously not only in aspects related with controlled
elease from different delivery systems: microparticules, lipo-
omes, vesicles, gels, suspensions . . . through diverse routes:
ral, nasal, parenteral, transdermal . . ., but also in others such
s fat trapper, excipients . . ..8–9

This great number of applications can be explained by con-
idering the outstanding properties of chitosan and its derivatives
hen interacting with the human body: bioactivity, antimicro-
ial activity, immunostimulation, chemotactic action, similitude
ith extracellular matrix components such as glycosaminogly-

ans, enzymatic biodegradability, mucoadhesion and epithelial
ermeability . . ., which supports the attachment and prolifera-
ion of different cell types.10–12

Many authors have worked in the preparation of mixtures
f calcium phosphates and chitosan in the form of powder,13

embranes,14,15 pastes,16 cements,17,18 scaffolds19–22 or
icrospheres.23–25 However, fewer publications focus on the

reparation of both components at the same time which

priori should ensure a more intimate contact between

hem.26–30

The aim of this work is to obtain chitosan/calcium phosphate
aterials in the form of powders or coatings at room temper-

mailto:vallet@farm.ucm.es
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ture. The key factor consisted on finding a precursor solution
rom which both forms could be obtained. In this sense, citric
cid has a crucial role in the preparation of these materials: it
llows to dissolve chitosan and, due to its chelating nature, to
repare concentrated solutions containing calcium and phos-
hate with enough stability as to prepare powders or coatings. In
ddition, citric acid along with chitosan facilitates the formation
f layers due to its properties as film former, attributable to
ts ability to enhance gelation improving the wettability of a
oating solution on a substrate. In fact, it has been employed
s an additive in the preparation of apatite films or powders
y sol–gel.31

Nowadays, the most frequently employed technique to pre-
are commercial covered implants is plasma spray.32 However, it
as some disadvantages that cannot be easily avoided: unable to
oat implants with complex shapes, differences in the chemical
omposition, delamination . . .. Other line-of-sight deposition
ethods such as sputtering or laser ablation do not solve, for

nstance, the coating of porous substrates.33,34 Alternatively,
olution-based methods are an emerging option for the prepara-
ion of these coatings due to several features: better control of
oating morphology, chemistry and structure, covering of intri-
ate pieces, simple of technology . . . future directions35,36 aim at
oating methods that ensure osteoconductive properties and the
bility to deliver therapeutic agents, growth factors, adhesion
roteins, adhesion peptides . . . and, even, act as cell support
or tissue engineering. Biomimetic-inspired methods37–42 ful-
ll some of these requirements, although there are still some
oncerns that must be improved such as the adhesion of the coat-
ng or the deposition time. Electrodeposition/electrophoretic

ethods followed by an alkaline treatment of the so obtained
rusite coatings instead of a thermal treatment aim also at this
irection.43–45

The synthetic method employed in this work combines the
ol–gel approach with the advantages of the scarce room tem-
erature techniques such as mineralization or electrochemical
eposition. However, the following differences must be out-
ined: the precursors employed are low cost and do not contain
armful or undesired residues that are usually eliminated by a
ubsequent thermal treatment; in fact, this annealing process is
ot compulsory and allows the presence of chitosan with the cal-
ium phosphate and the introduction of substances with potential
herapeutic effects during the coating process. The inclusion of
his type of compounds in calcium phosphate layers is not an
asy task and has been solved in a biomimetic-inspired second
tage in which the already prepared films or the induced Ca/P
eposition layers are immersed in a simulated body fluid (SBF)
hat contains the substance.46–49 The option of introducing larger
nd well-known amounts in one coating step is a promising pos-
ibility.

. Experimental section
The synthesis route utilized to prepare both types of mate-
ials is schematised in Fig. 1. Both processes have in common
he precursor solution, which only differentiates in the superior
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Fig. 1. Scheme of the synthetic route employed.

mount of citric acid added to ensure the stability of the solution
uring the deposition procedure.

.1. Precursor solution preparation

The solutions employed to prepare powder or films only dif-
er in the amount of citric acid added, i.e. a higher carboxylic
cid/calcium source ratio was employed to cover the substrates.

higher quantity of citric acid contributes to the stability of
he solution (∼12 h) required to prepare the films. In the case
f powder preparation this factor has no significance since the
uccessive addition of the P source and NaOH produces the pre-
ipitation of the chitosan–apatite material.

.2. Powder synthesis

Different compositions of powder were prepared by increas-
ng the quantity of Ca and P sources and maintaining the chitosan
ontent (Table 1). In all cases a Ca/P ratio of 1.667 is main-
ained. For example, in order to prepare sample D, 15.816 g of
a(Ac)2 is added into an aqueous solution of citric acid. Mean-
hile 1 g of chitosan is added in water containing citric acid and

eft overnight to ensure its adequate solution. The total volume
f water employed in both solutions adds up to 100 ml. Subse-
uently, the solution containing the calcium acetate is poured in
he chitosan/citric acid solution and stirred for 1 h; followed by
he addition of 100 ml containing 7.92 g of H(NH4)2PO4 in water
ith a pH 10 (by NH4OH addition). The precipitate formed
hile adding the P source redissolves immediately yielding a

olution. This solution is stirred for another hour and slowly

oured into a 2 M NaOH aqueous solution, the pH is main-
ained over 11 by addition of further NaOH 2 M solution. The
o obtained precipitate is washed repeatedly until a neutral pH
s detected.
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Table 1
Nomenclature and composition of the precursor solutions

Ca source solution P source solution [H(NH4)2PO4] (M)

[Ca(Ac)2] (M) Citric acid:[Ca2+] ratio Chitosan content (mg/ml)

0 – 1:1 10 –
A 0.125 1:1 10 0.075
B 0.250 1:1 10 0.150
C 0.500 1:1 10 0.300
D 1.000 1:1 10 0.600
E 2.000 1:1 10 1.200
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oating preparation 1.000 4:1

.3. Film deposition

Dipping was carried out by means of a device designed
nd implemented at the Condensed Matter Physics Depart-
ent of Universidad de Cádiz. Ti6Al4V rods with dimensions

2 mm × 1 mm were abraded with a 320 silicon grit range car-
ide paper, polished with 9, 3 and 1 �m diamond paste and
ashed with distilled water, alcohol and acetone. The substrates
ere extracted at a rate of 1000 �m/s and dried in air overnight.
he obtained coatings were immersed in NaOH 2 M for 2 h.

.4. Characterization

Fourier transform infrared (FTIR) spectra were obtained in
Nicolet Nexus spectrometer equipped with a smart golden

ate ATR accessory. The crystallinity of the materials was
nalyzed by X-ray diffraction (XRD) in a Philips X-Pert
PD diffractometer equipped with a thin film attachment. The

xed incidence angle was 1◦ for all samples. Surface mor-
hology was analyzed by scanning in a JEOL 6400 electron
icroscopy (SEM). The thickness estimation was performed by

ross-section examination of layers previously embedded in a
POTHIN resin. The Ca and P content was determined by energy
ispersive spectroscopy (EDS) using a LINK 10000 analyzer on
amples covered with graphite. The topography of the samples
as obtained by using an Autoprobe-CP SFM from Park Scien-

ific Instr working in contact mode. Cantilevers with a 0.4 N/m
orce constant and conical tip were used. Viscosity measure-
ents were carried out in a Haaker Reostress rs75 rheometer

o characterize the precursor solutions. Thermogravimetry (TG)
nd differential thermal analysis (DTA) were performed in a
erkin Elmer Pyris Diamond TG/DTA analyser, with 10 ◦C/min
eating ramps.

In vitro tests were carried out by soaking the covered sub-
trates, vertically mounted in a platinum scaffold, in 10 ml of
BF,50 at 37 ◦C, in sterile polyethylene containers in sterile con-
itions. Soaking periods were 3, 7, 15 and 30 days.

The adhesive strength was measured by the pull-out test,
n accordance with American Society for Testing Materials

ASTM) specifications:51 a pair of metallic jigs were bonded
o the coated and the uncoated titanium substrates, these ensem-
les were joined by means of the loctite 480 adhesive. After
eaving the set for 1 day, for complete curing of the adhesive, the

d
t
d
A

10 0.600

dhesive strength of the film was measured by applying a tensile
tress using a universal mechanical tester Microtest SCM 3000
t a crosshead speed of 0.5 mm/s until fracture occurred. Five
easurements were done for each data point.

. Results and discussion

.1. Chitosan/apatite powders

The obtained powders are white colored and show an
ncreasing sheet-like macroscopic morphology with the chi-
osan/ceramic ratio. The XRD characterization shows that all the
amples prepared can be identified as a low crystalline apatite
powder diffraction file 9-432 JCPDS 2000) which, studied by
EM, reveals to be formed by aggregates of small crystallites
f several nanometers in size (Fig. 2). In addition, FTIR (Fig. 3)
llows to appreciate the bands attributable to chitosan52 and to
ydroxyapatite;53 the spectra of hydroxyapatite obtained under
he same conditions without chitosan and that of chitosan with-
ut a ceramic content have been included in order to facilitate the
ssignation and interpretation of the infrared bands in the chi-
osan/apatite materials. The presence of chitosan complicates
he characterization of the apatite obtained, as its bands over-
ap those that can be attributed to the presence of carbonate in
he apatite structure. However, the study of the sample obtained
ithout of chitosan shows bands attributable to the CO3

2− ν3
ode (1640, 1490, 1420–1415 cm−1).54 In addition, the appear-

nce of a band at 875 cm−1 (CO3
2− ν2 mode), also noticeable

n chitosan containing samples, confirms the presence of car-
onate groups. Moreover, this band can also be attributed to the
resence of HPO4

3−, though no additional bands attributable
o this anion (1210, 1130, 1099 cm−1) can be detected. Due to
he very low crystallinity of the samples prepared, the hydroxyl
ands (3570 and 630 cm−1) can be hardly appreciated, specially
he last one.

The termogravimetric analysis allows to determine the
mount of ceramic content within these materials; Fig. 4a shows
he weight loss versus temperature indicating the residue per-
entage attributable to the ceramic content. In addition, the

ifferential thermogravimetric analysis adds information about
he way the organic part is eliminated, which depends on the
egree of interaction between the ceramic and chitosan (Fig. 4b).

different decomposition process of the organic part can be
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ig. 2. SEM and XRD of sample D. Miller indexes correspond to hydroxyap-
tite.

istinguished between Ca/P containing and non-containing sam-
les, i.e. the two exothermic peaks situated at 310 and 575 ◦C
re shifted towards lower temperatures: 280 and 440 ◦C and a
ifferent decomposition pattern can be observed at these last
emperatures without a clear single maximum, showing a con-
inuous exothermic exchange instead. Among Ca/P containing
amples, a progressive increase in the height of the 280 ◦C
xothermic peak with the chitosan content can be detected as
epicted in Fig. 4b inset. Fig. 4a also includes the XRD of a
esidue whose analysis may contribute to discern the nature of
he low crystallinity crystals originally obtained. For example,
he evidence of extra phases such as calcium oxide (powder
iffraction file 37-1497 JCPDS 2000) or �-tricalcium phosphate
powder diffraction file 9-169 JCPDS 2000) indicates a Ca/P
atio higher or lower that 1.6667. In our case no extra phases
an be detected, in fact, further thermal treatments show that
he hydroxyapatite structure remains stable up to 1450 ◦C for
ample D, without the presence of additional phases (data not
hown).
Finally, it must be mentioned that the immersion in NaOH not
nly leads to the transformation into a poorly crystallized apatite
ut also to the elimination of considerable amounts of citric acid
mployed in this synthetic route and to the transformation of

c
a
h
s

Fig. 3. FTIR spectra of the as-obtained powders.

he chitosan –NH3
+ into –NH2, that, in turns, contributes to its

tability.
In any case, the presence of citric acid has no negative effects

t all, since it is a minor component of the bone, playing an
mportant role in crystal growth/modification, and is present
n many biochemical routes.55 On the other hand, the influ-
nce of citric acid on the hydroxyapatite formation is still under
iscussion. Some authors claim that citrate favors the calcium
hosphate phases nucleation but inhibits its growth, while others
eport an inhibition on the transformation of amorphous calcium
hosphate to hydroxyapatite. Finally, other authors56 have found
hat hydroxyapatite formation is not totally inhibited by citrate
nd that this ligand affects both the crystal size and the degree
f perfection of the lattice cell, due to the inclusion of carboxyl
roups.

In our case, citric acid allows, first, to dissolve chitosan and,
lso, ensures the stability of the precursor solutions at high

oncentrations even after phosphate source addition. Materi-
ls obtained from true solutions should yield a priori higher
omogeneity when compared to those prepared from suspen-
ions and much more so with respect to blends of ceramic and
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Fig. 4. Characterization of the obtained samples by (a) thermogravimetry, inset:
XRD of sample D residue and (b) differential thermogravimetric analysis.
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Fig. 6. FTIR and XRD of (a) non-NaOH treated; (b) one layer; (c) two layer; and (
Miller indexes are displayed.
Fig. 5. Viscosimetry measurement of the precursor solution.

hitosan. In fact, as demonstrated by DTA, there is a strong
nteraction between the inorganic phase and the chitosan com-
onent. Besides, the chitosan content seems to contribute to
he stability of the hydroxyapatite at high temperatures, i.e. in
bsence of chitosan, calcium oxide appears after annealing at
000 ◦C, while it is necessary to reach 1450 ◦C to see the first evi-
ences in sample D. This synthetic route allows to prepare highly
oncentrated precursor solutions when compared with similar
ethods such as those based on suspensions of Ca(OH)2

26 and

eems to be a simpler technique, with a different route and
nal goals, when compared with mineralization techniques of
hitosan by successive immersing cycles in Ca and P source
olutions.27

d) four layer coatings. Substrate maxima are marked as * and hydroxyapatite
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strate resemble that of the underlying chitosan/apatite layer. In
fact, due to the characteristics of this layer, it is very difficult to
discern by XRD or FTIR the evidence of a newly formed apatite
layer after the immersion in SBF.
ig. 7. SEM micrographs of (a) the Ti6Al4V substrate; (b) one coating layer, i
ays immersed in SBF.

.2. Chitosan/apatite coatings onto Ti6Al4V

In this work true solutions and not mere suspensions of pow-
er in a solvent are employed to cover the substrates. However,
n order to prevent a premature precipitation during the coat-
ng process, the precursor solution contains an extra quantity of
itric acid (citric acid:Ca source 4:1) that helps to maintain the
tability of the solution due to its chelation ability. In addition,
itric acid shows a film-forming capacity that adds to that dis-
layed by chitosan, due to its gelation-inducing porperties and,
onsequently, to improve the wettability of the coating solution
n the substrate.

In this work, only solution D has been employed to prepare
he coatings; however, the rest of the compositions detailed in
able 1 for powder preparation could, as well, be employed to
oat substrates. The rheological characterization of this precur-
or solution shows a Newtonian-like behavior, with a viscosity
alue of 54 mPa (Fig. 5).

One of the advantages of this method is that a single coating
an be performed within a short period of time. Consequently,
hicker coatings can be prepared in almost no time by repeating
he coating process (Fig. 1). Fig. 6 shows the XRD and FTIR
pectra of Ti6Al4V substrates coated one, two or four times,
s well as a monolayer coating non-NaOH treated. The FTIR
pectra of the non-NaOH treated coating can be attributed to a
ixture of citric acid, chitosan and calcium citrate, while the
RD diffraction hardly shows the maxima corresponding to

he substrate. The treated layers show, when characterized by
TIR, besides the characteristic bands of chitosan, the more
ignificant ones of phosphate (1040, 600 and 570 cm−1) as
ell as that attributable to CO3

2−/HPO4
2− at 870 cm−1. XRD

hows the progressive disappearance of the substrate peaks and
he presence of only the more intense maxima assignable to
patite: (0 0 2) and a broad peak that includes (2 1 1), (1 1 2),
3 0 0).
Fig. 7 displays the SEM micrographs of an uncovered sub-
trate and of a monolayer coating that shows a smooth surface
omposed by hardly distinguishable particles. The EDS analysis
onfirms the presence of calcium and phosphorous throughout

F
a

EDS analysis, SFM micrograph; and (c) two different magnifications after 15

he film. The topography of the films has been determined by
FM and shows that the surface of the coatings is composed
y aggregates between 1 and 2 �m of smaller crystals with val-
eys between them of around 250 nm. The roughness can be
stimated at around 0.14 �m rms (root mean square).The thick-
ess values range from around 1–4 �m for one (Fig. 8) and four
not shown) coatings layers, respectively. Consequently, it can
e assumed that each deposition cycle yields about 1 �m of
hickness.

The immersion in SBF shows the appearance of the first hints
f bioactivity within 7 days of soaking although only after 15
ays the substrate is completely covered. Fig. 7c shows the
orphology of the apatite layer, composed by aggregates of

eedle-like crystallites, grown onto the chitosan apatite coating
t two different magnifications. The EDS analysis confirms that
he composition of the apatite layer grown onto the covered sub-
ig. 8. SEM micrograph of one coating cross-section. EDS analysis of the layer
nd the substrate are included in the micrography.
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The adhesion test shows values superior to 15 MPa, strength
t which breakage occurs in the glue, in the interface glue/coating
r between the substrate and the metallic holder; in no case
racture of the coating is observed. These minimum tensile
trength adhesion values are comparable to those obtained for
alcium phosphate coatings prepared by sol–gel technique,57,58

lectrodeposition,59 plasma spray60 or pulsed laser deposition.34

. Conclusions

The following achievements can be remarked from the
esearch described in this work:

The synthetic route employed is simple, low cost and short
time consuming.
The precursors employed are costless and do not leave any
harmful residues.
The different procedure steps are carried out at room temper-
ature.
Powders with a wide chitosan/inorganic ratio can be easily
prepared in large amounts.
Adherent coatings are deposited onto Ti6Al4V substrates.

Considering all these reasons, this work opens many pos-
ibilities in the preparation of materials loaded with thermally
nstable substances such as antibiotics, growth factors, adhesion
eptides and, even, cells. This fact could be of great interest
n the case of layers, with the added value of ability to coat of
oating intricate and thermally labile substrates.
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