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INTRODUCTION

Hydroxyapatite (HA) has been the focus of a signifi -
cant research effort devoted to devising osteoconduc-
tive materials that improve the performance of metal 
implants, such as the femoral component of a total hip 
prosthesis. Clinical studies have shown that coating the 
femoral prosthesis with hydroxyapatite promotes an ear-
ly osseous response that improves the bonding strength 
of the prosthesis to the femur.[1–3]

In 1990 we introduced a relatively simple, low-tem-
perature electrochemical procedure for reproducibly 
depositing calcium phosphate materials on conducting 
surfaces.[4] This non-line-of-sight procedure can be 
used to coat irregularly shaped surfaces while main-
taining control over deposit crystallinity. In a typical 
deposition, the pH near the surface of the device is 
raised by using the device as the cathode in aqueous 
electrolyte solutions containing calcium ions, dihydro-
gen phosphate, and monohydrogen phosphate.[5]

The resulting precipitate, usually brushite (CaHPO4 
• 2H2O) or monetite (CaHPO4), can be converted to hy-
droxyapatite by following procedures fi rst developed by 
Tiselius in 1956.[6] In short, these procedures involve 
using strongly basic aqueous solutions to deprotonate, 

expel phosphate ions, and rearrange the lattice to pro-
duce well crystallized hydroxyapatite with a macroscop-
ic morphology similar to that of the original deposit.

Electrodeposited calcium phosphate coatings are the 
focus of a signifi cant number of investigations.[7–15] A 
recent article that appeared in this journal is particularly 
noteworthy.[16]

The brittleness of hydroxyapatite and its adhesion to 
metal surfaces are possible limitations when shear forces 
or other loads are great. Although one of the advantages 
of electrochemical deposition is that the technique can 
be use to produce calcium phosphate coatings on porous 
and irregularly shaped surfaces where the shear forces 
and loads are not so great, any migration of particulate 
HA to articulating surfaces of an artifi cial hip could lead 
to reasonable concerns associated with excessive wear. 
Consequently, we have investigated a number of means 
by which electrodeposited calcium phosphate coatings 
can be stabilized.

We wanted a second generation of electrodeposited 
coatings with material properties more like living bone, 
a material that could be viewed as a complex composite 
with mechanical properties very different from crystal-
line hydroxyapatite. More specifi cally, we desired a com-
posite material containing rigid inorganic regions sepa-
rated by more fl exible organic constituents. Our initial 
focus has been on preparing HA composites containing 
naturally occurring biopolymers with well established 
biocompatibility. Chitosan is one such polymer.

Published in Journal of Biomedical Materials Research 66A 
(2003), 411–416. Copyright © 2003 Wiley Periodicals, Inc. 
Used by permission.

Abstract: Composite coatings containing brushite 
(CaHPO4 • 2H2O) and chitosan were prepared by elec-
trochemical deposition. The brushite/chitosan compos-
ites were converted to hydroxyapatite/chitosan com-
posites in aqueous solutions of sodium hydroxide. The 
coatings ranged from  1 to 15% chitosan by weight. 
Qualitative assessment of the coatings showed adhe-

sion signifi cantly improved over that observed for elec-
trodeposited coatings of pure HA. 
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Chitosan, which is shown in an idealized form below, 
is a simple polymer of glucosamine 

that is very similar to cellulose, a polymer of common 
sugars. Chitosan is a biodegradable and biocompatible 
polymer that has found widespread use in the cosmetics 
and food industries. Chitosan also has been widely stud-
ied for applications in medicine: it is known to be highly 
osteoconductive. [17–19] Studies have shown that chi-
tosan is a hemostatic material [20] [21] and that it has a 
benefi cial infl uence on wound healing [22] and on bone 
reformation. [23]

Chitosan exhibits structural similarities to glycosami-
noglycans in the mineral-bound proteoglycans in bone, 
and since glycosaminoglycans are know to have stimula-
tory effects on matrix organization during tissue repair, 
it is believed that chitosan may have a similar role. [24] 
Several recent articles have focused on the biomedical 
uses and material properties of chitosan, chitosan deriva-
tives, and chitosan-containing composites. [25–28]

The amine group of chitosan provides an opportunity 
to process chitosan in a straightforward manner. The 
amine group is a weak base. Consequently, chitosan can 
be protonated by weak acids, such as acetic acid, to give a 
water-soluble polymer that can be spun into fi bers or cast 
into fi lms. This solubility under acidic conditions allows 
us to deposit HA/chitosan composites on conducting 
substrates using an electrochemically induced pH jump. 
The synthetic sequence used to produce the desired com-
posite coatings on metallic surfaces is a combination of 
electrochemical half reactions, acid-based reactions, and 
precipitation reactions.

First, water is reduced at the surface of the prosthesis 
to produce hydrogen gas and hydroxide ions, as shown 
in the following half reaction: 

                                                                                 (1)

The pH at the surface of the device is controlled by con-
trolling the current or the potential at which the current 
is passed. Hydroxide ions generated at the surface react 
with dihydrogen phosphate according to the equilibrium 
shown below: 

                                                                                 (2)

The following equilibrium, which is driven to the right 
hand side by the reactions listed above, results in the de-
position of brushite on the surface of the device. 

                                                                                 (3)

If chitosan also is present in acidic electrolyte solutions, 
such as those listed above, the reaction of protonated 

chitosan with hydroxide results in the co-deposition of 
neutralized chitosan with brushite, as is shown in the re-
action below. 

The resulting composite can be converted to a HA/
chitosan composite using a strong base.

MATERIALS AND METHODS

Electrodes typically were degreased by rinsing in ac-
etone (99.5%, EM Science), ethanol (99.5%, Pharmco) 
and then drying in air before they were used for the elec-
trochemical experiments. Anhydrous monobasic calcium 
phosphate (MCPA, Sigma), glacial acetic acid (99.7%, 
Fisher), chitosan (min. 85% deacetylated, Sigma), and 
sodium hydroxide pellets (98%, Mallinckrodt) all were 
used as purchased.

A PAR Model 273 potentiostat/galvanostat was used 
to control the potential or current during deposition. A 
platinum basket was used as the anode. Potential mea-
surements were made against a standard calomel elec-
trode (Fisher). X-ray diffraction patterns were obtained 
using a Rigaku D/Max II B automated X-ray diffractom-
eter, and SEM imaging and X-ray microanalysis were 
performed using a JEOL JSM 840A scanning electron 
microscope.

Stock solutions of aqueous calcium phosphates typi-
cally were prepared by adding 20 g of Ca(H2PO4)2 to 100 
grams of distilled/deionized water. The solutions were 
stirred vigorously for 2 h and then fi ltered to remove ex-
cess brushite, which is the solid that ultimately equili-
brates with this particular solution. [29] Stock solutions 
of dissolved chitosan were prepared by combining solid 
chitosan with an equal number of moles of acetic acid in 
water. The concentration of the chitosan stock solutions 
(based on the amino group) ranged from approximately 
0.05 to 0.20 moles per kg of solvent. The electrolyte so-
lutions used to deposit HA/chitosan composite coatings 
were prepared by combining aliquots of chitosan and 
calcium phosphate stock solutions.

RESULTS, DISCUSSION, AND CONCLUSIONS

In a typical deposition of pure brushite, a current den-
sity between 25 mA/cm2 and 250 mA/cm2 is passed for 
1–10 min, and the resulting brushite coating is converted 
to hydroxyapatite by heating the sample for 24 h in 0.1M 
of NaOH(aq) at 95°–100°C. Alternatively, the conver-
sion to hydroxyapatite can be accomplished by storing 
the coated implant for 72 h in 0.1M of NaOH(aq) at room 
temperature.

Figure 1 shows a low magnifi cation SEM image of a 
typical HA coating on a beaded titanium substrate. This 
coating was obtained by depositing brushite at a constant 
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current of 25 mA/cm2 for 5 min. The coating  was con-
verted to hydroxyapatite by heating the sample for 24 
h in 0.1M of NaOH(aq) at 95°C The relatively uniform 
coating on this irregularly shaped surface demonstrates 
one of the attractions of preparing calcium phosphate 
coatings in this manner, that is, that the process is not 
restricted to substrates for which a line-of-sight must be 
maintained. 

The infl uence of the brushite-to-HA-conversion pro-
cess on coating morphology is shown in Figure 2. Figure 
2(A) shows a SEM image of a brushite coating prepared 
on a fl at titanium substrate using a time-dependent con-
trolled current. The current density during this deposi-
tion was ramped from 100 mA/cm2 to 68.5 mA/cm2 at 
0.15 mA/s/cm2. Figure 2(B) shows the same location of 
the same coating after it was converted to HA by bathing 
the sample in 0.1M of NaOH for 7 days at room tem-
perature. It is clear that the macroscopic morphology of 
the coating is largely unchanged. The large angular fea-
tures have the same macroscopic shape as the original 
brushite crystals, but no HA crystals are visible on this 
length scale. Upon closer examination, it appears that a 
dissolution/reprecipitation process has produced a more 
“leveled” surface containing a network of small cracks. 
We believe these cracks may be caused by the change in 
molar volume (based on calcium ions) that occurs upon 
conversion of CaHPO4 • 2H2O to Ca5(PO4)3OH. Control 
of these cracks currently is under investigation. 

Figure 3 shows the morphologic changes that occur 
upon converting brushite/chitosan composites to HA/
chitosan composites. The electrolyte solution in this 
case was prepared by mixing 48.5 mL of stock solution 
with 1.5 mL of a 4-wt % solution of chitosan containing 
an equimolar amount of acetic acid. Again, the current 
density during the deposition was ramped from 100 mA/
cm2 to 68.5 mA/cm2 at 0.15 mA/s/cm2, and the conver-
sion to HA/chitosan was achieved by bathing the sample 
in 0.1M of NaOH for 7 days at room temperature. 

In comparing Figures 2(A) and 3(A),a signifi cant 
change in aspect ratio is observed for the brushite crys-
tals, and it is clear that the composite coatings are much 
more ordered, possibly around nucleation sites for sub-
sequent growth. Chitosan appears only as a thin fi lm that 
coats the crystalline inorganic regions while partially 
fi lling the interstitial voids. Thus far we have only quali-
tative information concerning the physical properties of 
these composites. It is clear that the chitosan serves, in 
part, as a bioadhesive that strengthens the bonding be-
tween HA particles between HA and the surface. In fact, 
if the composite is deposited on a highly polished sur-
face, using a sharp razor it can be remove as a fl exible 
sheet.

It has been diffi cult for us to quantify the relative 
amounts of chitosan and hydroxyapatite in our composite 
coatings. These coatings present an unusual set of analysis 
problems that are not easily solved by any one analytical 
technique. Figure 4 shows powder XRD patterns for elec-
trolytically deposited HA and HA/chitosan composites. 
All of the refl ections expected for HA are observed in the 
pure HA and in the HA/chitosan composites, but only a 
broad peak at approximately 2θ = 15° is observed for the 
amorphous chitosan. 

Figure 1. Scanning electron micrograph (SEM) of hydroxy-
apatite coating on titanium beads.

Figure 2.  (A) SEM of electrodeposited brushite coating 
on fl at titanium substrate; (B) SEM of same coating after 
conversion to HA.
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Thermogravimetric analysis (TGA) has proven to be 
the most expedient means of determining the overall 
composition of the composite coatings. It has been pos-
sible to measure the amount of chitosan in HA/chitosan 
composites by applying the temperature ramp shown in 
Figure 5(a). Following an 80-min dehydration step at 
125°C, we ramped the temperature from 125° to 300°C 
at 5°C per min. Figure 5(a) also shows the thermogravi-
metric response of HA and chitosan. Chitosan under-
goes a decomposition at approximately 200°C and los-
es about 40% of its mass. Under the same temperature 
program, HA undergoes a 3.6% mass change, which we 
attribute to the loss of strongly adsorbed water. Given 
these limits, it is possible to calculate the weight per-
cent of HA and chitosan in HA/chitosan composites 
that undergo mass changes such as those shown in Fig-
ure 5(b). The solution compositions, wt % of chitosan 
and wt % of HA for coatings shown in Figure 5 are 
tabulated in Table I.

Figure 3. (A) SEM of electrodeposited brushite/chitosan 
composite on fl at titanium substrate; (B) SEM of same coat-
ing after conversion to HA/chitosan.

Figure 4.  X-ray powder diffraction pattern of (a) electrode-
posited HA coating, and (b) electrodeposited HA/chitosan 
composite coating.

Figure 5.   Thermogravimetric analysis of HA, chitosan, 
and HA/chitosan composites. (a) Thermal degradation of 
HA and chitosan monitored by percent of weight loss (left 
axis) as a function of time. Applied temperature (right axis) 
as a function of time also is shown. (b) Thermal degradation 
of HA/chitosan composites monitored by percent of weight 
loss as a function of time. Temperature program is the same 
as that shown in Figure 4 (a).
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As expected, the data in Table I show that the ratio of 
the chitosan concentration in solution to that of the cal-
cium phosphate in solution is an important determinant 
of the eventual relative compositions of chitosan and 
HA in the composite coatings. The absolute concen-
trations also play an important role in determining the 
composition and quality of the coatings. For concentra-
tions of dissolved chitosan greater than approximately 
0.05 m, it has been our experience that the solutions be-
come so viscous that effi cient effervescence of hydro-
gen becomes diffi cult. Irregularly blistered chitosan has 
resulted. Our future work will include a more detailed 
examination of the extent to which the HA/chitosan 
composition can be varied and the extent to which this 
technique can be extended to include HA composites 
with other biopolymers.
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