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Abstract

The nanosized Ag/Cu/HA powder is thermodynamically unstable and easily congregates during storing, which may make it lose the
nanomaterial’s properties. In this work, the performances of Ag/Cu/HA during storing were studied. The Ag/Cu/HA powders were prepared using
a one-step co-precipitation method. The effects of storing on powder microstructures were investigated. The microstructures of Ag/Cu/HA
powders were characterized by X-ray diffraction and scanning electron microscopy. The results show that the diffraction intensities and the sizes of
the calcined Ag/Cu/HA powders are reduced during storing. Storing makes the diffraction angles of 0 0 2 and 3 0 O peaks decreased and makes that
of 2 1 1 peak increased. In addition, storing increases the crystal growth along the c-axis without the effect on the crystal morphology of powders.
The stored Ag/Cu/HA powders can induce the formation of new HA crystal the same as the stored Ag/Cu/HA powders with platelet morphology

and low intensity and crystallinity similar to nature bone.
© 2009 Published by Elsevier Ltd and Techna Group S.r.l.
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1. Introduction

The predominant purpose of biomaterials is to produce a part
or facilitate a function of the human body in a safe, reliable,
economical, and physiologically acceptable manner [1] without
producing an inflammatory tissue reaction. Accordingly,
hydroxyapatite (HA) and its composites, which have been
extensively proposed as implants for bone-repairing and tissue
engineering scaffold, must have acceptable biocompatibility
and mechanical performances. Previous experiments have
revealed that biological performances of HA implants were
closely related to their phase compositions and microstructures
[2-10]. It was reported that the long and thin shape as well as
the parallel distribution of the hydroxyapatite sheets in the
shankbone improves the maximum pullout force of the sheets
and the fracture toughness of the bone [11]. Kaneko et al. [12]
found that the mouse fibroblasts (.929) extended onto the
oriented HA-hydrogel hybrid along the drawing direction,
which may lead to the development of a tissue engineering
scaffold for yielding oriented bony tissues.
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The transition metallic silver ion (Ag*) and copper ion
(Cu®*) have stronger antibacterial properties than any other
metallic ions. The antimicrobial properties of Ag* have been
exploited for a long time in the biomedical field [13]. The
significant feature of Ag* is its broad-spectrum antimicrobial
property, which is particularly significant for the polymicrobial
colonization associated with biomaterials infection [14]. The
antimicrobial properties of Cu”* are inferior to Ag*, however,
more effective against mold than Ag*. The HA containing Ag*
(Ag/HA) and HA containing Cu”* (Cu/HA) have been made
and confirmed to have good antibacterial properties [15-19].
Sutter et al. [20] investigated the properties of the Cu/HA
crystal and the results show that it has a smaller dissolution rate
than pure HA. Kim et al. [21] also synthesized the Ag/HA and
Cu/HA powders and proved their effective antibacterial
property. Therefore, the nanosized Ag/Cu/HA may be a good
biomaterial in antibacterial property and biocompatibility as it
has two functional metal ions.

The nanosized Ag/Cu/HA powder, however, is thermo-
dynamically unstable and may congregate to form large
particles during storing. This may make the microstructures of
Ag/Cu/HA powder changed and lose its nanomaterial proper-
ties such as the ability to enhance the adhesion and strength of
coating when it is used in coating. In previous experiments the
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microstructure changes of Ag/Cu/HA powder during storing
were not studied. In this work the nanosized Ag/Cu/HA
powders were prepared using a one-step co-precipitation
method which yielded flower petal crystals. Previously
synthesized Ag/Cu/HA crystals had needle or rod shapes.
The obtained powder in this study was calcined at temperatures
from 300 to 600 °C and stored at room temperature for 4
months. The effects of storing on the microstructure of the
nanosized Ag/Cu/HA powder calcined were investigated.

2. Experimental

The raw Ag/Cu/HA powder was prepared using a one-step co-
precipitation and the atom ratio of Ca to P in the solution of
reaction was set to 1.67. The 0.1 mol/L (NH4),HPO,, during the
reaction, was slowly added into the solution of 0.1 mol/L
Ca(NO3), with specific amount of AgNO5; and Cu(NOs), by
stirring rapidly. This resulted in the formation of a Ag/Cu/HA
slurry. The slurry was heated in 100 °C water-bath for 4 h with
rapid stirring so as to obtain perfect crystalline, then aged for 24 h
and after that filtrated in vacuum. The collected wet Ag/Cu/HA
powders were dried at 100 °C for 24 h, then slowly cooled within
the kiln to room temperature. Next, two samples of as-produced
Ag/Cu/HA powder were heated to 300 and 600 °C respectively,
held for 2 h and then slowly cooled back to room temperature in
the furnace. The heating and cooling were performed in air
atmosphere. Finally the as-calcined Ag/Cu/HA powder samples
were stored in a desiccator at room temperature for 4 months. The
composition of investigated Ag/Cu/HA powder was analyzed by
X-ray diffraction (XRD, D/max-2200PC). The operation
conditions were 40 KV x 40 mA, DS-RS-SS =1°-0.3 mm-1°
by using CuKa. The goniometer was set at a scan rate (26) of 16°/
min over a range (26) of 10-80° and at a step size of 0.02°.
Surface morphology of the investigated Ag/Cu/HA powder
was observed by scanning electron microscopy (SEM, JEOL
6700F). The size of the Ag/Cu/HA powder was calculated using
the XRD data.

The antibacterial property of the Ag/Cu/HA powder dried at
100 °C was tested with minimum inhibitory concentrations
(MIC) method. Firstly, 0.1-0.2 g Ag/Cu/HA powder was added
into 100 ml liquid-casein—agar-culture by stirring and secondly,
the obtained culture was diluted with the same liquid-casein—
agar-culture to get various concentration cultures with the Ag/
Cu/HA powder. Then, E. coli. and S. mutans ATCC 25175 were
inoculated in the various obtained cultures respectively. Next,
the inoculated cultures were put into the culture box and
cultured for 24 h and meantime the blank culture without any
bacteria was also put into the culture box as a comparison
sample. After that, the various cultures were observed and the
least concentration of Ag/Cu/HA powder, with it the culture
could not grow any bacteria the same as the blank culture did, is
the MIC of the Ag/Cu/HA powder.

Ag/Cu/HA powder was pressed into pellets with a of diameter
10 mm, thickness 4 mm at 15 MPa, then the pellets were
immersed in simulated body fluid (SBF) for 18 days and during
immersing of them, SBF was replaced every three days. After that,
the immersed Ag/Cu/HA pellets were softly washed with distilled

water. Finally the washed test samples were dried at 100 °C for
24 h and stored in a desiccator waiting for characterization.

3. Results and discussion
3.1. XRD analysis

During storing the calcined Ag/Cu/HA crystal becomes
more stable and its crystallization reaches to the thermo-
dynamic equilibrium state. In the process the inherent energy of
the crystal, related closely with its microstructure will be
changed, therefore storing can change the microstructure of the
calcined Ag/Cu/HA crystal. Figs. 1 and 2 show the XRD
patterns of the calcined Ag/Cu/HA powders and Tables 1 and 2
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Fig. 1. The XRD patterns of the calcined Ag/Cu/HA powders at (a) 100 °C, (b)
300 °C and (c) 600 °C before storing.
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Fig. 2. The XRD patterns of the calcined Ag/Cu/HA powders at (a) 100 °C, (b)
300 °C and (c) 600 °C after storing.
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Table 1
Peak displacement (P.D.), intensity (/) and particle size (s) of Ag/Cu/HA powders heated at various temperatures before storing.
Temperature/°C 002 300 211

I/count s~! s/nm P.D./(°) I/count s~ s/nm P.D./(°) I/count s~! s/nm P.D./(°)
100 127 24.1 —0.001 81 342 0.032 195 9.0 0.093
300 78 26 —0.061 49 347 —0.108 125 8.7 —0.007
600 74 25.8 —0.061 92 18.4 0002 163 10.7 —0.027
Table 2
Peak displacement (P.D.), intensity (/) and particle size (s) of Ag/Cu/HA powders heated at various temperature after storing.
Temperature/°C 002 300 211

I/count s™! s/nm P.D./I(°) Icount s™! s/nm P.D./I(°) I/count s~ s/mm P.D./(°)
100 47 204 —0.060 33 27.3 0.054 94 3.6 0.032
300 50 253 —0.021 42 30.9 0.032 36 3.6 —0.047
600 64 24.8 0037 45 15.9 0.004 105 104 —0.087
Table 3

The peak displacement of Ag/Cu/HA powders heated at various temperature and the changes of diffraction intensity and particle size (Al, AP.D. and As) between

before and after storing.

Temperature/°C 002 300 211

Al/count s As/nm AP.D./(°) Allcount s™! As/nm AP.D./(°) Al/count s™! As/nm APD./(°)
100 80 3.7 0.059 43 6.9 0.022 101 04 0.061
300 28 0.2 —0.040 7 3.8 —0.140 39 0.1 0.040
600 10 1.0 —0.098 46 2.5 —0.002 58 0.3 0.060

present the lattice parameters of the Ag/Cu/HA powder before
and after storing respectively. Results indicate that the
diffraction intensity of the calcined Ag/Cu/HA powder before
storing decreases as the calcination temperature increases from
100 to 600 °C (see Table 1). However, after storing the tendency
is changed as shown in Table 2, the higher the calcinations
temperatures are, the stronger the diffraction intensities of
002,300 and 21 1 peaks.

Table 3 shows the peak displacements of the stored Ag/Cu/
HA powders heated at various temperatures, and the changes of
diffraction intensity and particle size (AP.D., Al and As). Based
on the data in Table 3 we can draw the conclusion that storing
makes the intensities of peaks reduced significantly and the
changes of the 0 0 2 intensity are progressively lowered as the
temperature rises. The reductions of the diffraction intensity
and the diffraction angle indicate the decrease of the
crystallinity and expansion of the lattice space respectively.
As a result, the stored crystals have larger dissolution rate than
the un-stored crystal [22]. This makes the stored crystal more
similar to nature bone which has a low crystallinity. The most
obvious intensity reduction is observed in the sample dried at
100 °C, implying the Ag/Cu/HA powder calcined at a low
temperature has a poor stability during storing at room
temperature and has a low crystallinity after storing.

3.2. Microstructure change and ion polarization

According to the theory of ion polarization, cations
especially the transition-metal ions with smaller radii and

higher positive charges, such as Ag*, Cu”* and La’*, have the
ability to change the electronic distribution of anions contacted
with them, especially the anions with larger radii and more
negative charges, such as I, PO43*. Furthermore, cations and
anions influence each other, resulting in the formation of an
extra-polarization which further intensifies the connection
between them. Consequently, the distances between cations and
anions become shorter and shorter until they reach the
thermodynamic equilibrium state. The relationship between
the distance () of cation to anion and polarization energy (Up)
is as follows:

NBe*(Z*a__ +Z%a_.)
Up=- P E— (1)
0

where B is a coefficient, 1/(4m) usually suitable to various
compounds; N is Avogadro’s number, 6.02 x 1023; 7, 7% _,
a,, and a_ are the effective charges and the polarizability of
positive and negative ions respectively [23]. This formula fits to
all ionic crystalline. For a given ionic compound, all of N, B, e,
Z*,,Z* _,a_,,and a_ are constants, so the polarization energy
Up is inversely proportional to rg , implying strong polarization
can make rg short.

Up is a kind of inherent energy because it describes the
interaction of ions in a molecule. Temperature is a key factor
affecting the movement of electrons in an ion and in turn
affecting the value of polarizability of it. Therefore, the
polarization is substantially controlled by the system
temperature according to Eq. (1). The higher the temperature
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is, the stronger the polarization. So, the Ag/Cu/HA powder
stored at room temperature for 4 months should have weaker
polarization than it is at the temperature of 100 °C, meaning
that the crystal has larger lattice space (d) at room
temperature which results in the reduction of diffraction
angle. Table 3 shows that storing basically makes the
diffraction angle of 002 and 300 peak decreased and
makes that of the 2 1 1 peak increased, indicating that the
crystal lattice space(d) of either 002 or 300 is expanded
through storing, while that of 2 1 1 is contracted.

3.3. Size change

Thermodynamically, nanoparticles are often unstable and
can spontaneously congregate during storing, resulting in size
enlargement. Based on 0 0 2 and 2 1 1 planes, the particle sizes
slightly change whereas based on 300 plane, the size is
obviously reduced after storing (see Table 3). In addition, the
change of particle size, during storing, based on 3 0 0, appears
to be related to calcination temperature, the most significant
size change is observed in the sample heated at 100 °C, similar
to the results of 3.1 intensity analysis in the respect of change
tendency.

Fig. 1 shows that at the high temperature of 600 °C, the
Ca;9Cuy(POy) 4 crystal can be formed and Fig. 2 indicates
that at room temperature it can be decomposed and changed
back to the original crystal, Ag and Cu-containing HA
crystal. This means that energy should be provided during
formation of Ca;9Cu,(PO,)4 crystal and energy can be
released leading to the damage of crystal in decomposition.
Meantime, the crystal size is reduced and the reduction
mainly occurs in the 300 plane (along a-axis), the same
direction as that the Ag/Cu/HA lattice contracted when the
Ca;gCuy(POy);4 crystal formed at 600 °C (see Fig. 1 and
discussion in Section 3.4).

Fig. 3 shows the FTIR spectra of the stored Ag/Cu/HA
powders. The bands at 3443 and 1630 cm ™' indicate water is
absorbed in the powders (see Fig. 3) (In fact, before storing the
Ag/Cu/HA powders also contains very little water). Water
cannot enter the lattice of HA crystal but it can hydrate the ions
on the surface of the Ag/Cu/HA crystal, resulting in the
formation of water layers around the Ag/Cu/HA particles which
can make the small particle stable.

Intensity
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Fig. 3. FTIR spectra of the stored Ag/Cu/HA powders calcined at (a) 100 °C,
(b) 300 °C and (c) 600 °C.

Table 4
Orientation parameter (c/a) of the Ag/Cu/HA powder heated at various tem-
perature before and after storing.

Temperature/°C c/a (before storing) c/a (after storing)
100 0.7 0.75
300 0.75 0.83
600 1.40 1.56

3.4. Orientation growth

The value of c/a for the Ag/Cu/HA powder calcined at
temperatures ranging from 100 to 600 °C before and after
storing is summarized in Table 4, indicating that the value of c/a
increases as the temperature rises. Storing also makes the value
of c/a increased. The most obvious value change of c/a occurs
in the sample calcined at 600 °C meaning that the Ag/Cu/HA
preferentially grows along the c-axis at high temperature
mainly due to the contracting of the 3 0 0 plane.

The orientation of the Ag/Cu/HA crystal is very important
when it is used as biomaterials and there are many literatures
related to the orientation of HA crystal. Kaneko’s [12] studies
confirmed that the mouse fibroblasts (1.929) extended onto the
oriented HA-hydrogel hybrid along the drawing direction, which
may lead to the development of a tissue engineering scaffold for
yielding oriented bony tissues. Shaw et al. [24] confirmed that
orienting the charged COOH-terminal region of the amelogenin
protein on the HA surface optimized to exert control on
developing unusually long and highly ordered hydroxyapatite
crystallites which constitute enamel. Rokita et al. [25] found the
relationship between the preferential orientation of crystals and
the mechanical loading of the structure. Kaneko et al. [12]
successfully synthesized the c-axis of the HAP crystal cell
oriented perpendicularly to the surface of the hydrogel.

3.5. SEM analysis

The SEM micrographs of the Ag/Cu/HA powders calcined
at various temperatures before and after storing were obtained
in this study and Fig. 4 only shows the ones after storing
because the Ag/Cu/HA powders before storing almost have the
same micrographs as that after storing. At 100 °C the crystal
takes the shape of a 30-50 nm thick flower petal. The flower
petal crystals are unrolled at the calcination temperature of
300 °C where the crystal takes the shape of a tree leaf, with
surface area of 500 x 500-500 x 800 nm”. The leaf crystal
becomes incomplete and eyelets appear on the surface of
powder calcined at 600 °C.

The stored Ag/Cu/HA powders obtained in this study are
platelet/sheet crystals and with orient growth in the direction of
c-axis similar to a nature bone which can enhance their
biocompatibility and bioactivity. Many reports are associated to
this study. Yamauchi’s [26] research results indicated that the
sheet HA crystal on the surface of a scaffold supported the
attachment and growth of L929 fibroblast cells. Zhang et al.
[27] proved that the sheet HA has excellent properties for cell
attachment and proliferation. Chen et al. [11,28] conducted
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Fig. 4. The SEM micrographs of the Ag/Cu/HA powder calcined at (a) 100 °C, (b) 300 °C and (c) 600 °C after storing.

studies on the microstructure of a shinbone and a shankbone.
Results show that each bone is a kind of natural bioceramic
composite consisted of hydroxyapatite layers and collagen
matrix. The hydroxyapatite layers consist of many hydro-
xyapatite sheets which are of thin and long shape and are
arranged in a parallel distribution along the orientation of the
maximum main stress of the bone. The long and thin shape as
well as the parallel distribution of the hydroxyapatite sheets
improves the maximum pullout force of the sheets and the
fracture toughness of the bone. Accordingly, the increase of c/a
value in the platelet Ag/Cu/HA crystal during storing can affect
the formation of new HA and its oriented distribution when it is
used as an implant.

3.6. Biocompatibility and antibacterial properties test

Ag" and Cu®* are transition metallic ions and have the ability
to inhibit the propagation of bacteria or kill them because they
can complex with chemical groups such as—NH,, —-S—S— and —
CONH- of protein or enzyme in cells causing a damage of their
DNA and RNA, when they are released from the Ag/Cu/HA
crystal in body fluid. In addition, the Ag/Cu/HA powder has a
large surface area as it is a nanosized particle, which makes
bacteria adhere to the surface of the Ag/Cu/HA crystal. Table 5
presents the antibacterial test results of various HAs. The
results prove that the doped HAs have effective antibacterial
properties and the stored Ag/Cu/HA powder has the more
effective antibacterial property than un-stored one and it is the
most effective antibacterial materials in the five HAs listed by
Table 5. This is because the stored powders have a lower

crystallinity and larger dissolution rate than un-stored ones
[22], as analyzed in Section 3.1.

Fig. 5 shows the SEM micrographs of the immersed Ag/Cu/
HA pellets. Results indicate that new HA crystals were formed
on the surface of the stored and the un-stored crystal pellets
during immersing in SBF compared with Fig. 4. Fig. 6 presents
the XRD patterns of the immersed Ag/Cu/HA pellets, meaning
that the formed new crystals are HA. As mentioned above, the
stored crystal is more similar to nature bone in the respect of
crystallinity and has a large dissolution rate. Consequently,
during immersing, the Ag/Cu/HA crystals are partially
dissolved in SBF at the start stage leading to an increase of
concentrations of Ca®*, PO,>~ and OH ~ near the surface of Ag/
Cu/HA powders and HA is crystallized again from SBF, which
is very similar to the mineralization of nature bone [29]. The

Table 5
The minimum inhibitory concentrations (MIC) of the four HAP against E. coli.
and S. aureus.

Sample® MIC/x 107> ppm

Against E. coli Against S. mutans
HAP =€ =€
AgHAP 5 5
Cu/HAP 10 10
Ag/CivHAP 34 34
Ag/Cu/HAP? 3 3.1

# Sample calicined at 100 °C for 20 h.
° Minimum inhibitory concenteration.
¢ Without antibacterial property.

4 After storing.
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Fig. 5. The SEM micrograph of Ag/Cu/HA calcined at 600 °C after immersion in SBF: (a) before storing and (b) after storing.

¥ (211)

¥ HA

Intensity(Counts)
«

(b)

MMM

0 g p—p—p——————

10 20 30
2-Theta (deg)

Fig. 6. The XRD patterns of the immersed Ag/Cu/HA in SBF: (a) before storing
and (b) after storing.

new HA crystal shown by Fig. 5(b) has a smaller size and more
uniform HA layer than Fig. 5(a) revealing that storing affects
the microstructure of the new-formed HA. Fig. 5 also indicates
that the new-formed HA has a platelet shape the same as the Ag/
Cu/HA crystals. Fig. 6 obviously shows that the new-formed
HA on the surface of un-stored crystal has higher intensity and
crystallinity than that on the stored crystal. The change
tendency of diffraction intensity and crystallinity is the same as
that between the un-stored and stored Ag/Cu/HA crystals,
which demonstrates that both stored and un-stored crystals can
induce the formation and the orient growth of new HA crystals.
The new HA layer on the stored crystal surface is more similar
to nature bone because of its low diffraction intensities and
crystallinity [29] than that on the un-stored crystal surface.

4. Conclusion

Considering the results mentioned above into account, we
can draw the conclusion as follows: storing makes the

diffraction intensities of the calcined Ag/Cu/HA powder
reduced and the most significant reduction occurs in the
sample calcined at 100 °C, meaning that storing decreases the
crystallinity of the Ag/Cu/HA powder. Storing does not cause
the Ag/Cu/HA nanoparticles to integrate but makes the sizes of
the Ag/Cu/HA powder slightly changed. The decomposition of
the Ca;gCuy(POy); 4 crystal at storing temperature makes the
crystal’s particle size reduce. The hydration of the ions on the
surface of the Ag/Cu/HA crystal makes its small particle exist
stably. Storing basically makes the diffraction angle of 002
and 3 00 peaks decrease but makes that of the 2 11 peak
increase, causing the crystal lattice space to change. In addition,
storing benefits the orient growth of the Ag/Cu/HA crystal
along the direction of c-axis. The effects of storing on crystal
morphology of the investigated Ag/Cu/HA powders are slight.
The stored Ag/Cu/HA powders can induce the formation of new
HA crystal, which is a weak crystal the same as the stored Ag/
Cu/HA powders with platelet morphology and low diffraction
intensity and crystallinity. The new HAP crystal is similar to
nature bone. The Ag/Cu/HA crystals have more effective
antibacterial property after storing than before storing.
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