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Abstract: Synthetic calcium phosphate (CaP) has been investigated as promising biomaterial due to its excellent bio-
compatibility. CaP nanosheet-assembled microspheres were prepared using Ca(CH;COO),, NaH,PO,2H,0 and
PLA-mPEG in aqueous solution by microwave-assisted hydrothermal method at 120°C for 30 min. Meanwhile, CaP
polyhedral were prepared using Ca(CH;COO),, NaH,PO4-2H,0 and PLA-mPEG in mixed solvent of water and ethyl-
ene glycol (EG) by microwave-assisted solvothermal method at 120°C for 30 min. The products were characterized
with X-ray powder diffraction (XRD), transmission electron microscope (TEM), scanning electron microscope (SEM)
and thermogravimetric analysis (TG). EG showed a significant effect on the chemical composition and morphology of
the product. The hemoglobin protein adsorption properties of the as-prepared products were investigated. The Hb ad-

sorption amount increased with increasing Hb initial concentration, and were decreased with increasing volume of EG.
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Calcium phosphate (CaP), widely exists in the hard
tissue, is main composite of biological mineral apatite

121 Due to the similar

growing on collagen fibrils
chemical properties, the synthetic nanostructured CaP
materials are promising for applications in biomedical
fields"). CaP materials with a variety of morphologies,
including nanoparticles, nanorods, nanotubes, nanow-
ires, self-assembled nanostructures, and so on, have
been reported®!. The performance and application of
CaP materials depends greatly on their morphology, size
and chemical composition''?). For example, protein ad-
sorption is an important property of CaP based materi-
als, which can be used in drug delivery and bone tissue
engineering!'’!
adsorption behaviors of CaP materials have indicated
that the physical/chemical properties such as structure,
surface charge, specific surface area of the CaP materi-

als significantly influence their protein adsorption be-
[14-15]

. Many previous studies on the protein

haviors

Microwave heating has advantages such as rapid heat-
ing, high reaction rate and energy saving, comparing with
the conventional heating methods!'®. Since the first report
of microwave-assisted organic synthesis in 1986, the ap-

plications of microwave heating in chemistry and materi-
als science have become a fast growing area of re-
search!'”"”. Various CaP materials including nanorods,
nanosheets, flowers and microspheres have been prepared
using microwave-assisted methods!?**"),

In this work, hydroxyapatite nanosheet-assembled mi-
crospheres were prepared in aqueous solution by the mi-
crowave-assisted hydrothermal method. Meanwhile, CaP
polyhedra were prepared in mixed solvent of water and
EG by the microwave-assisted solvothermal method. The
hemoglobin protein adsorption properties of the as-prepa-
red products were investigated.

1 Experimental

1.1 Preparation of calcium phosphate micro-
spheres and polyhedra

In a typical experiment, 0.1762 g Ca(CH;COO), and
0.1000 g polylactide-block-monomethoxy (polyethylene-
glycol) (PLA-mPEG) (Molecular weight=8000, Jinan
Daigang Biomaterials Co. Ltd., China) was dissolved in
30 mL mixed solvent of deionized water and ethylene
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glycol (EG). The volumes of EG used in the experi-
ments were 0, 10, 15, and 20 mL, respectively. Then,
0.1560 g NaH,PO,4-2H,0 was dissolved in 10 mL de-
ionized water, and added dropwise to the above solution
under magnetic stirring at room temperature. The pH
value of reaction solution was maintained at 4—4.5 by
slow addition of 1 mol/L HCI aqueous solution. There-
after, the resulting solution was loaded into a 70 mL
autoclave, sealed and microwave-heated in a microwave
oven (MDS-6, Sineo, China) to 120°C and maintained
at that temperature for 30 min, and then cooled down to
room temperature naturally. The product was washed
with deionized water and ethanol several times, and
dried to powder at 60°C.
1.2 Invitro protein adsorption

For the protein adsorption experiments, hemoglobin
(Hb) was used as a model protein. The sample (5 mg) was
dispersed in the Hb solutions (4 mL) with concentrations
of 100 and 500 pug/mL, respectively. Each solution was
shaken at a constant rate of 130 r/min for 4 h at 37°C.
Then, the solution was centrifuged, and the concentration
of Hb protein in the supernatant was measured by the
UV-Vis absorption at 406 nm.
1.3 Characterization of samples

The samples were characterized by scanning electron
microscope (SEM, JEOL JSM-6700, Japan), transmission
electron microscope (TEM, Hitachi H-800, Japan), X-ray
powder diffraction (XRD, Rigaku D/max 2550V, Cu Ka,
4=0.154178 nm), Fourier transform infrared (FTIR,
FTIR-7600, Lambda Scientific, Australia), thermogravim-
etric (TG) analysis (Netzsch, Germany, 10 C/min in
flowing air) and surface area and pore size analyzer
(V-Sorb 2800P, Gold APP, China).

2 Results and discussion

The morphologies of the samples prepared using
Ca(CH;C0O0),, NaH,P0,4-2H,0 and PLA-mPEG in mixed
solvent of water and EG by the microwave-assisted sol-
vothermal method at 120°C for 30 min were character-
ized by SEM (Fig. 1) and TEM (Fig. 2). EG has an ob-
vious influence on the morphology of the product. The
product prepared in the absence of EG was consisted of
nanosheet-assembled microspheres (Fig. 1(a)-(b) and
Fig. 2(a)). However, polyhedra were obtained in the
presence of EG (Fig. 1(c)-(h) and Fig. 2(b)-(d)). When
the valume of EG increased to 20 mL, irregular
nanosheets were observed in addition to the polyhedra

(Fig. 1(g)-(h) and Fig. 2(d)).

Fig. 1 SEM images of CaP products prepared using Ca (CH;COO),,
NaH,P0,4-2H,0 and PLA-mPEG in mixed solvent of water and
EG by the microwave-assisted solvothermal method at 120°C

for 30 min
The volume of EG: (a,b) 0 mL; (c,d) 10 mL; (e,f) 15 mL; (g,h) 20 mL

Fig. 2 TEM micrographs (a)-(d) of the CaP products prepared
using Ca(CH;COO),, NaH,P0O,-2H,0 and PLA-mPEG in mixed
solvent of water and EG by the microwave-assisted solvothermal
method at 120°C for 30 min

The volume of EG: (a) 0 mL; (b) 10 mL; (c) 15 mL; (d) 20 mL



778 o HL MR R

5029 %

The formation of CaP nanosheet-assembled micro-
spheres and polyhedra may follow the formation process
depicted in Fig. 3. Under the microwave-assisted hydro-
thermal conditions in the absence of EG, the CaP nanosheets
formed through the reaction between Ca*" and PO,” ions
and primary crystal growth process in the water environ-
ment. Then, the newly formed nanosheets self-assembled to
form microspheres for reducing their surface energy in
aqueous solution. As for the formation of CaP polyhedra,
the EG liquid added in the reaction solution played a key
role as a structural control reagent. The EG liquid can sig-
nificantly inhibit the formation of CaP nanosheet- assembled
microspheres, which can be explained by the special prop-
erties of EG. Compared with water, EG (with two hydroxyls
in each molecule) is polar and viscous. EG molecules can
influence the reaction between Ca®>" and PO,” ions through
the interaction with Ca®" ions, and can decrease the diffu-
sion rates of Ca>" and PO, ions. Therefore, CaP polyhedra
can be prepared in the presence of EG. On the other hand,
with further increasing the ratio of EG, the formation of
polyhedra was also inhibited. As shown by the results
(Fig. 1(c)-(h) and Fig. 2(b)-(d)), one can see that the
amount of CaP polyhedra decreases accompanying the for-

mation of some irregular CaP particles. These results indi-
cate that EG plays an important role in mediating the crystal
phase and morphology of the CaP product.

The XRD pattern indicates the formation of hydroxya-
patite (JCPDS 09-0432) in the absence of EG (Fig. 4(a)).
However, EG has a significant effect on the crystal phase of
the product. The products obtained in the presence of EG
are consisted of calcium hydrogen phosphate (CaHPO,,
JCPDS 09-0080) and a minor crystal phase of tricalcium
diphosphate (Caz(PO,),, JCPDS 09- 0169).

The FTIR spectra of the as-prepared samples are shown in
Fig. 4(b). The absorption bands peaks at 1031, 890, 601 and
561 cm are attributed to POs”. Among these absorption
peaks, the absorption at 1031 cm™ is assigned to the v; vi-
bration of the P-O bond of the phosphate group. The ab-
sorption peak at 890 cm™ is due to the v; stretching mode of
the P-O bond of the phosphate group. The absorption peaks
at 601 and 561 cm™ refer to the v, bending mode of O-P—O
bonds. Compared with the FTIR spectrum of hydroxyapa-
tite microspheres obtained in the absence of EG, the absorp-
tion bands of PO, for the samples obtained in the presence
of EG shift to some extent, implying different chemical
properties of the products.

Microwave-assisted solvothermal reaction
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Fig. 3 Schematic illustration of the formation process of the CaP microspheres and polyhedra by the microwave-assisted
hydrothermal/solvothermal methods
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Fig. 4 XRD patterns (a) and FTIR spectra (b) of the products prepared using Ca(CH;COO),, NaH,PO,-2H,0 and PLA-mPEG in
mixed solvent of water and EG with different volumes of EG by the microwave-assisted solvothermal method at 120°C for 30 min
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The thermal stability and phase transformation of as-
prepared products were studied by TG analysis (Fig. 5). The
weight loss (about 7.6wt% at 1000°C) of hydroxyapatite
microspheres obtained in the absence of EG is attributed to
the decomposition of the adsorbed block copolymer
PLA-mPEG and dehydroxylation. Compared with the TG
curve of hydroxyapatite microspheres obtained in the ab-
sence of EG, the TG curves of the samples obtained in the
presence of EG show different profiles with obvious weight
losses at temperatures between 400-500°C. The weight
losses of the three samples obtained using EG of 10, 15 and
20 mL are 2wt%, 3.4wt% and 5.5wt%, respectively. The
obvious weight losses at around 460°C are resulted from
the thermolysis reaction of the products. With further in-
creasing the ratio of EG, the formation of CaP polyhedra is
inhibited, due to the influence of EG on the reaction be-
tween Ca”" and PO, ions, and some irregular CaP particles
with low crystallization are observed in the product.

The Hb adsorption properties of the as-prepared sam-
ples have been investigated and the results are shown in
Fig. 6. The Hb adsorption amount increased with increas-
ing Hb initial concentration, and the highest adsorption value
reached 163 mg/gat a Hb concentration of 500 pg/mL for
hydroxyapatite microspheres obtained in the absence of
EG. The Hb adsorption amount decreased with increas-
ing volume of EG. These results may be explained by
the influence of EG on the chemical composition, mor-
phology and surface properties of the products. For in-
stance, the Brunauer-Emmett-Teller (BET) specific
surface areas of the samples prepared in the presence of
EG (0, 10, 15 and 20 mL) were 28.8, 8.9, 4.9 and 3.0 mz/g,
respectively.

3 Conclusions

In this work, hydroxyapatite nanosheet-assembled micro-
spheres are prepared using Ca(CH;COQ),, NaH,PO,- 2H,0
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Fig. 5 TG curves of the products prepared using Ca
(CH3CO0O0),, NaH,P04-2H,0 and PLA-mPEG in mixed solvent
of water and EG with different volumes of EG by the micro-
wave-assisted solvothermal method at 120°C  for 30 min
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Fig. 6 Hb protein adsorption properties of the products pre-
pared using Ca(CH;COO),, NaH,P0O4*2H,0 and PLA-mPEG in
mixed solvent of water and EG with different volumes of EG by
the microwave-assisted solvothermal method at 120°C for 30 min

and PLA-mPEG in aqueous solution by the micro-
wave-assisted hydrothermal method at 120°C for 30 min.
In addition, using mixed solvent of water and EG, CaP
polyhedra are prepared using Ca(CH;COO),, NaH,PO4-2H,0
and PLA-mPEG by the microwave-assisted solvothermal
method at 120°C for 30 min. The experimental results
indicate that the solvent of EG has a significant effect on
the chemical composition and morphology of the product.
The Hb adsorption amount increased with increasing Hb
initial concentration, and decreased with increasing vol-
ume of EG. The as-prepared products have potential ap-
plications in the biomedical fields.
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