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Hydroxyapatite microspheres (HAMSs) were fabricated via hydrothermal synthesis using propionamide (PA) as a pH-
adjusting agent and trisodium citrate (TSC) as a regulating agent. Scanning electron microscope (SEM) images indicated

that the microspheres possessed well-defined 3D nanostructures constructed by nanoplates as building blocks. In vitro cell

tests demonstrated that the HAMSs with or without heat treatment were able to promote the proliferation of mouse bone

mesenchymal stem cells (MBMSCs). Gentamicin sulphate (GS), an anti-inflammatory, was successfully loaded in the HAMS

particles at a distinctively high loading efficiency of approximately 87%. The resultant HAMS-GS delivery systems displayed

a sustained release property, and the release of GS from HAMS-B-GS500 system could significantly inhibit S. epidermidis
growth. Moreover, the biocompatibility tests indicated that the HAMS-B-GS500 system exhibited excellent
biocompatibility and had no toxic effects on the mBMSCs. These outstanding characteristics may make HAMSs a good

candidate as an injectable and drug-loading biomaterial for in vivo tissue regeneration and drug control release.

1. Introduction

Hydroxyapatite (HA) is a major inorganic constituent of teeth
and bones and has long been studied due to its excellent
bioactivity, biocompatibility and osteoconductivity.l'4 In
recent years, HA-based drug carrier systems have been
investigated for biomedical applications.s'7 Previous studies
have shown that the physicochemical properties of synthetic
HA depend on its morphology, chemical composition and
textural properties.g’9 Among the different morphological and
structural HA biomaterials, hierarchically nanostructured
mesoporous HA materials exhibit high surface areas, large
pore volumes and multiphase interfaces and able to
efficiently adsorb biologically active species, especially drug
molecules.’®* Additionally, HA microsphere materials have
been shown to induce slight inflammation and contribute
towards bone formation when compared with irregular
particles.lz'14
uniformly packed, they could contribute to cell migration and
extracellular matrix (ECM) growth through the vacancies
formed between the spherical granules.15

Recently, various synthetic approaches have been
proposed for the preparation of HA microspheres, including
spray drying,lﬁ'17 template method,® hydrothermal
.<,ynthesis,19’20 and emulsion technique.21 Compared with

When spherical granules of HA materials are
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other methods, the hydrothermal method has been shown to
be a relatively simple and effective way to prepare well-
crystallised HA microspheres by controlling, for example, the
pH value, the hydrothermal temperature and the surfactant
amount. However, hydrothermal synthesis of HA with regular
morphology and good dispersion properties remains a
significant challenge.

Highly ordered, complex architectures organised by
nanostructured building blocks have potential applications in
biomedical materials.?> The use of surfactants and polymers
has been demonstrated to modify mass transitions, provide
nucleation sites, regulate the orientation of crystals and
dominate the final morphology of crystals.23 Many reports
have shown that citrate can be used as a crystal modifier for
HA crystallites and plays a vital role in regulating the final
morphological and structural evolution of HA products from
dumbbell-like to spherical particles.z‘l'27 Previous studies have
shown that propionamide can improve the pH value of the
synthesis solution by increasing hydrothermal temperature
and time. The pH changes may lead to the gradual
consumption of calcium and phosphate ions of the system,
enabling the pre-formed HA crystal nuclei to continue
growing in the supersaturated calcium and phosphate
solution.28 However, residual surfactants or introduced
organic groups may deteriorate the bioactivity of
biomaterials.”*® To maintain their bioactivity, the residual
surfactants should be removed by calcination or other viable
methods.

Implant-associated infections are grave
complications that currently restrict the use of biomaterials in
humans.*** Conventional therapy with systemic antibiotics is
often compromised due to poor accessibility to infection sites

bacterial
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in bone tissues, particularly in necrotic or avascular tissues.*®
In recent years, local drug delivery systems in bone
reconstruction have been adapted to obliterate the implant-
associated infection. Conventional HA particles have limited
drug loading capacities because of their low surface area.
Moreover, drugs are released from conventional HA particles
in a burst-release manner>® To overcome the
aforementioned disadvantages, one strategy is to synthesize
hierarchically nanostructured hydroxyapatite microspheres.
The microspheres with well-defined 3D network structures
and large surface areas make it possible to incorporate high
doses of drugs and release them at controlled rates. Due to
its low cost, broad antibacterial spectrum and good stability,
gentamicin sulphate (GS) is extensively used as an antibiotic
to prevent bone implant-associated infection.®®>® Over 60%
of chronic osteomyelitis cases were caused by S. epidermidis,
which is sensitive to gentamicin.37

Herein, we demonstrated a facile hydrothermal method to
prepare HA microspheres (HAMSs) constructed by nanoplates
as building blocks using propionamide (PA) as a pH-adjusting
agent and trisodium citrate (TSC) as a regulating agent. We
investigated the effects of the HAMSs on the
biocompatibility, drug delivery property and bactericidal
property of GS-loaded HAMSs.

2. Materials and methods
2.1 Materials

Calcium nitrate (CN), ammonium phosphate ((NH4),HPO,),
TSC and nitric acid (HNO3) were purchased from Guangzhou
Chemical Reagent Factory (Guangdong, China). PA and
ammonia hydroxide (NH,OH) were supplied by Aladdin
(Shanghai, China). GS was purchased from Guangzhou Qiyun
Biotechnology Co., Ltd. (Guangdong, China). All chemical
reagents were of analytical grade without any further
purification. Deionised water was obtained from a water
purification system (Millipore S.A.S., France).

2.2 Preparation of HAMSs

HAMSs were prepared by a hydrothermal method using PA as
a pH-adjusting agent and TSC as a regulating agent. According
to previous reports,38'39 stock solutions of Ca*" and PO43' were
separately prepared by dissolving the desired amount of CN
and (NH,),HPO, in a 0.2 M HNOj; solution. The Ca/P molar
ratios were fixed at 1.67. TSC and PA were simultaneously
added to the Ca*"and PO43' solutions, respectively. Then, the
Ca®* solution was added to the PO43' solution under
continuous stirring and the initial pH was adjusted to 3 using
2 M HNO; or 1:1 (v/v) ammonia. The adjusted solutions were
transferred to a teflon-lined stainless steel autoclave. The
autoclave was maintained at the 180 °C for 24 h and allowed
to cool to room temperature. The products were separated
by centrifugation at a rate of 4000 rpm for 5 min, washed five
times with deionised water and lyophilised for two days.
These samples were designated HAMS-B. A few of the
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samples were heat treated at 900 °C at a heating rate of 2
°C/min for 5 h; these samples were designated HAMS-HT.

2.3 Characterisation

The phase compositions of the as-synthesized products were
characterised by powder X-ray diffraction (XRD, X’Pert PRO,
PANalytical, Netherlands) with Cu Ko radiation (A= 1.5418 A).
The chemical functional groups were investigated by Fourier
transform infrared spectroscopy (FTIR, Vector 33, Bruker,
Germany) within the wavenumber range of 4000-400 em™
using KBr as the standard. The morphology of the HA
microspheres was observed using scanning electron
microscopy (SEM, MERLIN Compact, Carl Zeiss, Germany).
The samples were sputter-coated with gold to avoid charging
under the electron beam prior to examination. The surface
areas of samples were determined by the Brunauer-Emmett-
Teller (BET) method wusing a surface area analyser
(NOVA4200e, Quantachrome, USA). The samples were
outgassed under vacuum for 12 h at 200 °C before the
analysis. The pore size distribution and volumes were
calculated from the adsorption branch using Barett—Joyner—
Halenda (BJH) methods. The particle size distribution of
samples was determined by Laser particle sizer (Mastersizer
2000, Malvern, England). The absorbance of gentamicin in
the release media was measured using ultraviolet (UV)
spectrophotometer (TU-1901, Beijing Purkinje General
Instrument Co., Ltd., China).

2.4 Drug loading and in vitro drug release

The typical drug loading and in vitro drug release experiments
were performed as follows: GS (200 or 500 mg) was added
into 50 mL PBS (pH 7.40) with rapid stirring at a rate of 500
rpm to ensure an adequate dispersion. Then, 500 mg of
samples were added into the solution. The vials were sealed
to prevent the evaporation of PBS solution, and the mixture
was stirred for 24 h at room temperature. Afterwards, the
mixture was centrifuged at a rate of 4000 rpm for 5 min. The
clear supernatant was then collected, and the GS amounts of
clear supernatant were measured by UV spectrophotometer
at 203 nm. At the same time, the GS-loaded HAMSs were
dried in a vacuum oven at 50 °C until constant weight; the
drug-loaded samples were named HAMS-GS200 and HAMS-
GS500, respectively. The amount of GS encapsulated in the
HAMSs was calculated by subtracting the amount of the GS in
the supernatant (C;) from the used GS amount (Cy). The
loading amount of GS was determined by UV analysis by
calculating the difference in the GS-PBS concentration before
and after loading. The loading efficiency of GS (L. E.) was
calculated according to the following equation:
Co—C
———x100%
Co

For the in vitro drug release test, the GS-loaded HA
microspheres (40 mg) were completely immersed in 50 mL of
PBS solution at 37 °C under shaking at a constant rate of 160
rpm. The GS-release medium (3 mL) was collected for UV
analysis at predetermined time intervals and replaced by the

L.E.=
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same volume of fresh, 37 °C preheated PBS solution. The
extracts were centrifuged at 4000 rpm for 5 min before
measurement. All samples were subjected to drug release
studies in triplicate.

2.5 Cell viability

Cytotoxicity tests were performed for HAMSs-treated mouse
bone mesenchymal stem cells (mBMSCs) purchased from
ATCC (ATCC CRL-12424) and cultured in Dulbecco’s Modified
Eagle’s Medium (DMEM) supplemented with 10% foetal
bovine serum (FBS). The cells were maintained at 37°C in a
moist environment with 5% CO,. The cell suspensions (1><104
cells mL'l) were seeded into 48-well plates with 500 pL per
well and cultured for 24 h at 37 °C. After 24 h, the culture
medium was refreshed with 500 pL culture medium
containing samples at concentrations of 0, 100 and 200 ug
mL'l, followed by incubation for 1, 3 and 5 days. The HAMSs
concentrations were determined after drying to constant
weight, followed by heat sterilisation at 121 °C for 0.5 h, and
UV sterilisation.

After 1, 3, and 5 days of culture, suspensions of HAMS
particles were removed and washed with PBS. A mixture of
270 pL fresh culture medium and 30 pL CCK-8 solutions
(Dojindo, Kumamoto, Japan) was added to each well. After
incubation at 37 °C for 1 h, 100 pL supernatant was
transferred into a 96-well plate and the absorbance was
analysed at a wavelength of 450 nm using a microplate
reader (Thermo 3001, Thermo Co., USA).

For cell viability evaluation, mBMSCs were plated in 48-
well plates (Corning, NY, USA) and stained with Live/Dead
stain kit (Dojindo, Kumamoto, Japan). Briefly, after 3 days of
culture, the cells were washed three times with PBS and
stained by mixture of calcein AM (2 uM) and PI (4 uM) for 30
min in the absence of light at 37 °C. Samples were washed
twice times with PBS after staining and observed by the
fluorescence microscopy (Eclipse Ti-U, Nikon, Japan).

2.6 Antibacterial activity

The in vitro antibacterial activity of the HAMS-B-GS500
system was quantitatively evaluated against S. epidermidis
(ATCC 35984) by the standard plate count method.*
Generally, S. epidermidis was grown in LB broth (1% w/v
tryptone, 0.5% w/v yeast extract, 0.5% w/v NaCl) at 37 °C
with 100 rpm agitation for 24 h, followed by centrifuging. The
bacterial pellet was washed three times with deionised
water, followed by resuspension in sterilised PBS solution.
The concentrations of the prepared bacterial suspensions
used for the antibacterial tests were 1x10’ colony forming
units (CFU) per mL. The HAMS-GS samples (2 mg) that had
been immersed in PBS solution (2.5 mL) for 1, 3 and 5 days at
37 °C under shaking at a constant rate of 160 rpm were
collected by centrifugation, gently washed three times with
sterile PBS, and then resuspended in 100 pL sterilised PBS.
Subsequently, the sample suspensions were transferred to 15
mL sterilised tubes and 900 uL of bacterial suspensions were
added. After being incubated at 37 °C with shaking at 200

This journal is © The Royal Society of Chemistry 20xx
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rpm for 6 h, the S. epidermidis in PBS was quantified by
plating serial dilutions on agar plates. The agar plates were
incubated for 24 h at 4°C, and the total CFU were counted
visually.

2.7 Statistical analysis

Results were represented as the means * standard deviation
(SD) and significant differences were assessed by Student's t-
test. Differences were considered significant when *P < 0.05,
**p < 0.01.

3. Results and discussion
3.1 Characterisation of HAMSs

Fig. 1 shows the morphology of the obtained samples (HAMS-
B and HAMS-HT) as observed by SEM. Although both the
HAMS-B and HAMS-HT samples exhibited a spherical shape
with similar diameters in the range of 0.5-25 um (Fig. 2), their
morphologies and porous structures were different. The
surfaces of the HAMS-B samples were observed to have
numerous HA nano-needles, which were oriented normal to
the surface, resulting in the formation of dandelion-like
structures (Figs. 1a and c). Compared with the HAMS-B
samples, numerous HA nanorods were distributed over the
surfaces of the HAMS-HT samples. The nanorods interweaved
to form porous structure (Figs. 1b and d). The EDS spectra
indicated that the HAMSs samples mainly contained calcium
(Ca), phosphorus (P), oxygen (0), and carbon (C). The Ca, P, O
elements are derived from the HAMS, while the C elements
may have originated from the conductive paste or the
samples.

- - Ca
E] E]
s s
z z|o
2] ]
|9 s
c
= Cl Ca = lc Ca
0 2 4 6 g 0 2 4 6
Energy (KeV) Energy (KeV)
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Fig. 1 SEM micrographs of samples: (a and c) HAMS-B; (b and
d) HAMS-HT. EDS spectra of samples: (e) HAMS-B, (f) HAMS-

Journal Name

that the prepared HAMSs were similar to the inorganic
minerals of natural bone in the chemical components.

HT. The porous structure of the HAMSs (HAMS-B and HAMS-HT)
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Fig. 2 Particle size distribution of HAMSs.
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Fig. 3 XRD pattern of HAMSs.

The XRD patterns of the synthesised HAMSs (HAMS-B and
HAMS-HT) in Fig. 3 indicated that the principal phase
compositions of HAMS-B and HAMS-HT were identical. All
diffraction peaks could be indexed as a single phase of HA
(JCPDS No. 72-1243), and no peaks indicative of impurities
were identified. The sharp peaks revealed that HA products
were highly crystalline.

The FTIR spectra in Fig. 4 shows that the HAMS-B and
HAMS-HT samples have similar composition and structure.
The presence of carbonate bands at 1456, 1545 and 878 cm™
were consistent with B- and A-type carbonate substituted HA,
where carbonate ions replaced phosphate and hydroxyl
groups in the crystal lattice, respectively.‘u’42 Carbonate has
been demonstrated as the prevalent anion substitution in
biological apatite (approximately 4-8 wt.%), and their
incorporation can improve  the  bioactivity and
biodegradability of HA materials.***® These results indicated

4| J. Name., 2012, 00, 1-3
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Fig. 4 FTIR spectra of HAMSs.

Table 1 Textural properties and drug loading efficiencies of

samples

Sger (ng_ D \Y% a
Samples e (nm)° (cm’g™)’ L.E. (%)
HAMS-B 79.63 13.75 0.27 -
HAMS-HT 76.03 14.22 0.27 -
HAMS-B-GS200 19.75 7.84 0.04 51.60
HAMS-B-GS500 16.78 6.55 0.03 86.74
HAMS-HT-GS200 16.87 9.39 0.04 70.86
HAMS-HT-GS500 18.40 8.90 0.04 79.63

#SBET, D, V and L. E. represent surface area, pore size, pore
volume and loading efficiency, respectively.

samples was further demonstrated by the N, adsorption-
desorption isotherms and the corresponding pore
distribution cures (Fig. 5). According to the International
Union of Pure and Applied Chemistry (IUPAC), the HAMSs can
be classified as type H3 hysteresis loops derived from
nanoparticle aggregates with slot-shaped pores,46 which was
consistent with the SEM observation (Figs. 1c and d). The
isotherm curve of the HAMSs showed a steep increase
between 0.9 and 1.0 of P/P,, indicating the presence of
macropores.29 While a great majority of pore volume was
contributed by mesopores, as shown in Fig. 5b, most of the
pores were 2-50 nm in size. Based on the desorption branch
of the nitrogen isotherm, as caculated with the BJH method,
the average pore sizes of HAMS-B and HAMS-HT samples
were determined to be 13.75 and 14.22 nm, respectively.
When compared with the HAMS-B samples, the HAMS-HT
samples had similar BET specific surfaces area and pore
volumes (Table 1).

3.2 Cell viability

Live/dead staining was used to observe cell viability after
culturing the mBMSCs on the HAMSs for 3 d. The calcein AM
produces an intense uniform green fluorescence in live cells,
while Pl produces a bright red fluorescence in dead cells. As
shown in Figs. 6a-e, a vast majority of cells exhibited good

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00,1-3 | 5
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Fig. 5 Nitrogen adsorption-desorption isotherms (a) and pore size distribution (b) of HAMS-B, HAMS-HT, HAMS-B-GS200, HAMS-

B-GS500, HAMS-HT-GS200 and HAMS-HT-GS500.
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Fig. 6 Live/dead staining results of mBMSCs co-culturing 3 d with HAMS particles in different concentration were shown as: (a) 0
ug mL'l, (b) 100 pg mL*! HAMS-B, (c) 200 pg mL? HAMS-B, (d) 100 ug mL? HAMS-HT, (e) 200 pg mL! HAMS-HT. The medium

without samples served as the positive control.

2.8 [ Control
: HAMS-B 100 yg/ml
RZZJ HAMS-B 200 pg/ml
— 2.4 [ HAMS-HT 100 ug/ml
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€ 2.01
o
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1 3
Incubation time (d)

Fig. 7 CCK-8 assay results of mBMSCs co-culturing 1, 3 and 5d
with HAMS particles at different concentrations. The data
were represented as the means + SD, n=4; differences were
considered significant when *P < 0.05, **P < 0.01.

This journal is © The Royal Society of Chemistry 20xx

viability. Moreover, most mBMSCs had numerous
pseudopodia and were spindle-shaped, indicating excellent
physiological status of cells (the inset in Figs. 6a-e).

The HAMS-B and HAMS-HT-treated mBMSC samples were
subjected to cytotoxicity studies at different dosages; the
results are shown in Fig. 7. None of the HAMS concentrations
tested had a significant effect on cell viability when compared
with the control cells at a culture time of 1 d. Up to 3 and 5d,
the cells displayed significantly higher proliferation ability on
HAMS-B and HAMS-HT compared with the control. These
results demonstrated that the cells presented stable
proliferation ability on all HAMSs as the culture time
increased. Prior studies have demonstrated that low
concentrations of Ca>* were suitable for the proliferation and
survival of the cells.*” Therefore, the increase in cell viability
observed after 3 and 5 d of culture for the concentrations of
100 and 200 pg mL™ could be attributed to the release of Ca**
from the HAMSs. The in vitro cell assay results demonstrated
that the HAMSs have excellent in vitro biocompatibility and
can stimulate the proliferation of the mBMSCs.

J. Name., 2013, 00, 1-3 | 6
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3.3 Invitro drug release properties of HAMSs

To investigate the capability of HAMSs as drug carriers, GS
was introduced into the pores of HAMSs. As shown in Fig. 5,
the hystereses in the middle sections of desorption isotherms
and the peaks in the pore size distribution curves were
weakened after GS loading. The BET specific surface area (Sger)
and pore volume (V;), respectively, decreased from 79.63
mz/g and 0.27 cm3/g for HAMS-B to 19.75 mz/g and 0.04
cm3/g for HAMS-B-GS200 and 16.78 mz/g and 0.03 cm3/g for
HAMS-B-GS500. When compared with the HAMS-B delivery
systems, the Sger and Vp decreased from 76.03 mz/g and 0.27
cm3/g for HAMS-HT to 16.87 mz/g and 0.04 cm3/g for HAMS-
HT-GS200 and 18.40 mz/g and 0.04 cm3/g for HAMS-HT-
GS500 (Table 1). These results indicated that a majority of the
pores had been filed after GS loading into the HAMSs.
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Fig. 8 The in vitro GS release profile of samples in PBS for 336 h (a) and 24 h (b).
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Fig. 9 (a) The antimicrobial activity (n=4) of HAMS-B-GS500
after 1, 3 and 5 d of GS release. (b) CCK-8 assay (n=4) results
of mBMSCs co-culturing 1, 3 and 5 d with samples. Live/dead
staining of mBMSCs after co-culturing with HAMS-B (c) and
HAMS-B-GS500 (d) for 3 d. ** denotes P < 0.01, and *
denotes P < 0.05 compared with HAMS-B sample.

As shown in Table 1, the HAMS-GS500 system exhibited a

significantly higher drug loading efficiency (79.63% to 86.74%)
than that of the HAMS-GS200 syetem (51.60% to 70.86%).

This journal is © The Royal Society of Chemistry 20xx

The good drug loading efficiencies of the HAMSs may be
attributed to the high specific surface area and pore volume.
The numerous HA nanorods or nano-needles on the
microsphere surfaces aggregated to form mesopores or
macropores, ideal for drug-transferring channels, and also
improved the surface areas for increased GS loading (Figs. 1c
and d).

The drug-release profiles of the HAMS-GS delivery systems
in PBS are shown in Fig. 8. The release rates of GS from the
HAMS-HT system were significantly higher than that of the
HAMS-B system with varying drug-loading concentrations in
the first 24 h (Fig. 8b). For the HAMS-B-GS200 system, 82% of
GS were released over a prolonged period of 336 h. For the
HAMS-B-GS500 system, the drug release was nearly complete
within 288 h (Fig. 8a). These two drug delivery systems
exhibited slow and sustained releases of GS, which could be
applicable when controlled release is desired, e.g., in long-
term healing applications. However, in the first 24 h, the
HAMS-HT-GS500 and HAMS-HT-GS200 systems initially
displayed rapid GS release rates of 78% and 67%, respectively
(Fig. 8b). These profiles would be applicable when high
dosages are required immediately after surgery.

The release curves can be divided into two patterns: an
initial fast release followed by a slow release. The drug
release behaviour of the HAMSs may be due to the types of
GS adsorption into or onto the microspheres, i.e., physical or

J. Name., 2013, 00, 1-3 | 7
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chemical adsorptions.48 In the initial release period of HAMS-
GS in PBS, the rapid drug release was primarily caused by the
external physical adsorption of GS molecules to the surfaces
and macropores of the HAMSs. Furthermore, previous
studies have demonstrated that drug molecules contain
hydroxyl and amino groups interact with the Si-OH and P-OH
groups of drug carriers though hydrogen bonding, i.e.,
chemical adsorption.w'52 Therefore, the slow release profiles
may be attributed to the hydrogen bonding between the P-
OH moieties in the HAMSs and the hydroxyl and amino
groups in the GS molecules.

3.4 Antibacterial activity

GS is a concentration-dependent aminoglycoside antibiotic,53
and thus, a high concentration of GS is required at the bone-
implant interface for the deracination of bacterial infections.
In this work, the cell viability results demonstrated that the
HAMS-B system had excellent in vitro biocompatibility and
could stimulate the proliferation of mBMSCs. Moreover, the
HAMS-B-GS500 system exhibited a much higher loading
efficiency than the other three systems and also showed a
slow and sustained release of GS. Therefore, the HAMS-B-
GS500 system was considered appropriate to serve as a
controlled antibiotic delivery system for investigating
antibacterial activity.

The antibacterial activity and the biocompatibility of the
HAMS-B-GS500 system are shown in Fig. 9. When compared
with the HAMS-B system, the HAMS-B-GS500 system
exhibited excellent inhibition against S. epidermidis. After 1, 3

Journal Name
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Fig. 10 Scheme for the formation processes of HAMSs and subsequent loading and release of GS molecules.

and 5 d of drug release, the bacterial viability rates of the
HAMS-B-GS500 system were approximately 4%, 8% and
44%, respectively (Fig. 9a). An ideal drug delivery system for
the treatment of bone infection should possess good drug
loading-release, bactericidal properties and excellent
biocompatibility. As shown in Fig. 9b, the HAMS-B-GS500
system at a concentration of 200 pug mL? showed an
inhibitory effect on mBMSCs viability when compared with
the control cells after 1 and 3 d culture; no significant
difference was observed after 5 d. The live/dead assays
revealed that the mBMSCs exhibited a well-spread
morphology in all samples. Moreover, very few dead cells
were present on the HAMS-B and HAMS-B-GS500 systems
(Figs. 9c and d). These results demonstrated that the
HAMS-B-GS500 system  had  excellent in  vitro

8 | J. Name., 2012, 00, 1-3

biocompatibility, antimicrobial activity and no toxic effects
on mBMSCs.

3.5 Formation and drug release mechanism of HAMSs

The formation of hierarchical nanostructures and drug
release processes is proposed in Fig. 10. A Ca’*-chelated
TSC initially formed a citrate calcium complex. As stirring
time increased, the complex gradually formed
nanoparticles and fused with each other to reduce the
overall system energy. As the reaction continued,
hydrothermal temperature and pressure increased,
Subsequently, HA microsheets precipitated and aggregated
to form spherical structures to further reduce the overall
system energy. Ostwald ripening suggested that large
crystallites grew at the expense of smaller crystals.54 As the

This journal is © The Royal Society of Chemistry 20xx
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crystal growth continued, the solid hierarchical
nanostructured HAMSs were finally obtained. The GS
molecules were loaded into the interior or adsorbed onto
the surface of HAMSs by physical adsorption and chemical
adsorption (responsible for the burst and sustained release

profiles, respectively, of GS).

4. Conclusions

In the present study, HAMS particles with hierarchical
porous structures developed through hydrothermal
treatment using PA as s pH-adjusting agent and TSC as a
regulating agent. The well-defined 3D nanostructures
constructed by nanoplates as building blocks endowed the
products with numerous mesoporous and macroporous
channels and high specific areas, which are impotant
factors in the design of drug delivery carriers. The HAMSs
showed high drug loading efficiencies and good sustained
release properties. The viability assays confirmed that all
samples promoted the proliferation at 3 and 5 days. The
HAMS-B system was economic and time-saving when
compared with the HAMS-HT system. Moreover, the
HAMS-B-GS500 system exhibited much higher loading
efficiency than the other three systems. Additionally, the
HAMS-B-GS500 system exhibited excellent antimicrobial
activity and good biocompatibility. The present results
show the promising potential of HAMSs as a drug carrier for
the local delivery of both chemical and biological
therapeutic drugs.
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Hierarchically nanostructured hydroxyapatite microspheres as drug delivery carrier and
their effects on cell viability
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The hydroxyapatite microspheres prepared by hydrothermal synthesis exhibit excellent biocompatibility, high GS-
loading efficiency, controllable GS release property and bactericidal property.



