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Hydroxyapatite (HA) microspheres with high porosities were successfully obtained using an improved
ice-templated spray drying (ITSD) technique for drug delivery applications. Pore structures and pore sizes of
microspheres have great impact on drug loading and release kinetics. Therefore, solvent types, polyvinyl alcohol
(PVA) contents and solid loadings of suspensions were adjusted to control the pore structures and pore sizes.
Microspheres with interconnected pore networks and aligned pore structures were obtained using camphene-
based and tert-butyl alcohol (TBA)-based suspensions, respectively. With the increase of PVA contents in suspen-
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Hydroxyapatite sions, the growth of sintering neck became more obvious and the surface of HA particles became smoother.
Pore structures The inner pore structures of microspheres transformed from uniformly distributed cellular pores to three-
Porosities dimensional interconnected pore networks, with the increase of solid loadings in suspensions. Gentamicin

Drug release was successfully loaded into porous HA microspheres. The drug loading percentage increased from 40.59 to
49.82% with the increase of porosity of HA microspheres. The release percentage during the initial 18 h increased

from 48.72 to 65.68% with the transformation of pore structures from independent cellular pores (main
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diameter ~ 3 um) to three-dimensional interconnected pore networks (main diameter > 3 um).

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Particulate systems for drug delivery have gained much attention
in both research and industry, due to their predictable therapeutic re-
sponse, prolonged drug release time and great efficacy [ 1-4]. Irregularly
or densely packed particles often cause inflammatory reactions and
impede the bone formation, while uniformly packed spherical particles
contribute to bone in-growth and avoid inflammation [5]. Porous spher-
ical particles have been generally utilized as fillers or packing materials
in orthopedic and maxillofacial applications [6]. For nanospheres, their
nano-sized dimension has restricted their application in cell-based
therapy for bone-tissue engineering [7]. In contrary, porous micro-
spheres can be well utilized for the delivery of macromolecules, drugs
or cells, due to their micro-sized dimension, macro-pores and unique
packing properties [8]. Packed microspheres form a matrix with uni-
form pores between particles, leading to efficient conduction of bone
among particles [9]. For drug delivery systems, the pore structure and
pore size of microspheres significantly influenced the drug release
behavior [10]. The initial release rate depended much on the relation
between hydrodynamic diameters and pore sizes of microspheres
while the long-term release rate was predominantly controlled by the
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network of much smaller meshes [11]. Therefore, the pore structure
and pore size are two key parameters for modulating drug loading
and release behaviors.

Various methods have been applied for fabricating porous micro-
spheres, including freeze-photocuring-casting (FPC) [12], thermal de-
composition [13] and spray drying [14]. However, those methods
generally have narrow application fields or show poor controllability
of pore sizes and pore structures. Spray drying technique has a wide
industrial application owing to its simple procedure. Ice-templating
method has been widely utilized to fabricate porous materials with
generally aligned pore structures and adjustable pore sizes [15,16]. In
our previous work, a novel ice-templated spray drying (ITSD) method
was developed to fabricate porous microspheres with controlled pore
structures and pore sizes, taking advantages of ice-templating method
and spray drying technique [17]. Compared to the spray freeze drying
technique for producing irregular particles with low porosities [18,19],
the improved ITSD technique provides a controllable temperature
gradient to fabricate microspheres with adjustable pore structures and
high porosities.

Bioceramics have been applied clinically as bone implants, including
hydroxyapatite (HA) [20,21], tricalcium phosphate (TCP) [22] and
bioglass [23]. Calcium phosphates have been considered as a potential
material for drug delivery systems, due to its ability to release a thera-
peutic agent in situ for producing osteoconductivity of the material
[24,25]. As the major component of skeletal tissues, hydroxyapatite
(HA) has been applied clinically and experimentally in medical and
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bioengineering fields owing to its excellent biocompatibility, biodegrad-
ability and osteophony properties [26,27]. As a regular antibiotic, genta-
micin can solve bone infection problems caused by the poor circulation
of blood in osseous tissues to reach an adequate therapeutic level in the
affected regions [28].

In this study, HA microspheres with controlled pore structures and
pore sizes were obtained using an improved ITSD technique. Effects of
solvent types, PVA contents and solid loadings of the suspensions on
pore structures and particle size distributions of HA microspheres
were investigated. The relationship between porosities and drug load-
ings of HA microspheres was investigated. Effects of pore structures
and pore sizes of HA microspheres on in vitro release of gentamicin
were presented and discussed.

2. Materials and methods
2.1. Fabrication of porous HA microspheres

Hydroxyapatite suspensions were prepared by adding hydroxyapa-
tite powders with a mean particle size of 300 nm (Yipurui Co. Ltd.,
China) in the solvent of deionized water, camphene (Cuiechem Co.
Ltd, China) or tert-butyl alcohol (TBA, Energy Chemical Co. Ltd, China).
Ammonium polyacrylate (HydroDisper A160, Otise Co. Ltd, China) and
polyvinyl alcohol (PVA, Kuraray Co. Ltd. Japan) were used as the disper-
sant and binder, respectively. Table 1 lists suspensions with different
solvent types, solid loadings, and PVA contents. All suspensions were
followed by ball milling for 48 h. Fig. 1 shows the schematic representa-
tion of the ITSD process for fabricating porous HA microspheres. Sus-
pensions were sprayed directly into the small cylinder through a
circular nozzle (& 0.3 mm). The cryogenic atmosphere in the small
cylinder was provided by liquid nitrogen between the two steel cylin-
ders, as shown in Fig. 1. The diameters of two cylinders were 12 mm
and 8 mm, respectively. The liquid nitrogen volume and spray height
were 25120 mL and 840 mm, respectively. The frozen microspheres
were collected and the ice in HA microspheres was subsequently
removed in a freeze-drier device (FD-1A-50, Beijing Boyikang Medical
Equipment Co. Ltd, China) at —60 °C. The dried HA microspheres
were heated up to 600 °C at a heating rate of 1 °C/min and sintered at
1250 °C for 2 h.

2.2. Encapsulation of gentamicin sulfate (GS) in porous HA microspheres

Porous HA microspheres obtained from suspensions with different
solid loadings were applied in the process of gentamicin encapsulation.
For each batch, 0.2 g of porous HA microspheres was completely
immersed in 6 mL of gentamicin sulfate solution (40 IU/mL) under vac-
uum at room temperature for 56 h and then dried at room temperature
for 24 h.

Percentages of GS loadings were estimated through an indirect
method, by calculating the difference of GS concentrations in the

Table 1
A list of suspension compositions.
Suspension Solvent Solid PVA Ammonium
series type loading® content® polyacrylate content”
1 Camphene 25.9 0 1.0
11 TBA 25.9 0 1.0
11 Water 259 0.5 1.0
v Water 259 1.0 1.0
\Y Water 259 15 1.0
VI Water 259 0 1.0
VIl Water 13.1 0 1.0
VIl Water 7.8 0 1.0

a
b

wt.% in relation to the total amount of suspensions.
wt.% in relation to the amount of HA powders.

loading buffer solution, before and after loading. Percentage of drug
loading was calculated using the formula [9]:

X-=Y

Percentage drugloading = x 100%

where X and Y represent the initial and final GS concentrations, respec-
tively. Each test was performed in triplicate.

2.3. In vitro release of gentamicin from GS-loaded HA microspheres

The in-vitro release of gentamicin from GS-loaded HA microspheres
was performed in phosphate buffer saline (PBS, pH 7.4) at 37 °C. For
each batch, 100 mg of GS-loaded HA microspheres was completely
immersed in 10 mL of PBS solution. 3 mL of the release medium was col-
lected at predetermined time intervals and then replaced by a fresh PBS
solution (3 mL) each time. The collected release medium was measured
at N = 248 nm using a UV spectrophotometer (UV-6100S, METASH,
China). Each test was performed in triplicate.

24. Characterization

The morphologies of HA microspheres were measured using a scan-
ning electron microscope (SEM, Nova NanoSEM 230, USA) at an acceler-
ation voltage of 10 kV and a distance of 7 mm. Each sample was coated
with gold prior to imaging. The particle size distributions of HA micro-
spheres were measured using a laser diffraction scattering particle
sizer (Malvern Mastersizer, USA). The presence of carbon in GS-loaded
HA microspheres was verified using the Energy Dispersive X-ray
Spectrometer (EDS, Norman Instrument, USA) at an acceleration volt-
age of 20 kV and a distance of 7 mm. The pore size distributions of
porous HA microspheres were measured using the mercury intrusion
porosimetry (AutoPore IV 9500, Micromeritics, USA). The Hg-surface
tension at 20 °C corresponds to 485 dyn/cm. The contact angle and
the density of Hg were 130° and 13.5 g/cm?, respectively. The pore
diameter was calculated according to the Wasburn equation [29,30]:

_ —4ycosb

b P

where D is the pore diameter (um); vy is the surface tension of mercury
(dynes/cm); 6 and P are the contact angle (°) and the pressure (psia).

The element contents of carbon and nitrogen in GS-loaded HA
microspheres were measured using the CS-444 infrared carbon-sulfur
analyzer (LECO, USA) and the TC-436 oxygen-nitrogen analyzer
(LECO, USA), respectively. The porosities of porous HA microspheres
were measured based on Archimedes' principle. 1 g of dried HA micro-
spheres for each sample was used to measure the porosity. The porosity
(P) was calculated according to the following formula:

Wy =W,

p=_ 2 1
W, =W, +pVg

x 100%

where W is the weight of sample in air, W5 is the weight of sample with
water, Py is the density of water (1.0 g/mL), Vy is the increased volume
of water caused by the immersed HA microspheres in water. In order to
ensure the accuracy of Wy, HA microspheres were dried for 5 h in the
vacuum drying chamber (P2F-6050, Jinghong Co. Ltd., China). The
dried sample was immersed in water and then the increased volume
of water was measured as V. Each test was performed in triplicate.
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Fig. 1. Schematic representation of the ITSD process for porous HA microspheres.

3. Results and discussions
3.1. Microstructure characterization

3.1.1. Effect of solvents

Fig. 2 shows the surface and internal morphologies of sintered HA
microspheres obtained from suspensions with 25.9 wt.% solid loading,
based on camphene and TBA solvents. As shown in Fig. 2a and c,
dendritic and interconnected pore structures in the HA microspheres
were obtained from camphene-based suspensions after removing the
frozen camphene. The HA microspheres obtained from TBA-based
suspensions showed the long-range aligned pores on the surface of

S0pm

microspheres (Fig. 2b) and short-range aligned inner pores (Fig. 2d).
As shown in Fig. 2a and c, the pore size of inner pores (>3 pm) was
much larger than that of surface pores (<1 um). Fig. 2d shows the
mean thickness of aligned pores was about 2 um. These can be explained
by the mechanism of crystal growth in the liquid droplets during the
freezing process. The camphene crystals grew dendritically in certain
crystallographic directions, resulting in dendritic and interconnected
pore structures [31]. Among three crystalline phases of tert-butyl
alcohol (TBA), stable phase II formed unidirectional crystals under
directional temperature gradients, resulting in aligned pore channels
[32,33]. During the freezing process, the rapid temperature decrease
around the surface of liquid droplets contributed to the long-range

b
10pm

d

50pm

Fig. 2. The surface morphologies (a and b) and cross-sectional views (c and d) of sintered HA microspheres fabricated by suspension I (a and ¢) and suspension II (b and d).
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PVA contents increase
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Fig. 3. Surface morphologies of sintered HA microspheres fabricated from suspensions with different PVA contents: (a) suspension III, (b) suspension IV, and (c) suspension V. (d), (e) and
(f) are the surface morphologies of microspheres in (a), (b) and (c) at higher magnification, respectively.

aligned pore structures while the relatively slow temperature decrease
inside liquid droplets led to the short-range aligned pores [32].

3.1.2. Effect of PVA contents

Fig. 3a, b and c shows the surface morphologies of sintered HA
microspheres obtained from water-based suspensions with different
PVA contents of 0.5 wt.%, 1.0 wt.% and 1.5 wt.%, respectively. Sintered
HA microspheres in this study can fulfill the required mechanical prop-
erties for their functions without introducing any non-degradable or
poor-biocompatible ingredients. All porous HA microspheres showed
a high sphericity degree. As shown in Fig. 3d, HA microspheres obtained
from suspensions with 0.5 wt.% PVA content showed the largest mean
pore size (about 1 pm) and the mixture of short-range aligned pores
and cellular pores. As shown in Fig. 3e and f, HA microspheres obtained
from suspensions with 1.0 wt.% and 1.5 wt.% PVA contents showed the
interconnected pore structures and the absence of the grain boundaries
which appeared clearly in Fig. 3d. The growth of sintering neck and
the smooth surface of HA particles became more obvious, with PVA
contents increasing from 0.5 to 1.5 wt.%. As the binder encapsulating
HA grains, increased PVA contents contributed to reducing the distance
between HA grains, promoting intense sintering procedures.

To some extent, the PVA contents also influenced pore structures
of HA microspheres fabricated using the ITSD technique. This can be
explained by the resistance of ice crystal growth. With the increase of
PVA contents in suspensions, PVA easily formed the interconnected
membrane which encapsulated HA powders [34]. The relatively low
PVA content in suspensions prevented gelled PVA from forming contin-
uum so that ice crystals easily grew directly, resulting in long-range
aligned pores after sublimation. The increased PVA content formed
interconnected flaky shape gels which obstructed the direct growth of

ice crystals during the freezing process, resulting in short-range aligned
pores. The high PVA content contributed to interconnected and immov-
able networks which significantly obstructed the direct growth of ice
crystals during the freezing process, leading to the disappearance of
aligned pores and the appearance of interconnected pore structures
after sublimation.

3.1.3. Effect of solid loadings

Fig. 4 shows cross-sectional morphologies of sintered HA micro-
spheres fabricated from water-based suspensions with different solid
loadings of 25.9 wt.%, 13.1 wt.% and 7.8 wt.%. The inner pore structures
of HA microspheres transformed from the uniformly distributed cellular
pores (Fig. 4a) to the three-dimensional interconnected networks
(Fig. 4c), with solid loadings increasing from 7.8 to 25.9 wt.%. As
shown in Fig. 4b, HA microspheres obtained from suspensions with
13.1 wt.% solid loading showed the combination of interconnected
pore networks (pore size: 2.5-5 um) with small cellular pores (pore
size < 2.5 um). As shown in Fig. 4e, f and g, the sintering neck growth
became more obvious and the surface of particles became smoother,
with solid loadings increasing from 7.8 to 25.9 wt.%. Suspensions with
low solid loadings contributed to more tiny pores between HA particles,
leading to obstructing the intense sintering. For drug delivery systems,
particles with smoother surfaces are generally required due to their
ability to induce a less inflammatory reaction and significantly faster
ingrowth of bone than rougher materials [35].

Fig. 5a shows the particle size distributions of porous HA micro-
spheres obtained from water-based suspensions with different solid
loadings. Porous HA microspheres obtained from 13.1 wt.% and
7.8 wt.% suspensions displayed relatively narrower particle size distri-
butions and smaller mean particle sizes than those from 25.9 wt.%
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Fig. 4. Cross-sectional views of sintered HA microspheres fabricated from suspensions with different solid loadings: (a) suspension VI, (b) suspension VII, and (c) suspension VII.
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Fig. 5. The particle size distributions (a) of porous HA microspheres fabricated from suspensions VI, VIl and VII, and pore size distribution (b) of porous HA microspheres fabricated from
suspension VII.

Haud k-l =k ol

Jdaded swraadedasyy


image of Fig.�4
image of Fig.�5

M. Yu et al. / Materials Science and Engineering C 45 (2014) 306-312 311

243k d

2.16k
1.89k]
162k PK
1.35k

1.08k

0.81k oK
0.54k
Ca KB

0.27k]
Ca

0.00k!

0.0 13 26 39 52 6.5

0.8

KCnt|

0.6 —

1.00 200 3.00 4.00 5."!0 6.00 7.00 8.00 9.00

Energy - keV

Fig. 6. The surface morphologies and EDS patterns of sintered HA microspheres (a, b and d) and GS-loaded HA microspheres (c and e).

suspensions. The mean particle sizes of HA microspheres were about
80 pum, 50 pm and 50 um for solid loadings of 25.9 wt.%, 13.1 wt.% and
7.8 wt.%, respectively. Fig. 5b shows the pore size distribution of porous
HA microspheres obtained from water-based suspensions with
13.1 wt.% solid loading. The pore sizes mainly distributed in the range
of 0.5-5 pm and the main pore size was about 3 um, which was in
good agreement with the SEM micrograph in Fig. 3c. Suspensions with
low solid loadings were more likely to form smaller HA liquid droplets
during the spray process, leading to smaller mean particle sizes after
sintering.

3.2. Effect of pore structures on the encapsulation and release of gentamicin

Fig. 6 shows the surface morphologies and EDS patterns of sintered
HA microspheres and GS-loaded HA microspheres. As shown in Fig. 6a
and b, HA microspheres exhibited a well-defined spherical shape and
open and interconnected pore networks with the mean pore size of
about 3 um. When comparing morphologies of HA microspheres before
(Fig. 6b) and after (Fig. 6¢) drug loading, it can be concluded that genta-
micin was successfully loaded into porous HA microspheres and distrib-
uted on both outer surface and inner part of HA microspheres. As shown
in Fig. 6d and e, the sintered HA microspheres showed the absences
of C and S elements, while the GS-loaded HA microspheres showed
the presences of C and S elements, which were only possessed by GS
(C21H45N5011S). The presence of K and Na elements in the GS-loaded
microspheres resulted from PBS solution which contained K and Na
ions.

The element contents of N, C, O, H and S in GS-loaded HA micro-
spheres were measured using infrared carbon-sulfur analyzer and

Table 2

Element contents in the GS-loaded HA microspheres.
Element N C (¢} S H
Content (wt.%) 243 4.92 30.28 0.63 1.57

oxygen-nitrogen analyzer. As shown in Table 2, the content of O was
the highest among the element contents of N, C, O, H and S, due to the
presences of both HA (Ca;9(PO4)s(OH),) and GS (C21H45N5011S). The
contents of N, C and S were 2.43%, 4.92%, and 0.63%, respectively,
owing to the presence of GS. The elemental mass ratio of N/C/S in GS-
loaded HA microspheres was 1:2.1:0.259, in agreement with the N/C/S
atomic mass ratio (1:3.5:0.457) in GS (C31H45N5011S).

The relationship between porosities and drug loadings of HA
microspheres was investigated in this work. The percentages of GS
loadings in HA microspheres were measured using the formula given
in the experimental section. As shown in Fig. 7, both the porosities
and drug loadings of HA microspheres decreased, with solid loadings
of suspensions increasing from 7.8 to 25.9 wt.%. The percentages of GS
loadings in microspheres decreased from 49.8 to 40.6%, with porosities
of microspheres decreasing from 81.3 to 63.2%. It is well known that
porosities greatly influenced the drug loading kinetic [36]. These can
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Fig. 7. Porosities and drug loadings of HA microspheres versus solid loadings of suspensions.
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be explained by the amount of ice crystals in the frozen microspheres
and free space in sintered microspheres. Suspensions with lower solid
loadings formed more ice crystals as template, resulting in higher poros-
ities of microspheres. Higher porosities provided more free space for
gentamicin to deposit on HA microspheres, leading to higher drug load-
ings. Compared to bioactive ceramic microspheres obtained using other
methods [7,37], porous HA microspheres fabricated using the ITSD
technique showed much higher porosities which are conducive to
higher drug loadings.

Fig. 8 shows the in vitro releases of gentamicin from GS-loaded HA
microspheres obtained from suspensions with different solid loadings.
All HA microspheres showed a high gentamicin release rate for the
initial 16 h, a relatively lower rate for the following 20 h and a very
low rate after 36 h. During the initial 18 h, about 65%, 55% and 48% of
the loaded-GS amount were released from HA microspheres obtained
from 25.9 wt.%, 13.1 wt.%, and 7.8 wt.% suspensions, respectively. Be-
tween 16 h and 48 h, less than 15% of loaded-GS amount was released
from all three kinds of GS-loaded HA microspheres. It is well known
that pore sizes of microspheres greatly influenced the drug release
kinetics [11]. The initial burst release rate mainly depended on open
and connected macropores, while the slow release rate in the last period
was mainly controlled by the small pores. During the initial 18 h, the
three-dimensional and interconnected pore networks (pore size > 3 pum,
Fig. 4a) resulted in the highest gentamicin release percentage (~65%),
while the independent cellular pores (pore size ~ 3 pum, Fig. 4c) contrib-
uted to the lowest release percentage (~48%). Therefore, pore struc-
tures of microspheres also greatly influenced the gentamicin release
kinetics.

4. Conclusions

An improved ice-template spray drying technique was proposed to
produce porous HA microspheres with controlled pore structures and
the mean particle sizes of 50-85 um. Solvent types, PVA contents and
solid loadings of suspensions were adjusted to control pore structures
of HA microspheres. Camphene-based and TBA-based suspensions
were utilized to fabricate coarse interconnected pore structures and

aligned pore structures with long-range surface pores and uniform
short-range inner pores, respectively. The growth of sintering neck
became more obvious and the surface of HA particles became smoother,
with PVA contents increasing from 0.5 to 1.5 wt.%. The inner pore
structures transformed from uniformly distributed cellular pores to
three-dimensional and interconnected pore networks, with solid
loadings increasing from 7.8 to 25.9 wt.%. Gentamicin was successfully
loaded into porous HA microspheres. The drug loading percentages
increased from 40.59 to 49.82%, with porosities of microspheres increas-
ing from 63.2 to 81.3%. The release amount percentage during the 18 h
period increased from 48 to 65%, when pore structures transformed
from the independent cellular pores (pore size ~ 3 um) to the three-
dimensional and interconnected pore networks (pore size > 3 um). All
HA microspheres showed an initial high gentamicin release rate for
the initial 16 h, a relatively lower rate for the following 20 h and a
very low rate after 36 h.
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