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Hybrid hydroxyapatite (HAP) microparticles with a hollow HAP core and chitosan/hyaluronic acid
(CHI/HA) multilayer shell had been fabricated via hydrothermal method and the layer-by-layer (LbL)
self-assembly technique. Depending on the hydrothermal reaction time, the thickness of the HAP shell
could be controlled and the size of the hybrid hollow microparticles varied between 850 nm and 2 pum.
The size and HAP shell thickness would significantly affect the drug release property of the resulting
hybrid microparticles. The DOX release results demonstrated that CHI/HA multilayers could potentially
assuage the initial burst release of drug from porous HAP matrix because the polymer multilayer shell
acted as a barrier to control the in-and-out of the drug. In addition, the drug release of hollow hybrid HAP
microparticles was pH-dependent because of the different electrostatic interaction in the CHI/HA
multilayers at different pH values and the dissolution of HAP hollow core at acid condition. The present
paper provides a facile and green route to fabricate hierarchical hybrid drug carrier with controllable size,
wall thickness and drug release property by combining natural polyelectrolyte and hollow HAP
microparticles, which is highly attractive for controllable drug delivery.

Keywords: Hydroxyapatite; Polyelectrolyte; Hollow microparticles; Controllable morphology; Drug delivery

1. Introduction

Inorganic/organic hybrid microparticles have been widely
employed in drug or gene delivery area due to its outstanding
advantages of hierarchical structures, integrate and excellent
mechanical strength."* Hydroxyapatite (Ca;o(PO4)s(OH),, HAP),
as the major constituents of inorganic components of bone
textures in the human body, has been widely employed in
inorganic/organic hybrid drug carrier area for its good
biocompatibility, biodegradability and biological activity.”™
Currently, a number of studies have focused on hollow HAP
(H-HAP) microparticles, which show relatively lower density,
higher specific surface area and higher capacity for drug loading
application.'”"® Among various approaches of preparing H-HAP
microparticles'*'¢, the template method is the most common one,
which is based on a core template to build sphere architectures
and followed by core dissolution."”?* Guo et al. prepared a series
of mesoporous HAP drug delivery carriers via the hydrothermal
reaction, which exhibited high specific surface area and drug
loading capacity.?'?* However, a rapid initial burst release was
often observed for H-HAP microparticles in the above
studies.”** Moreover, there have been few reports on the
regulation of the size and HAP shell thickness for these H-HAP
microparticles. Therefore, it is a great challenge to prepare
H-HAP-based drug carriers with controllable morphology and
drug release property via simple and environmentally friendly

method.

Combining the H-HAP microparticles with polyelectrolyte
multilayers is a good method to get rid of the rapid initial burst
release of HAP-based drug carriers.”®?’ Layer-by-layer (LbL)
self-assembly technique is a well-established technique for
fabricating polyelectrolyte multilayers and then incorporating the
multilayers with porous inorganic microparticles, which has been
widely employed in the preparation of inorganic/organic hybrid
nano-/micro-particles.®?' In order to achieve controllable
morphology and drug delivery property, an
HAP-based hybrid drug carrier with the controllable size, wall
thickness and drug release property has been proposed in this
work. Hyaluronic acid (HA) and chitosan (CHI) have been
selected as the polyelectrolytes for LbL technique. HA is linear
weak polyacid (pK, = 3.0), which is composed of 2-acetamide-
2-deoxy-p-D-glucose and B-D-glucuronic acid residues linked by
alternate (1-3) and (1-4) glycosidic bonds.**** Compared with
other natural polymers, HA has been widely used in biomedical
area, especially in ophthalmic area, because it has better
biodegradability, biocompatibility and lower toxicity.>>

In the present paper, the H-HAP/polyelectrolyte hybrid
microparticles with a hollow HAP core and polymer multilayer
shell have been prepared by the LbL technique as illustrated in
Fig. 1. Carbonated HAP microparticles were obtained via
hydrothermal and dissolution-precipitation reaction using
PSS-doped vaterite CaCO; as template.’*’ The size and wall
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Fig. 1 Schematic illustration of the fabrication of H-HAP/CHI/HA hybrid microparticles.

thickness of hollow HAP microparticles were controlled by
adjusting the hydrothermal reaction time as shown in Fig. 2. In
the following step, PSS-doped HAP microparticles could easily
incorporate with CHI and HA to form multilayer-coated HAP
microparticles.  Finally, the hollow HAP/polyelectrolyte
(H-HAP/CHI/HA) hybrid microparticles were obtained by

removing the CaCOs cores with acetic acid.”**’

12 h
HAP shell thickness increased
S

Particle size decreased

Fig. 2 Schematic illustration of HAP microparticles with different size

and wall thickness prepared by different hydrothermal reaction time.

The objective of this to obtain hollow
HAP/polyelectrolyte hybrid microparticles with controllable size,
wall thickness and drug release property. The results
demonstrated that the thickness of the hollow HAP shell could be
controlled via the adjustment of hydrothermal reaction condition,

study was

and the size of the resulting hybrid microparticles varied between
850 nm and 2 pm. Doxorubicin hydrochloride (DOX) release
results revealed that CHI/HA multilayers could assuage the initial
burst release of DOX from porous HAP matrix because of the
introduction of compact polyelectrolyte barriers. In addition,
thanks to the dissolution of HAP and weakening of the
electrostatic force between polyelectrolytes in the acidic media,
the DOX exhibited distinguished pH-dependent
property.”® The present paper provides a facile and green route to

release

fabricate hierarchical environmentally friendly drug carrier with
controllable size, wall thickness and drug release property by
polyelectrolyte HAP
microparticles, which is highly attractive for drug delivery area.

combining  natural and  hollow

2. Experimental section
2.1 Materials

Sodium poly(styrenesulfonate) (PSS, M, = 70 000, Alfa
Organics, China), calcium nitrate (Ca(NO;),, Tianjin Chemical
Reagent Factory, China), sodium carbonate (Na,CO;, Tianjin
Hengxing Chemical, China), disodium hydrogen phosphate
dodecahydrate (Na,HPO,.12H,0, Zhiyuan Reagent Co. China),
chitosan (CHI, with a 85% degree of deacetylation and a
viscosity of 30 cps, Jinan Haidebei Marine Bioengineering Co.
China), hyaluronic acid (HA, M, = 1.68x10°) and doxorubicin
hydrochloride (DOX, Beijing Huafenglianbo Chemical, China)
were all analytical reagents and used as received. The water used
in all experiments was triple-distilled.

2.2 Preparation of HAP microparticles with a CaCO; core

CaCO; microparticles were obtained via a fast precipitation
method as previously reported. Na,CO; (0.1 M, 20 mL) and
Ca(NO;), (20 mL, 0.1 M) solution were prepared by dissolving
Na,CO; and Ca(NOs), in PSS aqueous solution (10 mg mL! ).
Then Na,CO; solution was rapidly poured into Ca(NO;),
aqueous solution under magnetic agitation (1000 rpm), and the
mixed solution was kept at 30 °C for 30 min, after which the
formed vaterite CaCO; microparticles were washed with distilled
water for 3 times and collected by centrifugation (3000 rpm).

HAP microparticles with a CaCO; core were formed by
hydrothermal method. Briefly, 30 mL of Na,HPO, solution (0.93
M) was added into the CaCO; microparticles. Then the mixture
was transferred into 100 mL autoclave, sealed and heated to 140
°C for different period (3 h, 6 h and 12 h). The obtained HAP
microparticles were washed with distilled water for 3 times and
collected by centrifugation. Then, the formed HAP was
employed as self-assembly template to fabricate hybrid
HAP/CHI/HA hollow microparticles via LbL technique. The
HAP was incubated in PSS/NaCl solution (1 mg mL™, pH 5.5)
firstly to increase the electronegativity of HAP. Next, the HAP
was incubated in CHI/NaCl solution (1 mg mL™', pH 5.5) for 10
min followed by a centrifugation-washing procedure for 3 times
in NaCl solution (0.5 M, pH 5.5). Then the microparticles were
incubated in HA/NaCl solution (I mg mL™, pH 5.5) for 10 min
followed by a centrifugation-washing procedure for 3 times in
NaCl solution (0.5 M, pH 5.5). After self-assembly of 7 layers of
polyelectrolyte and then removal of CaCO, cores with acetic acid
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(0.1 M, pH 4.5), hollow HAP/CHI/HA (H-HAP/CHI/HA) hybrid
microparticles were finally obtained. The H-HAP/CHI/HA
microparticles formed by different hydrothermal reaction time (
3, 6 and 12 h) were denoted as 3h-H-HAP/CHI/HA,
6h-H-HAP/CHI/HA and 12h-H-HAP/CHI/HA, respectively.

2.3 Characterization of H-HAP/CHI/HA

microparticles

hybrid

The surface morphology and particle size of the hybrid hollow
microparticles were conducted with scanning electron
microscopy (SEM, Philips-quanta-2000) at an accelerated voltage
of 20 kV. The formation of H-HAP/CHI/HA hybrid
microparticles was confirmed by means of energy dispersive
X-ray spectrometer (EDX, EDAX). The high magnification
morphology was observed using a field emission scanning
electron microscope (FESEM, JEOL 7500F). The samples were
spread homogeneously onto a silicon chip. When SEM
observation, the silicon chip was stabilized on aluminum stubs
and sputter coated with an approximate 100 A layer of gold.
TEM images were recorded on JEM-2100(UHR) emission
electron microscope (FEI) with an accelerating voltage of 200 kV
and the copper grid was used as the sample holder. FT-IR spectra
were obtained on a Nicolet Protégé 460 FT-IR spectrometer in
the range of 4000-500 cm™' using a standard KBr disk technique.
The phase characterization of microparticles was confirmed by
X-ray power diffraction (XRD, PHILIPS X'Pert Pro
diffractometer) using Cu-Ko. radiation (A=1.54178 A) with a
graphite monochromator. Zeta-potential of the microparticles
during the LbL self-assembly process was examined in NaCl
solution (0.025 M, pH 5.5) by a Zeta-sizer (nano ZS90 Malvern
Instruments). Each sample was measured at least 3 times and the
average values were shown as resulting zeta-potential.
Brunauer-Emmett-Teller (BET) analyses were used to calculate
the specific surface area, pore size, and pore volume of the
microparticles. Thermogravimetric — analysis (TGA) was
investigated by a TGA/DSC Simultaneous Thermogravimetric
Analyzer (Diamond TG/DTA) with the heating rate of 10 °C
min™ under N, atmosphere.

2.4 Determination of drug encapsulation efficiency and in
vitro release studies

40 mg of samples was added into 4 ml of DOX (0.5 mg
mL")/NaCl solution. The suspension was stirred over 12 h under
gentle shaking at 30 °C. DOX loaded microparticles were
obtained by washing with distilled water for 3 times. After being
centrifuged, the DOX-loaded microparticles were dried in a
vacuum oven at 40 °C for 24 h. The DOX amounts in the
supernatant were established by UV-vis spectroscopy at 481 nm
and calculated using a calibration curve. The DOX loading
content and loading efficiency were calculated according to the
following expressions:

Drug content (mg per 10 mg sample) = (DOX fed — DOX
in the supernatant)/microparticles amount x 10

DOX loading efficiency (%) = (DOX fed — DOX in the
supernatant)/DOX fed x100%

For in vitro release test, the DOX-loaded microparticles were
added into 50 mL of PBS (pH 7.4) or HCI solution (pH 2.1)
under stirring in a shaking baths at 37 °C. The medium (3 mL)

was periodically extracted at given time intervals and the
withdrawn sample was replaced by the same volume of fresh
medium. The amount of released drug was analyzed by UV-vis
spectroscopy at 481 nm. All the tests were carried out in triplicate
and the average values were shown in this study.

3. Results and Discussion
3.1 Characterization of H-HAP/CHI/HA microparticles

In the present work, PSS has been used as additive to prepare
the vaterite CaCO; templates by the precipitation method.?*?’
Carbonated HAP microparticles were then obtained via
hydrothermal and dissolution-precipitation reaction using
PSS-doped vaterite CaCOj as template.”>* The HAP cores in this
study are negatively charged because PSS is a negatively charged
polyelectrolyte, which would improve the bonding force between
HAP microparticles and polyelectrolytes.?® In order to study the
size, wall thickness and drug release property of H-HAP/CHI/HA
hybrid microparticles thoroughly, four samples have been
prepared in the present study: 3h-H-HAP/CHI/HA,
6h-H-HAP/CHI/HA, 12h-H-HAP/CHI/HA and 12h-H-HAP.
12h-H-HAP refers to the HAP microparticles with 12 h of
hydrothermal reaction time and etched by acetic acid.

Fig. S1 shows SEM micrographs and corresponding EDX
spectra of the samples during the different stage of hybrid
microparticle preparation. The presence of P element in the EDX
spectrum of HAP (B2) proved the formation of HAP. After 3
bilayers of CHI/HA were assembled, the HAP/CHI/HA hybrid
microparticles (C1) were obtained. The hollow structure as
shown in DI indicated that the residuary CaCO; core was
removed with acetic acid. The presence of N element coming
from CHI in the corresponding EDX spectrum (D2) confirmed
the successful adsorption of CHI/HA multilayers. The weaken Ca
and distinct P signal demonstrated that CaCO; template was
removed and HAP hollow structures could be successfully
procedure?**  The N,
adsorption-desorption isotherms and corresponding pore size
distribution curves of 3h-H-HAP microparticles are shown in Fig.
S2. As illustrated in Fig. S2A, the isotherms of the H-HAP
microparticles could be classified as type IV with a typical H1

preserved  after the etching

hysteresis loop according to the IUPAC classification, indicating

the presence of mesoporous structure. The
Brunauer-Emmett-Teller (BET) surface area and total pore
volume of H-HAP microparticles were calculated to be 113 m?
addition, the

of H-HAP

g' and 072 cm’ g', respectively. In
(BJH) pore
microparticles was 25.01 nm as shown in Fig. S2B.

Fig. 3 shows SEM micrographs and the corresponding EDX
spectra of 3h-H-HAP/CHI/HA, 6h-H-HAP/CHI/HA and
12h-H-HAP/CHI/HA hybrid microparticles. Partial structure
collapse and capsule-like microparticles could be clearly
observed, which might be due to the oppression of CHI/HA
multilayers on HAP hollow structures. The corresponding EDX
spectra (A3, B3 and C3) confirmed the presence of N element
coming from CHI, indicating the successful adsorption of
CHI/HA multilayers. It could be seen from Fig. 3 that the
3h-H-HAP/CHI/HA  microparticles (Al and A2) and
6h-H-HAP/CHI/HA microparticles (Bl and B2) had a distinct
hollow  interior, while the hollow  structure  of
12h-H-HAP/CHI/HA  microparticles (Cl1 and C2) was

Barret-Joner-Halenda diameter
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inconspicuous. The possible reason to this phenomenon is that
the long period of hydrothermal reaction (12 h) has transformed
most of CaCOj; into HAP. Therefore, almost no CaCO; would be

3 4 5 01 2 3
Energy-keV Energy-keV

Energy-keV

Fig. 3. SEM micrographs and corresponding EDX spectra of
3h-H-HAP/CHI/HA (Al, A2 and A3), 6h-H-HAP/CHI/HA (B1, B2 and
B3) and 12h-H-HAP/CHI/HA (C1, C2 and C3) hybrid microparticles. 1
refers to low magnification, 2 refers to high magnification and 3 refers to
EDX spectra, respectively.

dissolved during the etching procedure. It was also interesting to
note from Fig. 3 that the particle size varied in the following
order:  3h-H-HAP/CHI/HA >  6h-H-HAP/CH/HA >
12h-H-HAP/CHI/HA. The diameter of 3h-H-HAP/CHI/HA
microparticles was about 2 upm; however, the value of
12h-H-HAP/CHI/HA ones decreased to about 850 nm. The
possible reason to this phenomenon is that external nanoneedles
around the HAP microparticles would be partially dissolved
during the dissolution-precipitation reaction and the etching
process, which resulted in the relatively small size of the hybrid
microparticles. According to the high magnification FESEM
image of the hybrid microparticles (Fig. 4), the external wall of
HAP hollow microparticles were constructed by plenty of HAP
nanoneedles (Fig. 4A). However, the surface of multilayer-coated
microparticles (Fig. 4B) appeared smoother than that of the
uncoated ones and the original nanopores seemed to be blocked,
indicating the successful incorporation of CHI/HA multilayers
around the HAP 2"’

Fig. 4 The high magnification FESEM micrographs of 12h-H-HAP
microparticles (A) and 12h-H-HAP/CHI/HA hybrid microparticles (B)

The hollow structure of the hybrid microparticles and the
thickness variety of the particle shell were further confirmed by
the TEM observation (Fig. 5). It could be observed that the
hollow center was clearly observed in 3h-H-HAP/CHI/HA (A)
and 6h-H-HAP/CHI/HA (B) microparticles, but the
12h-H-HAP/CHI/HA had a black center, which was similar to
the results of Fig. 3. As discussed in Fig. 3, the CaCO; was
almost converted completely to HAP after 12 h, therefore the
12h-H-HAP/CHI/HA microparticles were not hollow,*?' as
observed in Fig. 5C. In addition, the wall thickness of
3h-H-HAP/CHI/HA and 6h-H-HAP/CHI/HA were about 350 nm
and 650 nm respectively. Under the hydrothermal reaction, the
external wall of CaCO; templates was converted to HAP from
the surface to the centre continuously.'” Therefore, after
dissolving the CaCO; core, the thickness of HAP shell could be
regulated via the adjustment of the hydrothermal reaction time as
shown in Fig. 2. Fig. 6 shows the TEM images of 12h-H-HAP
microparticles and 12h-H-HAP/CHI/HA hybrid microparticles.
12h-H-HAP microparticles had a loose solid structure. The
nanoneedle-liked HAP crystals could be clearly observed around
of H-HAP microparticles (B).
nanoneedle-liked HAP crystals were disappeared after the

the surface However,
incorporation of CHI/HA polyelectrolyte inside the surface of
H-HAP microparticles. It could be found that the surface of
H-HAP/CHI/HA hybrid microparticles (C) became smoother and
flatter than that of H-HAP ones (B), also confirming the
successful incorporation of CHI/HA multilayers onto HAP

microparticles.?*’
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Fig. 5 TEM images of 3h-H-HAP/CHIV/HA (Al and A2),
6h-H-HAP/CHI/HA (B1 and B2) and 12h-H-HAP/CHI/HA (C1 and C2)
hybrid microparticles. 1 refers to low magnification and 2 refers to high

magnification.

Fig. 6 The the low magnificationTEM images of 12h-H-HAP
microparticles (A), the high magnification TEM images of 12h-H-HAP
(B) and 12h-H-HAP/CHI/HA hybrid microparticles (C).
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Fig. 7 Evolution of zeta-potential during deposition of (CHI/HA)3
multilayer on the surface of HAP microparticles at pH 5.5 (A) and FT-IR
spectra of 12h-H-HAP hollow microparticles and 12h-H-HAP/CHI/HA
hybrid microparticles (B).

In this study, the CHI and HA were directly deposited on the
HAP via the LbL self-assembly procedure. The LbL
self-assembly process was monitored by the zeta-potential as
shown in Fig. 7A. The zeta-potential of the PSS-doped CaCOs
microparticles was around -18 mV because PSS was negatively
charged. While the zeta-potential of HAP changed to -22 mV
after hydrothermal reaction, which may be attributed to the
partial moving of PSS to the surface of HAP microparticles from
the CaCO; interior during the hydrothermal reaction process. The
zeta-potential was around -20 mV for the outermost CHI layer
and -30 mV for outermost HA layer. A clear zigzag-like pattern
could be observed during the LbL self-assembly process. It
should also be noted that the zeta-potential kept negative
throughout the entire multilayer formation, which may be derived
from the formation of hydrogen bonding between the amino
groups of CHI and the carboxyl groups of HA.>**" The functional
groups in the 12h-H-HAP and 12h-H-HAP/CHI/HA
microparticles have been characterized by FTIR spectroscopy, as
shown in Fig. 5B. The absorption at 3577 cm™ derived from the
hydroxyl group in HAP was not distinct owing to the overlapping
with the broad peak of water (3423 cm™). The absorption peaks
at 1031, 604 and 563 cm™ were corresponding to PO,*" and the
characteristic peaks of B-type CO5>" were detected at 1458, 1414
and 879 cm™. In addition, the presence of absorption peak at

This journal is © The Royal Society of Chemistry [year]
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1106 cm™ indicated that the samples were calcium deficient
hydroxyapatite.*>*

Fig. 8A presents the XRD patterns of 12h-H-HAP and
12h-H-HAP/CHI/HA hybrid microparticles. The characteristic
HAP phases could be observed from the H-HAP/CHI/HA hybrid
microparticles. It also be noted that faint CaCO; phases were
observed from two samples because a little amount of CaCO;
phases were remained in hybrid microparticles after the
hydrothermal and dissolution-precipitation reaction process.”*
TG analysis of 12h-H-HAP and 12h-H-HAP/CHI/HA
microparticles (Fig. 8B) were performed to calculate the content
of the CHI/HA polyelectrolyte in the hybrid microparticles. The
weight loss curve of 12h-H-HAP/CHI/HA microparticles could
be roughly divided into three steps. Dehydration below 150 °C
was ascribed to the removal of adsorbed water. The mass loss at
450-800 °C was caused by the decomposition of the B- and
A-type carbonate ions. In the range of 150-450 °C, a remarkable
weight loss (12.88%) could be attributed to the polymer
decomposition, indicating that the content of CHI/HA
polyelectrolyte multilayer in hybrid microparticles was around
12.88% in weight.”*!

A
o 12h-H-HAP/CHI/HA
= HH
=
=
&
o
12h-H-HAP
20 30 40 50 60 70 80
20/degree
100
5.57% B
= 3.26% —
9N 12h-H-HAP
_ 12.88%
G\G —
<8 6.44%
o
'§ 701 12h-H-HAP/CHI/HA
60

100 200 300 400 500 600 700 800
Temperature ("C)

Fig. 8 XRD curves for 12h-H-HAP and 12h-H-HAP/CHI/HA hybrid

microparticles (A), “C” denotes the CaCO; phase and “H” denotes the

HAP phase. TG curves of 12h-H-HAP and 12h-H-HAP/CHI/HA hybrid

microparticles (B).

3.2 DOX loading and sustained release

The H-HAP/CHI/HA hybrid microparticles with controllable
size and wall thickness have the potential to be employed as the
excellent drug vehicles with high drug loading efficiency and

Cumulative Release (%)

Cumulative Release (%)

controllable release properties. All prepared three samples
showed relatively high drug loading efficiency around 80%, as
illustrated in Table 1. It is clear that the inner hollow spaces and
nanoplates or nanogranules inside hollow HAP microparticles
improve the specific surface areas and then enhance the drug
loading efficiency of the hybrid microparticles >'**. At the same
time, the negatively charged PSS in the hybrid microparticles
could provide additional attractive forces for the positively
charged DOX due to the electrostatic interaction between PSS
and DOX. In addition, the polymer multilayers could partially
obstruct the desorption of loaded drug from the H-HAP matrix,
resulting the relatively high drug loading efficiency.

Table 1 Composition and drug loading efficiency of the samples

Drug content Loading
Sample Compositions (mg/10mg efficiency (%)
sample)
1 3h-H-HAP/CHI/HA 0.37610.091 84.1£2.8
2 6h-H-HAP/CHI/HA 0.34610.089 83.5%1.1
3 12h-H-HAP/CHI/HA 0.31240.022 73.84£3.0
100 ~100
A s |B
80 2 80
H-HAP ,| S
@ g ® 12
40 2 40
H-HAP/CHI/HA '«_g 1 3h
20 E 20 <5
= £t pH7.4
0 O oo
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3h 3
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Fig. 9 DOX release profiles of 12h-H-HAP and 12h-H-HAP/CHI/HA
microparticles at 37 °C and pH 7.4 (A). DOX release profiles at 37 °C
from three H-HAP/CHI/HA hybrid microparticles at pH 7.4 (B) and pH
2.1 (C), pH-dependent release profiles of DOX from
12h-H-HAP/CHI/HA hybrid microparticles at 37 °C (D).

Fig. 9A shows the DOX release curves of 12h-H-HAP and
12h-H-HAP/CHI/HA hybrid microparticles at 37 °C and pH 7.4.
The DOX release amount of 12h-H-HAP/CHI/HA microparticles
within 24 h was 52%, whereas the value of 12h H-HAP
microparticles was 65% with the same treatment. The sustained
drug property of 12h-H-HAP/CHI/HA  hybrid
microparticles is attributed to the introduction of compact
CHI/HA multilayer. Polyelectrolyte multilayer shell acts as a
barrier to obstruct the diffusion of loaded drug from the H-HAP
matrix and then assuages the initial burst release of DOX. 22!
The DOX release profiles for the resulting hybrid microparticles
with different hydrothermal reaction time at pH 7.4 and 2.1 are
shown in Fig. 9B and C. The 3h-H-HAP/CHI/HA,
6h-H-HAP/CHI/HA  and 12h-H-HAP/CHI/HA ~ hybrid

release
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microparticles exhibited the similar drug release trends at 37 °C
and pH 7.4. During the first 4 h, all samples had a high release
rate, but then reached the release equilibrium with increasing the
release time. It was worth noting that the DOX release of the
three samples exhibited the following trend whenever at pH 7.4
or 2.1: 12h-H-HAP/CHI/HA > 6h-H-HAP/CHI/HA >
3h-H-HAP/CHI/HA. This may be related to the porous structure
of the hybrid microparticles and the thickness of the HAP wall.
The mesopores of the hybrid microparticles act as the drug
delivery channels. As demonstrated in Fig 5, 12h-H-HAP
microparticles had the loosest HAP wall for the sake of the
longest hydrothermal reaction time. On the other hand, the
smallest size of 12h-H-HAP microparticles would make the
encapsulated DOX release easily from the interior of the particles,
Therefore, the drug release of 12h-H-HAP/CHI/HA
microparticles is the highest among three samples.

3.3 pH-sensitive Release

The pH-sensitive release properties of the
12h-H-HAP/CHI/HA hybrid microparticles are shown in Fig. 9D.
It could be observed that almost 99.9% of DOX were released at
pH 2.1 over 24 h, but only 52.9% of DOX were released at pH
7.4 with the same treatment. The accumulative releasing amount
of DOX reached 75% at pH 2.1 and 23% at pH 7.4 within 3h,
respectively. Student's t-test analysis showed that the difference
between the release of 12h-H-HAP/CHI/HA  hybrid
microparticles at pH 7.4 and 2.1 was extremely statistically
significant (p value was 0.0001, greater than 95% confidence).
The possible reason to the relatively high DOX release rate is the
dissolution of HAP in the strong acidic solution as illustrated in
Fig. 1.4 On the other hand, most of the COO™ groups in HA
(pK, = 3.0) transform into COOH groups when the pH value
decrease to 2.1, resulting the weakening of the electrostatic force
between the CHI/HA polyelectrolyte®. The cleavage of the
electrostatic interaction makes the polyelectrolyte multilayer
more permeable at pH 2.1, thus DOX could release rapidly.”® In
addition, the amino groups of CHI (pK,= 6.5) are in the form of
NH;" at pH 2.1, which generates the electrostatic repulsion
between NH;" groups in CHI and the positively charged DOX
molecules. It also accelerates the rapid diffusion of DOX at pH
2.1.

The in vitro drug loading and release results demonstrated that
the prepared hybrid microparticles exhibited high drug loading
efficiency, sustained and pH-dependent drug release properties.
In addition, the size, wall thickness and drug release property of
the resulting hybrid microparticles could be easily controlled via
the adjustment of hydrothermal reaction condition. More
importantly, no harmful organic solvent was involved during the
preparation process. Therefore, the present paper provides a
facile and green route to fabricate hierarchical environmentally
friendly HAP-based drug carriers with controllable size, wall
thickness and drug release property by combining natural
polyelectrolyte and hollow HAP microparticles, which is highly
attractive for drug delivery and smart bone regeneration area.

3.4 Drug release kinetics

In order to describe the kinetics of the drug release process
from the controlled release, Korsmeyer—Peppas model was
applied in the present study. The drug release kinetics was
obtained by fitting the following standard empirical equation to

the experimental data.
MM = k" (1

M, is the amount of DOX released in time ¢, M, the total
amount of DOX in the matrix, k is the release constant for
Korsmeyer-Peppas relating to the microparticles and n is the
diffusion exponent characteristic of the release mechanism.*!
For spherical drug carriers, if 0.43 < n < 0.85, the drug release
will be non-Fickian diffusion or anomalous transport. For n <
0.43, the drug delivery follows Fickian diffusion.”*¢ The DOX
release kinetics of the samples was summarized and the values of
n, k, and correlation coefficient (R”) obtained by curve-fitting are
given in Table S1. The n values of 6h-H-HAP/CHI/HA and
3h-H-HAP/CHI/HA microparticles at pH 7.4 are 0.468 and 0.489,
respectively. The results indicated that the non-Fickian transport
was the dominated diffusion in the Release conditions. The rest
samples in Table S1 were all lower than 0.43, indicating three
samples had similar diffusion properties and the Fickian diffusion
was the dominated diffusion mechanism at pH 2.1.

In order to deeply discuss the drug release kinetics of hybrid
carriers, the n values were further determined from the slope of
the In(M/M.,,) plot versus In ¢ at 37 °C for H-HAP/CHI/HA
microparticles at pH 2.1 and 7.4 as shown in Fig. S3. The
3h-H-HAP/CHI/HA microparticles at pH 7.4 had the n values
ranging from 0.829 to 0.546 (both higher than 0.43 and lower
than 0.85, Fig. S3A), which suggested that the whole drug release
process was due to non-Fickian transport. While the kinetics of
drug release for other three samples all had a shift from
non-Fickian to Fickian diffusion. The »n values of the
12h-H-HAP/CHI/HA microparticles at pH 2.1 ranged from 1 to
0.424 and then changed to 0.204 (lower than 0.43), indicating a
shift from Case-II transport to Fickian diffusion (Fig. S3B). The
kinetics of drug release for the other two hybrid microparticles
had the similar transformation trend at pH 2.1. This phenomenon
may be attributed to the HAP dissolution and the corrosion of the
CHI/HA multilayers at pH 2.1. This result indicated that the
introduction of CHI/HA multilayer had changed the release
kinetics of DOX and obstructed the diffusion of loaded drug into
the solution.

The results demonstrate that we have developed a facile and
green route to fabricate hierarchical drug carrier with controllable
morphology and drug release property. In addition, the
components of the prepared HAP/polyelectrolyte hybrid
microparticles (HAP, hyaluronic acid and chitosan) all have good
biodegradability, biocompatibility and lower toxicity. Therefore,
the developed hollow HAP/polyelectrolyte hybrid microparticles
show great potential as the novel drug carrier for controllable
drug delivery or implanted artificial bone materials.

Conclusions

Hybrid HAP microparticles with a hollow HAP core and
CHI/HA multilayer shell had been fabricated via hydrothermal
method and the LbL self-assembly technique. The thickness of
the HAP shell could be controlled via adjusting the hydrothermal
reaction time and the size of the hybrid hollow microparticles
varied between 850 nm and 2 pum. The drug release results
demonstrated that CHI/HA multilayers could potentially assuage
the initial burst release of DOX from porous HAP matrix because
the polymer multilayer shell acted as a barrier to control the

This journal is © The Royal Society of Chemistry [year]
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in-and-out of the drug. In addition, hollow HAP hybrid
microparticles exhibited distinguished pH-dependent drug release
property because of the weakening of electrostatic interaction
between CHI/HA multilayers and the dissolution of porous HAP
hollow core at acid condition.
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Hollow hydroxyapatite/polyelectrolyte microparticles with controllable size, wall
thickness and drug delivery property have been fabricated via green hydrothermal

method and LbL self-assembly technique.



