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Abstract

In this work nano-hydroxyapatite/chitosan (n-HAp/CS) hybrid microparticles were prepared by
spray drying following a methodology where, in a first step, aqueous nanodispersions of n-HAp
in the presence of chitosan were produced by fast stirring at pH values below and above chitosan
pKa (5.5 and 7.0, respectively). The mixing system used allowed the production of homogeneous
and stable nanodispersions, and the subsequent spray-dried microparticles, incorporating highly
pure HAp nanoparticles of approximately 50 nm, were successfully produced without degrading
the organic component, chitosan. Comparatively with the n-HAp/CS-7.0, the n-HAp/CS-5.5
dispersions were characterized by a lower particle size and a higher zeta potential, being then
more stable. Differences in the spray-dried microparticles were also evident from a morphological
point of view. HApCS-5.5 microparticles, which present an average size in volume of 15.8 um
and n-HAp crystals homogenously distributed, were found to be preferred over the HApCS-7.0
counterparts, which require an extra step in the productive process and presented a tendency to
form large agglomerates. Both prepared hybrid particles presented similar composition to that one
of natural bone (HAp/CS of 70/30) and no traces of KCI salts were observed if a washed n-HAp
paste was used.
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1. Introduction

Natural bone is a complex and highly organised nanocomposite composed of approximately 60—
70% hydroxyapatite (Cai0(PO4)s(OH)2, HAp) nanocrystals precipitated onto 25-30% of collagen
fibers, and a small portion of water [1,2]. With the aim of emulating natural bone, efforts have
been focused in combining biodegradable polymers with ceramic materials, particularly calcium
phosphates (Ca-P), to mimic the organic and inorganic components of bone. In this context, a
common suitable hybrid system for bone tissue engineering consists in the combination of
hydroxyapatite (HAp) with chitosan (CS) [3].

Chitosan (CS), the main derivative of natural polymer chitin, presents a wide list of desirable
properties for bone repair and regeneration, namely: biocompatibility [4,5]; mucoadhesiveness
[6,7]; hydrophilic character which promotes osteoblast adhesion and proliferation [8]; wound
healing properties [9,10]; and non-toxicity of its biodegradation products [11,12]. Most of these
properties are due to chitosan’s structure; this polymer contains in its main backbone primary
amine groups that become positively charged in acidic medium. This cationic character of
chitosan is what makes it both reactive and soluble depending on the pH. With a pKa value around
6.5, chitosan is insoluble in neutral and alkaline pH solutions, but it is soluble in agueous acidic
medium, allowing it to be processed under mild conditions [2,12]. In addition, chitosan can be
shaped into different forms such as porous scaffolds [13-15], fibers [16,17], sponges [8] and
microparticles [18-20], an advantageous feature for tissue engineering applications [21].



Hydroxyapatite, on the other hand, is a double salt of tricalcium phosphate and calcium hydroxide
(Ca10(PO4)s(OH),). With a Ca/P ratio of 1.67, it is the most stable and less soluble Ca—P ceramic
under physiological conditions (pH ~ 7). However, below a pH of 4.8, HAp becomes gradually
soluble and the formation of monetite (CaHPO,) is favoured [22]. In its nanometric form,
nanohydroxyatatite (n-HAp) is more advantageous to the conventional micrometric sized HAp in
what concerns the promotion of osteoblast. adhesion, differentiation and proliferation,
osteointegration, and deposition of Ca-containing minerals on its surface [23,24].

The combination of HAp with chitosan for bone tissue engineering applications is typically based
in the production of porous scaffolds [25-27]; nonetheless, advances in science and technology
have led to the development of particulate materials that, thanks to their reduced size, can be
suitable as injectable systems or shaped into a solid substrate with increased surface area that will
promote chemical and biological reactions [28-30]. In this context, the development of a
particulate system containing n-HAp in a micrometer-sized matrix is advantageous; this approach
allows HAp’s superior properties at the nanoscale to be preserved in the form of microparticles
that are easier to handle [31].

Among the existing techniques, spray drying appears as a promising technology manufacturing
microparticles with controllable size and morphology [32]. It is a process widely used as a
microencapsulation/stabilization technique in the food [33,34] and pharmaceutical [35,36]
industries. Easy industrialization, cost-effectiveness and continuous production are attractive
features of this technique; however prolonged contact with high temperatures can cause product
degradation [37]. This method is based in the drying of atomized droplets of a previously prepared
dispersion using a co-current stream of hot gas, and the preparation of this dispersion is also a key
step in the overall process.

One of the most common established methods used to prepare HAp/CS hybrid dispersions
consists in mixing previously prepared HAp microparticles, usually as a powder, into a chitosan
solution. This technigue can lead to non-homogenous dispersions at a microscopic level, due to
the difficulty in controlling the mixing between two dissimilar phases that can lead to phase
separation. In efforts to overcome such problem, an adequate incorporation of HAp into the
chitosan matrix has been reported [23,38] by using the so-called co-precipitation method,;
nevertheless, this method implies the synthesis of HAp in the presence of chitosan, which hinders
the formation of HAp particles with high purity and desired morphology.

Another important parameter to consider when preparing n-HAp/CS hybrid dispersions is pH,
especially if HAp has to be introduced into an acidic environment that can influence its solubility,
chemistry and phase stability [39]. In the simple mixing method, HAp is often introduced in an
acidic chitosan solution, resulting in dispersions with pH typically around 4-5. In the case of the
co-precipitation method, the combination of both components is carried out in a neutral or basic
environment (pH > 7), causing the precipitation of chitosan along with HAp simultaneously.

Basargan et al. (2015) [40] appears to be the only one work reporting the production of HAp/CS
microparticles by spray drying. Here a HAp/CS-slurry using co-precipitation method (pH > 9.0)
was prepared, followed by spray drying. The effect of inlet temperatures (120 °C and 160 °C) and
different HAp/CS weight ratios was studied. Spherical microparticles of mean size 4-6 um were
produced, and an increase in surface area with the addition of chitosan, as well as with the highest
inlet temperature, were observed. However, the FTIR analysis suggested the substitution of
carbonate in the apatite structures, compromising the purity of HAp. Thermal degradation studies
were not reported.



Other methods that have been explored to produce HAp/CS microparticles are: water-in-oil
(W/O) emulsion [41]; supercritical assisted atomization [42], spray-coagulation [43], electro-
spray coagulation [44], and dispersion polymerization [45].

In this work, n-HAp/CS microparticles mimicking bone composition, and containing highly pure
HAp nanoparticles, were produced in a two-stage process. First, homogeneous and stable n-
HAp/CS dispersions were produced using an innovative fast stirring set-up. With the aim of
analysing the effect of pH on the final products, the dispersions were produced at two different
pH values, right above and below the chitosan pKa. For the case of pH below chitosan pKa,
special care was taken to assure pH values higher than 5.0 to avoid solubilisation of HAp. In a
second step, hybrid microparticles were produced from the n-HAp/CS dispersions by spray
drying. The effect of KCI content was also studied, since this salt is present in the original HAp
paste used.

The n-HAp/CS nanodispersions were characterized by measuring particle size and zeta potential
by static and electrophoretic light scattering methods, respectively. The produced microparticles
were characterized by scanning electron microscopy (SEM) coupled with energy-dispersive X-
ray spectroscopy (EDS), thermogravimetry (TG/DTG) and differential scanning calorimetry
(DSC). In order to infer the effect of spray-drying conditions on material degradation, freeze-
dried samples were also produced and characterized.

2. Materials and methods
2.1. Materials

The n-HAp/CS dispersions were prepared by using the chitosan brand 90/200/A1 from Biolog-
Biotechnologie GmbH (Germany), composed of flakes with size <200 um, with a deacetylation
degree of 91.9%, and dynamic viscosity of 128 mPa-s (1% at 20 °C in 1% acetic acid solution).
The hydroxyapatite aqueous paste used, nanoXIM-CarePaste, was supplied by Fluidinova S.A. It
is composed of 15.5 + 0.5 wt.% of HAp nanoparticles with particle size <50 nm, 4.5 £ 0.5 wt.%
KCI and a water content < 81.0 wt.%. Acetic acid, sodium hydroxide and sodium acetate tri-
hydrate of analytical grade from Sigma Aldrich were used to prepare the solutions.

2.2. Dispersions preparation

Agueous nanodispersions of HAp in the presence of chitosan, with a HAp concentration of 20 g/l,
were prepared by using a high speed dispersing and homogenizing device Miccra D-9 at speed
rate of 11,000 rpm. The mixing system was designed such that the HAp paste was injected into
the chitosan solution inside the vessel right below the dispersing tip, as shown in Fig. 1. The
mixing time using a pump rate of 240 rpm (32 ml/min) was estimated to be less than 100 ms. All
n-HAp/CS nanodispersions were prepared with HAp to chitosan weight ratio of 70/30, since this
ratio represents the typical bone composition.

Two different pH values were considered, one lower and one higher than the chitosan pKa (5.5
and 7.0, respectively). For the preparation of the nanodispersion with lower pH, labelled as
“HApCS-5.5”, a pre-mixed solution prepared by adding a chitosan solution (3.0%, w/v) with an
acetate buffer of pH = 5.5 was added to the reactor vessel, followed by the injection of the HAp
paste (15%, w/w) continuously at a pump rate of 240 rpm into the chitosan solution. The sample
with higher pH, labelled ‘“HApCS-7.0”, was prepared following the same procedure but with an
extra final step consisting in the dropwise addition of NaOH 1 M under fast stirring until
neutralization.

The nanoXIM-CarePaste used in this work contains ~4.5 wt.% KCI. In order to study the effect
of KCI presence on the stability of the produced nanodispersions and morphology of the final



microparticles, samples were obtained both with the original, unwashed paste and with a paste
washed 3 times with distilled water to remove the salt. The potassium content of the washed paste
was found to be 15.0 + 0.9 ppm, determined by Atomic Absorption Spectroscopy (AAS).

Fig. 1. Experimental setup used to prepare the n-HAp/CS nanodispersions: (1) Beaker containing the n-
HAp, nanoXIM-CarePaste, under stirring; (2) peristaltic pump; (3) tubing; (4) vessel containing the CS
solution and buffer; (5) ultraturrax.

2.3. Microparticles preparation

The n-HApP/CS hybrid microparticles were prepared by spraydrying a volume of 150 ml of the
prepared dispersions. The used apparatus was a Mini Spray Dryer B-290 from Biichi equipped
with a nozzle of 0.7 mm of diameter and the operating conditions were: inlet temperature of 170
°C; aspiration at 100%; spray gas flow at 30% (approximately 6 L/min); and pump rate at 15%
(approximately 4.5 ml/min). The spray-drying yield was estimated as the ratio between the weight
of the recovered powder and the initially used weight of solids of the atomized nanodispersions.

2.4. Preparation of freeze-dried samples

In order to infer the effect of spray-drying conditions on the micro particles’ thermal degradation,
samples prepared by direct freeze-drying of the obtained dispersions were produced. For that, 10
ml of each sample were firstly congealed by storing in a freezer for about 24 h followed by freeze-
drying in a VirTis BenchTop 6 K Freeze Dryer (model n° 6KBTEL) during 48 h.

2.5. Characterization of dispersions

Particle size of the obtained dispersions, HApCS-5.5 and HApCS-7.0, was determined by using
a Mastersizer 3000 laser diffraction analyser from Malvern Instruments. The effect of pH on
dispersions stability was studied by using the Zetasizer Nano ZS from Malvern Instrument
coupled with a MPT-2 Autotitrator using NaOH (0.25 M) as the titrant solution.

2.6. Characterization of microparticles

Morphology of the spray-dried microparticles was inspected by scanning electron microscopy
(SEM) coupled with Energydispersive X-ray spectroscopy (EDS) by using a Phenom Pro
microscope from Phenom World. High resolution images were obtained by High resolution
(Schottky) Environmental Scanning Electron Microscope with X-ray Microanalysis and
Backscattered Electron Diffraction Pattern Analysis (FEG-ESEM/EDS/EBSD) using a FEI
Quanta 400 FEG ESEM / EDAX Genesis X4M.

FT-IR spectra were recorded in a FT-IR BOMEN (model MB 104) in transmittance mode by
using the KBr pellet technique at a concentration of about 1% (w/w). Scanning was carried out
between 500 and 4000 cm™ at a resolution of 4 cm™ and co-adding sixty-four scans. The



characterization of the HApCS-5.5 and HApCS-7.0 microparticles was achieved by analogy with
the spectra of HAp and chitosan standard samples. Thermal characterization was obtained by
thermogravimetry (TG) using a TG 209 F3 Tarsus® and differential scanning calorimetry (DSC)
using a DSC 200 F3 Maia. The reproducibility of the experimental procedure was checked based
on 3 replicas.

3. Results and discussion

3.1. Preparation and characterization of the hybrid dispersions

Table 1 shows the number mean particle size and zeta potential values obtained for the HAp
dispersions produced at pH of 5.5, alone and in the presence of chitosan, both with and without
KCI. Monodispersed distributions were obtained in all cases, with larger particle sizes for the
hybrid ones when compared with the HAp alone, but with no significant differences derived from
the presence of KCI. In terms of charge stability, the HAp dispersions containing KCI presented
higher zeta potential values (>30 mV), which indicate that the salt improves the stability of the
HAp dispersion. In the case of HApCS-5.5 dispersions with KCI a good zeta potential value (>30
mV) was obtained, but an even higher zeta potential value was obtained for the HApCS-5.5
sample without KCI, which shows that chitosan also acts as an effective stabilizer besides
providing the aforementioned list of desirable properties for bone repair and regeneration.

Table 1. Zeta potential (ZP) and number mean particle size values obtained for nanodispersions of HAp
with and without KCI.

Sample ZP (mv) Number mean (nm)
HAp/water without KCI 24.1+0.6 43.0+3.1
HAp/water with KCI 31.2+£0.3 42.7+4.8
HAp/CS-5.5 without KCI 33.7+0.2 198 + 25
HAp/CS-5.5 with KCI 32.8+0.2 222 + 20

Particle sizes obtained by laser diffraction for samples HApCS-5.5 and HApCS-7.0 are
summarized in Table 2, reported as particle size percentiles in volume (Dv10, Dv50 and Dv90),
where, for example, Dv50 means the maximum particle diameter below which 50% of the sample
volume exists. n-HAp/CS nanodispersions prepared at pH ~ 5.5 presented a Dv50 of 28.4 um,
while the ones produced at higher pH (~7.0) presented a Dv50 of 72.2 Im suggesting not only that
HAp nanoparticles remain as clusters when dispersed in chitosan solutions, but also that the
higher-pH condition produces larger clusters. Relative to zeta potential measurements,
nanodispersions of HAp in water with an initial pH of approximately 9.0 and a zeta potential
around 29 mV, showed a tendency to decrease as the pH decreases (see Fig. 2). However, with
the use of chitosan, a high zeta potential was obtained even at low pH values and, in contrast to
what happens with HAp alone, a linear tendency of zeta potential to decrease with the increase of
pH is observed (Fig. 2).

Table 2. Particle size percentiles in volume obtained for HApCS-5.5 and HApCS-7.0 samples from laser
diffraction measurements.

Sample Dv10 (um) Dv50 (um) Dv90 (um)

HApCS-5.5 14.8 28.4 50.2
HApCS-7.0 235 72.2 165
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Fig. 2. Zeta potential tendency with changing pH for: HAp dispersion (CH3;COOH 0.25 M as titrant); and
n-HAp/CS nanodispersion (NaOH 0.25 and 1 M solutions as titrants).

3.2. Characterization of the n-Hap/CS hybrid microparticles

n-HAp/CS hybrid microparticles were successfully produced by spray drying with average yields
of 62 and 52% for the HApCS-5.5 and HApCS-7.0 samples, respectively.

Fig. 3 shows SEM images of microparticles obtained with the unwashed, i.e. with KCI, HAp
paste. The formation of mushroom and doughnut-like microparticles was observed for the
HApCS-5.5 sample. This type of morphology is ruled by hydrodynamics, both in- and outside the
droplet, causing a droplet-transformation phenomenon going from a spherical to mushroom-like,
to a final doughnut shape, as described by some authors [32,46].When compared to analogous
spherical microparticles, studies have found that particles with torus geometry (doughnut) present
advantages such as a higher stability for long-term storage in an aqueous environment and after
undergoing processes such as freeze-drying [47].

Fig. 3. High resolution SEM images of HAp/CS microparticles obtained with unwashed, with KCI, HAp
paste.



The HApCS-7.0 derived powder, on the other hand, presents better-defined spherical shape with
spikes on the surface (see Fig. 4). The maximum structural stability of spheres is the main reason
why this shape is typically produced by spray drying. Drying temperature and velocity of the
carrier gas are the main parameters influencing hydrodynamics of the droplets, but variables such
as viscosity, density and concentration of the dispersions, as well as size of the nanoparticles are
also fundamental factors influencing the final morphology of the microparticles [32,46].

HApCS - 7.0

Fig. 4. Elemental mapping by EDS of HAp/CS microparticles obtained with unwashed, with KCI, HAp
paste, Cl in green and K in blue.

Elemental mapping by EDS (Fig. 4) allowed the identification of the spikes observed in the
HApCS-7.0 microparticles as KCI microcrystals. The salt was also detected in the HApCS-5.5
microparticles, even the crystals were significantly smaller and presented quite distinct
morphology. As it is desired to produce microparticles with high purity, containing mainly HAp
and chitosan, KCI appears as a contaminant in large quantities as seen in the SEM images. In
addition, it was proven that it has no beneficial effect on the stability of the n-HAp/CS dispersions
and it could eventually create a hypertonic environment that could cause an inhibitory effect on
cell metabolism [48].

High-resolution images from the microparticles produced from the nanodispersions prepared with
washed HAp paste are shown in Fig. 5. HApCS-7.0 microparticles seem to have a tendency to
form strong agglomerates; this phenomenon is not observed in the case of the HApCS-5.5
microparticles. No traces of KCI salts were detected by EDS, and HAp rod-like particles of
nanometer sizes can be observed at the surface of the microparticles, for both samples. HApCS-
5.5 microparticles present a rough surface that can be beneficial for biomedical applications, since
it has been proven non-smooth surfaces can enhance cell adhesion and proliferation [49]. Particle
sizes of the microparticles were obtained by image analysis; very similar number mean values,
corresponding to 6.83 um and 6.67 pm for HApCS-5.5 and HApCS-7.0 respectively, were
obtained for both samples. In terms of average size in volume, HApCS-7.0 sample presented a
slightly smaller value of 12.8 um based on the circle equivalent diameter of 1493 particles,
compared to an average size in volume of 15.8 um for the HApCS-5.5 sample based on the circle
equivalent diameter of 1072 particles. These results suggest that HApCS-5.5 presented a few



particles with larger sizes when compared to HApCS-7.0 sample, but also large amount of
particles with small sizes. It is important to point out as well that HApCS-7.0 microparticles
formed agglomerates of up to approximately 170 um.
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paste: (a) HApCS-5.5 and (b) HApCS-7.0. Images on the left were obtained at a magnification of 500x;
images on the right were obtained at 10,000x (top, zoom of a single particle), and 200,000x (bottom,
zoom of a particle’s surface).

The IR spectra of HApCS-5.5 and HApCS-7.0, and the spray-dried HAp paste and chitosan, used
as standard samples, are shown in Fig. 6. Spray-dried HAp-paste spectra presented the typical
bands of phosphate group, PO4. Peaks at 1093 and 1032 cm™ correspond to a triply degenerated



asymmetric stretching mode vibration of the P-O bond of the phosphate group. A non-
degenerated symmetric stretching mode of the P—O bond of the phosphate group is observed at
962 cm. Peaks at 603 and 566 cm™ correspond to a triply degenerated bending mode of the O—
P-O bond. Peak at 632 cm™ is assigned to the hydroxyl group deformation mode and it is
considered to be overlapped with asymmetric P-O stretching vibration of PO3~. Band at 3567
cm™ was attributed to the stretching mode of the hydroxyl group, OH, while bands at 3421 and
1653 cm* are assigned to absorbed water, which appeared even when precautions were taken to
eliminate moisture from the samples before analysis.
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Fig. 6. Infrared spectra of standards HAp and chitosan, HApCS-5.5 and HApCS-7.0.

The characteristic groups of chitosan were also confirmed in the corresponding chitosan spectrum.
The band at 3468 cm™ was assigned to stretching mode of the OH group, overlapped with
stretching mode of NH. Peaks at 1300-1450 cm™ may correspond to a combination of CN-NH,
CH>-OH and CHjs bands [50]. Bands at 2874 and 1424 cm can be attributed to CH stretching
and bending vibrations respectively, while peaks at 1657 and 1076 cm™ correspond to NH, and
C—O-C groups correspondingly.

IR spectra of both hybrid microparticles, HApCS-5.5 and HApCS-7.0, presented all typical bands
of the characteristic groups of Hap and chitosan, proving that the HAp nanoparticles were
successfully incorporated into the chitosan matrix. For primary amines, the N-H bending
(scissoring) vibration is observed in the region 1650-1580 cm* of the spectrum. This band of



medium — strong intensity appears at slightly higher frequencies when the primary amine is
associated with other groups. In particular, when the amine is protonated, the NH** group can
form ionic bonds with opposite charged groups. In this case the NH** group of the primary amine
will give rise to absorptions in the regions 1600-1575 and 1550-1504 cm™, close to the
corresponding bands of the CHz group [51].

Both samples presented bands in the absorption region of the primary amine group, however,
some differences are observed. HApCS-5.5 spectrum shows only one peak at 1585 cm™, while
HApPCS-7.0 spectrum shows two peaks in this region (1656 and 1571 cm™). The peak at 1656 cm
! can be attributed to the N-H of the NH. group due to the neutralization of the amine groups
when increasing the pH of the nanodispersions. The peaks observed near 1580 ¢cm?, in both
HApCS-5.5 and HApCS-7.0, can be attributed to a possible formation of ionic bonds between
NH?* from chitosan and PO3~ from hydroxyapatite. These differences show that the pH at which
the nanodispersions were prepared affected the chemical interactions between HAp and chitosan,
leading to final products with different properties.

Results obtained from TG/DTG analysis of all the prepared samples are shown in Fig. 7. For
comparative purposes, solutions of chitosan in acetic acid were prepared and the pH was adjusted
above and below 6.5, labelled CS-5.5 and CS-7.0, followed by spray-drying to obtain
microparticles of such solutions. The first mass loss is observed between 30 and 100 °C for all
cases and it is attributed to water evaporation. Another peak is observed between 100 and 170 °C
in the curves of both CS-5.5 and HApCS-5.5, which can be related to the degradation of the acid
used in the preparation of such samples. This peak is absent in the thermograms of the samples
prepared at higher pH since the acid was neutralized by the addition of base to increase the pH.
The peak observed around 730 °C in the HApCS-7.0 thermograms can be related to the
degradation of the base used to increase the pH of this dispersion.

Finally, a mass loss observed between 200-310 °C can be attributed to the thermal degradation of
chitosan. This degradation step appears approximately at the same temperature (240 °C) for all
samples analyzed. Moreover, the HApCS-5.5 curves present what seems to be a retardation of the
decomposition of the polymer at 400 °C. It is noteworthy to point out that the hybrid samples
show different patterns of degradation for chitosan that could be associated with differences in
the interactions between chitosan and HAp depending on the pH at which the dispersions were
prepared.

Both hybrids, HApCS-5.5 and HApCS-7.0, presented similar composition to that one of natural
bone (see Table 3). Residual masses near 70% were attributed to HAp since the acid and base
used in sample preparation were degraded below 800 °C and HAp degradation was absent. The
residual mass obtained agrees with the used HAp content.

The TG-DTG plots obtained for freeze-dried samples, HApCS-5.5-FD and HApCS-7.0-FD, are
also shown in Fig. 7. No significant differences are observed when compared to the analogous
thermograms of the spray-dried samples HApCS-5.5 and HApCS-7.0 respectively, which proves
that the chitosan was not degraded during the spray-drying process at the used conditions.

The DSC plots (Fig. 8) confirm the results obtained by TG-DTG in terms of thermal degradation
of chitosan, which has an exothermic peaks near 300 °C. For both, TG and DSC analysis, a good
reproducibility was observed since all transitions obtained coincide between batches of the same
type of sample, either HApCS-5.5 or HApCS-7.0.
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Table 3. Comparative table of the composition of natural bone relative to the composition of HApCS-5.5
and HApCS-7.0 based on thermal degradation (TG/DTG analysis).

Component Natural bone HApCS-5.5 HApCS-7.0
Inorganic 60—-70% n-HAp ~72% n-HAp ~71.5% n-HAp
Organic 25-30% collagen ~22% chitosan ~21% chitosan

Water ~5-10% ~6% water and acetic acid | ~7.5% water and base



0,10

0,05

0,00

-0,054

-0,10

DSC (mW/mg)

0,15+

-0,20—

-0,254

-0,30 T T T T T T T
50 100 150 200 250 300 350 400 450
Temperature (°C)

Fig. 8. DSC of HApCS-5.5 (solid line) and HApCS-7.0 (dash line); from 50 to 450 °C at 10 °C/min; N3
atmosphere.

4. Conclusion

In this study, it was observed that different types of spray-dried microparticles are produced
depending on the pH at which the initial nanodispersions were prepared. Dispersions with smaller
particle sizes and higher zeta potential values are produced with the n-HAp/CS dispersions with
pH < 6.5, compared to dispersions with pH > 6.5. The presence of KCI, a component of the
original HAp paste used, has no beneficial effect on the stability of the n-HAp/CS dispersions,
and its removal can be easily achieved by a prewashing procedure.

Differences on the spray-dried microparticles due to the effect of pH conditions were also evident
from a morphological point of view. Doughnut-like HApCS-5.5 microparticles, with 15.8 Im
average size in volume and n-HAp particles homogenously distributed, are preferred over
HApCS-7.0 microparticles, which require an extra step in the productive process and also
presented a tendency to form large agglomerates.

FTIR analysis of both HApCS-5.5 and HApCS-7.0 showed all typical bands of the characteristic
groups of HAp and chitosan, proving that the HAp nanoparticles were successfully incorporated
into the chitosan matrix. Evidence of formation of ionic bonds of the primary amine groups, NH®*,
was observed which is compatible with ionic bonds formation between NH3* from chitosan and
PO3~ from hydroxyapatite.

The spray-dried microparticles presented different thermal degradation behaviour that can be
related to differences in HApchitosan interactions depending on the pH at which the products
were prepared. The residual mass from TG results was near 70%, attributed to hydroxyapatite in
accordance with the weight ratio pretended. No significant differences were observed between
spray-dried and freeze-dried samples, which evidences that chitosan was not degraded during the
spray-drying process at the used conditions. The reproducibility of the experimental procedure
was checked based on 3 replicas.

Most importantly, hybrid n-HAp/CS microparticles containing 50 nm HAp nanoparticles were
produced successfully by spray drying. Besides their beneficial characteristics to design injectable
systems or mouldable solid substrates, these microparticles can offer advantages for biomedical



applications, such as bone repair and drug delivery systems. For example, these microcarriers can
be loaded with therapeutic and bioactive factors, and incorporated into 3D systems (scaffolds) to
enhance functional properties.
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