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Abstract

Pectin-based biocomposite hydrogels were produced by internal gelation, using
different hydroxyapatite (HA) powders from commercial source or synthesized by the
wet chemical method. HA possesses the double functionality of cross-linking agent
and inorganic reinforcement. The mineralogical composition, grain size, specific
surface area and microstructure of the hydroxyapatite powders are shown to strongly
influence the properties of the biocomposites. Specifically, the grain size and specific
surface area of the HA powders are strictly correlated to the gelling time and
rheological properties of the hydrogels at room temperature. Pectin pH is also
significant for the formation of ionic cross-links and therefore for the hydrogels

stability at higher temperatures.



The obtained results point out that micrometric-size hydroxyapatite can be proposed
for applications which require rapid gelling kinetics and improved mechanical
properties; conversely the nanometric hydroxyapatite synthesized in the present work
seems the best choice to obtain homogeneous hydrogels with more easily controlled

gelling kinetics.
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1. Introduction

In the last decade, biocomposite hydrogels, i.e. composite biomaterials made of an
organic polymeric matrix and an inorganic reinforcement, have been developed to be
used as scaffolds or delivery systems in tissue engineering.

Tissue engineering aims to heal damaged tissues by the use of implantable or
injectable systems able to release bioactive agents, such as drugs, proteins, genes or
cells, as well as to guide and support the regeneration of the host tissues [1-4].
Hydrogels represent a versatile class of biomaterials with attractive properties for
tissue engineering, including biocompatibility, controlled biodegradability and easy
manufacturing of the constructs in desired shapes [5,6].

Biocomposites have been proposed for tissue engineering either to improve the
mechanical performances of the hydrogels [7,8] or to mimic specific biological
structures, such as bone [9,10].

Natural polymers have an advantageous role in the production of the biocomposites,
as they derive from or mimic the native extracellular matrix secreted by the cells.
Among these polymers, collagen, chitosan and alginate are the typical biomaterials

employed to produce natural-based biocomposites [9-17].



Concerning the inorganic reinforcing phase, tricalcium phospate and hydroxyapatite
have been widely employed as reinforcement, due to their bioactive and
osteoconductive properties [18-23]. The size of the inorganic reinforcement phase
have a central role in the determination of the final properties of the biocomposite
[24]. In particular, nano-sized fillers can drastically improve the properties of the
conventional micrometric biocomposites, due to higher surface/volume ratio, better
dispersion and the possibility of incorporating smaller amounts of fillers in the
polymeric matrix [25,26].

Since the natural bone is composed by nano-sized hydroxyapatite crystals with
needle-like morphology, several research groups synthesized and employed
hydroxyapatite with a bone-like nanometric scale [27-30].

In some cases, micro-structured hydroxyapatite spheres and particles were used to
improve the mechanical properties of the biocomposites [13,31,32].

In this context, the present work concerns the preparation and characterization of a
novel biocomposite made of pectin and hydroxyapatite. Pectin is a natural
polysaccharide showing appealing properties for biomedical applications. In recent
works [33-36], it was exploited especially for cell immobilization, due to good
biocompatibility and to the possibility of forming hydrogels without the use of
harmful reagents.

Pectin can form gels in the presence of calcium ions [33-38]; therefore,
hydroxyapatite was selected both as cross-linking agent and as reinforcement of the
biocomposite. The limited water solubility of hydroxyapatite leads to obtain a soluble
fraction, with free calcium ions involved in the gelling process, and an insoluble part

that may act as reinforcement of the biocomposite.



The use of hydroxyapatite as a reactive compound in the polymeric matrix, in
addition of being a mere reinforcement phase, is a promising strategy that can
improve the connection and the permanence of the inorganic phase in the polymeric
matrix, which is a critical issue to obtain stable biocomposites.

The aim of this work is to evaluate how the properties of pectin hydrogels are affected
by the chemical composition, granulometry, particle aggregation, surface area and
possible presence of impurities of the hydroxyapatite powders. The investigation of
such parameters is carried out to gain a specific control over the gelling kinetics, pH
and rheological properties of the biocomposite hydrogels, to tailor the specific

requirements of tissue engineering and regenerative medicine applications.

2. Materials and methods

2.1 Materials

Three different hydroxyapatite powders were considered in the present work as
inorganic second phase to be added to the organic pectin matrix. The first powder,
labeled as M-HA, was provided by Eurocoating SpA (Italy) nominally consisting of
pure hydroxyapatite granules, in the range 20-40 pum; the second, labeled as m-HA,
was acquired by Fluidinova SA (Portugal) (nanoXIM Hap201, 2.5 pum; crystalline
phase: pure hydroxyapatite; chemical analysis: Ca/P ratio = 1.66-1.72; particle size:
do1 = 1.4 um, dos = 2.2 um, doo = 3.6); the third one, labeled as n-HA, was
synthesized by wet chemical method starting from reagent grade chemicals (calcium
hydroxide, orthophosphoric acid, ammonium hydroxide) purchased from Sigma
Aldrich.

Pectin CU701 lot 250 was kindly provided by Herbstreith & Fox (Neuemberg,

Germany) and was used as received.



2.2 Synthesis and characterization of n-HA powder

Ammonium hydroxide solution (30 wt%) was slowly added to 240 ml of H3PO4
solution (0.25 M, pH = 1.67), until reaching pH = 8.5. Then, 100 ml of a milky
Ca(OH): suspension (prepared adding 20 g of Ca(OH) to 0.500 1 of bidistilled water)
was dropped into the solution, checking continuously the pH, which reached a final
value of 8.88. The white suspension was maintained under vigorous stirring
overnight; then, the suspension was aged at 25°C for 24 h and at 75°C for further 24
h. After filtration, the white powders were washed several times with distilled water
and dried at 75°C for 24 h. At this stage, the powder was named “as prepared” or n-
HARrm). After drying, n-HA®rT) powder was calcined in air at 650°C (heating rate =
10°C/min) for 30 min and the material was further labeled as n-HA ss0°).

The synthesized n-HArT) and n-HAs0°c) powders were subjected to physical and
microstructural characterization by using complementary techniques.

The powder morphology was observed by Jeol JSM 5500 Scanning Electron
Microscope (SEM), operating at 20 kV.

The synthesized powders, n-HAwrT) and n-HAesoec), were analyzed also by
Transmission Electron Microscopy (TEM) (Philips, CM12). In this case the powder
was mixed with ethanol and a drop of the suspension (100 pul) was dripped over the
sample holder.

XRD analysis was performed on a Rigaku D Max powder diffractometer, in Bragg-

Brentano configuration, using Cu Ka radiation, in the range 20 = 10°-60°, with step

0.05° and 5 s counting time.
The chemical analysis was carried out by Inductively Coupled Plasma—Atomic

Emission Spectroscopy (ICP—AES), using a Spectro Ciros instrument. The sample



was dissolved into 5 wt% HNO; solution and the measurement was repeated three
times. Sigma Aldrich pure 99.99% hydroxyapatite standard and Fluka multi-element
standard - sol.IV were used for the quantitative analysis of Ca - P and for the other
chemical elements, respectively.

For a better comparison of the three HA powders used in the present work, also M-
HA and m-HA powders were subjected to SEM, XRD and ICP characterization, using
the same procedures described for the n-HA powder.

FT-IR spectra were recorded on a Thermo Optics Avatar 330 instrument, in
transmission mode in the range 4000 - 400 cm™' using KBr pellets (64 scans, 4 cm™!
resolution).

Solid state NMR analyses were carried out with a Bruker 300WB instrument applying
a carrier frequency of 300.13MHz ('H). Powder samples were packed in 4 mm
zirconia rotors, which were spun at 9.5 kHz. 3'P SP MAS spectra were recorded at
121.49 MHz, with a /2 pulse length of 3.6 us and proton decoupling, recycle delay
300 s, acquiring 16 scans. The CP MAS experiment was run with contact time of 5
ms, recording 100 scans. Ammonium dihydrogen phosphate (NH4)H>PO4 was used
as secondary reference. '"H MAS spectra were performed at 300.13 MHz, 5 ps n/2
pulse length, recycle delay 5 s, averaging 16 scans. Ethanol was used as secondary
reference.

No-physisorption measurements were performed with a Micromeritics ASAP 2010
instrument. The samples were degassed below 1.3 Pa prior to the analysis. The
Specific Surface Area (SSA) of the samples was evaluated with the BET equation
within the relative pressure range: 0.05 < P/Py < 0.33. BJH model was used for

calculating the pore size distribution.



2.3 Preparation and characterization of the composite gels

HA-containing pectin composites were prepared by mixing pectin solutions at pH 3.2
+0.1 (native pH) and pH 3.7+0.1 (adjusted with 5M NaOH) with 0.1% (w/v)
hydroxyapatite suspensions, obtaining a final 3% (w/v) pectin concentration. Pectin
composites were produced with M-HA, m-HA, n-HAwrt) and n-HAesoc)
hydroxyapatite powders. The samples were obtained in cylindrical molds (© =2 cm)
and were characterized 24 h after preparation.

The pH of the produced hydrogels was measured using a Cyberscan pH 110219
pHmeter (Eutech Instruments) with a penetration electrode (Hamilton double pore
slim) specific for soft gels.

After preparation, hydrogels were dried in the oven (T = 37° C), then frozen with
nitrogen, ground in a mortar and embedded in KBr pellets. FT-IR analysis was
performed as described for n-HA powder characterization.

Rheological analysis was carried out with an AR 1500ex rheometer (TA Instruments,
Italy), equipped with parallel-plate geometry (diameter = 20 mm, working gap = 1000
um). Time sweep test (c =5 Pa, F = 0.7 Hz, T = 25°C) was assessed to measure the
gel point, i.e. the time at which the transition from viscous solution to solid-like gel is
reached and, therefore, to evaluate the gelling kinetics of the different formulations.
Oscillatory analysis was set up to investigate the evolution of storage (G’) and loss
modulus (G”) with strain (oscillation amplitude tests, T = 25°C, f = 1 Hz, strain = 1-
100%) and frequency (frequency sweep tests, T = 25°C, f = 0.1-10 Hz, strain = 1%)).
Temperature ramps were performed in oscillatory mode increasing the test
temperature from 20°C to 50 °C (ramp rate = 2.5°C/min), to simulate the behavior of

pectin hydrogels when subjected to physiological and storage temperatures.



3. RESULTS

3.1 Physical and chemical properties of the HA powders

Figure 1 shows the morphology (SEM micrographs) of the HA powders considered in
the present work. M-HA powder corresponds to large spherical granules from about 2
pm to 40 um diameter (Figure la); each granule is constituted of a multitude of
strongly bonded small grains of about 1-2 pm. m-HA powder is composed by
spherical structures with size ranging from 0.1-0.2 pm to 4 um although their
consistence appears less dense than in M-HA sample (Figure 1b). n-HA powder (both
as prepared and calcined at 650°C) appears as randomly shaped flocs formed by the
weak interactions of nanometric-size particles (Figure 1c-d).

The morphology of the synthesized n-HA powder (as-produced and calcined at
650°C) is shown in the TEM micrograph reported in Figure 2, where isometric single
grain particles are clearly visible. The dimension of the calcined powder is slightly
larger and the complete particles size distribution of the sample, as determined by
direct measurement on TEM micrographs is shown in Figure 3: an average grain size
of about 25 nm was therefore determined, more than 90% of the particles being
included in the 10-45 nm interval. Unfortunately, the strongly agglomerated structure
of the as-produced powder impeded the measurement of the distribution.
Nevertheless, from Figure 2a one can estimate an average size for the as-synthesized
n-HA powder slightly lower than 25 nm.

The XRD diagrams recorded on the powders considered in the present work are
shown in Figure 4. The diffraction peaks correspond to pure hydroxyapatite
(Cas(PO4);0H - JCPDS No: 09-0432) although the relative intensity and peak width

changes among the samples. In particular, the limited intensity and broadness of



signals recorded on m-HA and n-HA samples are an indication of their
nanocrystalline nature; as a matter of fact, by using the Sherrer’s equation [39]
considering the well resolved peak at about 25.9°, an average crystallite size equal to
16 nm and 23 nm was estimated for as-prepared and calcined n-HA powder,
respectively. The estimated value is therefore in very good agreement with TEM
observations (Figure 2). Similar values (16 nm crystallite size) were obtained for m-
HA powder, this pointing out that the spherical structures shown in Figure 1
correspond to relatively big agglomerates of nanometric powders. Quite surprisingly,
the same calculation performed on M-HA powder lead to an average crystallite size
estimate of about 60 nm; this indicate that the single grains constituting the granules
observed in SEM micrographs (Figure 1la) are themselves composed by
nanocristalline grains.

The chemical analysis performed on n-HA powder by ICP-AES revealed the presence
of Ca and P and the absence of any other metal; the Ca/P ratio is equal to 1.649 and
1.668 (estimated error = 0.012) for as-synthesized and calcined n-HA powder,
respectively, in good agreement with the stoichiometric ratio for pure HA equal to
1.667. Similar results were obtained from the chemical analysis of M-HA and m-HA
powders whose Ca/P ratio determined by ICP is equal to 1.670 and 1.660,
respectively.

FTIR spectra of as-prepared and calcined n-HA powders are shown in Figure 5. The
as-prepared powder shows the signals associated with the characteristic vibrations of
phosphates and -OH groups in HA crystal lattice [40]. However, the increase in
cristallinity is observable after the thermal treatment at 650°C (Figure 2b). The PO4*-

groups show the typical signals at 1095 and 1053 cm! (v3, broad), 961 cm™ (v1), 602

and 571 cm’! (v4, sharp) and at 475 cm™' (v2). The -OH stretching and bending



vibrations are found at 3570 and 628 cm’!, respectively. The very weak signals in the
range 2200 - 1900 cm™ are assigned to surface P-OH vibration modes [41]. The
stretching and bending vibration signals of adsorbed water (3435 and 1630 cm!) are
present in both spectra of Figure 2b. The doublet at 1466 and 1411 cm™! is frequently
found for HA powders prepared by wet chemistry, and it is attributed to CO3* groups
formed as a consequence of CO; dissolution from air into the solutions [42].
Moreover, the carbonate phase could also derive from the Ca(OH) transformation in
air. As a matter of fact, in the spectrum of n-HA treated at 650 °C, two very small
signals at 3640 and 875 cm™' account for the presence of residual calcium hydroxide
[43] whose presence is attributed in the literature to the reaction of CaO with
moisture.

The FTIR spectra of m-HA and M-HA powders show the typical HA vibrations found
in n-HA spectra (Figure 5b). The broadness of the phosphate band in M-HA, in the
range 1500-700 cm', is noteworthy and a carbonate phase is detected in m-HA
(Figure 5b).

In addition to vibrational spectroscopy, solid state NMR has been employed to study
n-HA powders, with the aim of characterizing P and H nuclei local environment and
detecting the presence of different phases, particularly amorphous ones. 3'P SP MAS
NMR spectra are characterized by a sharp peak and a very broad and weak low-field
resonance, overlapped to the main signal. This evidence is particularly clear if one
observes the corresponding CP MAS spectra (Figure 6a). By deconvolution of the SP
MAS spectrum of the as-prepared sample (confidence 95%), three components are
found: a main signal at 3.2 ppm (83%) assigned to crystalline HA; a resonance at 3.9
ppm (11 %), which could be attributed to poorly crystallized hydroxyapatite; a small

component at 5.6 ppm (6 %) that could be assigned to a different calcium phosphate



phase like not stoichiometric HA or TCP [44-46]. The sample treated at 650 °C shows
a significant signal narrowing, suggesting an increase in crystallinity, and the strong
reduction (0.7 %) of the signal at 5.6 ppm.

The proton spectra (Figure 6b) are quite resolved and present sharp peaks, with the
exception of the broad water resonance at 4.9 ppm. The spectra deconvolution
(confidence 95%) allows to recognize the main component at -0.5 ppm, due to OH in
HA crystal lattice [47]. Moreover, two small sharp peaks are also detected at lower
fields (1.0 and 1.8 ppm) and probably account for mobile OH belonging to surface
adsorbed water. Indeed, Pourpoint et al. [48] found up to four water -OH resonances
in similar materials.

The textural features of the nanometric powders have been studied by N>
physisorption, collecting adsorption-desorption isotherms on as-prepared and heat
treated powders (Figure 7a-b).

As-prepared powder is characterized by a type IIb isotherm typical of meso- and
macro-porous materials with H3-type hysteresis loop without plateau at high pressure,
indicating the presence of plate like particles [49]. The relevant results calculated
from N; isotherms are reported in Table 1. As-prepared powders show high specific
surface area (SSA) and total porosity (TPV) with a broad pore size distribution in the
meso- macro-pores region (Figure 7c). The pore size distribution obtained from the
desorption branch appears shifted towards smaller pore diameters, probably in
relation with the presence of ink-bottle pores rather than perfectly cylindrical ones.
SSA and TPV values decrease as a consequence of the thermal treatment but with
unchanged features, as it can be deduced from the isotherm trace (Figure 7b). A
further broadening of pore size distribution is observed after the thermal treatment

with the increase of larger pores amount (Figure 7d).



m-HA powders present high SSA and TPV values (Table 1) and a pore size
distribution similar to that displayed by as-prepared n-HA powders. On the contrary
M-HA sample is characterized by very low porosity.

Finally, ICP analysis was performed on the hydroxyapatite powders suspended at
different pH to study the dissolution of calcium and phosphates ions during the
dispersion of the powders in water (pH 7) or HCI solutions at pH 3.2 and 3.7.

The increase of Ca and P dissolution was related to the decrease of the solution pH
(Figure 8) but a clear dependence on the duration of the incubation could not be
identified: the dissolution of Ca and P after 10 minutes of incubation resulted
comparable to the one measured after 24 of incubation in the same acidic solvent

(Figure 8).

3.2 Preparation of the composite hydrogels and pH variations

Composites hydrogels were produced using 3% (w/v) pectin and 0.1% (w/v) M-HA,
m-HA, n-HArT) and n-HAso°c)y hydroxyapatite powders. The properties of pectin
hydrogels are known to be easily tunable by varying the pH of pectin solutions [37]
and the solubility of hydroxyapatite is strongly dependent on pH, thus modifying the
amount of Ca®" available for the crosslinking. Hydrogel samples were produced at
different pH, employing pectin at its native pH (pH 3.2) or adjusting the pH to 3.7.

As shown in previous works [37], the cross-linking promotes an increase of pH for
each formulations, due to the complexation of the pectin carboxylic groups by
calcium ions released by hydroxyapatite. No significant trends could be seen for the
pH of hydrogels prepared with pectin at pH 3.2, whose pH increase by 0.2 £ 0.1 after
cross-linking, independently upon the typology of hydroxyapatite employed (Table

2). Conversely, when using pectin at pH 3.7, Pect m-HA hydrogels showed the



highest pH after cross-linking (Table 2), while the pH of the hydrogels produced with
M-HA and n-HA showed slight variations.

The gel point was measured with a time-sweep rheological test, and it is shown in
Table 2 as the time at which the crossover of the storage and loss modulus occurs.

The hydrogels prepared with pectin at native pH (pH 3.2) showed fast gelling
kinetics, reaching the gel point in less than 4 min. The gel point of the hydrogels
produced using pectin at pH 3.7 depends upon the specific hydroxyapatite powder,
this effect being probably related to the different solubility rate associated with the
different microstructure. While m-HA hydrogels at pH 3.7 exhibited a fast gelling
kinetic (tgel point < 4 min) comparable to that of the native pectin, M-HA hydrogels
showed the longest crosslinking time, as the formation of a solid- like gel structure
was obtained more than 60 min after the preparation (Table 2). n-HArT) and n-
HA650°c) powders allowed reaching the gel point in 5 and 8 min, respectively. This
slight difference compared to m-HA might be attributed to the powders composition
and, more specifically, to the presence of calcium carbonate and calcium hydroxide
groups in n-HA«rT) and, in minor amounts, in n-HAs0°c) samples (Figure 5a).

Some exemplary micrographs of the dried hydrogels acquired at SEM show the good
dispersion of the hydroxyapatite powders in Pect M-HA and Pect m-HA samples
(Figure 9a-b), and the formation of aggregates in Pect n-HAs0°c)y hydrogels (Figure

9¢).

3.3 Characterization of the composite hydrogels
Pectin-hydroxyapatite composite hydrogels were analyzed by FT-IR spectroscopy in
the spectral area of 2000-400 cm™' (Figure 10) to detect the structural characteristics

of the hydrogels. Stretching and bending modes of PO4*- appeared at 602 cm™! and



571 ecm™ in the IR spectra of pectin — hydroxyapatite hydrogels. Furthermore, the
spectral bands at 961 cm™, attributed to symmetric vl P-O stretching, and at 1095 cm-
"and 1053 cm™, attributed to asymmetric v3 P—O stretching modes of the phosphate
groups, were visible.

Comparing the spectra of the dried hydrogels with the one of pectin powders, the
broad bands appearing at 1420 cm!, as well as the relative variations of intensity of
peaks at 1745 and 1625 cm’! suggest the cross-linking of pectin and calcium ions
from hydroxyapatite. In particular, the decrease in intensity of the peak at 1745 cm!,
associated to the C=0 stretching vibrations of the carboxyl groups can account for the
formation of ionic interactions. Accordingly, the significant increase of the bands at
1625 cm! and 1420 cm! can be related to the presence of ionized COO- groups in
pectin backbone due to the salification of COOH groups, thus indicating gel
formation.

When pectin is treated with NaOH to increase the pH, the degree of esterification
(DE) is known to decrease [50]. The bands associated to DE variations (between 1745
cm! and 1625 cm’') are the same or in the same spectral regions of the bands
involved in the cross-linking (COOH groups at 1745 cm™! and COO" groups at 1625
cm™). Comparing the peak areas of hydrogels at pH 3.2 and pH 3.7, evidences about
the decrease of DE can be detected. The decrease of stretching of the carbonyl in the
ester bond (at 1745 cm™"), associated to the increase of the carboxylate (1625 cm™' and
1420 c¢cm™) of hydrogels at pH 3.7 may suggest pectin de-esterification as a
consequence of the treatment with sodium hydroxide (Table 3).

As shown in Table 3, the highest (COOH+COO-R)/COO ratio is measured for pectin

powders, where, in the absence of the cross-linker, the very strong IR band at 1745



cm’' can be attributed to the C=O stretching of the undissociated COOH and
COOCHs3 groups.

As a consequence of the cross-linking of pectin at its native pH (pH=3.2), the reduced
(COOH+COO-R)/COO ratio is caused by the increase of the 1625 cm™! and 1420 cm-
I peak areas, due to the ionic complexation of pectin carboxyl groups with calcium
ions derived from hydroxyapatite. In this case, the ratio appears to be dependent upon
the hydroxyapatite granulometry, being n-HAs0°c)y the powder which provides the
highest crosslinking efficiency and M-HA the lowest. This behavior might be
attributed to the improved water solubility of the hydroxyapatite with the smallest
granules.

Increasing the pH of pectin solutions to 3.7 prior to gelling leads to a further decrease
of the (COOH+COO-R)/COO ratio, resulting from the combination of two different
contributes: the dissociation of the COOH groups of pectin chains to COO" due to the
increase of pH and the ionic complexation with calcium ions released from
hydroxyapatite, and the dissociation of the COOCH3 groups to COO™ due to de-
esterification. It can be hypothesized that the contribution of COOH and COOCH3
dissociation is predominant and therefore it masks the peak area increase caused by
the formation of the cross-links. Thus, in this case, no evidences of correlations
among the granulometry of the hydroxyapatite powders and the COO-R/COO ratio
were observed.

Rheological studies were performed to evaluate the mechanical properties of the
produced hydrogels. Oscillation amplitude test showed a linear viscoelastic region in
the range of 1-10% strain for all the considered samples (data not shown), therefore

all the experiments further performed were conducted in this strain range.



Pectin-hydroxyapatite composite hydrogels showed a frequency-dependent behavior,
slightly increasing the storage and loss moduli and decreasing the complex viscosity
with frequency (Figure 11). For each sample, the gels prepared employing native
pectin (pH = 3.2) appeared thicker than those prepared using pectin with higher pH
(pH=3.7). Generally, the use of m-HA resulted in the production of the thickest
formulations while n-HA powders, appositely produced for this study, showed
intermediate rheological properties in terms of storage modulus and complex
viscosity (Figure 11a-b). Furthermore, the use of calcined n-HAs0°c) powders led to
obtain softer pectin hydrogels with respect of n-HArt) (Figure 11c).

The storage and loss moduli of the pectin — hydroxyapatite hydrogels were found to
decrease when increasing the test temperature (Figure 12): while a slight decrease can
be observed for the hydrogels produced with pectin at pH 3.7, a significant loss of the
storage modulus was detected for the samples prepared with pectin at its native pH.
According to the results of the frequency sweep tests, n-HArT) showed higher storage

modulus than n-HAs0°c) in the temperature ramp test (Figure 12b).

4. Discussion

In this work, different hydroxyapatite powders, supplied or custom-produced, were
characterized with the final aim to control the resulting properties of the biocomposite
soft hydrogels. The powders under investigation showed differences in terms of
composition, grain size, porosity and solubility (Figures 1-8).

Hydroxyapatite was employed to produce pectin composite hydrogels via internal
gelation, using it either as source of Ca?" ions and as reinforcement of the polymeric
matrix. The final properties of pectin-hydroxyapatite hydrogels were deeply affected

by the typology of the inorganic phase. The use of hydroxyapatite with high specific



surface area, total porosity, pore size and solubility (m-HA and n-HAr)) led to the
formation of thicker gels, as evaluated by rheology, and higher pH.

The solubility of hydroxyapatite powders however was strictly related to the gelling
kinetics of pectin hydrogels: the rapid dissolution of the Ca?" ions from the
hydroxyapatite powders led to a fast cross-linking of the carboxylic groups of pectin
(Table 2 and Figure 8). n-HA powders showed the best compromise regarding the
gelling kinetics: 5 to 8 minutes is indeed slow enough to obtain a uniform dispersion
of the hydroxyapatite in the organic matrix and, therefore, a homogeneous hydrogel,
but fast enough to prevent the precipitation of the insoluble hydroxyapatite fraction.
In view of the final application, i.e. tissue engineering, a gelling time of 5-10 minutes
is convenient as it provides the possibility to immobilize in the hydrogel the drugs or
cells to be used as therapeutic agents prior to gelling.

Though in the literature micro-sized hydroxyapatite is described to improve the
mechanical properties of soft hydrogels [13,31,32], in our study the granulometry of
the powders did not come out to be by itself a determinant parameter for the
production of thicker hydrogels. In fact, the biocomposites obtained with the 30 um-
sized hydroxyapatite (M-HA) showed lower storage modulus than the other hydrogels
produced with smaller granules hydroxyapatite (m-HA and n-HA) either in the
frequency either in the temperature ramp tests (Figures 11 and 12).

In this work, low amounts of hydroxyapatite were used to produce the biocomposites
(0.1% w/v). Further studies are therefore needed in order to evaluate the effects of the
hydoxyapatite granulometry in biocomposites with a preponderant inorganic phase.
For such harder hydrogels, mainly proposed for bone regeneration [18-23], the use of
n-HA powders could be preferred, in order to mimic the internal architecture of the

bone.



We considered the use of pectin, as organic matrix of the composite hydrogels as it is
extensively used in the food industry, but in the last decade it has also raised the
interest for biomedical and biological applications, due to the encouraging results
obtained in the field of tissue engineering [33-36]. The main concern in the use of
such natural polymer is its acid pH, which can generate adverse reactions in the
organism, including the inflammatory response. We demonstrated the possibility of
producing pectin composite hydrogels at different pH, by varying the initial pH of
pectin solutions and the type of hydroxyapatite (Table 2). The modulation of the pH
of the hydrogels is essential to reach a compromise between the rheological
parameters (viscosity, storage and loss modulus, Figures 11 and 12) and the gelling
kinetics, to provide the homogeneity of the gel structure and the possible
immobilization of active agents, such as cells or drugs.

On the other hand, the composites at lower pH showed higher rheological parameters
but a temperature-dependent behavior (Figure 12). This effect can be explained with
the change in viscosity of pectin solutions: at lower pH, pectin solutions behave like a
viscoelastic solid due to the formation of entanglements and secondary bonds, such as
hydrogen bonds and Van der Waals forces, while increasing the pH they assume the
characteristics of a liquid. Our hypothesis is that at low pH (pH 3.2) the dissolution of
the calcium ions from hydroxyapatite is improved, but the dissociation of the COOH
groups of pectin chains in COO groups, necessary for the cross-linking, is prevented.
The physical interactions, i.e. hydrogen bonds and Van der Waals forces, led to obtain
thicker hydrogels at room temperature, but they are disrupted when increasing the test
temperature, resulting in the weakening of the hydrogels.

On the opposite, the hydrogels produced at higher pH (pH 3.7) are softer at room

temperature, due to the lower amount of calcium released from hydroxyapatite, but



the COOH groups of pectin chains are dissociated in COO" groups and are prone to
react with calcium ions. According to this hypothesis, these hydrogels showed a
temperature-independent behavior, indicating the formation of stable cross-links.

On the overall, the produced biocomposites showed tunable physical-chemical
characteristics depending on the batch of hydroxyapatite employed. According to the
results of gel composition, gelling kinetics, pH and rheology, the biocomposites can
be proposed as soft hydrogels for tissue engineering and regenerative medicine

applications, and particularly as delivery systems such as drug or cell carriers.

5. Conclusions

The combination of a natural polysaccharide, i.e. pectin, with an inorganic
reinforcement present in the physiological tissues, employed with the double function
of curing agent and reinforcement of the biocomposites.

The physico-chemical characterization of the hydroxyapatite powders was correlated
to the properties of the final biocomposite hydrogels. More in details, the chemical
composition, granulometry, surface area and solubility of the hydroxyapatite powders
considered in this work deeply affected the gelling kinetics, rheological properties and
temperature stability of the obtained biocomposite hydrogels.

The nanometric hydroxyapatite powders produced in this work showed great potential
for the development of soft hydrogels that can be proposed as cell or drug delivery

systems suitable for tissue engineering applications.
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Table 1. Porosity parameters calculated from N2 sorption isotherms of the hydroxyapatite powders.

Measured parameters n-HAgrty n-HAgsoecpo m-HA  M-HA
BET SSA, m/g 118.5 55.6 103.9 0.61
TPV cm?/g (calculated at P/Py 0.992) 0.532 0.492 0.468  0.00088
Average pore diameter , A (4V/A by BET) 179.6 354.2 180.3 58.4
BJH Ads Average pore diameter, A 171.8 386.8 172.8 104.1
BJH Des Average pore diameter, A 162.5 333.1 158.6  -—-—--
Table 2. Properties of the biocomposite hydrogels.
Gel point pH after
Type of
Nomenclature (min) crosslinking
of HA powders
(st dev =1 min) (st dev £0.1)
pH 3.2 <4 3.5
Pect M-HA M-HA
pH 3.7 > 60 4.2
pH 3.2 <4 3.4
Pect m-HA m-HA
pH 3.7 <4 4.7
pH 3.2 <4 3.4
Pectn-HA®r)y n-HA 1)

pH 3.7 5 4.1

pH 3.2 <4 3.4
Pect n-HA ¢s0°.cy ____ n-HA s0°c)

pH 3.7 8 4.2




Table 3. COO-R/COO Peak area ratio of the produced pectin-hydroxyapatite hydrogels

Peak areas (normalized to the area
of the (COOH + COO-R)/COO
ratio
CH stretching at 2940 cm™)

1745 emr”! 162_15 1420 em”! 1745 cm™/ (16?15 em™ +1420

cm cm™)
Pect n-HA pH 3.2 1.71 8.97 0.13 0.19
Pect n-HA pH 3.7 1.48 11.48 0.19 0.13
Pect m-HA pH 3.2 9.22 38.38 2.00 0.23
Pect m-HA pH 3.7 1.5 11.24 0.22 0.13
Pect M-HA pH 3.2 2.60 8.16 0.15 0.31
Pect M-HA pH 3.7 0.81 5.24 0.04 0.15
Pectin powder 2.66 3.70 0.04 0.71

(reference)




Figure captions

Figure 1. SEM micrographs of (a) M-HA, (b) m-HA, (¢) n-HA®t) and (d) n-HAss0°c)
powders.

Figure 2. TEM micrograph of n-HA powders: (a) as produced and (b) calcined at
650°C.

Figure 3. Particle size distribution (fractional and cumulative) for n-HAss0°c) powders
by TEM analysis.

Figure 4. XRD diagrams of the considered HA powders; the standard reflexes for
pure hydroxyapatite (Cas(PO4);OH - JCPDS No: 09-0432) are shown for comparison
Figure 5. FTIR spectra of (a) n-HA®rT) and n-HAs0°c) and (b) comparison among the
FTIR spectra of calcined n-HA, m-HA and M-HA.

Figure 6. 3'P CP MAS NMR spectra of n-HArt and n-HAsoec) (a) and '"H MAS
NMR spectra of n-HArt) and n-HA s0°c) (b).

Figure 7. N, adsorption-desorption isotherms of (a) as-prepared n-HArr) and (b)
650°C heated n-HA s50°c) powders. BJH pore size distribution of (¢) n-HA®T) and (d)
n-HA (50°c) powders.

Figure 8. ICP analyses on hydroxyapatite powders at pH 3.2, 3.7 and 7 and at
different incubation times (10 min and 24h).

Figure 9. SEM micrographs of (a) Pect M-HA, (b) Pect m-HA and (c) Pect n-HAss0°c
composites.

Figure 10. FTIR spectra of (a) Pect M-HA, (b) Pect m-HA and (c) Pect n-HAss0°c
composite pectin-hydroxyapatite hydrogels.

Figure 11. Rheological characterization of pectin- hydroxyapatite hydrogels: (a)
complex viscosity and (b) storage modulus of the hydrogels as function of frequency.
Comparison of the storage modulus of as-prepared and calcined n-HA hydrogels (c).
Figure 12. Temperature ramp analyses of the produced hydrogels (a) and comparison

of the temperature-dependent behavior of n-HArt and n-HAesooc hydrogels (b).
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