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Various types of scaffolds made of synthetic polymers have been widely studied for bone-tissue
applications due to their mechanical strength, biocompatibility and biodegradability, but the hydrophobic
nature of synthetic polymers and frequent absence of pores within the scaffolds inhibit cellular
attachment, infiltration, and tissue ingrowth. In this study, multi-composite scaffolds composed of
dipentaerythritol hexa-acrylate (DPHA), ethylene glycol dimethacrylate (EGDMA), gelatin, and carbonated
hydroxyapatite (cHAP) have been made. Percentage ratio of polymer matrix to gelatin was varied 50/50,
75/25, and 95/5 to change the porosity of the resultant scaffolds. The structure, crystallinity, and phase
composition of the cHAP were confirmed by FTIR, Raman, XRD and Rietveld analyses, TG/DSC was used
to evaluate the distribution of ceramics within the polymer matrix, and FTIR-ATR was used to confirm the
molecular structure of composites. SEM/EDS analysis of the scaffolds revealed cavities and irregularities in
the surface, and that cHAP was indistinctly exposed on the composite surface, computed tomography
(CT) was used to estimate the density and homogeneity of the scaffolds, and the cHAP distribution within
the scaffolds was evaluated by conventional radiography. The hydrophilicity of the multi-composite
scaffolds was investigated using an aqueous solution of methylene blue dye which showed that the
acrylate(75%)—gelatin(25%)-cHAP composite had the highest hydrophilicity. The results suggest that

rsc.li/materials-advances

1. Introduction

With a growing world population, bone defects resulting from
trauma, disease, or surgery are a significant worldwide pro-
blem. The global market of dental bone grafts and substitutes
is projected to reach USD 1.0 billion by 2026, and 82 countries
across the world are anticipated to have more than 20% of their
populations in the elderly category by 2050,' and the global
demand for bone grafts will be exceedingly high.

The material used as a bone scaffold must satisfy a number
of requirements, including biocompatibility, biodegradation
with negligible toxicity, appropriate porosity, and mechanical
properties, and the ability to integrate with biological molecules
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acrylate—gelatin—cHAP scaffolds have a potential for bone-tissue engineering.

or cells to regenerate tissue.””” Currently due to clinical predict-
ability, the autologous bone or autograft is regarded as the ‘“gold
standard” for bone defect repair, but complications such as
limited supply and donor-site morbidity are stimulating the
development of bone substitutes of biological and synthetic
origin.® ™

Scaffolds made of synthetic polymers have been studied for
bone-tissue engineering applications as they are able to produce
materials that exhibit both toughness and plasticity, the most
commonly used synthetic polymers are polylactic acid (PLA), poly-
glycolic acid (PGA), copolymers of PLA and PGA, polycaprolactone,
and polymethylmethacrylate (PMMA)."*° Due to their different
mechanical properties and degradation rates, as well as the absence
of osteoconductivity (supporting bone growth and encouraging the
ingrowth of surrounding bone), the synergistic combination of
calcium phosphate (CaP) as an osteoconductive bioabsorbable
ceramic in a polymeric matrix has been explored.”’* These
inorganic-organic hybrids possess an advantage over single
components as their interactions at a molecular level can provide
interdependent properties while acting as a single-phase material.

The most frequently investigated synthetic CaPs are hydroxy-
apatite (HAP), calcium-deficient hydroxyapatite (CDHA), tricalcium
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phosphate (TCP) and biphasic calcium phosphate (BCP).>*"*® The
advantages and disadvantages of these bioceramics with high or
low resorption or dissolution rates have been broadly discussed,
and some of these materials are able under certain conditions to
transform from one to another.”” For example, o-TCP is much
more reactive than B-TCP in aqueous solutions and can easily be
hydrolysed with the formation of CDHA, which is similar to HAP
and resembles carbonated hydroxyapatite (cHAP), the mineral
component of natural bones and teeth.”®

In addition to its chemical composition, the surface topo-
graphy and porosity are extremely important features determining
the extend of scaffold integration with the host bone. It has been
demonstrated that the curvature of the surface as well as the size
(micro/macro) and geometry of the pores determine the cellular
responses such as their adhesion, penetration, differentiation,
nutrition diffusion, and ultimately bone ingrowth.>”?°! For
this reason, a variety of techniques have been used to create
three-dimensional (3D) composite scaffolds with different porosities
and surface characteristics, of which gas-foaming,**** porogen
leaching,** microsphere sintering®® and phase separation/freeze-
casting,**® electrospinning®® can be mentioned. 3D printing
technology makes it possible to produce scaffolds with a high
degree of complexity and precision at a micron level,**** and a
selective laser sintering (SLS) method has also been used to
produce 3D structures with well-defined interconnected pores.**

Most synthetic polymers are highly hydrophobic and the
incorporation of a biological polymer, such as collagen, gelatin
or hyaluronic acid is a popular method to alter the physico-
chemical properties of the matrix and promote biological
response.”**™*” These polymers also have the potential to be
used as smart materials, with an ability to respond to changes
in physiological parameters and exogenous stimuli.*® Gelatin,
derived from collagen, is a particularly attractive biomolecule for
bone-scaffold engineering because of its lower cost, commercial
availability, and well-defined physicochemical properties.*’
Different applications in bone and improved functionalities
of scaffolds have been demonstrated. Kumar Teolia et al. have
shown, for example, that the incorporation of gelatin into bone
cement material enhances its osteoconductive properties.’® It
has also been shown that 3D printed scaffolds containing nano-
apatite and alginate/gelatin polymers can promote the positive
proliferation and osteogenic differentiation of stem cells.**

The development of new bone-replacement materials and
biofunctionalization strategies thus requires an accurate assess-
ment of the scaffold structure. An established technique that
provides three-dimensional information is computed tomography
(CT),>*** which is non-destructive and is used for imaging of
internal structures based on the density distribution in the
materials microstructure. CT can provide a fast quantification
of scaffold density which is highly correlated to properties such
as strength, stiffness, and toughness.>**> CT has been used
extensively to quantify the 3D geometry of bone, to determine
the bone mineral density and to measure the mean degree of
mineralization.>**">%°

In the present work, we describe the fabrication of multi-
composite scaffolds consisting of DPHA/EGDMA, cHAP and
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gelatin that due to material-specific characteristics have a
potential in clinical bone defect repair applications. The cHAP
powders were synthesized by precipitation and annealing at
800 °C. The phase composition and crystallinity of the bioceramics
were evaluated by XRD and FTIR spectroscopy, and the morphology
and elemental composition of the scaffolds were studied using
SEM/EDS. Thermogravimetic analyses (TGA, DSC) and FTIR-ATR
spectroscopy have been used for additional characterization, and
the density of the scaffolds and the distribution of cHAP within the
polymeric matrix have been assessed using CT and conventional
dental radiography, respectively. Finally, the hydrophilicity of the
grafted composites was evaluated by measuring the contact angle
of water tinted with methylene blue.

2. Experimental

2.1. cHAP synthesis

Carbonated hydroxyapatite was synthesized as previously reported,””
where calcium acetate hydrate (Ca(CH3;COO),-H,0O, >99%, Roth)
(5.285 g, 0.03 mol) and diammonium hydrogen phosphate
((NH,),HPO,, 99.9%, Alfa Aesar) (2.377 g, 0.018 mol) were first
dissolved in separate beakers, each in 25 mL of distilled water.
To each of these solutions, 25 mL of 6% polyethylene glycol
(H(OCH,-CH,),,OH, PEG, 4600, Aldrich) aqueous solution was
then added as a crosslinking agent and the mixtures were
stirred for 30 min at 55-60 °C, after which aqueous ammonia
(NH; (aq.), 32% aq. sol., Merck), was added to pH 11. These
mixtures were then stirred for 20 min at 65-80 °C and finally
mixed together (Ca:P ratio of 1.67). The white Ca-P-O precipitate
was then stirred for 30 min in a beaker covered with a watch glass
and latex cover to prevent evaporation of ammonia, after which the
suspension was evaporated at 80-100 °C leaving a Ca-P-O gel. The
gel was dried at 150 °C for 24 h, and samples were calcined at 400,
600, 680 and 800 °C for 5 h in air (with the temperature increasing
at a rate of 1 °C min~* from 25 °C) with intermediate grinding
between each calcination procedure.

2.2. Preparation of multi-composite scaffolds

The starting components for the multi-composite scaffolds
were dipentaerythritol hexa-acrylate (DPHA, Miramer (M600),
C,5H3,04,, Rahn USA Corp.) (35.2 g, 0.067 mol), ethylene glycol
dimethacrylate (EGDMA, C;,H;,0,4, Merck) (8.8 g, 0.044 mol),
(diphenyl-phosphinyl)-(2,4,6-trimethylphenyl)methanone (Genucure
TPO, C,,H,,0,P, Rahn USA Corp.) (0.2 g, 0.0006 mol), and gelatin
powder.

The monomers DPHA and EGDMA were first mechanically
mixed in a beaker (weight ratio of DPHA : EGDMA 4 :1). Gelatin,
a biopolymer used as a porosity agent, was then added to the
mixture and further mixed until a homogeneous composite
mixture was obtained. The weight ratios of DPHA-EGDMA: gelatin
were 50:50 (10 g:10 g), 75:25 (15 g:5g) and 95:5 (19 g:1 2) and
these are designated as Mix-1, Mix-2 and Mix-3, respectively.
cHAP powders heated at 800 °C were then introduced into the
mixtures as a filler. The Mix-1 mixture exhibited a low viscosity
and a larger amount of cHAP therefore was added (weight ratios

This journal is © The Royal Society of Chemistry 2020
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of Mix-1: cHAP, and of Mix-2: cHAP and Mix-3: cHAP were 2.1 g:
1 g, and 1.5 g: 1 g, respectively). Subsequently, 0.02 g of the
photoinitiator TPO was added to all three systems and the
resultant mixtures were vigorously mixed for 5 min using a
Heidolph silent crusher M homogenizer. Finally, the mixtures
were weighed in 0.5 g portions and the pellets of ca. 0.5 cm in
diameter and 0.1-0.2 cm in thickness were placed on the silicon
plate and illuminated with a dental lamp (UV irradiation at a
wavelength of 365 nm) at room temperature for 5 min to achieve
photopolymerization. The polymerized material was then
further cured at 40 °C for 24 h. The composites were designated
according to the acrylate and gelatin ratio within the initial
organic matrix, i.e. acrylate(50%)-gelatin(50%)-cHAP, acrylate(75%)-
gelatin(25%)-cHAP, acrylate(95%)-gelatin(5%)-cHAP.

2.3. Characterization

Thermogravimetric analysis (TG) and differential scanning
calorimetry (DSC) of the Mg-Ca-P-O gel were performed using
a PerkinElmer STA 6000 Simultaneous Thermal Analyzer. Dried
samples of ~5-10 mg were heated from 25 to 900 °C at a rate of
10 °C min~' in dry flowing air (20 mL min~"). The phase
composition of the annealed cHAP powders was studied by
X-ray diffraction (XRD, Rigaku, MiniFlex II, Cu-Ka radiation, A =
0.1542 nm, 40 kV, 100 mA, 260 = 10-60°), and crystalline phases
were identified by comparing the diffraction patterns obtained
with those in the database provided by JCPDS (Joint Committee
on Powder Diffraction Standards). Rietveld analysis for XRD
pattern (20 = 10-70°) was performed using Match! and FullProff
software. The average crystallite size was estimated by the
Scherrer equation, dxgrp = KA/fcosf, using the full-width at
half maximum (FWHM) of the (002), (222) and (004) Bragg
reflections. Morphological features and elemental distribution
were evaluated using field emission scanning electron micro-
scopy (FE-SEM, SU70, Hitachi, 5.0 kV acc. voltage) and a table-
top scanning electron microscope (SEM, TM3000, Hitachi,
15.0 kV acc. voltage) equipped with an energy dispersive X-ray
spectrometer (EDS) using INCA software (Oxford Instruments).
Infrared spectra of the ground composite powders were
recorded with a Fourier transform infrared (FTIR) spectrometry
(Frontier FTIR, PerkinElmer, ZnSe/Diamond ATR crystal, DTGS
detector, 4000-600 cm™*, 4 scans). The optical contact angle
measurements were performed using DataPhysics OCA 15EC
system (n = 4 for each multi-composite scaffold). Raman spectra
were recorded at room temperature using combined Raman
and scanning near field optical microscope (SNOM) WiTec
Alpha 300 R equipped with 532 nm excitation laser source.

2.4. Computed tomography (CT) and conventional
radiography

A medical CT-scanner Siemens Somatom Emotion Duo with a
field of view of 500 x 500 mm? represented in a grayscale 512 x
512 pixel image, which gave a resolution of 0.98 mm, was used
to evaluate the density of the cHAP-acrylate-gelatin compo-
sites. In a CT, one pixel represents a three-dimensional entity
(voxel) of the material scanned with the dimensions of the pixel
and the thickness of the scanning beam (the beam depth).

This journal is © The Royal Society of Chemistry 2020
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In order to evaluate average density of the composites from the
CT-image, the images were converted into a binary image by
using the image processing method thresholding. This method
replaces each pixel in the image with a black pixel if it's
intensity is less than a fixed constant, or with a white pixel if
it'’s intensity is greater than that constant. A black pixel is
represented by the value 0, and white pixel is represented by
the value 1. In this analysis, the fixed constant was set to
100 kg m >, When the composite is isolated by the thresholding
method, every index of nonzero elements is found in the binary
image. These indices are then used to obtain the corresponding
pixels in the original CT image to calculate the average density
(kg m™?) by following equation:

1 n
p= ;Zpi (1)
i=1

where 7 is the number of pixels and p; is the density value in the
specific pixel (voxel). A beam energy level of 80 kv and 110 kv
was used to scan the specimens (a total of 24 scans with a
resolution of 1 mm over a total length of 2 cm). The X-ray beam
acceleration voltages in the X-ray tube of 80 kV and 110 kv
provide average photon energies of 52 keV and 63 keV,
respectively.”® Matlab software was used to process 2D images
of the composite pellets.

Cone beam computed tomography (CBCT) was performed
using Morita veraview R100 (Japan) system with a loading factor
of 90 kV and 5 mA.

Satelec X-Mind DC (Acteon, UK) intra-oral X-ray unit (X-ray
tube: New Toshiba DG 073B DC tube, voltage: 60-70 kV, anode
current: 4-8 mA, focal spot: 0.7 mm, total filtration: equivalent
to 2 mm Al at 70 kV, tube inherent filtration: equivalent to
0.8 mm Al at 70 kV, long cone: focus to cylinder tip distance =
31 cm, exposure time of 0.02-3.2 s) was used to take radio-
graphic images of the scaffolds.

3. Results and discussion

3.1. cHAP characterization

The XRD pattern of Ca-P-O gel powders annealed at 800 °C
presented in Fig. 1, show that powders produced at 800 °C are
already crystalline with well resolved diffraction peaks from the
Bragg diffraction conditions for HAP [PDF# 00-3553] (hexagonal
crystal system, space group of P6;/m). In addition, Rietveld
analysis was performed. The calculated lattice parameters (a =
9.4227(8) A and ¢ = 6.8843(6) A) are consistent with the para-
meters found in literature for HAP.*® Rietveld refinement for
XRD pattern (Fig. 2) showed the elongation of reflection at
20 = 45.8° for (002) indicating possible elongation of crystals
along the (002) plane. This agrees with our previous study where
cHAP crystals produced from solutions containing polyethylene
glycol exhibited slight lengthening compare to those produced
from solutions containing polyvinyl alcohol.’” The average
crystallite size was estimated to be 32 + 5 nm. Small crystal
sizes are linked to the relatively high solubility of biological
apatites with respect to stoichiometric HAP,”® which probably
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http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ma00498g

Open Access Article. Published on 03 September 2020. Downloaded on 7/19/2025 11:54:38 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

(0]

[&]

c

T

€ < v(O-H) v(O-H) ©_

7 5 ©

c © © Ts]

© ‘ - S PO

- 3600 3400 2 Vi

Wavenumbe‘r (em™) ‘ ‘v(POi ) ‘ ‘ ( 4 ‘)
1700 1500 1300 1100 900 700 500
Wavenumber (cm™)

__|(b) < cHAP
. o

S IS

© 3

2

‘@

c

2

= ‘ ‘ PDF: 00-3553

ol 1l Al |‘| i Il‘n I II‘IIII‘ |l‘|‘||‘| Db |

20 30 40 50 60

20 (°)
Fig. 1 FT-IR spectrum (a) and XRD pattern (b) of cHAP powders calcined
at 800 °C.

© Measured intensities
— Calculated intensities
—— Difference
¥ =1.93
a=9.4227(8) A
¢ =6.8843(6) A

Relative intensity

LI T T T 1 T B I D

2-Theta (degree)

Fig. 2 Rietveld fit to cHAP powders XRD data. Experimental (Q) and
calculated (—) patterns are shown along with the difference curve (-)
and (1) Bragg positions.

alters the nanoscale surface structure, increasing the surface
area and surface wettability of the scaffold, offering favourable
conditions for cell adhesion.

The FT-IR spectrum of cHAP calcined at 800 °C also shown
in Fig. 1 shows the characteristic bands of phosphate (PO4*")
and carbonate (CO;>") groups. The absorption bands between
1200 and 900 cm ' are due to the triple degenerated asym-
metric stretching mode v, and the symmetric stretching mode
v, of the P-O bonds, while bands between 630 and 450 cm ™" are
due to the triple degenerated bending mode v, of the O-P-O of
apatitic PO,>~ groups. Bands in the 1550-1360 cm™ ' region are
characteristic of CO;>~ groups in the cHAP.?”* The band at
875 cm ™! can be attributed to the CO;>~ group substituted for
the PO,*~ group (type B carbonate apatite).®" Two distinctive
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Fig. 3 Raman spectrum of cHAP powders calcined at 800 °C (inset:
enlarged spectrum region of overlapping bands assigned to PO,*~ and
CO3s%~ modes).

peaks observed at 3571 and 630 cm ' were assigned to the

stretching mode v and vibrational mode v, respectively of the
structural hydroxyl anion (OH ™) in cHAP. Carbonate ions can
substitute a hydroxide (OH ) or phosphate (PO,*~) group in the
HAP (Ca,;o(PO4)s(OH),) crystal lattice, leading respectively to
A- or B-type carbonated apatites. Biological apatite is considered
to be an AB carbonate-substituted apatite.*® Studies have shown
that cHAP is more soluble in vivo than pure HAP,*”®" that it
promote cell proliferation,®” and that it is therefore likely to lead
to an increase in the biological response of the bone mineral
while in contact with a cHAP-based scaffold.

Raman spectrum of cHAP powders annealed at 800 °C is
presented in Fig. 3. Characteristic vibrations of the PO,*>~ group
appears in 1100-1000 cm ™" region and at 964 cm™ " (the most
intense band), 587 cm ' and 430 cm '. These bands were
attributed to the v3(PO,*7), v1(PO,*7), v4(PO,*7) and 1,(PO,*")
modes, respectively.®*®> The carbonate band in the Raman
spectrum appears at 1070 cm ™ '; it is quite week and overlaps
with bands of the phosphate group (Fig. 3 (inset)).** Furthermore,
obtained small band at 326 cm™ " can be assigned to the 1,(Ca—OH)
mode.®® Spectrum also shows the band located at 3572 cm ™ that
was assigned to the stretching vibrations of the O-H group. The
Raman spectrum agrees with the literature and the absence of a
splitting in the most intense PO,>~ band indicates a homogeneous
carbonate incorporation into the HAP lattice.

3.2. Acrylate-gelatin-cHAP composite

The wt% of cHAP and the distribution of apatite within the
polymer matrix were evaluated by thermal analysis. TG, DTG
and DSC curves of the acrylate(75%)-gelatin(25%)-cHAP com-
posite are presented in Fig. 4, where the decomposition curves
show four steps leaving about 37% residue at about 680 °C. The
first weight loss of ~29% was observed at temperatures up to

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 TG/DTG and DSC curves of acrylate(75%)—gelatin(25%)-cHAP
composite.

100 °C and was attributed to the evaporation of adsorbed water.
A weight loss of ~3% occurred upon further heating up to
200 °C with an exothermic peak at ~191 °C. This loss was
attributed to the initial degradation of the less thermally stable
gelatin, as N-terminal residues are released before the complete
separation as free amino acids, as well as polymer-bound
water.®® The third and fourth overlapped steps represent a
sequence of pyrolytic reactions. The first weight loss of
~15% takes place at temperatures up to 400 °C and can be
assigned to the partial decomposition of organic compounds
(gelatin, acrylate) and the removal of CO,. Such processes are
seen in the DTG curve where broad overlapping peaks with
maxima at 320 and 400 °C occur. Heating to 650 °C led to a
further 42% decrease in weight with a broad exothermic peak
(max at 415 and 446 °C) and this was attributed to the decom-
position of organic compounds, and to the removal of lattice
water and carbonates from cHAP, as these processes occur at
about 600 °C.** The acrylate(50%)-gelatin(50%)-cHAP and
acrylate(95%)-gelatin(5%)-cHAP composites exhibited similar
decomposition behaviour (data not presented).

The presence of prominent components within the multi-
composite scaffolds was confirmed by FTIR spectroscopy,
where the IR spectrum of the representative acrylate(75%)-
gelatin(25%)-cHAP composite scaffold shown in Fig. 5 exhibits
characteristic bands assigned to acrylate, cHAP and gelatin. The
absorption bands at 1089, 1024, 962 and 629 cm '
assigned to the cHAP. The spectral features of the apatite do
not appear to have changed after it was incorporated into the
polymeric matrix. The spectrum of the multi-composite also
shows a wide band in the 1730-1700 cm ™" region which can be
ascribed to the carbonyl (C—=O0) group stretching vibrations of
acrylate.®”°® The important peaks for C=C deformation of the
acrylate group appear at 1636, 1408 and 809 cm ', and this
indicates that some residual C=C bonds remain inside the
network structure. The copolymerization of DPHA and EGDMA
monomers under UV irradiation is a free radical chain growth
cross-linking reaction that is diffusion-controlled. The molar ratios
of C—C bonds in the different monomers, the concentration of
initiator, the curing times, and the reaction temperatures affect the

were
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Fig. 5 FT-IR spectra of the acrylate—gelatin(75%)-cHAP(25%) composite
and neat gelatin powders.

reaction kinetics and products. Although the formation of a cross-
linked structure reduces the termination rate of free radicals, it
also reduces the diffusion of reactants in the later stages of the
reaction, so the final conversion is limited.®® The relative
intensities of the 1636 cm ™' (C—C stretching) and 1723 cm ™"
(C=0 stretching) peaks nevertheless indicate that the monomers
were consumed during curing and that a highly crosslinked
network was created. The simplified intermolecular cross-
linking of monomers DPHA and EGDMA under UV irradiation
is shown in Fig. 6.

Furthermore, the spectrum of pure gelatin in Fig. 5 exhibits
absorption bands in the 1700-1600, 1565-1520 and 1280-1230 cm ™ *
regions, and these are characteristic vibrations arising from amide I,
amide II and amide II, respectively.” It can be seen that the bands
attributed to amide I and amide II exhibit different spectral features
in the spectrum of the multi-composite scaffold, and that the broad
band of amide III is absent, indicating some structural changes.
Similar spectral features were observed in a related study where
the interactions of calcium phosphate as an inorganic phase
within an organic matrix were studied.”"”?

Several other peaks in the spectrum of the composite can be
observed at ~1460 cm ™! attributed to the C-H vibrations, while
broad bands at 1265 cm™ " and 1180 cm™* are due to C-O-C
stretching moieties of the acrylate.”?

3.3. Surface morphology

Fig. 7 shows FE-SEM images of a representative acrylate(75%)-
gelatin(25%)-cHAP composite that on a macroscale (left) the
composite surface is rather uneven, but a higher magnification
(right) shows that the cHAP particles are homogeneously
imbedded in the continuous polymeric matrix. Voids and large
agglomerate blocks were also observed on parts of the composite
pellets. The cHAP-acrylate(50%)-gelatin(50%) composites exhibited
a slightly rougher surface, possibly due to the higher cHAP
concentration. Fig. 8 shows SEM images and corresponding
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Fig. 6 Simplified intermolecular cross-linkage of monomers DPHA and EGDMA under UV irradiation.

Acrylate(75%)-gelatin(25%)-cHAP

Fig. 7 FE-SEM images of the surface of acrylate(75%)—-gelatin(25%)-cHAP
composite.
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Fig. 8 (a—c) SEM images (marked places show the surface regions examined)
and (d) EDS spectra of acrylate—gelatin—cHAP composite scaffolds.

EDS spectra of the multi-composites. The 50/50 composite
shows voids with a width of 300 pm. Elements C, O, P and Ca
were detected. Al and Ag were also detected, but these were due to
the sample holder and pre-sputtering, respectively. The average
atomic% ratio of Ca/P was calculated to be 1.6 (n = 11) and place
dependency was revealed. In the nonstoichiometric apatites, the
Ca/P ratio depends on the ionic substitution in the crystal lattice.

1680 | Mater. Adv., 2020, 1,1675-1684

That is, when PO,’” ions are replaced by CO;*  ions
(B-substitution), the Ca/P ratio is larger than that of stoichio-
metric HAP, and when OH™ ions in the apatite structure are
replaced by CO,;>” ions (A-type substitution) or HPO,*>~ ions
replace PO,*” the Ca/P ratio tends to be smaller than 1.67.>”7*
Other composites exhibited similar morphological features.

3.4. Computed tomography (CT)

Computed tomography (CT) was used to assess the density of the
scaffolds. The cross-sectional CT images of acrylate-gelatin-cHAP
scaffolds (scan performed at 80 kV) presented in Fig. 9 (inset:
camera photos of scaffolds) shows that the scaffolds with
different compositions had different densities. The average
density was calculated to be 1863, 2171 and 2224 kg m > for
the 50/50, 75/25 and 95/5 composite scaffolds, respectively. The
difference in density is mainly due to a difference in material
composition, but the density varied slightly within the specimen,
the material density being higher in the central region than in the
outer layer. The density values of the multi-composites were not
changed when scan was performed at 110 kV. A number of bone-
scaffold features affect scaffold resorption, cell penetration and
the ingrowth of new bone.”>””” Since the porosity of the material
is related to its density, the rate of dissolution of surface
components, the formation of voids within the scaffold, and
the penetration of liquid phase into the inner layers of the
composite can be predicted. Thus, the 50/50 multi-composite
scaffolds probably have the fastest degradation and the greatest
formation of voids within the scaffold when it is in contact with
a liquid phase. Due to the higher atomic numbers of the
elements, the ceramic material attenuates the X-ray beam more
than the acrylate/gelatin matrix, but the internal microstructure
of the composites was not resolved due to the lower resolution
of the medical CT scanner compared to that of other (micro-
and nano-) CT devices.”® Extensive studies have demonstrated
the micro-CT can reveal bone tissue density as well as new bone
formation throughout the depth of the scaffolds,”>*”® although
the use of contrast agents or a complementary technique such as
MRI may be needed.®

To obtain more complete characterization in assessing inner
architecture of scaffolds, a cone beam computed tomography
(CBCT) analysis was performed. Fig. 10(a) shows CBCT image of
50/50, 75/25 and 95/5 composites as well as segmented images
(6 of total 24) of multiple projections of the 95/5 composite.

This journal is © The Royal Society of Chemistry 2020
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Fig. 9 Cross-sectional CT images of the acrylate—gelatin—cHAP composites and the calculated density (inset: photographs of composites placed on the ruler,
scale: 1 bar = 1 mm). The 50/50 and 95/5 composites were scanned in the radial direction and the 75/5 composite in the axial direction (X-ray beam energy of 80 kV).

(a) CBCT of multi-composites

95-5

50-50 75-25 95.5

Acrylate-gelatin—cHAP
composites

Projection images of acrylate(95%)-gelatin(5%)}—cHAP composite

(b) Mandible of patient X

Bone without tooth

Mandible with absent Bone with tooth
teeth

Fig. 10 CBCT images of (a) acrylate—gelatin—cHAP composites and traversing images (6 of total 24) of multiple projections of the 95/5 composite,
(b) orofacial region of patient X showing radiographic contrast between different bone tissues (CBCT was performed under the same conditions to

compare the radiographic contrast).

Data demonstrate that radiographic contrast of the images is
higher. Composite, although mostly radiolucent, it also con-
tains apatite particles that are radiopaque. Some fogging in the
images of the composites is also present and this was attributed
to the scattered X-ray radiation. To compare a subject contrast,
the mandible (lower jaw) images of patient X are presented in
Fig. 10(b). These intraoral CBCT images were taken under the
same conditions as fabricated scaffolds. Comparison of images
show that dental bone exhibits higher contrast indicating that
fabricated multi-composites could be more easily distinguished
after the implantation while observing anatomic structures
of interest.

3.5. Conventional radiography

To further evaluate structural features of the scaffolds, conventional
dental radiography was used, as shown in Fig. 11 which presents a
radiographic image of a representative acrylate(75%)-gelatin(25%)-
cHAP scaffold. Composite is as a restorative material and their
radiographic appearance vary depending on their thickness,

This journal is © The Royal Society of Chemistry 2020

Acrylate(75%)-gelatin(25%)-cHAP composite

Fig. 11 X-ray radiograph of the representative acrylate(75%)—gelatin(25%)—
cHAP composite scaffold showing the distribution of cHAP (brighter places)
within the organic matrix.

density, and atomic number. Due to its higher radiological
density compared to that of the organic matrix, the apatitic
phase is clearly visible with a homogeneous distribution of the
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cHAP over the entire scaffold. This indicates the possibilities of
achieving radiographic differentiation between the bone tissue
and the restorative scaffold and of evaluating structural changes
when it is replaced by de novo bone.?"%>

3.6. Surface hydrophilicity

The wettability of the scaffolds was assessed by measuring the
contact angle of water tinted with methylene blue dye which is
frequently used as a cationic stain to examine cytological
specimens.?>®* The sessile drop contact angles are presented
as function of time in Fig. 12. Within a few seconds, the contact
angle on all the scaffolds decreased by 15-20° (initial average
angles of 91°, 100° and 67° were measured for the 50/50, 75/25
and 95/5 composites, respectively) (n = 3). The angle then
gradually decreased more slowly until it reached a plateau.
The final values after 60 seconds were 47.6° and 31.4° for the
50/50 and 95/5 composites, respectively. The 75/5 composite
however exhibited a slightly different behaviour. After the
initial decrease, the contact angle decreased relatively rapidly
from 63.4° to 21.5° (within 15 s) and then continued to decline
until the final angle after 50 seconds was found to be 16.6°,
indicating that this was the most hydrophilic surface investigated.
These differences in the contact angle were attributed to
differences in surface morphology (Fig. 7 and 8) which depend
on the composition. The surface characteristics, such as the
porosity (pore diameter, interconnectedness, pore orientation),
roughness and topography as well as chemistry (element present,
presence of polar/non-polar group, acid-base characteristics,
dangling bonds), have a great effect on the hydrophilicity and
subsequently bioactivity.?***

The rates of degradation of DPHA, EGDMA and gelatin differ,
and the combination of DPHA/EGDMA, gelatin and cHAP in
bone tissue engineering can therefore provide some advantages,
as the composites may degrade faster than a pure acrylate-based
polymer matrix. The hydrophilicity of the bioceramic and
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Fig. 12 Contact angles vs. time (sessile drop of water tinted with methylene
blue dye) on acrylate—gelatin—-cHAP composite scaffolds (values of the first
measurement are presented).
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gelatin should enable water to penetrate more easier into the
acrylate-based matrix and thus promote hydrolytic degradation
where scaffolds and body fluids interact, and the microstructural
architecture of the scaffold could enhance the mineralization of
new bone in the interior of the composite material and allow
deeper tissue ingrowth.

The favourable properties of the acrylate-gelatin-cHAP com-
posites made by the approach described here may extend the
potential for porosity as well as hydrophilicity remodelling, and
promote scaffold-implant integration. These applications are
presently under investigation.

4. Conclusions

In this work, carbonated hydroxyapatite (cHAP) was synthe-
sized by precipitation and annealing at 800 °C. XRD analysis
showed that the cHAP powders were a phase pure, having
a crystallite size of 32 nm. FTIR studies confirmed that
AB-substituted cHAP was synthesized. Raman studies and Rietveld
analysis revealed the homogeneous carbonate substitution
throughout the HAP lattice. Multi-composites consisting of
acrylate (DPHA/EGDMA), cHAP and gelatin were successfully
prepared via copolymerization. Morphological studies revealed
that cHAP particles were homogeneously imbedded within the
continuous polymeric matrix, and that the scaffolds possessed
voids and large agglomerate blocks in different parts of the
composite pellets. TG analysis confirmed that the residual
inorganic material mass corresponded well with the initial
quantity of cHAP. CT analysis showed that the scaffolds had
differing average densities and that the scaffolds had a higher
density in the central region than in the outer layer. CBCT
analysis revealed that dental bone exhibits higher radiographic
contrast than fabricated multi-composites, and so indicate easier
identification after the implantation while observing anatomic
structures of interest. Conventional radiography images further
validated cHAP, exhibiting higher radiographic density compared
to organic matrix, and homogeneous distribution within the entire
scaffold. Contact angle measurements revealed that the hydrophili-
city was composition- and morphology-dependent, the greatest
wettability of 16.6° being on the acrylate(75%)-gelatin(25%)-
cHAP composite scaffold. The favourable properties of the com-
posites fabricated using the approach described here may have
potential in porosity and hydrophilicity remodelling strategies,
and subsequently promote scaffold-implant integration.
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