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Hydroxyapatite-collagen (HA/Col) composites are potential scaffolds for bone tissue engineering.
In this work, three-dimensional (3-D) HA/Col (50/50 wt. (%)) scaffolds were synthesized using a self-
assembly method and cross-linked with a 0.125% glutaraldehyde solution. Scaffolds were evaluated
in vitro by cytotoxicity testing using MC3T3 cells; proliferation and differentiation were studied
using STRO-1A human stromal cells for up to 21 days. Morphological and histological examinations
showed a fibrous structure with a good distribution and homogeneous HA particles distribution.
By thermogravimetric analysis, a ratio of 1.2 between inorganic and organic phase was found. The
scaffolds presented no cytotoxicity when evaluated using three different parameters of cell survival and
integrity: 2,3-bis[2-methyloxy-4-nitro-5-sulfophenyl]-2H-tetrazolium-5-carboxanilide (XTT), Neutral
Red (NR) and Crystal Violet Dye Elution (CVDE). STRO-1A cells were found to adhere, proliferate
and differentiate on the 3-D scaffold, but limited cell penetration was observed.
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1. Introduction

Tissue engineering (TE) presents an attractive approach
to regenerate damaged or diseased living tissue. The
combination of living cells, biologically active molecules
and a structural scaffold is the basis of TE technology.
The most commonly applied strategy focuses on culturing
cells in a temporary 3-D matrix that mimics the natural
extracellular matrix (ECM). Therefore, the chemical
composition, controlled biodegradability and biologically
functional properties are all important attributes for scaffolds
used in TE'.

Calcium phosphates such as hydroxyapatite (HA;
Ca, (PO,),(OH),) have shown good biocompatibility and
osteoconductivity*®, although their mechanical strength
limits their use to non-load bearing applications®’. HA
synthesis by wet precipitation is largely used and can
be obtained by different routes. On the other hand,
natural polymers, like collagen (Col) fibers, exhibit good
compatibility and low immunogenicity. Composites based
on HA and Col have been shown an increase of mechanical
properties compared to Col-like materials®’. Moreover,
collagen-based scaffolds can be chemically modified by
some reactions with reactive amine, carboxylic acid and
hydroxyl groups. Those reactions allow the improvement
of different structural, mechanical and physico-chemical
properties®.

The use of Col fibrils dissociated in a solution seems
to provide an effective interaction between Col molecules
and the mineral phase precipitated in comparison with other
composite routes'>>7?, The cross-linking process induces a
significant change in the Col structure from the nanoscale
to microscale range®'®!" and it is usually necessary in

*e-mail: gloria@metalmat.ufrj.br

order to reduce its immunogenicity and control material
biodegradation''. Biodegradation, local cytotoxicity and
mechanical function may be explored to improve cell
behavior.

HA-polymer composite scaffolds can improve
osteoblastic cell growth. Moreover, they significantly
enhance the expression of mature bone marker genes
such as osteocalcin and bone sialoprotein'®. Finally, HA/
Col scaffolds have shown important roles in TE, with good
in vitro and in vivo results'*'%, but few studies have analyzed
the influence of the process parameters used for scaffold
preparation on their in vitro biological functionality.

Several process parameters, such as raw materials,
pH, temperature, aging time and the presence of precursor
substances, can affect the morphology and the mineral
content of synthetic scaffolds'®. Moreover, in the self-
assembly of HA/Col, for example, chemical interactions
between HA nanocrystals and polar groups, including
carboxyl (-COOH), amino (-NH,) and hydroxyl (-OH)
groups, on Col fibers can be affected by collagen extraction.

When implanted in the body, the biomaterial undergoes
many physiological processes which lead to several
modifications in the biomaterial. The stability of the material
is important after implantation, and the success of the graft
depends on the capability of the material to remodel itself
and to maintain cell colonization®!*!!. Investigations into the
material’s capacity for cell colonization should be assessed
in a pre-surgical step, before implantation. Microporosity
and biocompatibility play an important role in cell behavior
when cells are cultured in three-dimensional scaffolds'=.

The aim of the current study was to produce 3-D HA/
Col (50/50 wt. (%)) composite scaffolds, to investigate their
biocompatibility through a cytotoxicity test and, finally, to
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evaluate them in vitro in the presence of immortalized human
stromal (STRO-1A) cells.

2. Materials and Methods

2.1. Collagen extraction

Isolation of Col fibrils from bovine Achilles tendon
was performed by the enzymatic action of pepsin (Sigma-
Aldrich, UK), which cleaves telopeptides. The bovine
tendon was washed and cut into 3 mm? cubes. The pieces
were crushed in a food processor and added to a solution
of 0.5 M acetic acid (Merck, Brazil) and 10% pepsin, then
incubated at 30 °C for 24 hours. The extraction solution was
centrifuged at 90,000 g (Eppendorf, 5810R, Germany) for
complete removal of impurities. The fibers were separated
and precipitated with solution of 10% NacCl (Vetec, Brazil).
The precipitated fibers were dialyzed in distilled water for
3 days and redissociated in 59.32 mM orthophosphoric acid
(Merck, Brazil). The final fiber solution (at a concentration
of 12 mg.mL™") was stored at 4 °C until use.

2.2. Synthesis and cross-linking of HA/Col
composites

The HA/Col (50:50 wt. (%)) 3-D composite scaffolds
were produced by the aqueous precipitation method in
the presence of collagen fibers; this is also known as the
self-assembly method''. The theoretical Ca/P ratio and
temperature was equal to 1.67 and 38 °C, respectively, and
the pH was maintained at 8-97°. For this, calcium nitrate
solution (37.2 mM) and Col fibers in orthophosphoric
acid solution (59.32 mM) were gradually, and in parallel,
added through peristaltic pumps into a reaction vessel with
25 mL of ultrapure water, followed by an aging time of
3 hours. Three syntheses were prepared and cylindrical
molds (~8 mm diameter and 3 mm high) were filled with
the produced materials and lyophilized.

The synthesized 3-D composites were kept in saline
solution (PBS) for 24 hours before cross-linking with
0.125% glutaraldehyde (TedPella, USA) and sterilized with
atotal dose of 25 kGy using yradiation. The glutaraldehyde
concentration was previously determined, based on the
literature!®!”, considering that the scaffold had to maintain
its integrity in culture medium for at least 28 days. By
thermogravimetric analysis (results not shown) a ratio of 1.2
between organic and inorganic phase was found.

Fourier-transform infrared spectroscopy (FTIR) analysis
of the composite, before and after cross-linking, was carried
out using the Spectrum One FTIR (ABB Bomem Inc.,
USA) system. For this analysis, the scaffolds were finely
cut and mixed with potassium bromide (KBr). Spectra
were collected in the wavenumber range of 4000-400 cm'!
at a nominal resolution of 4.00 cm™' and with a number of
scans equal to 100.

2.3. Morphological characterization

The morphology of the cross-linked HA/Col scaffolds,
before and after culture with STRO-1A cells, was
observed by scanning electronic microscopy (SEM). The
3-D scaffolds were fixed with glutaraldehyde (4%) and
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paraformaldehyde (2%) in phosphate buffered saline
(PBS; pH 7.4). They were dehydrated in increasing
ethanol solutions (50, 70, 80, 95 and 100%) and immersed
twice for 10 minutes in each solution. After complete
dehydration using hexamethyldisilasane (HMDS; Sigma-
Aldrich, UK), the scaffolds were gold-coated and examined
under a Quanta 400 environmental scanning electron
microscope (FEI, USA).

For transmission electron microscopy (TEM) analysis,
the 3-D cross-linked HA/Col scaffold was embedded in
Spurr™ and cut into thin sections. The transmission electron
images were obtained on finely sliced samples using a Tecnai
microscope (FEI, USA) with high resolution at 300 kV.

For fluorescence microscopy, an Olympus BX 51
microscope was utilized. The scaffolds were incubated for
1 hour in Bouin’s solution (Sigma-Aldrich, UK) at room
temperature. Next, samples were kept for 90 minutes in
a siriusred solution (0.1% saturated picric acid; Sigma-
Aldrich, UK) and washed in 0.01 M hydrochloric acid.

2.4. Cytotoxicity test

Samples were immersed in culture medium (100 mg/
mL of cross-linked HA/Col scaffold in Dubelcco’s
Modified Eagle Medium (DMEM) free of fetal bovine
serum) at 37 °C for 24 hours; the extracts were collected
for the cytotoxicity assay according to ISO 10993-12'8 and
10993-5". A 1% phenol solution was used as the positive
cytotoxicity control and titanium powder (100 mg/mL) as the
negative cytotoxicity control. Then, MC3T3-E1 osteoblasts
(subclone 14-CRL 2594; ATCC) were seeded in a 96-well
cell culture plate (1 x 10* cell/well) and cultured in DMEM
containing NaHCO, (1.2 g.L"), ampicillin (0.025 g.L™")
and streptomycin (0.1 g.L ") supplemented with 10% fetal
bovine serum for 24 hours at 37 °C in 5% CO,/95% air.

After 24 hours of cell exposure to the extract
media, cytotoxicity was evaluated with a commercial
kit (Cytotox, Xenometrix, Germany) which allows the use
of three different parameters of cell survival and integrity
on the same sample: 2,3-bis[2-methyloxy-4-nitro-5-
sulfophenyl]-2H-tetrazolium-5-carboxanilide (XTT),
Neutral Red (NR) and Crystal Violet Dye Elution (CVDE).
The absorbance data were obtained using a microplate
UV/Vis spectrophotometer (PowerWave MS2, BioTek
Instruments, USA).

2.5. Cell culture with osteoprogenitor stromal
cells

Immortalized human stromal cells (STRO-1A) were
graciously provided by Marie et al.*®. When STRO-1A cells
had reached confluence, the cells were harvested, detached
with trypsin-ethylenediamine tetra-acetic acid (EDTA;
Sigma-Aldrich, UK), counted (5 x 10° cells/scaffold) and
resuspended in culture medium (Iscove’s medium with
L-glutamine containing 10% SBF, 100 U/mL penicillin G,
100 pg/mL streptomycin sulfate and 10-* M dexamethasone;
Sigma-Aldrich, UK). The sterilized scaffolds were
rehydrated with complete cell culture medium for 24 hours
before cell culture. After this period, STRO-1A cells were
inoculated into the scaffolds and cultured under static
conditions for 24 hours, 3, 7, 14 and 21 days in a humid
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Figure 1. FTIR spectra of the HA/Col (50/50 wt. (%)) composite
before (A) and after cross-linking with 0.125% glutaraldehyde (B).
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incubator at 37 °C and 5% CO,. The medium was renewed
three times a week.

The proliferation of STRO-1A cells on cross-
linked HA/Col scaffolds was determined using the
MTT (3-{4,5-dimethylthiazol-2-yl}-2,5-diphenyl-2H-
tetrazolium-bromide; Sigma-Aldrich, UK) assay. The
samples (n = 6) were incubated in 500 uL of MTT solution
at 37 °C in a humid atmosphere containing 5% CO, for
3 hours. After the complete withdrawal of MTT, 500 pL of
acidic isopropanol (0.3%) were added to the samples. After
10 minutes, the optical density was read at 570 nm on a
microplate reader (ELX, 800UV, Biotec Instruments, INC).

Alkaline phosphatase (ALP) activity was measured
using p-nitrophenylphosphate as the substrate in an alkaline
buffer solution (20 mM p-nitrophosphate + 100 mM
diethanolamine 98% + 10 mM MgCl,, pH 9.5 at room
temperature). The scaffolds (n = 6) were permeabilized with
a 0.5% aqueous solution of Triton X-100 (Sigma-Aldrich,
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Figure 2. SEM micrographs of the HA/Col scaffold surface (a), detail of collagen fiber mineralization (b), TEM micrograph of the HA/Col
scaffold showing deposits of HA crystals (*) around Col fibers (c) and picrosirius red staining for collagen identification (d).
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UK) and incubated for 30 minutes at 37 °C. Then, the
reaction with the substrate was terminated with the addition
of an EDTA solution (0.1 M EDTA in 1 M NaOH). The
optical density of the solution was read on a plate reader
at 405 nm. The osteocalcin (OC) and pro-collagen I (PIP)
analyses were carried out according to the manufacturer’s
data using the Gla-Type Osteocalcin and Procollagen Type I
C-Peptide EIA Kits, respectively (Takara Bio INC, Japan).
After cell culture for 7, 14 and 21 days, aliquots of culture
medium were incubated on one pre-treated 96-well plate
at 37 °C. The optical density of the solution was read on a
plate reader at 450 nm.

The scaffolds cultured with STRO-1A cells for
24 hours and 14 days were also prepared for histological
observation (n = 4). For this, the scaffolds were fixed with
neutral-buffered formalin solution (10%; Sigma-Aldrich,
UK). Standard dehydration in sequentially increasing
ethanol solutions to 100% ethanol was performed, followed
by immersion in xylene (Sigma-Aldrich, UK), paraffin
saturated xylene and finally molten paraffin (Fisher
Scientific, UK). Blocks were sectioned at 15 wm and stained
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Figure 3. Cytotoxicity assay (XTT reduction, Neutral red uptake,
and Crystal violet dye elution) of cross-linked HA/Col scaffold
using MC3T3 cells. For XTT and NR test, statistically significant
differences between groups were observed (p < 0.05) (*,**). For
Crystal violet test (***) denotes significant difference between
HA/Col sample and titanium, p < 0.05.
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with 4’,6-diamidino-2-phenylindole dihydrochloride (DAPI;
Sigma-Aldrich, UK) for the visualization of cell nuclei.

2.6. Statistical analysis

Quantitative data are presented as mean =+ standard
deviation (SD). After the Shapiro-Wilk normality test,
ANOVA (one-way) and Tukey post-hoc tests were
performed to determine the statistical significance between
experimental groups. A value of p < 0.05 was considered to
be statistically significant.

3. Results and Discussion

Recent studies have described different methods for
producing HA/Col scaffolds, among which different self-
assembly methods can be highlighted™*'>?'%2, The samples
obtained by the methods described above were visually
homogeneous, with a three-dimensional network and were
easy to manipulate. Moreover, samples could be produced
in any size or shape.

The FTIR spectra, before and after cross-linking, for the
HA/Col scaffold were similar and can be seen in Figure 1.
Bands related to the phosphate characteristics were observed
at473 cm™ (v2 mode), 560 and 604 cm™' (PO,*, v4 mode),
961 cm™ (PO,*, vl mode) and 1030 cm™ (PO,*, v3 mode).
After the cross-linking process, we observed only a moderate
increase in the I and III amide bands similar to that observed
by Chang and Tanaka® and Wopenka et al.*.

The morphology of the HA/Col scaffold cross-linked
with glutaraldehyde showed a relatively dense fibrous
structure (Figure 2a). At higher magnification, the collagen
fibers appeared to be covered by a calcium-phosphate layer
(Figure 2b) which was confirmed by TEM examination.
In Figure 2c, using TEM micrography, the mineral phase
appeared as deposits covering the Col fibers. The mineral
phase was rich in calcium and phosphorus elements
(determined by energy-dispersive spectroscopy, not
shown) and therefore called HA. Moreover, these needle-
like HA crystals showed an irregular crystal orientation.
However, the collagen was still accessible at some portion
of the fiber surface as confirmed by picrosirius red staining,
a specific collagen marker (Figure 2d).

These results are in accordance with those of Cool et al.»
who demonstrated that only 25% of the mineral phase was
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Figure 4. MTT assay of STRO-1A cells at several incubation periods (A, hours and B, days) on cross-linked HA/Col scaffold. Error bars
represent means +/—SD for n = 6. The symbols (*,** ***) indicate statistical significance within a time point (p < 0.05).
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deposited inside fibril gaps, while the remaining 75% of
the precipitates were found on the Col fiber surface without
any specific orientation. Several different factors seem to
act, synergistically or interchangeably, to initiate mineral
deposition in organic structures. Zhang et al.'® suggested that
mineral nucleation and growth is mediated by a combination
of biological, physico-chemical and biomechanical factors.
The presence or absence of proteins and other substances,
such as proteoglycans, can influence the nucleation phase.
In our case, during HA/Col scaffold preparation, Col fibers
quickly agglomerated together with the HA nanocrystals.
Finally, organic clusters with entrapped HA crystals were
formed, limiting crystal growth due to their confinement
among the Col fibers.

Figure 3 shows the in vitro cytotoxicity results evaluated
by XTT, NR and CVDE after 24 hours in culture on the
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cross-linked HA/Col scaffold extracts. The XTT results
showed a statistically superior metabolic activity on HA/
Col scaffolds compared to the titanium sample (negative
cytotoxicity control). Regarding the NR assays, there was
a statistically significant difference between the titanium
sample and the HA/Col scaffolds, with the latter presenting
poorer cell membrane integrity; however, this parameter
was significantly greater than in the phenol sample (positive
cytotoxicity control). Similarly, the crystal violet assays
showed a lower cell number with HA/Col scaffold extracts
compared to titanium material extracts. Considering these
assays, the optimized cross-linked HA/Col scaffold was
considered to be cytocompatible and tests with human
stromal cells were initiated®.

The possibility that the HA/Col scaffolds could be
used as a carrier for culturing human stromal cells was
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Figure 5. SEM micrographs of STRO-1A cells cultured on cross-linked 3-D HA/Col scaffolds for: a) 24 hours; b) 3; ¢) 7; and d) 14 days.

Original magnification: 500x.
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examined. For this, STRO-1A cells were cultured for up
to 21 days on the scaffolds, and their ability to adhere,
colonize and proliferate inside the scaffold was examined.
The STRO-1A cells needed 6 hours to completely attach
to the scaffolds (Figure 4a). Furthermore, they started to
proliferate. The highest number of cells on the scaffolds
was observed after 7 days. However, after this time, the
number of cells decreased, and after 21 days, half of the
cells had died, probably because of the culture conditions
used (Figure 4b). Indeed, some authors have shown that to
maintain viable cells inside 3-D scaffolds for long periods,
itis necessary to force medium perfusion inside the scaffold
using dynamic culture conditions*%.

Regarding cell morphology on scaffolds, after the first
24 hours, STRO-1A cells already showed adhesion and
spreading processes, demonstrating the biocompatibility
of the cross-linked HA/Col 3-D scaffold (Figure 5a).
Due to the porous surface and irregular topography, cells
exhibited a polygonal shape and many filopodial structures
forming network interactions between cell membranes and
mineralized collagen fibers, as can be observed in Figures 5b
and Sc. After 14 days, the surface of the HA/Col scaffold
was almost covered with cells and possibly mixed with
secreted ECM (Figure 5d). Indeed, it has been previously
demonstrated that STRO-1A cells are capable of secreting
and mineralizing an ECM for up to 21 days in culture, when
stimulated by dexamethasone and 1,25(OH),D.*. Thus,
from this morphological study, it appears that the HA/Col
scaffold can be a favorable microenvironment for the growth
of STRO-1A cells during two weeks of culture.
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Figure 6 shows the differentiation state of STRO-1A
cells after 7, 14 and 21 days of culture on HA/Col scaffolds.
Alkaline phosphatase activity (ALP, Figure 6a) showed a
regular increase over time with a significantly higher value
after 21 days. A second primary differentiation marker, the
type I collagen synthesis (PIP, Figure 6¢), showed a similar
trend. On the contrary, the late differentiation marker,
osteocalcin (OC, Figure 6b), showed a significantly higher
value only after 21 days. Normally, the alkaline phosphatase
activity and type I collagen synthesis should be higher at
earlier times and osteocalcin synthesis at later times'>?°. This
discrepancy could be explained by decreased cell viability
after 14 days.

The nuclei of STRO-1A cells were observed after
DAPI staining on histological sections of the HA/
Col scaffold after 24 hours and 14 days in order to evaluate
the capacity of cells to penetrate into the scaffold. The image
in Figure 7a shows that cells had already migrated into the
HA/Col scaffold after 24 hours. However, after 14 days,
as shown in Figure 7b, proliferation was greater outside
the scaffold and a continuous cell layer was formed on the
surface, as also observed on the SEM image (Figure 5d).
The number of cells inside the scaffold did not increase over
time. This suggests that static conditions are not sufficient
to allow the survival of cells inside the scaffold and that
dynamic culture conditions with perfusion of the scaffold
by the culture medium must be established. These studies
are currently in progress.
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Figure 6. Differentiation expression of STRO+1A cells cultured on cross-linked HA/Col scaffolds for up to 21 days. Alkaline
phosphatase (a), osteocalcin (b) and pro-collagen I (c)-PIP expression. Error bars represent mean + SD with n = 6. The symbol (*) indicates

statistical significance within a time point (p < 0.05).
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Figure 7. DAPI staining of STRO-1A cells cultured on crosslinked HA/Col scaffold cross-sections for: a) 24 hours; and b) 14 days. Details

of continuous cell layer formed on the surface (b).

4. Conclusion

In this work, 3-D HA/Col (50/50 wt. (%)) scaffolds
were synthesized using a self-assembly method and cross-
linked with 0.125% glutaraldehyde. The scaffolds presented
no cytotoxicity as evaluated using MC3T3 cells by three
different parameters of cell survival and integrity on the
same sample: 2,3-bis[2-methyloxy-4-nitro-5-sulfophenyl]-
2H-tetrazolium-5-carboxanilide (XTT), Neutral Red (NR)
and Crystal Violet Dye Elution (CVDE). STRO-1A cells
were found to adhere, proliferate and differentiate on the
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