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Abstract

Mineralization of hydrogels is desirable prior to applications in bone regeneration. CaCOs is a
widely used bone regeneration material and Mg, when used as a component of calcium
phosphate biomaterials, has promoted bone-forming cell adhesion and proliferation and bone
regeneration. In this study, gellan gum (GG) hydrogels were mineralized with carbonates
containing different amounts of calcium (Ca) and magnesium (Mg) by alternate soaking in,

firstly, a calcium and/or magnesium ion solution and, secondly, a carbonate ion solution. This

alternate soaking cycle was repeated five times. Five different calcium and/or magnesium ion

solutions, containing different molar ratios of Ca to Mg ranging from Mg-free to Ca-free were

compared. Carbonate mineral formed in all sample groups subjected to the Ca:Mg elemental

ratio in the carbonate mineral formed was higher than in the respective mineralizing solution.

Mineral formed in the absence of Mg was predominantly CaCQOs in the form of a mixture of

calcite and vaterite. Increasing the Mg content in the mineral formed led to the formation of

magnesian calcite, decreased the total amount of the mineral formed and its crystallinity.

Hydrogel mineralization and increasing Mg content in mineral formed did not obviously

improve proliferation of MC3T3-E1 osteoblast-like cells or differentiation after 7 days.
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1. Introduction

Hydrogels are gaining interest as biomaterials for bone regeneration. Enrichment of hydrogels
with a mineral phase is considered desirable in order to promote bone healing in vivo after
implantation into a bone defect site and to improve their mechanical properties (Gkioni et al.,
2010). One such mineral phase known to promote bone regeneration is calcium carbonate
(CaCOs3). CaCOj occurs in different crystalline forms including calcite, the most stable
polymorph, and vaterite, the most thermodynamically unstable form under physiological

conditions. There is evidence that enrichment of hydrogels with vaterite and/or calcite is

beneficial for bone regeneration. Agarose hydrogels mineralized with a mixture of calcite and

vaterite implanted into rat calvarial defects promoted bone regeneration (Suzawa et al., 2010).

Calcite has been shown to be bioactive, i.e. it binds to bone directly in vivo (Fujita et al.,
1991). Coatings of vaterite have stimulated formation of apatite upon incubation in simulated
body fluid (SBF) (Maeda et al., 2007), suggesting that vaterite might display bioactivity in
vivo. Several strategies to mineralize hydrogels with CaCOs; have been reported in the
literature, including alternate soaking of hydrogels in solutions of calcium and carbonate ions
(Ogomi et al., 2003, Suzawa et al., 2010). Calcite can be enriched with magnesium (Mg).
Indeed, Mg is present in the calcareous exoskeletons of certain marine organisms (Borzecka-
Prokop et al., 2007, Nash et al., 2013, Diaz-Pulido et al., 2014). Naturally occurring calcite
containing 30 mol. % Mg and synthetic calcites containing 39 mol. % Mg have been reported
(Morse et al., 2007, Long et al., 2012). Hence, one can expect that CaCOj; biomaterials can be
readily enriched with magnesium.

Recently inorganic calcium phosphate-based materials for bone regeneration have been
enriched to promote adhesion and proliferation of bone-forming cells (Bracci et al., 2009,
Douglas et al., 2016b, Landi et al., 2006). Hence, based on these studies, it was speculated in

our study that CaCOj; enrichment with Mg could lead to similar positive biological effects.
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In this work, hydrogels were mineralized with calcium and magnesium carbonates by
alternate soaking in solutions containing (i) calcium and magnesium ions and (ii) carbonate
ions. Five different Ca:Mg concentration ratios were compared. The hypothesis was that the
presence of (a) carbonate mineral and (b) Mg would improve osteoblast-like cell adhesion and
proliferation while mineralization would improve mechanical properties of hydrogels.
Mineralized hydrogels were subjected to physicochemical characterization to determine the
amount, morphology and nature of mineral formed by attenuated total reflectance Fourier-
transform infrared spectroscopy (ATR-FTIR), X-Ray diffraction (XRD), scanning electron
microscopy (SEM), energy-dispersive x-ray spectroscopy (EDS), inductively coupled plasma
optical emission spectroscopy (ICP-OES) and thermogravimetric analysis (TGA). The dry
mass percentage, i.e. the mass fraction of the hydrogel attributable to mineral and polymer

and not to water, was also determined. The effects of mineralization on resistance to

compressive loading and proliferation and osteogenic differentiation of osteoblast-like cells

were also studied. The hydrogel chosen in this study was gellan gum (GG) which is an

inexpensive anionic polysaccharide produced biotechnologically using bacteria, from which

hydrogels for cartilage and intevertebral discs can be formed by crosslinking with divalent

ions such as Ca*" and Mgz+ (Lee et al., 2012, Pimenta et al., 2011, Silva-Correia et al., 2011).

GG has also been reinforced with bioactive glass to promote its suitability for bone tissue

regeneration (Gantar et al., 2014).

2. Materials and Methods

2.1 Materials, production of GG hydrogel samples and mineralization by alternate soaking
All materials, including GG (Gelzan™ CM, Product no. G1910, “Low-Acyl”, molecular
weight 200-300 kD), CaCl, (No. 21074), MgCl,, Na,CO3; (No. 57795), were obtained from

Sigma-Aldrich, unless stated otherwise.
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GG hydrogel samples in the form of discs were produced as described in earlier work
(Douglas et al., 2014a, Douglas et al., 2014b). Briefly, 16 ml of a 0.875% (w/v) GG solution
in ddH,O was pre-heated to 90°C. 4 ml of a 0.15% (w/v) CaCl, solution was also pre-heated
to 90°C and mixed with the GG solution. The resulting 20 ml GG-CaCl, solution was cast in
10 cm Petri dishes at room temperature and allowed to set for 20 min. The final GG and
CaCl, concentrations were 0.7% (w/v) and 0.03% (w/v), respectively. Using a hole punch,
hydrogel samples in the form of discs of diameter 10 mm were cut out.

The hydrogel disc samples were soaked alternately at room temperature by immersion for 5
minutes in a calcium/magnesium solutions followed by immersion for 5 minutes in a
carbonate solution. This cycle was repeated five times. Five different calcium/magnesium
solutions containing different concentrations of CaCl, and MgCl, were used. The Ca:Mg
concentration ratios (all values mmoldm'S) were as follows: 333:0, 250:83, 167:167, 83:250
and 0:333, respectively. Samples soaked in these calcium/magnesium solutions were denoted
as A, B, C, D and E, respectively. The carbonate solution contained 333 mmoldm™ of

Na,COs. An overview of the aforementioned solutions is given in Table 1.

2.2 Determination of extent of mineral formation and physicochemical and morphological
characterization by ATR-FTIR, XRD, SEM, EDS, ICP-OES, TGA and compressive testing
The dry mass percentage, i.e. the sample weight percentage attributable to polymer and
mineral and not to water, served as a measure of the extent of mineral formation. Samples
were weighed in the wet state after mineralization, dried at 60°C for 24 h and reweighed in
the dry state. Dry mass percentage was defined as:

Dry mass % = (weight after drying / weight in the wet state before drying)*100%  (Eq. 1)

Dry mass percentage measurements were made (n=6) for all sample groups.

http://mc.manuscriptcentral.com/term
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A FTIR spectrometer (Spectrum BX, Perkin Elmer, Belgium) was used in the attenuated total
reflectance mode (ATR) to obtain infrared spectra of the samples. The spectra were recorded
over the wavenumber range 4000-550 cm’ at 32 scans with a resolution of 4 cm™.

XRD (ARL™ X'TRA, Thermo Scientific, Belgium) was performed at 40 kV and 30 mA with
a Cu-K,, radiation source (A= 1.54 nm). The slits used were: 0.6 and 1 at the source side and
0.6 and 0.2 at the detector side. Scans were made in continuous scan mode over a 2Theta
range from 10 to 50 with a step size of 2Theta = 0.02 degrees and a scan rate of 1.2 s/step.
XRD Post processing analysis was performed with Highscore plus software 5 (PANalytical
B.V., Netherlands) to study the crystallographic phase of the structures. The phase content
analysis was performed using the semiquantative Rietveld method. The theoretical CaCOs3
spectra were taken from the works of Sitepu (Sitepu, 2009) and Le Bail et al. (Le Bail et al.,
2011) for calcite and vaterite, respectively. The theoretical spectra of sodium chloride and
magnesium calcite were taken from Strel’tsov et al. (Strel'tsov et al., 1987) and Althoff
(Althoft, 1977), respectively.

SEM and EDS were performed using a SEM JSM-5600 (JEOL, Japan) instrument. Dried
samples were coated with a thin layer of gold for SEM imaging and with a thin layer of
carbon for EDS analysis. Micrographs were obtained with a 20 kV accelerating voltage.

The mass of elemental Ca, Mg and sodium (Na) present were determined by ICP-OES as

described in previously (Gassling et al., 2013). In brief, samples were dissolved in 1 ml 14 M

HNOj (analytical grade, ChemLab, Belgium). For all sample groups, n=3.

TGA was performed with a TG 209 F1 Libra, coupled to a GC Agilent 7890B - MS Agilent
5977A, (NETZSCH-Geritebau GmbH, Germany). Samples were placed in an Al,Oj; crucible
and heated from 313 K to 1273 K at a rate of 10 K/min using argon at a flow rate of 25

ml/min as a purge gas. Sample weights in the range 7.0-10.0 mg were used. Weight was

http://mc.manuscriptcentral.com/term
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measured to an accuracy of 0.1 mg. Mass losses during the procedure were determined, as

well as the initial and final temperatures of each stage of the degradation process.

A Texture Analyzer (TA-XT2i; Stable Micro Systems, UK), with a 5 kg load cell was used
for the mechanical characterization of the hydrogel samples. The resistance of the samples to
the compression of a metallic cylinder probe with a diameter of 15 mm was recorded. The
pre-test speed was set up at 2 mm/s, the test speed at 1 mm/s, with a compression of the
sample of 80% and the post-test speed at 1 mm/s. The experiments (n=6) were carried out at

room temperature.

2.3 Characterization of osteoblast-like cell attachment and growth

The effect of hydrogels on MC3T3-E1 cell viability was assessed by direct contact. Before
cell contact, hydrogels (n=3) were immersed in 9 ml cell culture medium (CCM) (a-MEM
with 10% FBS (both Gibco, France) and 40 pg/ml gentamicin (Panpharma, France)) for 1 d.
Medium was removed and 40,000 cells (ATCC® CRL-2594™, USA) in a 55 ul drop were
seeded on hydrogels and allowed to attach for 2 h, covered with medium and cultured at
37°C, 5% CO; and 100% humidity. After 1, 3 and 7 d, viability was measured by the
AlamarBlue® assay (ThermoFisher Scientific, France). Briefly, CCM was removed and 1 ml
10% AlamarBlue® in CCM was added and incubated for 4 h in the dark. 150 ul AlamarBlue®
solution was recovered and fluorescence was measured (excitation 530 nm, emission 590
nm). Cells seeded at different densities (500,000 to zero) served as standards. Hydrogels

without cells were used as blanks.

2.4 Characterization of osteoblast-like cell differentiation

The effect of hydrogels on MC3T3-E1 cell differentiation was assessed by direct contact.

Before cell contact, hydrogels (n=3) were immersed in CCM as described in the previous

http://mc.manuscriptcentral.com/term
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subsection. Changes in CCM color in dependence of the sample group were observed. 40.000

cells were seeded on each sample as described in the previous subsection.

24 h later, after allowing the cells to reach at least 100% confluency, the medium was

replaced with osteogenic differentiation medium (ODM) containing 1 uM dexamethasone

ascorbic acid (50 pg/ml) and B-glycerophosphate (10 mM). The osteogenic medium was

completely replaced twice per week. Samples were analysed on day 7 and 14 days, after

osteogenic induction. Cells were cultured in CCM on tissue culture polystyrene (TCPS) as a

negative control. Cells were cultured in ODM on TCPS as a positive control. Hydrogels

without cells were used as blanks.

To evaluate activity of alkaline phosphatase (ALP) as a marker of osteogenic differentiation,

the samples were rinced twice with Hank’s Balanced Salt Solution (HBSS) and immersed in

cell lysis buffer (CelLytic TM-M, C2978) 400 ul/well at 4°C for 15 min. Then, scraping the

TCPS or hydrogel surface, the supernatants was collected in 1.5 ml Eppendorf tubes. After a

two-fold repeat freeze (-80°C, 30 min) and defreeze (37°C, 20 min) the lysed cells were

centrifuged for 15 min at 16,000 g at 4°C to pellet the cellular debris. The supernatants were

collected for the BCA and ALP assays. The evaluation was according to the formula: nmol

pNP (measured) per ng (cell protein).

The ALP test was performed by mixing 50 ul lysis solution with 50 ul ALP Activity Assay

Substrate solution (P5994) and incubating for 30 min at 37°C. The reaction was stopped by

adding 50 ul 1 M NaOH solution and mixing on an orbital plate shaker for 30 seconds.

Absorbance was measured at 405 nm. The absorbance values were converted into nmol by

means of standard curves.

2.5 Statistical Analysis

http://mc.manuscriptcentral.com/term
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Student’s t-test was applied to determine statistical significance using Excel software. A two-
tailed unpaired t-test with 95% confidence interval was considered statistically significant if p

<0.05 (*), p < 0.01 (**) and p < 0.001 (***).

3. Results and Discussion

3.1 Physicochemical characterization of mineral formed: FTIR, XRD, SEM, EDS, TGA, ICP-
OES and compressive testing

All sample groups underwent mineralization. This was evident from the increase in opacity,
which is shown in Supplementary Figure S1. Mineral was primarily formed in the outer part
of the hydrogel. Groups B, C and D, i.e. groups with both Ca and Mg, had a more whitish and
deeper coating compared to group A and D, i.e. groups with only Ca or Mg.

3.1.1 FTIR and XRD

FTIR spectra of mineralized hydrogel samples are displayed in Figure 1a. Carbonate mineral
was formed in all groups, as evidenced by the presence of bands at 860-870 cm™,
corresponding to v, antisymmetric bending of carbonate groups, as well as the broad band at
approximately 1400 cm™, which corresponds to v; antisymmetric stretching (Sato and
Matsuda, 1969, Andersen and Brecevic, 1991, Xyla and Koutsoukos, 1989). In sample group
A, both calcite and vaterite, as bands corresponding to vs symmetric bending were detected at
approximately 745 and 715 cm™, which are typical for vaterite and calcite, respectively (Sato
and Matsuda, 1969, Andersen and Brecevic, 1991, Xyla and Koutsoukos, 1989). In sample
group B, the band at 745 cm™, i.e. vaterite, disappeared. The band at approximately 715 cm™,
i.e. calcite, was less pronounced. No bands characteristic for vs symmetric bending, either
vaterite or calcite, could be seen in sample groups C, D and E. The band at approximately

870-860 cm™, corresponding to v, antisymmetric bending, became broader and less intense

http://mc.manuscriptcentral.com/term
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and decreased in wavenumber as Mg content in the mineralizing solution increased, i.e. in the
direction A>E. This suggests an increasing amorphicity in the direction A>E. Characteristic
bands for GG at approximately 1600 and 1030 cm™', which were detected in previous works
(Douglas et al., 2014a, Douglas et al., 2014b, Douglas et al., 2015), were not observed in any
sample group. This demonstrates that a relatively small amount of GG was present relative to
the carbonate mineral.

The results of XRD analysis are shown in Figure 1b. Calcite and vaterite were both detected
in sample group A. However, these peaks were much less evident in sample groups B and C
and absent in sample groups D and E. This suggests increasing amorphicity. In sample groups
C and D, the peak at 29.5, characteristic of the (104) plane of calcite, shifted slightly to a
higher 2theta value, which is characteristic of magnesian calcite (Diaz-Pulido et al., 2014).
Peaks characteristic for NaCl were observed in all samples. Peaks characteristic for GG were
not observed in any sample group. Hence, the XRD results are in agreement with the FTIR
results (Figure 1).

3.1.2 SEM and EDS

SEM images of mineral deposits formed in sample groups A, B, C, D and E are shown in
Figure 2. In sample group A, both cube-like deposits characteristic of calcite and spherical
deposits characteristic of vaterite were observed. This is consistent with the analysis by FTIR
(Figure 1a) and XRD (Figure 1b). EDS analysis of sample group A is shown in
Supplementary Figure S2. Different amounts of elemental Na were detected at different
points. The presence of Na detected by ICP-OES is consistent with the presence of NaCl
detected by XRD (Figure 1b). It should be mentioned that it is unclear from EDS analysis if
the Na is present as NaCl or Na,COs;. Deposits in sample group B were more amorphous and
were present as larger spheres of approximate diameter 10 pm and smaller spheres of

approximate diameter 0.5 pm (Figure 2). In sample group C, roughly spherical deposits of

10
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approximate diameter 5 pm were seen. In addition, some network-like deposits were
observed, which might be due to the GG polymer network, although this discussion must
remain speculative. Such network-like deposits were also observed in sample groups D and E,
along with small spherical deposits of approximate diameter less than 0.5 pm, and in the case
of samples group E, spherical deposits of approximate diameter 5 pm, which were covered by
network-like deposits. The observation of poorly defined spherical deposits in sample groups
B, C, D and E suggests the presence of amorphous mineral, which is consistent with FTIR and
XRD results (Figure 1). Unmineralized GG samples displayed a smooth surface devoid of
deposits. EDS-based elemental mapping of sample groups B-E revealed that Ca, Mg and Na
were distributed over the whole surface of the samples, with no regions of markedly higher
Ca, Mg or Na content (data not shown).

3.1.3 TGA

TGA results showing dependence of thermal degradation of sample groups A, B, C, D and E
on temperature are shown in Figure 3i-v. In sample group A, the first noteworthy mass
decrease occurred between approximately 325 K and 425 K. This can be ascribed to
evaporation of loosely bound water. The second decrease occurred between approximately
475 K and 525 K. This can be ascribed to evaporation of more tightly bound water. The main
decrease occurred between approximately 875 K and 1025 K. This corresponds to the
decomposition of CaCOs to CaO and CO, (Frost et al., 2009). In sample group B, the mass
decreases between 325 K and 425 K and between 475 K and 525 K were more pronounced,
suggesting a greater amount of bound water. This increase in bound water may be indicative
of greater amorphicity or lower amount of mineral present. Furthermore, a mass decrease
between approximately 525 K and 725 K was seen, which corresponds to degradation of GG
polymer observed in previous work (Douglas et al., 2014a). In sample groups C and D the

aforementioned mass decreases were more pronounced, suggesting greater amounts of bound

11
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water present and a higher proportion of GG polymer. In sample group D, the mass decrease
between approximately 525 K and 725 K was particularly pronounced. The thermal
decomposition profile of sample group E also exhibited the aforementioned mass decreases
due to bound water, but the main thermal decomposition occurred in a lower temperature
range, namely 600-750 K. It is conceivable that this is due to thermal decomposition of a
magnesium carbonate phase such as hydromagnesite, into MgO, CO, and H,O, respectively
(Hollingbery and Hull, 2010), however such discussion must remain speculative.

The dry mass percentages of the sample groups are shown in Figure 3vi. Generally speaking,
values decreased in the order A =B > C > D > E >> GG. It is known from previous work that
the values for unmineralized GG samples range between approximately 0 and 2% (Douglas et
al.,, 2016a). As expected, these values are considerably lower than those for mineralized
samples. Elemental masses and molar amounts of Ca, Mg and Na in the sample groups are
presented in Figure 3vii and viii, respectively. The results are consistent with the dry
percentage measurements (Figure 3vi). The elemental Ca:Mg ratios in the mineralized
hydrogels were higher than the respective Ca:Mg ratios in the mineralization solutions.
Hence, Ca was more readily incorporated into mineral formed than Mg. Presumably, this is
due to increased hydration of magnesium ions in solution and their slower dehydration
relative to calcium ions, which hinders and decelerates their integration into mineral, as
postulated previously (Martin and Brown, 1997). This preferential incorporation of Ca is also
in agreement with studies on the effect of Mg/Ca elemental ratio in seawater on the
incorporation of Mg into marine invertebrate exoskeletons and non-skeletal precipitation
(Ries, 2004, Stanley et al., 2002).

FTIR, XRD, SEM and TGA results (Figures 1, 2 & 3i-v) suggest that increasing the Mg
content decreases crystallinity of the mineral formed. It is possible that the presence of Mg

helps to stabilize the amorphous phase. Indeed, Mg has been reported to “poison” calcite

12
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formation (Folk, 1974), presumably by binding to the surface of calcite nuclei and inhibiting
further crystal growth due to its residual water of hydration. Na was incorporated into all
mineralized samples. This is consistent with the results of XRD (Figure 1b) and EDS analysis.
Less Na was present than Ca and Mg combined in all sample groups. The Na content
increased in the order A= B<C <D <E.

3.1.4 Compressive testing

The results of compressive testing are shown in Figure 3ix. Generally resistance to
compressive loading increased with increasing Mg content in the calcium/magnesium
chloride mineralizing solution. Values for sample groups A and B were not markedly higher
than those for unmineralized samples (GG). However, values for sample groups C and D were
significantly higher than those for unmineralized samples and for sample group A. The
highest values were observed for sample group E, which were significantly higher than those
for unmineralized samples and sample groups A and B. The reasons for this remain unclear,
as one would expect a higher amount of mineral present to lead to higher resistance to
compressive loading. It is conceivable that the distribution and the structure of the mineral
deposits may influence the mechanical properties. However, in the absence of further

evidence, such discussion must remain highly speculative.

3.2 Cell biological characterization with MC3T3-E1 osteoblast-like cells

The results of the cell proliferation assay are shown in Figure 4. In general, mineralization did
not have an appreciable positive influence on cell number. Unmineralized samples showed the
highest cell number after 7 days. Of the mineralized sample groups, the highest values were
seen for sample group E after 1 and 3 days, and for sample groups A and E after 7 days.
Sample groups C and D showed markedly lower cell numbers than samples groups A and E at

all time points.

13
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In previous work on GG hydrogels enzymatically mineralized with calcium phosphate
(Douglas et al., 2014a), MC3T3-El cell adhesion rose markedly as a result of hydrogel
mineralization with CaP. In another previous publication, ALP-enriched GG hydrogels were
mineralized with five different mineralization solutions of varying Ca:Mg molar ratios in
order to assess the effect of Mg on the physiochemical and biological properties of the
resulting composites (Douglas et al., 2014b). Incorporation of Mg into CaP mineral formed in
GG hydrogels led to enhanced osteoblast-like cell adhesion and proliferation after 1 day and
11 days. This Mg-induced effect was independent of the crystallinity of the CaP formed
(calcium-deficient apatite or amorphous CaP).

In another study, enzymatic mineralization of GG with calcite and magnesian calcite lead to
promotion of MC3T3-El osteoblast-like cell adhesion and proliferation after 1 day and 7 days
(Douglas et al., in press). Hence, it is unclear why mineralization with carbonate mineral
failed to markedly enhance cell proliferation in this study. It is possible that Mg-enhanced
carbonate mineral is less effective at stimulating cell proliferation than Mg-enhanced CaP.
The biological effects of magnesium as a component of calcium carbonate may differ from its
effects as a component of CaP materials in terms of the texture and solubility. The amount of
Mg present may also play a role. In the absence of further data, such discussion must remain
speculative.

The results of the osteogenic differentiation assay are shown in Figure 5. All sample groups

were poorer at inducing ALP activity than TCPS after both 7 and 14 days. The reasons for

this are unclear. Differences in stiffness and texture at the surface between TCPS and sample

groups may play a role. Stiffer substrates are known to promote osteogenic differentiation

(Bovan et al., 2003). No statistically significant differences were observed between groups A-

E and GG after 7 days. After 14 days, significantly superior values were observed on mineral

sample groups B, C. D and E, which contain Mg, than on sample group A, which is Mg-free.
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Improved differentiation of MC3T3-E1 cells has been reported on calcium phosphate

substrates (Jiao and Wang, 2009, Zhao et al.. 2013). however reports on osteogenic

differentiation on calcium carbonate-based materials containing Mg are scarce. It is not

inconceivable that the aforementioned differences in crystallinity between mineral formed in

sample group A (most crystalline) and sample groups B, C, D. E (less crystalline) may play a

role. However, due to the lack of previous studies of differentiation on calcium carbonate-

based materials of different crystallinities, such discussion must remain speculative.

4. Conclusion

GG hydrogels were mineralized with an inorganic phase consisting of Ca, Mg, Na and
carbonates by alternate soaking in solutions of calcium/magnesium chloride and sodium
carbonate. In the absence of Mg, the mineral formed was a combination of calcite, vaterite
and NaCl. As Mg content increased, the carbonate mineral formed became more amorphous,
and a lower mass of mineral was formed. Ca was preferentially incorporated in comparison to
Mg. Mineralization led to an increase in resistance to compressive loading. However the
increase in resistance did not correlated with increasing mass of mineral present. It was not
demonstrated that mineralization or the incorporation of Mg into mineral promoted

osteoblast-like cell attachment. Further work should focus on in vivo studies to assess the

ability of the mineralized hydrogels to support bone regeneration.
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Concentration in
Sample Concentrations in Ca’ +/Mg2 * solution CO;* solution
group CaCZg MgCZz Na2C03
(mmol dm™) (mmol dm™) (mmol dm™)

A 333 0 333

B 250 83 333

C 167 167 333

D 83 250 333

E 0 333 333

Table 1. Concentrations of solutions used to mineralize hydrogels in this study. Hydrogels

were alternately soaked in Ca*/Mg”" solution and CO5* solution for 5 minutes.

9. Figure Captions
Figure 1. a) FTIR spectra of mineralized hydrogels. Top FTIR spectra from the region of 4000

to 500 cm™. Middle region of 2000 to 500 cm™. Bottom region from 1000 to 600 cm™. b)

XRD diffractograms of mineralized hydrogels for the different sample groups

Figure 2. SEM micrographs of mineralized hydrogels. Scale bar = 5 pm in all cases except E
(10 pm). Absence of Mg generated a cubic structure (A) while the presence of Mg created
microspheres between the GG structure. Some flake —like structure can also be observed. GG

alone (G) did not presented any obvious mineralization.

Figure 3. i-v: Thermogravimetric analysis of mineralized hydrogels A-E. Representative
graphs showing residual mass percentage (TG) and rate of change of TG (DTG) are shown.
vi: Dry mass percentage of mineralized (A-E) and unmineralized (GG) hydrogels. vii, viii:
ICP-OES determination of elemental Ca, Mg and Na present in mineralized hydrogels after

drying. pg element (vii) and umol element (viii) are shown. ix: Compressive testing of
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mineralized hydrogels. y-axis: force required to compress samples by 80%. Error bars show

standard deviation. Significances: *: p < 0.05; **: p <0.01; ***: p <0.001.

Figure 4. Proliferation of MC3T3-El osteoblast-like cells on mineralized (A-E) and

unmineralized (GG) hydrogels. Error bars show standard deviation. Significances: *: p<0.05,

*#: p<0.01, ***: p<0.001.

Figure 5. Osteogenic differentiation of MC3T3-E1 osteoblast-like cells on mineralized (A-E)

and unmineralized (GG) hydrogels expressed as nmol alkaline phosphatase (ALP)/ng protein

after 7 and 14 days. TCPS+: Tissue Culture Polystyrene with osteogenic differentiation

medium. TCPS-: Tissue Culture Polystyrene without osteogenic differentiation medium. Error

bars show standard deviation. Significances after 14 d: *: p<0.05, **: p<0.01, ***: p<0.001.

Statistical significance between groups A-E and GG are indicated by letters. TCPS+ and

TCPS- were_statistically different to all samples group after both 7 and 14 days. No

statistically significant differences were observed between groups A-E and GG after 7 days.

Supplementary Figure 1: Cross-sectional (top) and overhead (bottom) images of mineralized

(A-E) hydrogels. Diameter = 10 mm in all cases.

Supplementary Figure 2: EDS analysis of mineralized hydrogel sample group A at three

different points (1, 2, 3).
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Figure 2. SEM micrographs of mineralized hydrogels. Scale bar = 5 uym in all cases except E (10 um).
Absence of Mg generated a cubic structure (A) while the presence of Mg created microspheres between the
GG structure. Some flake -like structure can also be observed. GG alone (G) did not presented any obvious

mineralization.
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Figure 3. i-v: Thermogravimetric analysis of mineralized hydrogels A-E. Representative graphs showing
residual mass percentage (TG) and rate of change of TG (DTG) are shown. vi: Dry mass percentage of
mineralized (A-E) and unmineralized (GG) hydrogels. vii, viii: ICP-OES determination of elemental Ca, Mg
and Na present in mineralized hydrogels after drying. ug element (vii) and pmol element (viii) are shown.
ix: Compressive testing of mineralized hydrogels. y-axis: force required to compress samples by 80%. Error
bars show standard deviation. Significances: *: p < 0.05; **: p < 0.01; ***; p < 0.001.
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Figure 4. Proliferation of MC3T3-E1 osteoblast-like cells on mineralized (A-E) and unmineralized (GG)
hydrogels. Error bars show standard deviation. Significances: *: p<0.05, **: p<0.01, ***: p<0.001.

57x40mm (300 x 300 DPI)

http://mc.manuscriptcentral.com/term

HA
HB
mC
EmD
HE
B GG

Page 26 of 26



Page 27 of 26 Journal of Tissue Engineering and Regenerative Medicine

oNOYTULT D WN =

50 - m7d
40 A m14d

] . ™
N em om ol ol em om OH S

18 A B C D E GG TCPS+ TCPS-
20 Sample group

nmol ALP/ng protein
w
o
|

— xx%

ab.e, »
*d o a ,€,99

xR%

- a!tb’c - a,c
“de e,gag *‘a b,d **b,d

ag ae

addda

32 A B C GG
34 Sample group

t*’x KRR

nmol ALP/ng protein
O N b~ OO O O
|
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