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Full title: Enzymatic, urease-mediated mineralization of gellan gum hydrogel with calcium 

and magnesium carbonates for bone regeneration applications 

Short title: Hydrogels enzymatically mineralized with Ca/Mg-carbonate 

 

Abstract 

Mineralization of hydrogel biomaterials is considered desirable to improve their suitability as 

materials for bone regeneration. Calcium carbonate (CaCO3) has been successfully applied as 

a bone regeneration material, but hydrogel-CaCO3 composites have received less attention. 

Magnesium (Mg) has been used as a component of calcium phosphate biomaterials to 

stimulate bone-forming cell adhesion and proliferation and bone regeneration in vivo, but its 

effect as a component of carbonate–based biomaterials remains uninvestigated. In this study, 

gellan gum (GG) hydrogels were mineralized enzymatically with CaCO3, Mg-enriched 

CaCO3 and magnesium carbonate to generate composite biomaterials for bone regeneration. 

Hydrogels loaded with the enzyme urease were mineralized by incubation in mineralization 

media containing urea and different ratios of calcium and magnesium ions. Increasing 

magnesium concentration decreased mineral crystallinity. At low magnesium concentrations 

calcite was formed, while at higher concentrations magnesian calcite was formed. 

Hydromagnesite (Mg5(CO3)4(OH)2·4H2O) formed at high magnesium concentration in the 

absence of calcium. Amount of mineral formed and compressive strength decreased with 

increasing magnesium concentration in the mineralization medium. Calcium:magnesium 

elemental ratio in the mineral formed was higher than in the respective mineralization media.  

Mineralization of hydrogels with calcite or magnesian calcite promoted adhesion and growth 

of osteoblast-like cells. Hydrogels mineralized with hydromagnesite displayed higher 

cytotoxicity. In conclusion, enzymatic mineralization of GG hydrogels with CaCO3 in the 
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form of calcite successfully reinforced hydrogels and promoted osteoblast-like cell adhesion 

and growth, but magnesium enrichment had no definite positive effect. 
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1. Introduction 

Gellan gum (GG) is an inexpensive anionic polysaccharide produced biotechnologically using 

bacteria, from which hydrogels can be formed by crosslinking with divalent ions (Giavasis et 

al., 2000, Morris et al., 2012). GG hydrogels have been applied as scaffold biomaterials to aid 

the regeneration of skin (Cerqueira et al., 2014a, Cerqueira et al., 2014b), cartilage and 

intevertebral discs (Lee et al., 2012, Pimenta et al., 2011, Silva-Correia et al., 2011). 

 

Numerous groups have employed various strategies to enrich hydrogels with a mineral phase 

to improve their suitability for applications in bone regeneration (for reviews, see (Gkioni et 

al., 2010, Douglas, 2014). Enrichment with a mineral phase is considered desirable in order to 

promote bone healing in vivo after implantation into a bone defect site (Suzawa et al., 2010, 

Anderson et al., 2011). The presence of a mineral phase in hydrogels also promotes adhesion, 

proliferation and osteogenic differentiation of bone-forming cells in vitro (Anderson et al., 

2011, Bongio et al., 2011, Douglas et al., 2014a, Douglas et al., 2014c, Patel et al., 2010, 

Phadke et al., 2012). Furthermore, the mineral phase can reinforce the hydrogel mechanically 

(Douglas et al., 2012, Douglas et al., 2014d, Gyawali et al., 2013, Paxton et al., 2009, 

Sanginario et al., 2006, Song et al., 2009). 

 

The most commonly used type of mineral to enrich hydrogels is calcium phosphate (CaP), 

which occurs in different forms such as hydroxyapatite (HA), calcium-deficient apatite, 

tricalcium phosphate (TCP) and brushite, to name a few. The aforementioned forms of CaP 

have all been applied as bone regeneration materials. In the case of GG hydrogels, 

incorporation of a mineral phase has been achieved by addition of inorganic particles (Gantar 

et al., 2014, Kocen et al., 2014, Douglas et al., 2014b, Canadas et al., 2012, Manda-Guiba et 

al., 2012) or by enzymatic mineralization with calcium phosphate (CaP) using the enzyme 
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alkaline phosphatase (ALP), which has not only led to mechanical reinforcement, but also 

supported osteoblast adhesion and proliferation (Douglas et al., 2014a). 

 

Another inorganic material which has been widely and successfully applied in bone 

regeneration is calcium carbonate (CaCO3). CaCO3 can occur as amorphous calcium 

carbonate (ACC) and also as three crystalline polymorphs, namely calcite, found in some 

sponges and crustaceans, aragonite, present in coral and molluscs, and vaterite, the most 

thermodynamically unstable form (Sommerdijk and de With, 2008, Muller et al., 2013, Morse 

et al., 2007). Coral-derived scaffolds, consisting of aragonite, have been reported to have 

outperformed CaP materials when implanted in vivo (Viateau et al., 2013). In vitro, coral 

scaffolds have supported growth and osteogenic differentiation of osteoblasts and 

mesenchymal stem cells (Tran et al., 2011, Foo et al., 2008, Abramovitch-Gottlib et al., 

2006). Nacre, which consists of aragonite crystals embedded in an organic matrix (Corni et 

al., 2012) has promoted bone formation in vivo (Lamghari et al., 1999, Lamghari et al., 2001a, 

Lamghari et al., 2001b, Liao et al., 2000). Bioactivity, a phenomenon whereby a material  

binds to bone directly in vivo, has been demonstrated for calcite (Fujita et al., 1991). Vaterite 

has been deposited as a coating on porous polymer scaffolds to stimulate the formation of 

apatite upon incubation in simulated body fluid (SBF) (Maeda et al., 2007). This suggests that 

vaterite may display bioactivity in vivo. Agarose hydrogels mineralized with CaCO3 in the 

form of a mixture of calcite and vaterite implanted into rat calvarial defects promoted bone 

regeneration (Suzawa et al., 2010). 

 

Thus, for the aforementioned physiochemical and biological reasons, it can be expected that 

enrichment of hydrogels with CaCO3 will improve their suitability as bone regeneration 

materials. Several enrichment strategies have been reported in literature, including addition of 
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nacre powder (Flausse et al., 2013), direct formation of CaCO3 during hydrogel formation by 

delivery of carbonate and calcium ions (Xie et al., 2010), alternate soaking of hydrogels in 

solutions of calcium and carbonate ions (Ogomi et al., 2003, Suzawa et al., 2010), incubation 

in solutions of calcium and bicarbonate ions (Munro et al., 2011, Munro and McGrath, 2012), 

diffusion of CO2 into hydrogels containing calcium ions (Li and Estroff, 2007, Li et al., 2009) 

and double-diffusion systems, where calcium and carbonate ions diffuse into hydrogels from 

different reservoirs (Grassmann and Lobmann, 2003, Grassmann and Lobmann, 2004, Helbig, 

2008). 

 

Another, relatively unexplored strategy to generate CaCO3 formation inside hydrogels is the 

use of enzymes such as urease, which catalyses the conversion of urea and water to form 

bicarbonate ions and ammonia. Bicarbonate ions can undergo deprotonation to form 

carbonate ions, which subsequently react with calcium ions to form CaCO3. The generation of 

ammonia raises the pH of the environment, promoting CaCO3 precipitation. Rauner et al. 

incorporated urease in hydrogels based on hydroxyethyl acrylate and triethylene glycol 

dimethacrylate or poly(2-ethyl oxazoline), which were subsequently incubated in a 

mineralization solution containing urea and CaCl2 (Rauner et al., 2014). This resulted in 

deposition of CaCO3 in the form of aragonite and calcite within the hydrogel network. 

 

Recently, substantial attention has been focused on the enrichment of inorganic, CaP-based 

materials for bone regeneration with magnesium. Several groups have reported a positive 

effect of magnesium on osteoblast adhesion, proliferation and differentiation on different 

CaP-based biomaterials (Boanini et al., 2012, Bracci et al., 2009, Webster et al., 2002, Xue et 

al., 2008, Yamasaki et al., 2003, Yamasaki et al., 2002, Cai et al., 2010, Landi et al., 2006, 

Vandrovcova et al., 2015, Zhang et al., 2015). In vivo, enrichment of different CaP materials 
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with magnesium has promoted bone formation, osseointegration and ingrowth of bone 

(Cabrejos-Azama et al., 2014, Zhao et al., 2012, Landi et al., 2008). 

 

In contrast, magnesium enrichment of CaCO3-based biomaterials for bone regeneration 

remains unexplored. Magnesium is found in calcite present in mineralized marine organisms 

including sea urchins and coralline algae (Borzecka-Prokop et al., 2007, Nash et al., 2013, 

Diaz-Pulido et al., 2014). Naturally occurring calcite can contain up to 30% magnesium 

(Morse et al., 2007). Synthetic calcites containing up to 39 mol. % magnesium have been 

produced (Long et al., 2012). In contrast, the maximum magnesium content in magnesium-

substituted HA has been reported to be between 5 and 7 mol. % (Ren et al., 2010). Hence, one 

can expect that CaCO3 biomaterials can be readily enriched with magnesium. Enzymatic 

mineralization of hydrogels allows straightforward incorporation of other metal ions, e.g. 

Mg
2+

 into the mineral formed. One merely needs to add such ions to the mineralization 

medium, as described in previous work (Douglas et al., 2014c).  

 

In this work, GG hydrogels were mineralized enzymatically with calcium and magnesium 

carbonates using urease. On the basis of previous work on GG hydrogels enzymatically 

mineralized with CaP (Douglas et al., 2014a) and Mg-enriched CaP (Douglas et al., 2014c) 

using the enzyme alkaline phosphatase (ALP), it was hypothesized that the presence of 

carbonate would improve osteoblast-like cell adhesion and proliferation, and that the presence 

of magnesium would lead to an increase in cell number. 

 

Advantages of using GG over commonly used synthetic hydrogel materials (e.g. 

poly(ethylene glycol) (PEG), oligo(poly(ethylene glycol) fumarate) (OPF)) are the lack of 

toxic crosslinkers, and higher mineralizability (Douglas et al., 2012), presumably due to the 
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affinity of GG for Ca
2+

 ions. In contrast to the widely used natural polysaccharide hydrogel 

alginate, GG is also crosslinked by Mg
2+

 ions. As one of the aims of this study is to study the 

effect of magnesium incorporation into carbonate mineral, the use of a hydrogel with affinity 

for Mg
2+

 ions was considered advantageous. 

 

GG hydrogel samples were loaded with the urease by preincubation in a concentrated urease 

solution. Hydrogels were subsequently mineralized with calcium and magnesium carbonates 

by incubation in solutions of urea, a substrate for urease, with five different Ca:Mg 

concentration ratios. The dependence of the physiochemical and biological properties of the 

resulting composites on Ca:Mg concentration ratio was evaluated. Physicochemical 

characterization involved determination of 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), inductively coupled plasma 

optical emission spectroscopy (ICP-OES), thermogravimetric analysis (TGA) and monitoring 

of the dry mass percentage, i.e. the mass fraction of the hydrogel attributable to mineral and 

polymer and not to water. Mechanical reinforcement as a result of mineralization was also 

measured. Biological characterization involved assessment of the cytocompatibility of the 

composites and their ability to promote the adhesion and proliferation of osteoblast-like cells. 

 

As mentioned above, enrichment of calcium carbonate biomaterials for bone contact with 

metal ions other than Ca
2+

 (e.g. Mg
2+

) is not well explored, and neither is enzymatic 

mineralization of hydrogels with calcium or magnesium carbonates. This study aimed to fill 

these gaps in the scientific literature and elucidate the physicochemical and biological effects 

of incorporation of magnesium in carbonate formed in hydrogels. 
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2. Materials and Methods 

 

2.1 Materials 

All materials, including GG (Gelzan™ CM, Product no. G1910, “Low-Acyl”, molecular 

weight 200-300 kD), Urea (U5378), Urease (from Canavalia ensiformis (Jack bean) type III, 

powder 15.000-50.000 units/g solid, U1500), were obtained from Sigma-Aldrich, unless 

stated otherwise.  

 

2.2 Production of GG hydrogel samples 

GG hydrogel disc samples were fabricated according to a modified form of the method 

described by Oliveira et al. (Oliveira et al., 2010) as described previously (Douglas et al., 

2014a, Douglas et al., 2014c). Briefly, 16 ml aqueous 0.875% (w/v) GG solution at 90
o
C was 

mixed with 4 ml aqueous 0.15% (w/v) CaCl2 at 90
o
C, resulting in a GG-CaCl2 solution. After 

cooling to 50
o
C, 20 ml GG-CaCl2 solution was cast in glass petri dishes of diameter 10 cm at 

room temperature and left for 20 min to ensure complete gelation. Final concentrations of GG 

and CaCl2 were 0.7% (w/v) and 0.03% (w/v), respectively. Hydrogel discs 6 mm in diameter 

were cut out using a hole punch. 

 

2.3 Loading of hydrogels with enzyme, incubation in mineralization media and subsequent 

sterilization prior to physicochemical and cell biological characterization 

The hydrogel discs were incubated in 5% (w/v) urease solution for 1 h to allow the enzyme to 

diffuse into the hydrogel. Subsequently, discs were immersed in five different mineralization 

media at room temperature. These media, denoted hereafter as UA, UB, UC, UD and UE, 

contained the same concentrations of urea (0.17 M) and different concentrations of CaCl2 and 

MgCl2. The Ca:Mg concentration ratios in media UA, UB, UC, UD and UE were as follows: 
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270:0, 202.5:67.5, 135:135, 67.5:202.5 and 0:250, respectively (all values mmol dm
-3

). An 

overview is given in Table 1. Mineralization medium was changed every 2 days. After 5 days, 

the mineralization process was completed. Hydrogel disc samples were placed in Milli-Q 

water and sterilized by autoclaving at 121°C for 15 minutes (Astell, VWR International, 

Leuven, Belgium). Unmineralized control samples were prepared by incubating urease-free 

hydrogel discs in medium UA for 5 days. All physiochemical characterization of hydrogel 

disc samples was carried out after sterilization by autoclaving, in order to ensure the relevance 

of the results for later cell biological characterization. 

 

2.4 Determination of extent of mineral formation 

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, as in 

previous publications (Douglas et al., 2012, Douglas et al., 2013, Douglas et al., 2014d). To 

calculate dry mass percentage, samples were weighed in the wet state immediately after 

autoclaving, dried at 60°C for 24 h and reweighed in the dry state. Dry mass percentage was 

defined as: (weight after drying/weight in the wet state before drying)*100%. These 

measurements were made for all sample groups, n=9. 

 

2.5 Physicochemical and morphological characterization: ATR-FTIR, XRD, SEM, ICP-OES, 

TGA  

Prior to ATR-FTIR, XRD, SEM and ICP-OES analysis, samples were dried as described 

above. ATR-FTIR was carried out after grinding the dried samples in a ceramic mortar to 

obtain powders. A JASCO FTIR- 6200 (Tokyo, Japan) equipped with a MIRacle attenuated 

total reflection (ATR) Crystal Ge (IR penetration 0.66 mm) cell in reflection mode was used. 
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The samples’ transmittance spectra were measured at 32 scans with a resolution of 4 cm
-1

 in 

the wavelength region 4000-600 cm
-1

. All the spectra were analyzed with spectrum software. 

 

XRD measurements were performed with a Thermo Scientific™ ARL™ X'TRA Powder 

Diffractometer set to 40 kV and 30 mA. The slits that were used are: 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. A Cu tube was used (Wavelength (nm) 1.540562, Kalpha1: 1.540562, Kalpha2: 

1.544390, Kbeta: 1.392218). 

 

 

SEM was performed using a JEOL JSM-5600 instrument equipped with a secondary electron 

detector. Samples were sputtered with a thin gold layer (15-20 nm) to make the sample 

surface conductive. 

 

Prior to determination of elemental content by ICP-OES, a fragment of each dried hydrogel 

type was weighed on a microbalance to the nearest 0.1 mg and was thermally degraded at 550 

°C for 5 h. Residues were dissolved in concentrated HNO3 (14 mol dm
-3

), and diluted 20-fold 

with deionized water to a final concentration of 5% HNO3 (v/v). The concentrations of 

calcium and magnesium were determined using ICP-OES after calibration was checked with 

an independent reference material, for which the deviation is maximum 7.5% (certificate). A 

procedural blank was analyzed and showed results lower than the quantification limit (0.1 

µg/mg for a 10 mg sample). Concentrations of the samples were expressed as µg calcium or 

magnesium per mg dry weight of the material. 
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Thermogravimetric analysis (TGA) was carried out using a TG 209 F1 Libra, coupled to a GC 

Agilent 7890B - MS Agilent 5977A, (NETZSCH-Gerätebau GmbH, Germany). The samples 

were placed in a crucible made from Al2O3. The process of thermal degradation was 

performed at temperatures between 313 and 1273 K with a heating rate of 10 K/min under 

flow of argon (25 ml/min) as a purge gas. The weight of the samples was in the range 7.0-10.0 

mg and weight was measured with an accuracy of ± 0.1 mg. The results obtained allowed the 

assessment of the mass losses during the procedure as well as the initial and final 

temperatures of each stage of the degradation process. Measurements were performed in 

triplicate for all sample groups. 

 

2.6 Mechanical testing 

Mechanical characterization: A Texture Analyzer TA.XTPlus Texture Analyzer (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 made by a metallic 

cylinder probe with a diameter of 15 mm was recorded. The pre-test speed was set at 2.00 

mm/s, the test speed at 1.00 mm/s, with a compression of the sample to 80% of its original 

height, and the post-test speed at 1.00 mm/s. The experiments were carried out at room 

temperature. The analyses were performed on three replicate samples.  

 

 

2.7 Characterization of osteoblast-like cell attachment and growth 

2.7.1 Cell culture and seeding on hydrogel samples 

MC3T3-E1 (subclone 14) cells (ATCC) were cultured in α-MEM GlutaMAX-1
TM

 medium 

(Gibco Invitrogen) supplemented with 10% foetal calf serum (FCS, Gibco Invitrogen), P/S 

(10 U/ml penicillin, 10mg/ml streptomycin, Gibco Invitrogen) and 100 mM sodium-pyruvate 
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(Gibco Invitrogen). Cells were cultured at 37 °C in a humidified atmosphere containing 5% 

CO2. The medium was changed 2 times a week.  

Hydrogel samples were sterilized by autoclaving at 1 bar during 20 minutes (Astell, VWR 

International, Leuven, Belgium).  

For the cell adhesion assay, MC3T3 cells were seeded at a density of 40000 cells/0.5 ml 

culture medium/hydrogel and evaluated after 1 day. For the cell proliferation assay, MC3T3 

cells were seeded at a density of 20000 cells/0.5 ml culture medium/hydrogel and evaluated 

after 1 and 7 days. Cells cultured on tissue culture polystyrene (TCPS) were taken as a 

positive control.  

 

2.7.2 Fluorescence and Conforcal Laser Scanning Microscopy (CLSM)  

To visualize cell attachment, morphology and distribution on the hydrogels, the cell cultures 

were evaluated using inverted fluorescence microscopy and confocal laser scanning 

microscopy.  

A live/dead staining (Calcein AM/propidium iodide) was performed to evaluate cell viability. 

After rinsing, the supernatant was replaced by 1 ml PBS solution supplemented with 2 µl (1 

mg/ml) calcein AM (Anaspec, USA) and 2 µl (1 mg/ml) propidium iodide (Sigma). Cultures 

were incubated for 10 min at room temperature and washed twice with PBS solution. Cells 

were evaluated by fluorescence microscopy (Type U-RFL-T, XCellence Pro software, 

Olympus, Aartselaar, Belgium) and confocal laser scanning microscopy (CLSM) (Nikon D-

Eclipse C1 inverted microscope with a 60X water immersion objective, Japan, NIS-Elements 

Confocal software). Evaluations were done 1 and 7 days post-seeding.  

 

2.7.3 MTT assay  
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The colorimetric MTT assay, using a 3-(4, 5-dimethyldiazol-2-yl)-2, 5-diphenyltetrazolium 

bromide (MTT, Merck Promega) was performed to quantify cell viability and proliferation on 

the hydrogels.  

The tetrazolium component is reduced in living cells by mitochondrial dehydrogenase 

enzymes into a water-insoluble purple formazan product, which can be solubilized by addition 

of lysis buffer and measured using spectrophotometry.  

The cell culture medium was replaced by 0.5 ml (0.5 mg/ml) MTT reagent and cells were 

incubated for 4 h at 37°C. After removal of the MTT reagent, 0.5 ml lysis buffer (1% Triton 

X-100 in isopropanol/0.04N HCl) was added and incubated for 30 min at 37°C on a gyratory 

shaker (70 rpm). 200 µl of the dissolved formazan solution was transferred into a 96-well 

plate and measured spectrophotometrically at 580 nm (Universal microplate reader EL 800, 

Biotek Instruments).  

Triplicate measurements were performed 1 and 7 days post-seeding. The amount of viable 

attached cells was calculated as a percentage of control cultures after 1 and 7 days. 

 

2.8 Statistical Analysis 

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  

 

3.1 Physicochemical characterization of mineral formed: FTIR, XRD and SEM 

FTIR spectra of mineralized hydrogel samples are displayed in Figure 1. In samples from 

group UA, UB, UC and UD mineral which was formed is calcite. The bands at 712 and 871 
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cm
-1

, corresponding to ʋ4 and ʋ2 symmetric and antisymmetric bending of carbonate groups, 

respectively, are typical for calcite, as is the broad band at approximately 1400 cm
-1

, 

corresponding to ʋ3 antisymmetric stretching (Sato and Matsuda, 1969, Andersen and 

Brecevic, 1991, Xyla and Koutsoukos, 1989). The sample group UE displayed a markedly 

different absorption spectra which indicated the presence of the magnesium carbonate 

hydromagnesite (Mg5(CO3)4(OH)2·4H2O). The bands at 714, 744 and 792 cm
-1

, 

corresponding to ʋ4 and ʋ2 symmetric and antisymmetric bending of carbonate groups, the 

double band at 1478 and 1416 cm
-1

, corresponding to ʋ3 antisymmetric stretching of carbonate 

groups, and the shoulder at 1646 cm
-1

, corresponding to the water bending vibration of 

strongly hydrogen bonded water molecules, are all indicative of hydromagnesite (White, 

1971, Frost, 2011). The major characteristic bands for GG at approximately 1600 and 1030 

cm
-1

, observed in previous work (Douglas et al., 2014a, Douglas et al., 2014c, Douglas et al., 

2015), were not observed in any sample group, suggesting that the proportion of mineral 

present in the samples was much higher than the proportion of GG present. 

 

XRD analysis also revealed differences between the sample groups UA, UB, UC, UD and 

UE. The mineral formed in samples groups UA and UB displayed peaks at 2theta values of 

23.2, 29.5, 36.1, 39.5, 43.3, 47.7 and 48.6 which are characteristic for calcite (Rahman et al., 

2013) (see Supplementary Figure S1). In samples incubated in UC and UD, the peak at 29.5, 

characteristic of the (104) plane of calcite, shifted to 29.8, which is characteristic of 

magnesian calcite (Diaz-Pulido et al., 2014). The intensity of the peaks decreased in the order 

UA > UB > UC > UD. Furthermore, in samples incubated in UD, small peaks were present at 

26.3 and 45.9 which may indicate aragonite (see Supplementary Figure S1). Samples 

incubated in UE exhibited peaks at 2theta values of  approximately 14.0, 15.4, 30.9, 35.9 and 

42.0 which are consistent with the presence of hydromagnesite (Hanchen et al., 2008, Suzuki 
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et al., 2012) (see Supplementary Figure S1). The aforementioned peaks were much smaller 

and less sharp than those in the diffraction patterns of the other samples, suggesting markedly 

greater amorphicity. The major characteristic peak for GG at a 2theta value of approximately 

20, observed in previous work (Douglas et al., 2014a), was not observed in any sample group, 

suggesting that the proportion of mineral present in the samples was much higher than the 

proportion of GG present. 

 

SEM images of mineral deposits formed in sample groups UA, UB, UC, UD and UE are 

shown in Figure 3. SEM analysis revealed the presence of cube-like deposits characteristic of 

calcite in sample groups UA and UB (Figure 3 i-iv), Mineral formed in sample group UC was 

in the form of ellipsoidal deposits exhibiting a porous surface (Figure 3 v-vii). Mineral in 

sample group UD comprised cuboid-like deposits covered with undefined spherical deposits 

(Figure 3 viii-ix). Plate-like deposits characteristic of hydromagnesite were observed in 

sample group UE, together with numerous undefined spherical deposits (Figure 3 x-xii). From 

previous work, unmineralized GG samples are known to be smooth and devoid of deposits 

(Douglas et al., 2014a, Douglas et al., 2014c). 

 

3.2 Influence of mineralization medium on extent of mineralization, elemental composition of 

mineral formed and thermal degradation 

The dry mass percentages of sample groups UA, UB, UC, UD and UE are shown in Figure 4. 

Generally speaking, values decreased with increasing magnesium concentration in the 

mineralization medium. The values for UA samples were markedly higher than those for UD 

and UE samples. From previous work (Douglas et al., 2014a, Douglas et al., 2014c) it is 

known that the values for unmineralized GG samples range between approximately 0 and 2 

%. This is markedly less than the values observed for the sample groups in this study. 
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Elemental amounts of calcium and magnesium in sample groups UA, UB, UC, UD and UE 

are presented in Table 2. Calcium was preferentially incorporated into mineral formed. The 

molar percentage of elemental magnesium (Mg/(Mg+Ca)*100%) present in mineral formed in 

group UA was negligible. This value increased to 3.3 mol. % for group UB and rose further to 

9.8 mol. % for group UC and 17.9% for group UD. Group UE contained almost exclusively 

magnesium (>98%). The small amount of calcium detected can be ascribed to the calcium 

used to crosslink GG polymer during hydrogel production. 

 

TGA results showing dependence of thermal degradation on temperature are shown in Figure 

5. In sample group UA, the first noteworthy mass decrease occurred between approximately 

850 K and 1050 K. This corresponds to the decomposition of calcite to CaO and CO2 (Frost et 

al., 2009). In previous work on GG hydrogels mineralized with CaP, a mass decrease between 

approximately 525 K and 725 K was seen, corresponding to degradation of GG polymer 

(Douglas et al., 2014a). This decrease was practically imperceptible in group UA, suggesting 

that the amount of organic component was much lower than the amount of inorganic 

component. The results for group UB were similar, however small mass decreases were 

observed from approximately 300 K to 500 K and from approximately 525 K to 725 K. The 

first decrease may be ascribed to evaporation of loosely bound water. The second decrease 

can be ascribed to degradation of the polymer GG component of the mineralized hydrogels, 

respectively. In group UC, the aforementioned mass decreases were more pronounced. 

Furthermore, a gradual decrease after 725 K was observed, which may be due to release of 

CO2, which has been reported previously for ACC (Ihli et al., 2013, Raz et al., 2002). In 

group UD, these mass decreases were even more pronounced. Furthermore, the main mass 

decrease occurred at a lower temperature and was completed at approximately 1000 K. This 
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suggested the presence of higher amounts of water and organic component, as well as 

increased amorphicity. The thermal decomposition profile of UE was markedly different, 

suggesting the presence of another mineral phase. A larger mass decrease was seen in the 

300-450 K range, suggesting that more water was bound. The most notable differences to 

other sample groups were the markedly larger mass decrease in the 450-600 K temperature 

ranges and the fact that the main mass decrease occurred in a markedly lower temperature 

range, namely 625-725 K. These mass decreases are characteristic for hydromagnesite and 

correspond to release of the water molecules, i.e. Mg5(CO3)4(OH)2·4H2O � 

Mg5(CO3)4(OH)2, and decomposition of Mg5(CO3)4(OH)2 into MgO, CO2 and H2O, 

respectively (Hollingbery and Hull, 2010). From TGA measurements of unmineralized GG 

samples in previous work (Douglas et al., 2014a, Douglas et al., 2014c), it is known that the 

mass percentage remaining at 1073 K is approximately 10-15%, i.e. markedly lower than the 

values obtained for the sample groups UA-UE in this study. 

 

3.3 Effect of mineralization on hydrogel mechanical properties 

The results of compressive testing are shown in Figure 6. From UA to UD, the values of 

compression force decreased markedly. The values for UE samples were twice as high as 

those for UD but still lower than those for UC. Unmineralized GG samples were markedly 

weaker than all other sample groups. 

 

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

Fluorescence and confocal laser scanning microscopy images of MC3T3-E1 cells on sample 

groups UA, UB, UC, UD, UE and unmineralized GG hydrogels after 1 and 7 days are 

presented in Figure 7. After 1 day, viable (green) cells were observed on the surface of all 

sample groups (Figure 7 i, iii, v, vii, xi) except for UE. Mainly dead (red) cells with a round 
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morphology were observed on hydrogel UE (Figure 7 ix) . The cells on the hydrogels UA, 

UB, UC and UD have a spread morphology (Figure 7 inserts), demonstrating the good 

adhesion on the modified hydrogels. In contrast, cells observed on the unmineralized GG 

hydrogels have a round morphology, typical for non-adherent cells (Figure 7 xi insert). After 

7 days, calcein AM stained cells were evaluated by CLSM. The same trend was observed as 

after 1 day. Cells on the hydrogels UA, UB, UC and UD showed viable cells with a well 

spread morphology (Figure 7 ii, iv, vi, viii). On the hydrogels UE and unmineralized GG, 

only a few viable rounded cells (Figure 7 x, xii), typical for non-adherent cells, were 

observed.   

 

These qualitative results of the live/dead staining were confirmed by the quantitative MTT 

assay as shown in Figure 8. After seeding cells at a high concentration (cell adhesion assay), a 

comparable amount of viable cells (varying from 28.4% to 42. %) adhered on the hydrogels 

UA, UB, UC and UD in contrast to the hydrogels UE (3 %)  and GG (5.9%). In the 

proliferation assay, the same trend could be observed after 1 day. After 7 days, the amount of 

viable and attached cells on hydrogels UA, UC and UD had increased 3-to-6 fold, except for 

UB where the cells only showed a 1.6-fold increase. The amount of viable cells on UE and 

GG showed only a minor increase compared to day 1. 

 

4. Discussion 

 

The goals of this study were i) the enzymatic mineralization of GG hydrogels with carbonate 

mineral to create hydrogel-mineral composite biomaterials and ii) investigation of the effect 

of mineralization medium, in particular magnesium concentration, on the physiochemical and 
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biological characteristics of the composites. Magnesium concentration in the mineralization 

medium increased in the order UA > UB > UC > UD > UE. 

 

4.1. Physicochemical characterization 

Mineral formation in all sample groups was demonstrated directly by visualization of mineral 

deposits by SEM (Figure 3), detection of bands characteristic for carbonate groups by FTIR 

(Figure 1) and peaks characteristic for calcite (UA, UB), magnesian calcite (UC, UD) or 

hydromagnesite (UE) by XRD (Figure 2). Further indirect proof was provided by the 

increases in dry mass percentage (Figure 4), detection of elemental Ca and Mg by ICP-OES 

(Table 2), monitoring of thermal degradation by TGA (Figure 5) and increases in resistance to 

compressive deformation in comparison to unmineralized GG hydrogels (Figure 6). 

Magnesium concentration in the mineralization medium increased in the order UA > UB > 

UC > UD > UE. Increasing magnesium concentration led to a reduction in mineral formed, as 

shown by the changes in dry mass percentage, i.e. UA > UD, UE (Figure 4), the decrease in 

mass of elemental calcium and magnesium detected, i.e. UA > UD, >> UE (Table I), the 

decrease in mechanical properties in the order UA > UB > UC > UD < UE (Figure 6), and the 

increased mass decrease between approximately 525 K and 725 K observed using TGA 

(Figure 5). ICP-OES results (Table 2) demonstrated that magnesium content rose with 

increasing ratio of calcium to magnesium in the mineralization media. In addition, the ratio of 

calcium to magnesium in carbonate formed in groups UA, UB, UC and UD was much higher 

than in the respective mineralization media. This is in agreement with studies on the effect of 

Mg/Ca elemental ratio in seawater on the incorporation of magnesium into marine 

invertebrate exoskeletons and non-skeletal precipitation (Ries, 2004, Stanley et al., 2002). 

This preferential incorporation of calcium has also been observed for CaP and can be 

explained by the following theory proposed by Martin and Brown (Martin and Brown, 1997). 
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Magnesium ions in solution are more hydrated than calcium ions and undergo dehydration 

more slowly. As a result, magnesium ions can adsorb to CaCO3 but do not dehydrate 

sufficiently fast to be included in the carbonate mineral, and thus remain on the surface. From 

our data, it is unclear to how much magnesium is present on the surface of carbonate deposits 

and how much is incorporated into the bulk. On the basis of XRD data (Figure 2), the mineral 

formed in sample groups UC and UD appeared to be magnesian calcite. Raz et al. postulated 

that magnesian calcite forms via an amorphous precursor phase (Raz et al., 2000). The authors 

suggested that hydrated magnesium ions can be more easily incorporated in the amorphous 

precursor phase, which increases their chance of incorporation into the final crystalline 

magnesian calcite phase. It is possible that the presence of magnesium helps to stabilize the 

amorphous phase. Indeed, magnesium has been reported to “poison” calcite formation (Folk, 

1974), presumably by binding to the surface of calcite nuclei and inhibiting further crystal 

growth due to its residual water of hydration. 

The mass decreases ascribed to water measured using TGA (Figure 5) increased in the order 

UA > UB > UC > UD > UE. This may be due to an increase in amorphicity, with the 

associated increases in incorporation of partially hydrated magnesium ions. Further evidence 

of increasing amorphicity in the order UA > UB > UC > UD > UE is provided by the 

increasing occurrence of undefined non-crystalline mineral deposits by SEM (Figure 3). The 

decrease in the intensity of XRD peaks (Figure 2) might also be indicative in increasing 

amorphicity, but might also indicate a range of Mg substitution, less well crystallized, defects 

in the crystal lattice that stretches the cell size. 

The decreasing crystallinity of the mineral formed, and thus the increasing solubility, in the 

order UA > UB > UC > UD > UE, partially explains why mineral formation was lowest in 

groups UD and UE (Figure 4, Table 2). 
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Mechanical testing results (Figure 6) showed that resistance to compressive loading, which 

decreased in the order UA > UB > UC > UD. Mechanical resistance of the samples seems to 

decrease with the decrease of mineral content formed. Such data is in agreement with the 

decrease in dry mass percentage (Figure 4). Nevertheless, the mechanical force necessary to 

compress sample UE by 80% of its original height was shown to be superior to the value for 

sample UD. The reasons for this are unclear. All sample groups UA-UE showed enhanced 

mechanical resistance compared to the unmineralized GG controls. This is evidence of the 

potential of the mineralization method applied in this study to raise mechanical strength. In 

previous studies, mineralization of GG hydrogels with CaP led to marked increases in 

resistance to compressive loading (Douglas et al., 2014a, Douglas et al., 2014b, Douglas et 

al., 2014c). In this study, all samples were sterilized by autoclaving before mineralization, as 

sterility is a pre-requisite for cell biological characterization. Previous studies have shown that 

autoclaving of mineralized hydrogels decreases their resistance to compressive loading 

(Douglas et al., 2014a). 

 

4.2 Cell biological characterization 

The Live/dead staining results suggested that sample groups UA, UB, UC and UD supported 

cell adhesion and growth. (Figure 7). In a previous publication on GG hydrogels 

enzymatically mineralized with CaP (Douglas et al., 2014a), MC3T3-E1 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 magnesium on the physiochemical 

and biological properties of the resulting composites (Douglas et al., 2014c). Incorporation of 

magnesium into CaP mineral formed in gellan gum hydrogels led to enhanced osteoblast-like 

cell adhesion and proliferation after 1 day and 11 days. This magnesium-induced effect was 
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independent of the crystallinity of the CaP formed (calcium-deficient apatite or amorphous 

CaP). However, in this study, the incorporation of magnesium into carbonate mineral did not 

lead to any obvious positive effect on cell adhesion and proliferation after 1 day or 7 days 

(Figures 7 & 8). The biological effects of magnesium as a component of calcium carbonate 

may differ from its effects as a component of CaP materials. In the absence of further data, 

such discussion must remain speculative. 

 

4.3 Outlook 

Cell biological characterization in this study focused on MC3T3-E1 cell adhesion and 

proliferation on two-dimensional surfaces. Further work will focus on the differentiation of 

MC3T3-E1 cells on the sample groups. Furthermore, since cells are known to behave 

differently in 2D and 3D environments, modification of hydrogel 3D internal architecture will 

be a further point of consideration. Such experiments will pave the way for the implantation 

of the mineralized hydrogels in bone defects, as described by other authors (Suzawa et al., 

2010). 

 

 

5. Conclusion 

 

GG hydrogels were enzymatically mineralized with an inorganic phase consisting of calcium, 

magnesium and carbonates. It was observed that calcium was incorporated into carbonate 

mineral formed to a greater extent than magnesium. Increasing the amount of magnesium in 

the mineralization medium led to a reduction in the amount and crystallinity of the carbonate 

mineral formed. By increasing magnesium concentration, the type of the detected crystalline 

carbonate phase changed from calcite in sample groups UA and UB, to magnesian calcite in 
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sample groups UC and UD, to hydromagnesite in sample group UE. Cellular adhesion and 

proliferation was far superior on UA, UB, UC and UD compared to GG. The presence of 

magnesium in mineral formed did not clearly promote adhesion or proliferation. Sample 

group UE, containing only magnesium carbonate, showed higher cytotoxicity after 1 and 7 

days.  

 

6. Acknowledgement 

Timothy E.L. Douglas and Andre Skirtach acknowledge the Research Foundation Flanders 

(FWO) for support in the framework of a postdoctoral fellowship. Joanna Aernoudt, Tom 

Planckaert, Nancy De Saeyer and Emmy Peuquer are thanked for excellent technical 

assistance. BOF (Bijzonder Onzderzoeksfonds) of Ghent University is thanked for support. 

 

7. Conflict of Interest, Ethical Approval and Original Publication Statements 

The authors have no conflict of interest. No ethical approval was required for this study. No 

part of this work has been previously published or submitted for publication elsewhere. 

Page 24 of 41

http://mc.manuscriptcentral.com/term

Journal of Tissue Engineering and Regenerative Medicine

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Peer Review

8. Tables  

 

 

Mineralization 

medium 

 

Concentration 

CaCl2 MgCl2 urea 

(mol dm
-3

) (mol dm
-3

) (mol dm
-3

) 

UA 0.27 0 0.17 

UB 0.0675 0.2025 0.17 

UC 0.135 0.135 0.17 

UD 0.2025 0.0675 0.17 

UE 0.025 0.27 0.17 

 

Table 1. Mineralization media used in this study. 

 

 

Sample 

group 

 

μg element/mg sample μmol element/mg sample Molar % of Mg 

(Mg/(Mg+Ca))*100 

in sample Ca Mg Ca Mg 

UA 373 <0.1 9.3 <0.005 <0.05 

UB 367 7.7 9.2 0.3 3.3 

UC 333 22 8.3 0.9 9.8 

UD 301 40 7.5 1.6 17.9 

UE 5.4 227 0.1 9.3 98.6 

 

Table 2. ICP-OES determination of mass elemental calcium and magnesium per unit mass of 

dried GG hydrogels preincubated in 50 mg/ml urease and subsequently incubated for 5 days 

in mineralization media UA, UB, UC, UD or UE. 

 

9. Figure Captions 

 

Figure 1. FTIR spectra in the wavelength range 600-4000 cm
-1 

of GG hydrogels preincubated 

in 50 mg/ml urease and subsequently incubated for 5 days in mineralization media UA, UB, 

UC, UD and UE. Bands characteristic for calcite in sample groups UA, UB, UC and UD are 
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visible at 1400, 871 and 712 cm
-1

. Bands characteristic for hydromagnesite in sample group 

UE are visible at 1478, 1416, 792, 744 and 714 cm
-1

. A shoulder characteristic for 

hydromagnesite is visible at 1646 cm
-1

. 

 

Figure 2. XRD diffractograms of GG hydrogels preincubated in 50 mg/ml urease and 

subsequently incubated for 5 days in mineralization media UA, UB, UC, UD or UE. C: 

calcite; MC: magnesian calcite; A: aragonite; HM: hydromagnesite. 

 

Figure 3. SEM micrographs of GG hydrogels preincubated in 50 mg/ml urease and 

subsequently incubated for 5 days in mineralization media UA, UB, UC, UD or UE. i, ii: UA; 

iii, iv: UB; v, vi, vii: UC; viii, ix: UD; x, xi, xii: UE. Scale bars: i: 10 µm; ii: 5 µm; iii: 10 µm; 

iv: 5 µm; v: 50 µm; vi: 5 µm; vii: 1 µm; viii: 10 µm; ix: 5 µm; x: 50 µm; xi: 10 µm; xii: 5 µm. 

The scale bars are indicated on each figure. 

 

Figure 4. Dry mass percentage of GG hydrogels preincubated in 50 mg/ml urease and 

subsequently incubated for 5 days in mineralization media UA, UB, UC, UD or UE. Error 

bars show standard deviation. 

 

Figure 5. Thermogravimetric analysis of GG hydrogels preincubated in 50 mg/ml urease and 

subsequently incubated for 5 days in mineralization media UA, UB, UC, UD or UE. 

Representative graphs showing residual mass percentage (TG) and rate of change of TG 

(DTG) are shown for each sample group. Bottom right: residual mass percentage after heating 

to 1273 K. Error bars show standard deviations. No statistically significant differences were 

observed. 
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Figure 6. Compressive testing of GG hydrogels preincubated in 50 mg/ml urease and 

subsequently incubated for 5 days in mineralization media UA, UB, UC, UD or UE. y-axis: 

force required to compress samples by 80%. Error bars show standard deviation. 

 

Figure 7. Fluorescence and Confocal Laser Scanning microscopy images of MC3T3-E1 

osteoblast-like cells cultivated for 1 day and 7 days on GG hydrogels preincubated in 50 

mg/ml urease and subsequently incubated for 5 days in mineralization media UA, UB, UC, 

UD or UE. Fluorescence microscopy (i, iii, v, vii, ix, xi and inserts) evaluation of cells seeded 

at a high concentration (cell adhesion test) on GG hydrogels after 1 day. Confocal laser 

scanning microscopy (ii, iv, vi, viii, x, xii) evaluation of cells seeded at a low concentration 

(cell proliferation test) on GG hydrogels after 7 days.  

i, ii: UA, 1 and 7 days respectively; iii, iv: UB, 1 and 7 days respectively; v, vi: UC: 1 and 7 

days respectively; vii, viii: UD: 1 and 7 days respectively; ix, x: UE: 1 and 7 days 

respectively; xi, xii: GG: 1 and 7 days respectively.  

 

Figure 8. Percentage of viable attached cells on GG hydrogels preincubated in 50 mg/ml 

urease and subsequently incubated for 5 days in mineralization media UA, UB, UC, UD or 

UE. Cells were seeded and evaluated after 1 day (cell adhesion) respectively 1 and 7 days 

(cell proliferation). The amount of viable cells was quantified using the MTT assay by 

calculating relative to the control (tissue culture polystyrene) of day 1 (cell adhesion) or day 7 

(cell proliferation). 

 

Supplementary Figure 1: Standard XRD diffraction patterns for aragonite (top), calcite 

(middle) and hydromagnesite (bottom). 
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Figure 1. FTIR spectra in the wavelength range 600-4000 cm-1 of GG hydrogels preincubated in 50 mg/ml 
urease and subsequently incubated for 5 days in mineralization media UA, UB, UC, UD and UE. Bands 

characteristic for calcite in sample groups UA, UB, UC and UD are visible at 1400, 871 and 712 cm-1. Bands 
characteristic for hydromagnesite in sample group UE are visible at 1478, 1416, 792, 744 and 714 cm-1. A 

shoulder characteristic for hydromagnesite is visible at 1646 cm-1.  
Figure 1  

52x48mm (300 x 300 DPI)  

 

 

Page 34 of 41

http://mc.manuscriptcentral.com/term

Journal of Tissue Engineering and Regenerative Medicine

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Peer Review

  

 

 

Figure 2. XRD diffractograms of GG hydrogels preincubated in 50 mg/ml urease and subsequently incubated 
for 5 days in mineralization media UA, UB, UC, UD or UE. C: calcite; MC: magnesian calcite; A: aragonite; 

HM: hydromagnesite.  
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Figure 3. SEM micrographs of GG hydrogels preincubated in 50 mg/ml urease and subsequently incubated 
for 5 days in mineralization media UA, UB, UC, UD or UE. i, ii: UA; iii, iv: UB; v, vi, vii: UC; viii, ix: UD; x, xi, 
xii: UE. Scale bars: i: 10 µm; ii: 5 µm; iii: 10 µm; iv: 5 µm; v: 50 µm; vi: 5 µm; vii: 1 µm; viii: 10 µm; ix: 

5 µm; x: 50 µm; xi: 10 µm; xii: 5 µm. The scale bars are indicated on each figure.  
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Figure 4. Dry mass percentage of GG hydrogels preincubated in 50 mg/ml urease and subsequently 
incubated for 5 days in mineralization media UA, UB, UC, UD or UE. Error bars show standard deviation.  
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Figure 5. Thermogravimetric analysis of GG hydrogels preincubated in 50 mg/ml urease and subsequently 
incubated for 5 days in mineralization media UA, UB, UC, UD or UE. Representative graphs showing residual 
mass percentage (TG) and rate of change of TG (DTG) are shown for each sample group. Bottom right: 
residual mass percentage after heating to 1273 K. Error bars show standard deviations. No statistically 

significant differences were observed.  
Figure 5  
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Figure 6. Compressive testing of GG hydrogels preincubated in 50 mg/ml urease and subsequently 
incubated for 5 days in mineralization media UA, UB, UC, UD or UE. y-axis: force required to compress 

samples by 80%. Error bars show standard deviation.  
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Figure 7. Fluorescence and Confocal Laser Scanning microscopy images of MC3T3-E1 osteoblast-like cells 
cultivated for 1 day and 7 days on GG hydrogels preincubated in 50 mg/ml urease and subsequently 

incubated for 5 days in mineralization media UA, UB, UC, UD or UE. Fluorescence microscopy (i, iii, v, vii, ix, 
xi and inserts) evaluation of cells seeded at a high concentration (cell adhesion test) on GG hydrogels after 1 

day. Confocal laser scanning microscopy (ii, iv, vi, viii, x, xii) evaluation of cells seeded at a low 
concentration (cell proliferation test) on GG hydrogels after 7 days.  

i, ii: UA, 1 and 7 days respectively; iii, iv: UB, 1 and 7 days respectively; v, vi: UC: 1 and 7 days 
respectively; vii, viii: UD: 1 and 7 days respectively; ix, x: UE: 1 and 7 days respectively; xi, xii: GG: 1 and 

7 days respectively.  
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Figure 8. Percentage of viable attached cells on GG hydrogels preincubated in 50 mg/ml urease and 
subsequently incubated for 5 days in mineralization media UA, UB, UC, UD or UE. Cells were seeded and 

evaluated after 1 day (cell adhesion) respectively 1 and 7 days (cell proliferation). The amount of viable cells 
was quantified using the MTT assay by calculating relative to the control (tissue culture polystyrene) of day 

1 (cell adhesion) or day 7 (cell proliferation).  
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