
 The influence of Ca/Mg ratio on autogelation of hydrogel biomaterials with 
bioceramic compounds 

Anatolii Abalymov a, Ekaterina Lengerta,b,c, Louis Van der Meeren a, Mariia Savelevaa,d, Anna Ivanovae, Timothy E. L. Douglas f,g, 
Andre G. Skirtacha, Dmitry Volodkinh Bogdan Parakhonskiya* 

 

a. Department of Molecular Biotechnology, Ghent University, 9000 Gent, Belgium. 
b. First Moscow State Medical University (Sechenov University), Moscow 119992, Russia 
c. Central Research Laboratory, Saratov State Medical University of V. I. Razumovsky, Ministry of Health of 
the Russian Federation, 410012 Saratov, Russia 
d. Saratov State University, 410012 Saratov , Russia. 
e. FSRC "Crystallography and Photonics", Shubnikov Institute of Crystallography, RAS, Moscow, Russia 
f. Engineering Department, Lancaster University, Gillow Avenue, Lancaster LA1 4YX 
g. Materials Science Institute (MSI), Lancaster University, United Kingdom 
 
h. Nottingham Trent University, NG11 8NS, Clifton Lane, United Kingdom. 
 

Total number words: 5426 

Figures: 5 

Tables: 2 

Abstract 

Hydrogels, which are versatile three-dimensional structures containing polymers and water, are very attractive 
for use  in biomedical fields, but they suffer from rather weak mechanical properties. In this regard, 
biocompatible particles can be used to enhance their mechanical properties. The possibility of loading such 
particles with drugs (e.g. enzymes) makes them a particularly useful component in hydrogels. In this study, 
micro/nanoparticles containing various ratios of Ca2+/Mg2+ with sizes ranging from 1 to 8 micrometers were 
prepared and mixed with gellan gum (GG) solution to study the in-situ formation of hydrogel-particle composites. 
The particles provide multiple functionalities: 1) they efficiently crosslink GG to induce hydrogel formation 
through the release of the divalent cations (Ca2+/Mg2+) known to bind to GG polymer chains; 2) they enhance 
mechanical properties of the hydrogel from 2 up to 100 kPa; 3) the most efficiently promoting cell growth 
samples were found to contain two types of minerals: vaterite and hydroxymagnesite, which enhanced cells 
proliferation and hydroxyapatite formation. The results demonstrate that such composite materials are attractive 
candidates for applications in bone regeneration. 

Introduction 
Tissue obtained from a patient’s own body (autografts) and donors (allografts) are used to regenerate bone defects. Since 
autografting has several disadvantages (costs, patient pain, limited supply); allografting is used as an alternative[1]. However, this 
technique has limitations: uncertainty of disease transmission and biocompatibility. For these reasons, novel materials and 
methods are constantly sought, where an example is injectable materials[2,3]. The approach of the introduction of such materials 
is a minimally invasive one, and that results in lesser patient discomfort. In addition, outside of the body, the material is liquid but 
solidifies in situ. Thereby, the defect is completely filled, since the injected material can adopt the shape and size of a defect. 
Various applications of injectable materials have been reported, including those in dentistry [4]. Injectable hydrogels have been 
reported to be created based on proteins[5], but bone filling materials often also include bone cement consisting of calcium 
phosphates[6]. However, these materials have some drawbacks. For example, incorporation of biologically active components or 



cells into these materials is not straightforward. Furthermore, cements, in particular, those based on hydroxyapatite, do not 
biodegrade sufficiently quickly to make room for new bone growth. 
One of the novel approaches in drug delivery systems for bone defects is the use of hydrogels because of their unique properties, 
namely porous structure[7], biocompatibility[8], and biodegradability[9]. The porosity of hydrogels can be influenced by changing 
the crosslinking density. High biocompatibility is achieved due to a high water content and the structural similarity of a hydrogel 
to the native extracellular matrix. The biodegradability can be readily regulated via hydrolytic, enzymatic or environmental (e.g. 
pH, temperature) pathways. Hydrogels can deform easily and adapt to the required shape. However, there are also some 
limitations. The low tensile strength of many hydrogels limits their use in load-bearing applications and can result in the premature 
dissolution or dislocation of the hydrogel from a local targeted site[9]. Several strategies are available to increase the mechanical 
strength of the hydrogel. For example, it is possible to design hybrid materials[10] by incorporating various particles or 
networks[11], for example, bioglass particles[12] or hydroxyapatite particles[13]. Another solution is the incorporation of 
polydopamine, which enhances the mineralisability and hence stiffness of hydrogels[14]. Another example is mineralisation of 
hydrogels with zinc phosphate (by using alkaline phosphatase) [15] or mineralisation with carbonates, such as calcium carbonate 
(CaCO3)[16], magnesium-enriched CaCO3 and magnesium carbonate, facilitated by using urease[17]. Hence, the inclusion of 
carbonates represents a new solution for the enhancement of the mechanical properties of hydrogels.  
Due to the highly porous structure of hydrogels, it is possible to load drugs into their matrix. Additional functionalization of such 
hydrogel with particles provides a higher loading capacity and controlled release of the payload[18–21]. Substances can be 
transported outside of the hydrogel by diffusion while maintaining the cell viability[22]. By the same process, toxic and undesirable 
products can be removed[23]. Also, such biologically active substances as calcium phosphates and calcium carbonate particles or 
capsules can be incorporated to stimulate cell proliferation required for bone growth. These particles can be loaded with low-
molecular-weight drugs such as antibiotics, photosensitizers, or high-molecular-weight enzymes and proteins[24,25]. 
Calcium carbonate particles in the vaterite phase have become one of the most popular cores for templating polymer-based 
capsules. CaCO3 particles have several benefits: a simple preparation procedure[26,27], low costs, good biocompatibility[28], and 
mild decomposition conditions[29]. Overviews of CaCO3-based encapsulation have been presented in reviews [30,31]. The main 
advantage of CaCO3 is the possibility of controlling the size and shape of the particles during their synthesis[26,27,32–34]. Because 
the synthesis of CaCO3 particles is sensitive to reagent concentration, temperature, intensity, and duration of stirring of the 
reaction mixture[35], these parameters need to be controlled throughout the reaction. The porous structure of the vaterite allows 
immobilization of various amounts of such drugs as  ibuprophen [36,37], cyclodextrin[38], photosensitizers [29,39,40], 
doxorubicine [41–43], enzymes [21,24], etc.  Carbonate particles are also used to synthesize alginate hydrogels. Kuo and Ma 
reported preparation of alginate hydrogels using both CaCO3-GDL and CaCO3-GDL-CaSO4 systems[44]. Porous alginate gels can be 
formed using pure CaCO3 particles (no additives), which: (i) supply calcium ions, (ii) provide the structural material, and (iii) can be 
used as containers to load pores with molecules of interest within the single step of gel fabrication[45–48]. Variation of the 
synthesis parameters allows the preparation of particles in the size range from 300 nanometres to 10 micrometers. Furthermore, 
metastable vaterite particles can re-crystallize in an aqueous solution to calcite (which has a lower solubility)[49], while some 
coatings, including layer-by-layer functionalization[50–52] can be used to control that process.  
The gelation of the anionic polysaccharide gellan gum (GG) can be introduced using microparticles and bioactive glasses, providing 
a source of ions for cell homeostasis. In this regard, Mg2+is the key regulator of the balance between osteoclast and osteoblast 
differentiation[53,54], adhesion[55] and  bone formation [56], while calcium ions are an active component of hydroxyapatite 
production[57], and a structural component of bones. However, limited attention has been devoted to the study of hydrogels with 
the presence of both of these ions. Carbonate particles can serve as delivery vehicles for the slow release of calcium and 
magnesium (Mg) ions to crosslink anionic polysaccharides such as GG to form homogeneous hydrogels. Carbonate microparticles 
containing Ca and/or Mg can be formed easily by mixing Ca2+, Mg2+, and CO32- ions at different concentrations [58]. For example, 
Douglas et al have reported the gelation of GG using magnesium/calcium/zinc carbonates [59]. The presence of such Ca and Mg 
ions in the final composition of the materials for bone regeneration has been shown to have a strong impact on cell proliferation, 
but, to the best of our knowledge, the influence of particles with various relative ratios of Ca/Mg has not been studied. 
To form bioactive materials based on the hydrogel with incorporation of the bio ceramic particles already reported in 2D structure 
via in vivo synthesis of the particles [57,60–62], it was shown that the special alignment for the gel molecules is required and that 
the particles should be well incorporated in a gel to provide centres for the cell adhesion[16] and specific mechanical properties. 
But design of such materials in 3D matrix is still a big challenge. 
In this study, we have designed novel types of particles based on calcium and magnesium carbonate and subjected them to detailed 
physiochemical characterization. We studied the influence of the ratio of Ca and Mg ions in the reaction mixture on the properties 
of the particles, i.e. on their size, shape, reaction yield, crystallographic structure and composition, and their influence on the 
formation of injectable hydrogel-particles composites, which can work as a 3D matrix for osteoblastic cells and promote 
theirproliferation and hydroxyapatite formation, which is one the most important factors for ossification. 

Experimental Section  



Materials and reagents Sodium carbonate (Na2CO3), calcium chloride (CaCl2), magnesium chloride (MgCl2), calcium carbonate 
(CaCO3), GG (Gelzan™ CM), and ethylene glycol were all purchased from Sigma-Aldrich without any further purification. Ethanol 
(C2H6O2) was purchased from Chem-Lab. In all experiments, ultra-pure water with a resistivity higher than 18.2MΩ cm was used.  

Synthesis of (Mg-Ca)CO3 particles in water 

Particles were synthesized by mixing 2 mL of 0.33 M Na2CO3 with 2 mL of mixture solution Ca2+/Mg2+ (as mixture of 0.33M CaCl2 
and 0.33M MgCl2) having volume ratios of 0:100; 25:75; 50:50; 75:25; and 100:0 which correspond to sample numbers 1, 2, 3, 4, 
and 5, respectively. The mixture was agitated using a magnetic stirrer at 750 RPM (Rounds per Minute) for 1 minute at room 
temperature. Afterward, the mixture was centrifuged for 5 minutes at 3000 RPM in 2 mL tubes. The supernatant was removed, 
and the pellet was washed twice with ethanol (70%) and centrifuged (3000 RPM, 5 min.) after washing. The samples were dried 
for 10 hours at 70°C for storage. 

Characterisation 

Particle morphology characterisation was performed by using images obtained by scanning electron microscopy (SEM) and 
transmission/scanning transmission electron microscopy (TEM/STEM). SEM measurements were performed with MIRA II LMU 
(Tescan) at an operating voltage of 15 kV, in secondary electron and backscattering electron modes. Magnification was varied from 
100x to 40000x. Samples were prepared by drying a drop of the aqueous suspension of microparticles on a silicon wafer. 
The size distribution of the calcium carbonate particles was obtained by post-processing and image analysis of SEM micrographs 
with ImageJ software (NIH, http://rsb.info.nih.gov/ij/). At least 100 measurements per sample were performed. 
Powder X-ray diffraction analysis of the polycrystalline samples was performed with a Rigaku Miniflex-600 diffractometer (Rigaku 
Corporation, Tokyo, Japan). The XRD data were recorded using Cu-Kα radiation (40 kV, 15 mA, Ni-Kβ filter) in the 2θ range 10–80° 
at a scan speed of 1°/min. The crystalline phases were identified by using an integrated X-ray powder diffraction software (PDXL: 
Rigaku Diffraction Software) and ICDD PDF-2 datasets (Release 2014 RDB). 
An FTIR spectrometer, Bruker (VERTEX 70) in the ATR reflection mode, was used to obtain infrared spectra of different types of 
particles. The spectra were recorded in the range of 150-4200 cm-1. The spectrum of each sample was measured 15 times, and the 
average spectrum was calculated. 
ANOVA (Analysis of variances) is an analysis tool to test whether there are statistical differences between the means of two groups 
in an experiment. This analysis was performed with SPSS. One-way ANOVA analysis was performed to compare the yield with a 
significant difference for p<0.05. 
A rheometer (AR-1000 N, TA Instruments) was used to study the viscoelastic properties of the hydrogels. The rheometer consists 
of a stainless steel plate and an acrylic cone of 40 mm. The storage (G') and loss modulus (G") was recorded at 22°C with a frequency 
of 1 Hz and an angular frequency of 6.283 rad/s.  

Preparation of the hydrogels 

GG was dissolved in double-distilled water at a concentration of 0.875% (w/v). The solution was autoclaved for 15 minutes at 
121oC. Hydrogels prepared in this work contained 4%, and 30% of the particles (table1). The preparation was carried out in 2 mL 
reaction tubes (Greiner Bio-One). 300 µL distilled water was added to the to the presynthesized particles. The particles were 
dispersed using an ultrasonic bath (Sonorex Super 10P, Bandelin) for 30 seconds at room temperature. Afterward, 500 µL of GG 
was added and mixed with the particles by shaking the reaction tubes. 
 
Table 1. Particles’ synthesis parameters and their amount added to the corresponding gel. 

Particle’s 
name 

Ca2+/Mg2+ ration 
in a particles 
reaction mixture 

Gel’s name % by of the particle 
added to the gel 

B1 100:0  -- 
B2 75:25 GG30%-2 30% 
B3 50:50 GG4%-3 4% 
B4 25:75 GG4%-4 4% 
b5 0:100 GG4%-5 4% 

  

Mechanical tests 

Mechanical tests were performed using a universal testing machine. Mechanical stiffness of gels was investigated using a Universal 
Test Machine, LS1 (1 kN) Material Tester from Lloyd Instruments, Inc. (Ametek). A 50 N load cell was used to make a 1 mm 
indentation in samples with a preload of 0.03 N. Probing was performed using cylindrical posts of 2.5 cm. The indentations were 



conducted to maintain minimal strain and to avoid the influence of the substrate. Five replicates were used for each sample. To 
determine the Young's modulus, a dip of 2 mm was made into the sample (50% of one gel layer). For all Atomic Force Microscopy 
(AFM) experiments the Nanowizard 4™ (JPK instruments GmbH/Bruker) was used. Topographical images were acquired in the JPK 
QI® mode using DNP-S10 cantilevers (Bruker, force constant: 0.35 N/m, radius of curvature < 10 nm). All force curves were acquired 
in contact mode with the same probes and using setpoints ranging from 2-6 nN. To obtain the Young's modulus from the force 
curves a Hertz model adjusted for colloidal indenters was used, in the JPK data processing software (JPK, Germany)[63]. 
To gain information on the viscoelastic properties of hydrogels, microrheological measurements were performed using DNP-S10 
chips. In these measurements, the force reaction toward small amplitude oscillating forces (at low frequencies) that are applied at 
the surface are analyzed. The oscillations in the experiments were performed with an amplitude of 50 nm at frequencies ranging 
between 10 and 100 Hz. Calculations of the storage and the loss moduli were performed in JPK data processing software, based 
on calculations adapted from a previous paper on microrheological measurements on live cells [64]. To accommodate for 
influences originating from the cantilever's geometry, first, the deviation from 90° phase shift in the liquid environment and the 
hydrodynamic drag coefficient was calculated and incorporated into the measurements. Fitting the microrheological data to the 
soft glassy rheology model was performed by non-linear fitting in OriginPRO 2021[65].  

Cell experiments 

For testing biological compatibility of hydrogels, the pre-osteoblastic cell line MC3T3-E1 (ATCC) was used. Cells were cultured in 
MEM-alpha glutaMAX-1™ (Sigma-Aldrich, Cat. No. 32561- 029) supplemented with 10% FBS, 2 mM glutamine, and 100 μg/mL 
penicillin/streptomycin. The medium was replaced every 3 days, and the cells were maintained in a humidified incubator at 5% 
CO2 and 37°C with 5% CO2 (Innova CO-170, New Brunswick Scientific). Cells were used in passages 2–6. 
The viability of MC3T3-E1 cells on various hydrogel-particles composite surfaces was determined by AlamarBlue (Thermo Fisher, 
Product no. DAL1025). 50 µL of GG solution was added to each well of a 96-well plate. After that, we added 5*104 cells per well 
and crosslinked the hydrogels by adding mineral particles with concentrations: 30% for 25%:75% Ca:Mg ratio and 4% for particles 
synthesized in the presence of salts with Ca:Mg ratio 50%:50%, 25%:75, and 0%:100% and incubated overnight at 37 °C under 5% 
CO2. Hydrogel solution was prepared in sterile condition of a laminar box, particles were sterilised by 70% ethanol. In the last step, 
10 μL of PrestoBlue reagent was added to each well for 3 hours, and then the fluorescent (540/610 nm) intensity was measured 
by a spectrophotometer (Infinite F200 PRO). The cell viability was studied at the first and third days.  
The cytotoxicity of carriers was analyzed by a lactate dehydrogenase assay (LDH). MC3T3-E1 cells were mixed with hydrogel and 
particles as previously described. As a negative control, 1 mM of Triton X-100 was added to the culture medium. After 1 and 3 days 
of incubation with samples, cultural media was replaced with a new 96 well plate; an LDH assay was conducted following the 
manufacturer's instructions. The absorbance measured at 690 nm was subtracted from the absorbance at 490 nm to compensate 
for the sample turbidity.   
For cells’ visualization a Nikon TI (Nikon, Japan) fluorescence microscope with 10X objective and appropriate filters were used. 
After 1 and 3 days of incubation inside hydrogel matrix, cell layers were then stained with Calcein AM (Thermo Fisher, Product no. 
C1430) and Propidium Iodide (Thermo Fisher, Product no. P1304MP). Cells were incubated with a medium containing 0.1 mM of 
the reagents for 15 min at RT.  
Cells were cultured for 1 and 3 days in an osteogenic medium (primary medium supplemented with ascorbic acid, sodium 
glycerophosphate, and dexamethasone (50 μg/mL, 0.1 μM, and 10 nM, respectively)), and at each time point they were harvested 
by trypsin-EDTA and collected by centrifugation. The extent of mineralization was determined using an Osteoimage Mineralization 
Assay (Lonza. Belgium.cat. no. PA-1503). After each culture time point, the hydrogels were washed with 1× PBS before being fixed 
with 4 % (w/v) PFA for 20 min at RT. Samples were subsequently washed further twice (5–10 min each) with osteoimage wash 
buffer and then incubated with 0.1 mL staining reagent, in the dark for 30 min. After incubation, gels were washed three times (5 
min each) with wash buffer before. To quantify the extent of mineralization, washed samples were resuspended in 0.2-μL wash 
buffer and their fluorescence was determined in a fluorescent plate reader (Infinite F200 PRO) at a 492/520 nm ratio. Two 
independent assays were performed, again in triplicates. 

Results and Discussion 
We demonstrated a new type of calcium/magnesium carbonate particles with characteristics suitable to create in-situ forming 
hydrogel-particles composites. Different shapes of particles were created by varying the Ca2+:Mg2+ ratio, as demonstrated in Fig. 
1a. The high (more than 50%) content of calcium ions in the reaction mixture leads to the formation of the spherical particles. The 
presence of the magnesium stimulates the formation of paired particles and an amorphous phase of CaCO3. 
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 in reaction mixture ranging from 100%:0% to 0%: 100%. B) XRD spectra for particles synthesised with different Ca2+ and Mg2+ 
ratios. (B1 for 0:100, B2 for 25:75, B3 for 50:50, B4 for 75:25, B5 for 100:0). c) Size distribution of the obtained particles with the vaterite structure for samples B1, B2 
and B3. Sample B1 and B2 have a bimodal distribution reflected as two (green) bars in the bar chart.  

If the amount of calcium is lower than 50%, amorphous particles are formed. All samples consist of vaterite and/or calcite particles, 
independent of the reaction time and Ca2+:Mg2+ ratio. Hydromagnesite particles are formed at a higher Ca2+:Mg2+ ratio. 
The particle structures were characterised using X-ray diffraction (Fig. 1b). Particles (samples 1 and 2 show peaks at 2θ values 21.0; 
25.0; 27;2; 32.8; 43.9; 49.1; 50.1, and 55.8 degrees; all corresponding to vaterite [66]. Also, calcite peaks occur in these samples at 
29.5; 36.0; 39.5, and 47.7 degrees. This suggests that in both samples, vaterite and calcite are present. In the SEM images, however, 
calcite particles are only detected in samples 1 and 2, which can be assigned to the fact that all the samples could be covering 
sample 3 peaks occur at 27.2 and 32.8 suggesting the presence of vaterite and also at 36.0 the peak corresponding to calcite is 
shown. In addition to these peaks, other peaks at 31.9 and 45.5 are present, which are characteristic of NaCl. Also, typical 
hydromagnesite peaks can be found at 15.3 and 38.3 degrees [67] for samples 3, 4, and 5. Samples 3, 4, and 5 show a quite broad 
peak at approximately 26.0, suggesting the presence of an amorphous phase which is correlated with SEM images (Fig. 1a).  
For spherical particles, the diameter of the particles was measured. For the elliptical and paired particles, the axial and radial sides 
were determined. The size of the particles, analysed based on the SEM images (Fig. 2b), ranged between 1.6 and 8.2 µm. The 
elliptical particles show a size close to 8 µm and an elongated elliptical shape. 
The reaction yield from Ca:Mg ratio 100%:0% (60 %) is lower than the reaction yield from the particles synthesised by Svenskaya 
et al. (74% with a magnetic stirrer and 85.9% with ultrasonic agitation)[26]. The analysis shows that Ca2+:Mg2+ ratio does not 
significantly influence the reaction yield and thus has no effect on the ion distribution. These particles were used as components 
for the preparation of hybrid hydrogels, as described in Fig. 2a. In step 1 we synthesized particles with different ratios of Mg2+ and 
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Ca2+ ions. In step 2, particles were added to the GG solution and well mixed for good particle distribution (Step 3). GG is a 
polysaccharide which multivalent ions can crosslink. After particles enter the aqueous medium of the GG solution, they start to 
release Mg2+ and Ca2+, which crosslink GG molecules in 20 min at room temperature (Step 4). Photos of the actual crosslinking 
process of GG solution by particles are shown in Fig. 2b. 
Particles containing only Ca2+ are not capable of crosslinking GG, presumably due to a slow and/or insufficient release of Ca2+ ions, 
while particles containing either Mg2+ or both Mg2+ and Ca2+ are capable of crosslinking GG. Results show that the gelation time 
increases if either the particle concentration increases or Ca2+:Mg2+ ratio decreases
. 

 

2. SEM (scanning electron microscopy) overview (top row), and magnified (bottom row) SEM images, corresponding to each above-located overview panel, of 
particles with different Ca2+ : Mg2+ ratios in reaction mixture ranging from 100%:0% to 0%: 100%.  

Rheometry results in Fig. S3 show that the storage modulus of the hydrogel increases with increasing particle concentration, 
whereas at a specified particle concentration, the mechanical stiffness increases with decreasing the Ca2+:Mg2+ ratio. Fig. S1 shows 
the average storage modulus as a function of time determined from three measurements for each sample. The average and the 
standard deviation are calculated for storage modulus and time (Supporting Information, Table S1).  
The influence of the crystallographic structure of the particles (vaterite, calcite, hydromagnesite, magnesian calcite, and 
amorphous) was studied for hydrogels containing a specific type and concentration of pre-synthesized particles: a) 4% (by mass) 
particles with various Mg2+ percentages (50%, 66.6%, and 100%), and b) 30% of particles with an Mg2+ percentage of 33.3% (Fig. 
3); thus, the highest concentrations, at which the gel forms a stable uniform structure and is not split into separate parts. FTIR 
spectra showed the presence of calcite, but not vaterite, in all hydrogels. However, hydromagnesite particles were only found in 
the hydrogel consisting of 4 % particles with 100% magnesium. First, ANOVA analysis was performed, with p<0.05 considered as 



significant, in order to compare hydrogel strength for different types of hydrogels. According to ANOVA analysis, no significant 
difference was detected only between hydrogels-particles composite with 4% of particles synthesis from 0%:100% and the same 
amount of the 50%:50% Ca:Mg particles, which suggests that if the particle concentration is increased from 2 to 4 %, the hydrogel 
strength increases significantly.  
For the following studies, the concentration of the particles was adjusted so that the gelation time was 30 min. The detailed studies 
of the mechanical properties of the hydrogels were performed by atomic force microscopy with probe size 30 nm and an universal 
testing machine with probe 10 mm (Fig. 3a). The studies included measurements of the Young modulus, compression strain and 
results of the microrheology measurements (complex storage modulus, and complex shear loss) and their coefficient in the 
simulation (scaling factor) and (matrix agitation). Based on the UTM data, macro-mechanical properties (MMP) Young’s modulus 
values of samples were in the range between 80 and 289 kPa but nano mechanical properties obtained by AFM analysis were in 
the range 100-300 kPa (Fig. 3b). In force mapping (Fig. 3c), the gels demonstrated a homogeneous distribution with alternating 
weaker areas (in the range up to 10 kPA) and stronger hydrogel (in the range 100-150 kPa) areas. Various compositions of particles 
were used for gelification. It wasrevealed that particles containing 75%:25% Ca:Mg provide the strongest Young’s modulus and 
thus significantly (based ANOVA test) better mechanical properties (Fig 3d), due to the presence of the amorphous phase and 
particles. In comparison, the shear loss (Fig 3e) of the 50:50 ratio (green curve) demonstrates a better result with respect to the 
rest of the gels. 

 

Fig. 3. a) Schematic of the gel formation; b-e) Mechanical properties and topography images of GG gelified with various types of particles: red -30% of the second type B2 sample of 
the particles (GG30%-2), green- 4% of the 3rd type of the particles (GG4%-3), orange- 4% of the 4th type of the particles (GG4%-5), green- 4% of the 5th type of the particles (GG4%-
5),  b) Young’s modulus measured by the universal testing machine. c-e) c) Atomic Force Microscopy data for topography:  upper panel and force map bottom panel, d -e) data for 
microviscosity measurements: e) complex storage modulus, f) the complex shear loss. 



 

Fig. 4. Results of the cell viability measurements normalised to the control cells (plastic) of the hydrogel samples which were performed at different time points: solid 
filled bars - 1st day of incubation; striped fill bars - 5th day of incubation; the horizontal line represents the toxicity data for average normalised control cells without 
any additives. The statistical analysis was performed by repeating analysis of 5 independent samples using the ANOVA test. ^ denotes a significant difference of the cell 
viability of the gels for day 5 with respect to day 1, * denotes differences with respect to the control.

AFM morphology and mechanical analysis was performed on all the samples (fig 3d,g). From this analysis, it is seen that GG30%-2 has the 
lowest Young’s modulus. When analysing the morphology, no clear mesh structure can be observed which explains the lower Young’s 
modulus in that case. The GG4%-3 gel shows a clear network structure with larger pores. This also translates into a higher Young’s modulus 
compared to that for GG30%-2. A slightly higher Young’s modulus is noticed in sample GG4%-5, which is also supported by observation that 
the fibres are more tightly packed (smaller pores, compared to sample GG4%-3). The sample with the highest Young’s modulus, i.e. GG4%-
4, shows the most tightly packed mesh (very straight fibres with small pores), thus resulting in the highest Young’s modulus. All samples show 
a homogeneous force map meaning that there is a uniform gel/mesh structure present. 



shown in the table 2 below. It can be noticed that the green sample has the highest loss tangent meaning that from all the samples it exhibits 
the most viscous behaviour. It is noteworthy that this value (0.78 still indicates quite an elastic sample, since the value of the loss tangent 
varies between 0 (perfectly elastic) and +∞ (perfectly viscous).  

 

Table 2 Loss tangent at 100 Hz for the hydrogel samples functionalized with particles. 

Sample Loss tangent at 100 Hz 
GG30%-2 0.556577 
GG4%-3 0.784975 
GG4%-4 0.283475 
GG4%-5 0.353528 

 

From cell experiments, it can be concluded that samples GG30%-2 and GG4%-3 hydrogels show the most promising results. For conducting 
the experiments, osteoblastic cells were mixed in GG with particles simultaneously, as presented in figure 4a.  

Fluorescence images after 1 and 3 days of incubation show that cells in the hydrogel matrix have different fluorescence levels. The increasing 
green fluorescence of Calcein Am indicates that the number of living cells in the hydrogel increased, as can be seen from comparing photos 
of GG4%-3 hydrogel after 1 and 3 days of incubation. Samples GG4%-4 and GG4%-5 did not show such progress in cell proliferation. These 
results were comparable with Alamar blue and LDH experiments (Fig.4c).  

Figure 4c shows that cells cultured inside GG4%-3 have the highest proliferation rate compared to days 1 and 3: 52.2 and 85.8%, respectively, 
but at the same time the highest death rate (21.3% after 3 days) was observed. Also, cells inside GG4%-4 hydrogel have a high proliferation 
rate (from 42.6 to 68%), but the deficient percent of an alive cell after the first day of incubation makes this sample partly cytotoxic limiting 
their application in biomedicine. [69]  

Figure 4d shows the results of the hydroxyapatite deposition test. Hydroxyapatite is an essential mineral of bones, which is usually produced 
by osteoblastic cells in their livelihoods. The rate of hydroxyapatite crystal formation by osteoblasts is one of the parameters for determining 
the possibility to use the biomaterial for bone tissue engineering via the following reaction: 

 

 
CaCO3

H+

�� Ca2+ PO4
3−

�⎯⎯� �
Сa(H2PO4) ∗ H2O

↓ Ca2+

CaHPO4 ∗ 2H2O 
                                 ↓

                                  CaHPO4

�

� Ca2+

�⎯� Ca10(PO4)6(OH)2   

 

Ca2+ and PO43-  ions are two major components of hydroxyapatite. Both ions (Ca2+ and PO43- ) are present in the cell growth media in the form 
of calcium chloride (264 mg/l), sodium phosphate (158 mg/l) and glycerol phosphate (0.03 mg/L), which are initially present  in equilibrium 
in the medium. The calcium carbonate particles occurring   as the vaterite metastable polymorph in the composite hydrogel system are a 
major source of the calcium ions. On the other hand the phosphorus ions are synthesized in cells in the form of polyphosphate. [70] Finally, 
Ca2+ ions of polyphosphate undergoes hydrolysis through a alkaline phosphatase (ALP)-mediated enzymatic reaction, resulting in the 
liberation of both orthophosphate and Ca2+. Calcium phosphate precipitates in the extracellular space onto the calcium carbonate bio seeds 
under formation of calcium carbonated apatite. Initially, cells have osteocalcin-protein that connects the membrane and hydroxyapatite 
crystals, which are synthesized on the surface of osteocalcin. This usually occurs due to carbonic anhydrase driving/accelerating the formation 
of bicarbonate, which reacts to carbonic acid and finally undergoes precipitation to calcium carbonate. Our system contains a large number 
of calcium ions and carbonate anions, which are constantly released by the particles inside the hydrogel. This significantly accelerates the 
synthesis of hydroxyapatite crystals on the cell surface. Our system tried to apply all critical parameters for successful ossification: a 3D matrix 
and the presence of two essential ions – Ca2+ and Mg2+. CaCO3 is the primary material for hydroxyapatite formation, which connects with the 
cell membrane through the osteocalcin protein. Mg2+ ions accumulate in bone tissue and are concentrated on the hydrated surface layers of 
apatite crystals instead of being incorporated into the lattice structure of bone crystals.  
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The plot of hydroxyapatite formation is presented in Figure 4d. From this image, it can be concluded that osteoblasts in GG30%-2 hydrogel 
have produced most of the Hap crystals on the third day compared to the other samples, suggesting that Ca2+ ions are more critical for the 
ossification process[71]. 

Cells viability, death rate, and Hap production depend on different factors. In our system, we tried to check the influence of mechanical 
properties of the obtained hydrogels. The proliferation of cells better inside GG4%-3 does not depend on the Young’s modulus of the hydrogel 
matrix (Fig. 5a). However, the Young’s modulus of hydrogels has an apparent influence on hydroxyapatite production. The fluorescent signal 
from hydroxyapatite crystals increases with decreasingYoung’s modulus (Fig. 5b). 

 

Fig.5. Correlation of the  Young’s modulus of hydrogel matrix and (a) cell viability after 3 days of incubation (b) hydroxyapatite formation after 3 days of incubation. . 



The mechanical properties of the final hydrogels are shown in Fig. 3. The Young’s modulus for all types of gels is situated 
in the range of 0.1-0.4 MPa, which falls into the range suitable for osteoblastic cell growth [72]. 
To study the influence of these gels on cell growth, cell availability tests were performed (Fig. 4). Almost all groups 
(except GG/30%-2 and GG/4%-5) of gels demonstrate intensive cell growth during 5 days, i.e. up to 3 times better than 
that of the control cells grown on the plastic well plate. The hydrogel-particles composite with higher vaterite 
percentage (GG/30%-2) has no appreciable effect on the cell growth. In the opposite case, the gels with 50/50 
magnesium to calcium content (GG/4%-3) demonstrate a significant increase in the number of cells. This can be 
explained by the highest viscosity of gels resulting in improved mechanical properties, in accordance with Fig. 3. 
This study proves the concept of applying composite carbonate nano- and micro-particles for tailor-made assembly of 
hydrogels with enhanced mechanical properties and the potential capacity to host bioactive molecules pre-
encapsulated into the carbonate particles. 

Conclusions 
Isotropic (spherical and cubic) and anisotropic (elliptical) inorganic CaCO3-MgCO3 particles have been synthesised by 
controlling the crystallisation reaction involving mixing the corresponding salts at various calcium/magnesium ratios. 
Possibilities of forming injectable hydrogel materials containing composite particles synthesised with various ratios of 
Ca2+ to Mg2+ ions: 0:100, 25:75, 50:50, 75:25, 100:0 have been investigated revealing conditions for controlling the 
gelification process in the time interval from minutes till hours and with the mineral contents from 4% to 30%. It was 
found that pure vaterite particles (Ca/Mg=100:0) do not induce gelation, but in contrast, Ca/Mg=75:25 particles allow 
the formation of gels containing around 30 % of the mineral phase. Increasing the percentage of Mg2+ in the particle 
synthesis (Ca/Mg=50:50; 25:75; 0:100) allows the synthesis of particles containing a higher content of the amorphous 
phase, and, as a result, a better capability to form a gel, where a particle content of approximately 4% is already 
sufficient to induce the formation of a stable gel within 20 minutes. All gels have the macro Young’s modulus between 
2 kPa and 7 kPa The local Young’s modulus was measured by AFM from 50-100 kPA (for Ca/Mg=75: 25, 50:50; 0:100) 
and 150 for (Ca/Mg=25:57) ratio. The samples with 50:50 and 25:75 Ca/Mg ratios demonstrate a higher cell viability 
and hydroxyapatite production than that of the control cells on a plastic surface or other hydrogels. 
The gels with hydromagnesite particles are significantly better for cell growth compared to other formulations 
measured after 3 days. For potential future applications, antibacterial properties of such hydrogels can be enhanced by 
natural compounds [73,74]. Such a synthetic method provides a novel way for the direct solution-based growth of 
porous particles of different shapes, sizes, and compositions. This research opens new avenues to formulate self-
hardening multifunctional hydrogels for biomedical applications, especially for developing injectable reconstruction 
materials for filling micro-scaled defects in bone tissue. 
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