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ABSTRACT: Developing materials for tissue engineering and studying the mechanisms of cell adhesion is a complex and multifactor 
process that needs analysis using physical chemistry and biology. The major challenge is the labor-intensive data mining as well as 
requirements of the number of advanced techniques. For example, hydrogel-based biomaterials with cell-binding sites, tunable 
mechanical properties and complex architectures have emerged as a powerful tool to control cell adhesion and proliferation for tissue 
engineering. Composite hydrogels could be used for bone tissue regeneration, but they exhibit poor ossification properties. In current 
work, we have designed new osteoinductive gellan gum hydrogels by a thermal annealing approach and consequently functionalized 
them with Ca/Mg carbonates submicron particles. Determination of key parameters, which influence a successful hydroxyapatite 
generation, were done via the principal component analysis of 18 parameters (Young’s modulus of the hydrogel and particles, 
particles size and mass) and cell behaviour at various time points (like viability, numbers of the cells, rate of alkaline phosphatase 
production and cells area) obtained by characterizing such composite hydrogel. It is determined that the particles size and 
concentration of calcium ions have a dominant effect on the hydroxyapatite formation, because of providing local areas with a high 
Young’s modulus in a hydrogel – a desirable property for cell adhesion. The presented here detailed analysis allows identifying 
hydrogels for cell growth applications, while on the other hand, material properties can be predicted, and their overall number can be 
minimized leading to efficient optimization of bone reconstruction and other cell growth applications.

INTRODUCTION 
One of the major goals in tissue engineering is to create 

artificial scaffold materials with microenvironments that trigger 
molecular and cellular cascade reactions.1,2 A promising system 
that both enables cell adhesion and allows for the delivery of 
encapsulated biomolecules can be designed by incorporating 
particles into biomaterials and hydrogels.3–6 But one of the 
major problems in such a multi-component material is analysis 
of parameters (mechanical (Young’s modulus, stiffness, 
elasticity),7 structural,8 compositions,9 surface properties10) 
responsible for cell adhesion, growth and proliferation,11 and 
these parameters are known to be difficult to analyze, because 
of their interconnectivity. Besides, the interdisciplinary 
character of research work requires assembling such structures, 
where knowledge and expertise from chemistry, physics and 
biology are needed. Nowadays, typical methods of data analysis 
are based on the linear correlation between two or three 
parameters. For example, in one approach for PEG gel additive 
concentration, composition were analyzed in 20 plots.12 And 
that process can be even lengthier if various compositions of 
gels are studied; and yet that would result in only qualitative 
data assessment.13 Besides, with living systems in focus 2 or 3 
parameter correlations obtained in such analysis do not 
represent the whole picture. One potential solution can be 
offered by artificial intelligence with, for example, deep 
learning algorithms, but that would require acquisition of 
extensive statistical data – a very laborious process. Therefore, 
identifying and analyzing key parameters leading to a 
prediction model is highly desirable. 

Such a system can be verified on an example of hydrogels 
functionalized with particles, because this represents a 
complicated, yet very relevant and important system. The bone 
itself is made up of hydrogel as an organic phase consisting of 
collagen in the fibril form strengthened by an inorganic phase 
consisting of calcium-deficient hydroxyapatite.1 Therefore, it 
can be regarded as a hydrogel–inorganic composite material 
produced by artificial mechanisms, which can fulfil both the 
mechanical like stiffness,14,15 strength,16 osteoinductivity,17 and 
conductivity of the inorganic phases, and biological (cell 
growth and productivity) requirements in the area of tissue 
engineering.18 Hence, composite hydrogels, which can be 
produced employing hydrogels and inorganic minerals to 
mimic the formation, structure, and function of natural bone 
tissue, are gaining particular attention.19,20 Several hydrogels 
like alginate,21 gellan gum,13,22 collagen,23 fibrin,24 
polyacrylamides (PA),25 have been used as a base material for 
polymeric composite scaffolds. In turn, particles like a bioactive 
glass,26 carbonates,27,28and ceramics29 have been mainly chosen 
as the secondary inorganic reinforcing phase of the hydrogels, 
to control the properties of the composite structures. However, 
even though these composites provide significant advantages 
over single‐phase structures, the development of biomaterials 
that effectively stimulate cell activity has yet to be finished. 
Osteoinductivity is only one of the many biomaterial properties, 
while others include physicochemical,30 mechanical31 and 
cytotoxic32 properties. Biomaterials should provide a good 
environment not only for bone‐derived cells or stem cells, but 
also for host bone cells response after in vivo implantation for 
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consideration in the application in bone reconstruction and 
tissue engineering.19 One of the most important processes 
involved in bone tissue formation is ossification, i.e. efficiency 
of hydroxyapatite (HA) production by cells.29 One of the major 
factors in this process is alkaline phosphatase (ALP) molecules 
production by cells. ALP enzyme cut polyphosphate molecules 
to monophosphate.1 Monophosphate molecules, along with ion 
Ca ions are building blocks of the hydroxyapatite. Different 
hydrogels and particles have been employed in bone implants 
and each system possesses its advantages and limitations, but 
no single‐component scaffold can yet meet the demands for 
concurrent processability, mechanical integrity,18 
biodegradability,33 bioactivity,34 and osteoconductivity.9 In this 
regard, it is necessary to optimize the performance of implants 
for bone engineering, which is taken here as an example to 
develop a novel method of the factor analysis as first step of 
machine learning algorithm application. 

However, there is a gap in studies of the influence of the 
inorganic components on improving osteoblastic cell activity: 
efficiency of HA formation, ALP production, adhesion and 
proliferation. In pursuit of that goal, we have designed a new 
methodology that comprises of the consecutive thermal 
annealing of a gellan gum (T-A GG) precursor hydrogel and its 
mineralization to achieve cellular adhesion and osteogenesis 
stimulation by components and properties of composite 
hydrogels. It was hypothesized that CaCO

3, Mg-enriched CaCO
3 

and MgCO3 can affect the surface properties of the hydrogels to 
match the requirements of bone implants by: (I) controlling the 
size and morphology and chemical composition of particles 
through the formation of them with different mineral ratio; (II) 
improving the mechanical properties due to inherent stiffness of 
the inorganic phase; (III) influencing the bioactivity through the 
enhanced presence of calcium and magnesium ions which 
enhance ossification. 

Herein, mineral-rich hydrogels (T-A GG) are produced and 
extensively characterized in terms of morphology, chemical 
compositions, thermostability, microtopography, and 
mechanical properties. The bioactivity potential of T-A GG 
mineral-reach hydrogels, as well as their capacity to promote 
pre-osteoblasts performance like cell density, area, level of ALP 
and Hap, are analyzed. The main factors affecting ossification 
are determined using the principal component analysis to 
recognize the requirements of hydrogels for successful cell 
adhesion and hydroxyapatite production. This is carried out in 
3 steps: 1) determination of the parameters of the activity of the 
cells like ALP, cell density, viability cells area and their 
influence to the successful hydroxyapatite production; 2) 
estimation of parameters of the hydrogel (mechanical properties 
and composition influence on the successful cell adhesion, 
proliferation, ALP and hydroxyapatite production; 3) 
determination of parameters of the mineralization – the ions 
concentration effect on mechanical and surface properties of the 
hydrogels. On the basis of this analysis, the predictive capability 
of hydrogel design is specified. 

MATERIAL AND METHOD 
Synthesis of hydrogels. A solution of 3 mL, 1% (w/v) of GG 
(GG™ CM, Product no. G1910, ‘Low-Acyl’, 200–300 kDa) 
was placed in a petri dish with a diameter of 3.5 cm. Petri dishes 
with GG were placed in an oven for 4 hours at 65˚ C until 
complete drying. After that, 3 ml of a CaСl2 (0.3 M) was applied 

to the surface of T-A GG. The gelation procedure lasted for 1 
hour.
Samples mineralization. The hydrogel discs were mineralized 
by mixing of Na2CO3 (Sigma-Aldrich), CaСl2 (Sigma-Aldrich) 
and MgСl2(Sigma Aldrich) salt solutions (dissolved in dH2O 
(18.2 µΩ)) in the presence of the hydrogels discs under 
ultrasonication (US) treatment in a US bath (Bandelin 
SONOREX™, Digital 10 P). For that purpose, T-A GG 
hydrogels discs with 3,5 cm diameter were immersed in 1 ml 
CaСl2:MgСl2 with different ratio (1:0, 0.75:0.25, 0.5:0.5, 
0.25:0.75, 0:1) (0.33 M) salt solution at a container. After that, 
1 ml Na2CO3 (0.33 M) salt solution was quickly added to the 
reaction mixture by pipetting at room temperature (20 ̊ C ± 0.2). 
The sonication treatment of the reaction mixture was 
maintained for 60 sec. after addition of the second salt solution 
(Na2CO3). After the mineralization treatment, samples were 
removed from the reaction mixture. Then, for estimation of the 
dry mineral content as well as for the investigation of its crystal 
polymorphism and morphology, the samples were dried via a 
hot plate at 50 ˚C for 15 min.
Determination of sample content. Mass of the sample was 
controlled during treatment stages; measurements of the mass 
were accomplished with a Sartorius Quintix 35 (Sartorius, 
Germany).Attenuated total reflectance-Fourier Transform 
Infrared (ATR-FTIR) measurements. FTIR spectrometer, 
Bruker (VERTEX 70) equipped with a Platinum ATR 
accessory fitted with a diamond crystal, was used in 
experiments. The spectra are recorded in the spectral range of 
150-4200 cm-1. The spectrum of each sample is measured 25 
times, and the average spectrum is then calculated. The 
spectrum of air was taken as the background spectrum.

Scanning electron microscopy The size and shape of particles 
were characterized by scanning electron microscopy (SEM). 
Hydrogel cylinders with 5 mm diameter were cutter by biopsy 
and transferred to an aluminum stage covered with double-sided 
carbon tape. Before SEM, the hydrogels were dried under the 
vacuum and coated with 15 nm thick gold layer (Bal-Tec 
SCD050 Sputter Coater). The measurement was performed 
with JSM-T330A from JEOL at the operating voltage of 25 kV 
with secondary electrons.
X-ray diffraction X-ray diffraction (XRD) measurements were 
performed with Rigaku Miniflex diffractometer (Rigaku, 
Japan) by using CuKυ (λ = 0.154 nm) radiation source operating 
at 45 kV and 200 mA. The interpretation of the patterns was 
made with the database of the International Center of 
Diffraction Data (ICDD) PDF4+ was used.
Atomic force microscopy. The AFM data were acquired using 
A Nanowizard® 4 Atomic Force Microscope (JPK Instruments, 
Berlin) operated in quantitative imaging (QI®) mode (in 
liquid). All maps were obtained with a QP-BioAC-CI probe in 
(Nanosensors, Neuchâtel), using the cantilever which had a 
nominal frequency of 50 kHz and a force constant of 0.1 N/m 
(calibrated in contact-free mode). Force maps were collected 
using a setpoint of 3 nN at 1.6 ms per pixel, with Z length of 0.2 
µm and a tip speed of 125 µm/s. The force and height maps 
were 20 µm by 20 µm. To measure mechanical and 
topographical properties, AFM was utilized with the DNP-s10 
cantilever (Bruker, America).
Mechanical Tests Using an Universal Testing Machine. 
Mechanical stiffness of gels has been performed using a 
Universal Test Machine, LS1 (1 kN) Material Tester from 
Lloyd Instruments, Inc. (Ametek). A 50 N load cell was used 
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for making a 0.5 mm indentation in samples with the diameter 
of the tip of 10 mm (the preload was set to 0.03 N).
Osteoblasts cultivation. Pre-osteoblastic MC3T3-E1 cells 
(ATCC) were cultured in MEM-alpha glutaMAX-1™ (Cat. No. 
32561- 029) supplemented with 10% FBS, 2 mM glutamine, 
and 100 μg/ml penicillin/streptomycin. The media were 
replaced every 3 days, and the cells were maintained in a 
humidified incubator at 5% CO2 and 37°C (Innova CO-170, 
New Brunswick Scientific). 
Cells viability. The effects of mineralized scaffolds on MC3T3-
E1 cells were determined by AlamarBlue (ThermoFisher 
Scientific) (Cat. No DAL1025). The hydrogels were placed at 
the bottom of the well and mineralized. MC3T3-E1 cells were 
seeded into 96-well cell culture plates on the mineralized 
hydrogel surface with at a cell density of 10 × 104 cells/well in 
the culture medium and incubated overnight at 
37 °C under 5 % CO2. After 24, 72 and 168 hours, 10 μL of 
fluorescence dye was added to each well AlamarBlue and 
incubated 4 hours. Fluorescent (540/610 nm) intensity was 
measured by a spectrophotometer (Infinite F200 PRO). The 
media were replaced every 3 days.
Fluorescence microscopy. To estimate a cell adhesion and 
proliferation on the surface of the prepared samples, viable cells 
were visualized by a fluorescence microscope using a 
microscope Nikon TI (Nik on, Japan) with Objective 4X, 10X 
and appropriate filters. MC3T3-E1 cells were seeded on the 
samples surfaces with area 0.32 cm2 at a cell density of 10 × 104 
/ sample and incubated for 1, 3 and 7 days. Afterwards, cells 
were stained with Calcein AM. The number of cells was 
calculated from snapshots of three random zones for three 
replicates of the samples.
Alkaline Phosphatase (ALP) Activity. An enzymatic activity 
assay was used to measure the levels of alkaline phosphatase 
activity expressed from the pre-osteoblastic cells cultured on 
the GG hydrogels with minerals surfaces. Cells were cultured 
for 1, 3 and 7 days in osteogenic medium (primary medium 
supplemented with ascorbic acid, sodium glycerophosphate and 
dexamethasone (50 μg/mL, 0.1 μΜ, and 10 nM, respectively) 
and at each time point they were harvested by trypsin-EDTA 

and collected by centrifugation. Pellets were dissolved in 100 
μL lysis buffer (0.1% Triton X-100 in 50 mM Tris-HCl pH 
10.5) and were subjected to two freeze-thaw cycles from −80 
°C to room temperature. Then, 100 μL of a 2 mg/mL p-
nitrophenyl phosphate (pNPP, Sigma, St. Louis, MO, USA) 
substrate in 50 mM Tris-HCl at pH 10 with 2 mM MgСl2 was 
added to each sample and incubated at 37 °C for 30 min. The 
reaction was stopped with the addition of 50 μL 1 N NaOH. 
Absorbance was measured using a Synergy HTX plate reader 
(BioTek, Winooski, VT, USA) at 405 nm and was correlated to 
equivalent amounts of para-nitrophenol using a calibration 
curve. Alkaline phosphatase activity was normalized to cellular 
protein levels and was measured by the Bradford assay.
HAP deposition. 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 determined in a fluorescent 
plate reader (Infinite F200 PRO) at a 492/520 nm ratio. Two 
independent assays were performed, again in triplicates.

RESULTS 
To understand the key parameters, which influence cell growth, 
proliferation and successful cells ossification, hydrogel 
matrices were in situ mineralized via various ratios of calcium 
and magnesium ions (Fig 1, column 1). Then, physical-
chemical and mechanical properties of the hydrogel were 
studied in detail (Fig 1, column 2). After this, all these materials 
were characterized via adhesion of the osteoblastic cells, 
followed with studying of the cell adhesion and proliferation 
efficiencies like cell area, cell density and cell viability as well 
as the cell activity like the alkaline phosphatase production and 
hydroxyapatite formation. (Fig1, column3) 

Figure 1. Schematic representation of major factors, which influenced cells ossification was analyzed. The first column represents the initial 
technical parameters of gel mineralisation like the ratio of the calcium and magnesium ions. The second column represents the 
characterization of the designed composite materials. The third column represents the factors related to the growth and activity of the cells. 
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The T-A GG hydrogel was produced via the thermal-
annealing of the gellan gum solution; then it was gelled with 
Ca2+ ions (Figure 2a). After this gelation, the synthesis of 
CaCO3, Mg-enriched CaCO3 and MgCO3 particles on the 
surface of the hydrogels took place by ultrasound 
mineralization, for which the hydrogels were placed in 
solutions with the corresponding ratios of CaСl2, MgСl2 and 
Na2CO3 solutions, (Figure 2b-c). Where the amount of Na2CO3 
was always constant (50% of total reaction mixture). The ratio 
of CaCl2 to MgCO3 was varied from 0% of MgСl2  (only CaCl2 
and Na2CO3 present in reaction mixture  Figure 2b -Ca100) to 
100% of MgCl2, which  means only MgCl2 and Na2CO3 were 
present in the reaction mixture (Figure 2b-Ca0). 

During mineralization, calcium or magnesium carbonate 
microparticles formed in the hydrogel matrix. The FTIR spectra 
(Figure 2d) prove that calcium carbonate particles were formed 
in samples with more than 25% of Ca2+ content (samples Ca25, 
Ca50, ca75 and Ca100). The intense absorption band at 877 

cm−1, which arose from out-of-plane deformation mode of 
CO3

2−, chemically confirmed the presence of CaCO3 on the T-
A GG surface.

The presence of the intense band at 744 cm−1 corresponds to 
the in-plane deformation mode of CO3

2− in vaterite crystals, the 
revealed surface was modified with porous vaterite crystals. 
The band at 712 cm-1 corresponds to bending of carbonate 
groups, respectively, are typical for calcium carbonate, as is the 
broadband at approximately 1400 cm-1, corresponding to ʋ3 
antisymmetric stretching35. The samples which contained a high 
amount of Mg2+ in the reaction mixture (samples Ca50, Ca25 
and Ca0) displayed a band at 714, 744 and 792 cm-1 
corresponding to hydromagnesite (Mg5(CO3)4(OH)2·4H2O).

The major characteristic band for T-A GG is located at 
approximately 1030 cm-1. For sample Ca25 and Ca0, the 
presence of the broad band at 3450 cm−1 corresponds to 
Mg(OH)2. X-ray diffraction confirms these results (Figure 2e). 

Figure 2. (a-b) Schematic representation of (a) step by step synthesis of T-A GG hydrogel (red insert is a cryo-SEM image of the internal 
structure of the hydrogel) and (b) formatted mineral particles after mineralization. (c) The ratio of ions in the reaction mixture. (d) FTIR 
spectra of GG hydrogels with different ratio of minerals. (e) X-ray diffraction spectra of GG hydrogels with different ratio of minerals.
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Figure 3. (a) Scanning electron microphotograph of T-A GG hydrogels pre-dried 24 hours in the oven and mineralized. Scale bar is 100 µm 
and 20 µm for inserts. (b) Particles size distribution on the T-A GG surface obtained by mineralization of T-A GG hydrogels. (c) Mass 
content of GG hydrogel with different ratio of minerals 

The particle crystallographical structures were characterised 
using X-ray diffraction. All samples show peaks at 2θ values 
27;2; 32.8; 43.9; 50.1 and 55.8; all corresponding to vaterite. 
Also, calcite peaks occur in these samples at 29.5 and 39.5 
degrees and peak 48.2 represent of hydromagnesite and 
magnesium calcite.

The analysis of SEM images of minerals deposits formed on 
T-A GG revealed the difference between mineral structures 
(Figure 3a). Calcium carbonate particles formed without Mg2+ 
ions in reaction mixture have a spherical shape, polycrystalline 
structure and exhibit a porous surface. Minerals in samples 
containing 25 and 50% of Mg in the reaction mixture (Ca50 and 
Ca75) have an ellipsoid-like polycrystal. Amorphic colloids of 
polycrystals of hydro-magnesite were observed in the 4th and 5th 

samples. The differences also related to the particle size of the 
minerals formed on the surface of the T-A GG (Figure 3b). 
Polycrystals on the surface of the Ca100 sample have a diameter 
of around 1.8±0.5 μm. Due to the ellipsoidal form of the crystals 
on the Ca75 and Ca50 samples size of the long and short axis 
was determined. 

Earlier, attempts have been made to obtain particles of 
calcium and magnesium carbonates with sizes from 1 till 10  
microns.36–39 Particles size usually larger and shape and 
morphology are quite different due to the fact that the synthesis 
of these particles is carried out on the surface and inside the gel 
matrix, which greatly affects the course of synthesis.
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Figure 4. (a) AFM topography and (b) AFM force mapping images of T-A GG hydrogels. Scale bar is 5 um. (c) Young’s modulus values 
for T-A GG hydrogel obtained by compression using UTM (1 mm) and AFM (30 nm) tip.

Polycrystals formed on the sample Ca75 have a large 
diameter of around 2.0±0.3 μm and a small diameter of 
approximately 0.9±0.1 μm. A decrease of Ca2+ ion 
concentration during the synthesis of sample Ca50 has 
obviously affected the polycrystalline size, but surface 
morphology remains the same. Mineral particles formed on the 
Ca50 samples have diameter around 1.8 ± 0.4 and diameter 2 is 
0.7± 0.1 μm. It was also observed in our studies that mineral 
deposits are formed on the samples Ca25 and Ca0 evenly 
covering the surface of T-A GG by amorphous polycrystals. 
The diameter of these colloids of polycrystals is 0.9 ± 0.2 μm 
for sample Ca25 and 1.3 ± 0.4 μm for sample Ca0. The mass of 

water, gel and minerals in all samples was almost the same: for 
water, 0.47±0.01 mg/mm3, and for the gel is 0.19±0.01 mg/mm3 
and for minerals is 0.038 ± 0.012 mg/mm3 (Figure 3c).

The influence of the mineralization of the hydrogels on 
mechanical properties was investigated by a compression test 
uing a Universal Testing Machine (UTM) (to probe the Young’s 
modulus of the composite hydrogel with a probe of diameter of 
1 mm) and AFM (to map the Young’s modulus of the particles 
and hydrogel separately, 30 nm tip). 

Measurements of the Young’s modulus of composite 
hydrogel (YmC) in the former case revealed statistically non-
significant differences between control samples (control 
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Hydrogel)  and Ca100, Ca50 and Ca25 sample:1.22, 1.42, 1.59 
and 1.56 MPa, respectively (Figure 4с). YmC of Ca75 and Ca0 
sample of T-A GG is 1.38 MPa and 1.58 MPa. On the other 
hand, a more precise AFM probe allows determine separately 
the Young’s modulus of a hydrogel area (YmH) and the 
Young’s modulus of the particles inside hydrogel mesh (YmP). 
It can be seen from Figure 4c that some differences were 
observed between YmP and YmH. YmH shows more 
pronounced differences between control samples compare Ca25 
and Ca0 sample: 0.4 MPa for control compare 0.67 MPa and 
0.91. Other samples have a value of around 0.36 - 0.59MPa and 
don’t have a significant difference compared to the control. For 
YmP value, none of the samples shows a significant difference 
due to a high standard deviation, but their Young’s modulus is 
in the range of 3.02 to 9.69 MPa. The Ca100t and Ca0 samples 
have the highest and lowest Young’s modulus.

Osteoblast cells ossification on every type of the T-A GG was 
studied by fluorescence microscopy, AlamarBlue assays, 
Hydroxyapatite (HA) deposition and alkaline phosphatase 
(ALP) level. Cell analysis here has been conducted on days: 1, 
3, and 7 after the seeding. From fluorescence microscopy 
analysis we obtained qualitative properties (Figure 5a), such as 
the morphology of cells, and quantitative properties of cells, 
such as area and density, other cells parameters were obtained 
by spectroscopy

Cells morphology on the Ca100 and Ca75 samples is similar 
to the control hydrogel. We see a change in cell morphology as 
a n indicator of the successful cell proliferation from flattened 
(well, spreaded better attached to the surface cell) to more 
rounded (less spreaded/adhesive cell), accompanied by a 
decrease in the amount of calcium carbonate in the 4th and 5th 
samples. The cells growing on the Ca50 sample show the same 
morphology on the first and third day as the cells on the first 
and second samples, but on the seventh day, their morphology 
becomes the same as that on the Ca25 and Ca0 samples. This 
may be due to the recrystallization of carbonates on the surface 
of the sample. Cells growing on the Ca25 and Ca0 samples 
become spheroids on the seventh day of cultivation. This 
indicates poor adhesion properties of the composite hydrogel.

Summary of the quantitative data is presented in Figure 3-5 
as a heat map (Figure 5b). To obtain a heat map, all data were 
normalized to the control data (cells on the cultural plastic 
surface) for the corresponding day. Also, the source data can be 
found in Table 1 in Support Information. The highest cell 
density was found on the Ca100 (11242 cells/cm2) and Ca75 
(11123 cells/cm2) samples on the first day relative to the control 
(7376 cells/cm2). The lowest density relative to the control 
(76684 cells/cm2) is on the Ca50 (6350 cells/cm2), Ca25 (7258 
cells/cm2) and Ca0 (4871 cells/cm2) samples on the seventh day 
(Figure 5b first column).

It is also clearly seen on the heat map that the Ca50 (1064 
µm2) and Ca25 (1033 µm2) samples on the first day have the 
largest cell area relative to the control (1702 µm2). The Ca75 
(836 µm2) and Ca50 samples on the seventh day have the 
smallest cell area relative to the control. Cell viability on the 
most samples has no statistical difference in comparison with 
the control sample. Only samples from the Ca0 (7 days) and 
control hydrogel (7 days) fall out of this list and have the lowest 
result: 40%, and 39%, respectively. 

Such a difference in viability, area, and a number of cells are 
in agreement with the cell adhesion on different types of 
particles. Obviously, cells can not adhere to Mg-rich GG 
hydrogels (Figure 5a Ca25 and Ca0), because of particle 
morphology and mechanics that lead cells to gradually 
programmed death. This is clearly seen from result of the 
AlamarBlue test (Figure 5b).

The biosynthesis of ALP can be easily traced on the 
temperature map. (Figure 5b) The best synthesis of ALP occurs 
on samples Ca100, Ca75 and Ca0. The synthesis of 
hydroxyapatite is a major factor in the ossification of cells. The 
best result is shown by cells in sample Ca100 and Ca75 (about 
500%). With a decrease in the amount of calcium in the 
hydrogel, the amount of hydroxyapatite decreases. However, 
cells that grow on a control hydrogel show a high result on the 
first day (459%). This may be due to calcium chloride 
molecules that remained in the hydrogel after the crosslinking 
procedure and were not used to form crystals.
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Figure 5. (a) MC3T3-E1 cells cultivated on the surface of the samples mineralized with various concentration of the calcium and magnesium 
ions (samples from 1to 5), control plastic and control not mineralized hydrogel during 3, 7 and 14 days (calcein, green colour). The scale bar 
is 200 μm. (b) heat map which represents how the difference parameter deviated from the control. The red is significantly higher than control, 
and the blue means significantly low then control and the white color represents the 100% control level corresponded to the plastic.

.

DISCUSSION
It is clear that multiple factors influence the rate of 

ossification. For analyzing the key parameters affecting 
hydroxyapatite production, the principal component analysis 
has been used. The major parameters analyzed in this study are 

listed in the schematics below, and the cross-correlation matrix 
is presented in Table S1.
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Figure 6. Factors affected by the HA production. Loading plot of 
the first two PC loading vectors: Mg2+, Ca2+, YmC, YmP, YmH, 
MassP, Cell area (1 day), viability (1 day), SizeP, ALP (1 day), 
Density, HA (1 day), HA7 (7 days). The components which 
represent the amount of hydroxyapatite in a first day (HA) and after 
the seven day (HA7) are highlighted in red color. The significance 
of the influence on the factor of interest are highlighted in various 
colors: significant positive influence (green); negative 
influence(blue) doesn’t have a significant influence (black).

The principal component 1 (PC1) and principal component 2 
(PC2) explains the variation of more than 70% of the data. The 
bi-plots, demonstrating how the samples are differentiated from 
each other, show correlations between screening parameters: 
the amount of HA, gel mechanical properties (YmH, YmP, 
YmC), cell growth efficiency (number, area, ALP, viability) 
(Figure 6). In 2-dimensional PCA bi-plots, the lengths of the 

vectors estimate the standard deviations of the respective 
variables and the cosine values of angles between vectors 
approximating the intervariable correlations40. The 
components, which have a positive influence, have a smaller 
angle (highlights with green). It can be clarified that the major 
factors correlated with the amount of the HA after one week 
(HA7) is the amount of HA in the first day as well as the cells 
viability, cells number and the percentage of calcium in reaction 
synthesis. It means that all initial cell parameters, except the cell 
area, are positively influenced by the long-term efficiency of the 
HA production. In regard to gel properties, just the Young’s 
modulus of the particles and size of the particles have a 
correlation. 

Therefore, in the next step, we identify the factors influencing 
the initial cell growth and adhesion (Figure 7a-e). We are 
interested in studying the following cell parameters: 1) density; 
2) area; 3) viability (Figure 7). In regard with all initial cell 
parameters, sizeP and YmP have a stronger influence. But for 
the area occupied by cells, the massP and the presence of Ca2+ 
are key factors. Its means that cells prefer to grow on larger 
particles, which are fixed in the hydrogel structure and provide 
the highest Young’s modulus. Since Ca2+ ions are a part of HA, 
increasing more calcium-based structures (the calcium 
carbonate rather than calcium magnesite) could have an 
influence on the HA formation as well. On the other hand, such 
additional parameters as the presence of the Mg2+ ions and 
YmH have a negative influence on the formation of HA (Figure 
7e). This can be due to the inverse correlation of these 
parameters with Ca2+. Mg-rich particles doesn’t toxic by 
themself. 39,41–43 But in our case morphology and mechanical 
properties of the particles have critical influence to the density 
of adhered cell (Figure 7a), and as result to cell viability 
(Figure 7c).

Figure 7. Loading plot of the first two PC loading vectors: Mg2+, Ca2+, YmC, YmP, YmH, MassP, Area, Viability, SizeP, ALP, Density, 
HA. In red color highlighted the factor of interest. The significance of the influence on the factor of interest is highlighted in various colors: 
significant positive influence (green); negative influence(blue) doesn’t have a significant influence (black).
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Figure 8. Loading plot of the first two principal component loading vectors: a) Mg2+, Ca2+, SizeP and MassP b) YmC, YmP, YmH, MassP, 
SizeP, Mg2+, Ca2+. The factor of interest is highlighted in red color. The significance of the influence on the factor of interest is highlighted 
in various colors: significant positive influence (green); negative influence(blue) doesn’t have a significant influence (black). Inset in figure 
8a demonstrates the correlation between the particle size and the percentage of calcium ions in the reaction mixture.

Since the sizeP and YmP are the key parameters for HA 
production, we determine which factors affect them (Figure 
8a). The percentage of Ca2+ ions has a significant influence on 
the sizeP and doesn’t have an influence on the massP. 
Consequently, there is an influence of the sizeP, massP and Ca2+ 
on the YmP (Figure 8b). Furthermore, one can notice that the 
YmC is a combination of the YmH and YmP. But such an 
integral characterization obtained by the universal testing 
machine doesn’t provide sufficient information for such a 
composite material.

In our case, more Ca2+ in synthesis provides vaterite particles 
with a larger size and less amorphous phase. Therefore, they are 
more stable in the gel and provide the highest YmP. Analysis of 
Figure 6 demonstrates that YmP has a key influence on the 
growth of cells due to better adherence of cells to the particles. 
In other words, cells grab them more efficient larger particles, 
which are fixed in the gel. For this reason, the number of cells, 
their viability, production of ALP and HA increases 
significantly. Therefore, in order to provide an efficient HA 
formation, the presence of the Ca2+ ions is needed, which is an 
inherent a part of HA, thus this could be influenced directly (as 
a part of the HA structure) and indirectly through the formation 
of more stable, large particles providing a relatively high 
Young’s modulus.

Having carried out the analysis above, a question arises: how 
applicable is the described above approach to other types of 
hydrogels and particles? We have found that the general 
patterns can be extended beyond gellan gum and Ca/Mg 
carbonate particles, and they could thus be of a more universal 
nature. For example, alginate hydrogel mineralized by calcium 
carbonate particles44 demonstrates that particles are the driving 
mechanism of cell adhesion to hydrogels. Furthermore, the 
ideas of particles influencing the cell adhesion could be 
extended to such pre-synthesized colloid ceramic particles as 
silica, calcium carbonate (in the vaterite form).21 Moreover, it is 
shown that particle morphology is the key factor in cell 
adhesion, since porous calcium carbonate exhibited a 

significantly higher cell adhesion than smooth silica particles. 
44 In regard with various types of gels including alginate or 
gellan gum or just metal surfaces: calcium carbonate particles 
play an important role in ossification,: it can be both a container 
for carrying ossification, thus accelerating enzymes, or a 
material applied to build a hydroxyapatite matrix.45

CONCLUSION
In conclusion, we have determined key parameters of 

hydrogel-based composite materials in situ functionalized with 
calcium carbonate and magnesium carbonate particles 
stimulating the ossification. First, biological and physical 
chemistry processes behind the ossification process were 
studied. Second, we have determined key parameters with the 
focus on data mining procedure to formulate and train the 
prediction model, which would describe repeatable gel 
formulations for osteoblastic cell growth. Variation of such 
hydrogel mineralization factors as the ratio of Ca2+ and  Mg2+ 
ions in the reaction mixture, the influence of the cell area, 
viability, density, ALP production, and HA formation were 
analyzed. This occurs upon changing parameters such as the 
size of particles, the mass of minerals, mechanical properties of 
the hydrogel, particles and their composite. In addition, a 
number of material parameters and complex cellular behavior 
were analyzed via principal component analysis and key factors 
of materials, which act on a particular cellular trait, were 
determined. In this case, a higher amount of Ca2+ in the reaction 
mixture (100 and 75%) produce vaterite particles with a larger 
size, around 1.8 ± 0.5 μm, and to a lesser degree the amorphous 
phase. Therefore, they are better fixed in the gel structure and 
provide the highest Young’s modulus (9.69 MPa). For efficient 
cell growth, just YmP is more important since cells can adhere 
better to the particles. It was observed that cells adhere better to 
materials functionalized with larger particles, because these 
particles need to be well fixed in the hydrogel matrix. 
Furthermore, сells proliferate 12 times faster on Ca ions rich 
hydrogel, and their viability is 2 times higher than that for Mg-
rich hydrogels after 7 days of incubation, which is the main 
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factor influencing the formation of hydroxyappatite (3 times 
higher). As a generalization of this research, the reported 
dependence of cell adhesion on various materials can be also 
extended to other types of gels and particles. 
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Figure 1. Schematic representation of major factors, which influenced cells ossification was analyzed. The 
first column represents the initial technical parameters of gel mineralisation like the ratio of the calcium and 
magnesium ions. The second column represents the characterization of the designed composite materials. 

The third column represents the factors related to the growth and activity of the cells. 
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Figure 2. (a-b) Schematic representation of (a) step by step synthesis of T-A GG hydrogel (red insert is a 
cryo-SEM image of the internal structure of the hydrogel) and (b) formatted mineral particles after 

mineralization. (c) The ratio of ions in the reaction mixture. (d) FTIR spec-tra of GG hydrogels with different 
ratio of minerals. (e) X-ray diffraction spectra of GG hydrogels with different ratio of minerals. 
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Figure 3. (a) Scanning electron microphotograph of T-A GG hydrogels pre-dried 24 hours in the oven and 
mineralized. Scale bar is 100 µm and 20 µm for inserts. (b) Particles size distribution on the T-A GG surface 

obtained by mineralization of T-A GG hydrogels. (c) Mass con-tent of GG hydrogel with different ratio of 
minerals 
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Figure 4. (a) AFM topography and (b) AFM force mapping images of T-A GG hydrogels. Scale bar is 5 um. 
(c) Young’s modulus values for T-A GG hydrogel obtained by compression using UTM (1 mm) and AFM (30 

nm) tip 

Page 18 of 22

ACS Paragon Plus Environment

ACS Applied Materials & Interfaces

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



 

Figure 5. (a) MC3T3-E1 cells cultivated on the surface of the samples mineralized with various concentration 
of the calcium and magnesium ions (samples from 1to 5), control plastic and control not mineralized 

hydrogel during 3, 7 and 14 days (calcein, green colour). The scale bar is 200 μm. (b) heat map which 
represents how the difference parameter deviated from the control. The red is significantly higher than 

control, and the blue means significantly low then control and the white color represents the 100% control 
level corresponded to the plastic. 
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Figure 6. Factors affected by the HA production. Loading plot of the first two PC loading vectors: Mg2+, 
Ca2+, YmC, YmP, YmH, MassP, Cell area (1 day), viability (1 day), SizeP, ALP (1 day), Density, HA (1 day), 
HA7 (7 days). The components which repre-sent the amount of hydroxyapatite in a first day (HA) and after 
the seven day (HA7) are highlighted in red color. The significance of the influence on the factor of interest 
are highlighted in various colors: significant positive influence (green); negative influ-ence(blue) doesn’t 

have a significant influence (black). 
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Figure 7. Loading plot of the first two PC loading vectors: Mg2+, Ca2+, YmC, YmP, YmH, MassP, Area, 
Viability, SizeP, ALP, Density, HA. In red color highlighted the factor of interest. The significance of the 
influence on the factor of interest is highlighted in various colors: significant positive influence (green); 

negative influence(blue) doesn’t have a significant influence (black). 
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Figure 8. Loading plot of the first two principal component loading vectors: a) Mg2+, Ca2+, SizeP and MassP 
b) YmC, YmP, YmH, MassP, SizeP, Mg2+, Ca2+. The factor of interest is highlighted in red color. The 

significance of the influence on the factor of interest is highlighted in various colors: significant positive 
influence (green); negative influence(blue) doesn’t have a significant influence (black). Inset in figure 8a 
demonstrates the correlation between the particle size and the percentage of calcium ions in the reaction 

mixture. 
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