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Enzymatic mineralization of hydrogels is a pro-

hydrogel becomes more rigid and therefore more 

suitable for bone tissue replacement.

-

microscopy. Mechanical tests in compression mode 

cross-sections of mineralized and non-mineralized 

staining. 

-

not particularly pronounced for samples of higher 
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-

lisacharydem wytwarzanym przez bakterie (Sphingomonas 

elodea -

-

ne z glukozy, kwasu glukuronowego i ramanozy w stosunku 

-

-

 

-

-

licznej (ALP). ALP katalizuje uwalnianie grupy fosforanowej  

-

nowych [8,9].

 [9,10].  

-

-

wano fosforanem wapnia oraz fosforanem magnezu (MgP) 

-

-

cesu enzymatycznej mineralizacji GG, przede wszystkim  

 

 

po 7 dniowej inkubacji w wodzie. Dodatkowo przeprowadzo-

-

przez ogrzanie wodnego roztworu GG do temp. 90oC oraz 

dodanie CaCl2
o

 

-

Gellan gum (GG) is an anionic calcium-binding polysac-

charide produced by bacteria (Sphingomonas elodea) during 

aerobic fermentation. It consists of repeating tetrasacharide 

ratio [1,2]. It is widely used in the food and pharmaceutical 

industries [3] and more recently it has been used as a hydro-

gel biomaterial for cartilage regeneration [4-6]. GG has been 

applied as a tissue engineering scaffold for controlled drug 

delivery and as an injectable material. Further advantages 

of GG are its low cost, high biocompatibility, biodegradabilty 

and the low toxicity of its by-products, as well as the fact 

that it is not animal-derived, avoiding regulatory concerns.  

One of the main disadvantages concerning the application of 

GG as an alternative strategy for bone regeneration is its low 

mechanical strength [1,3,7]. Many studies have explored the 

reinforcement of hydrogels by the use of inorganic phases, 

such as apatitic calcium phosphate (CaP) nanoparticles, 

because they closely resemble the nanostructured mineral 

phase of bone tissue [8].

The mineralization of GG with CaP minerals can be 

achieved by the incorporation of an enzyme, alkaline 

phosphatase (ALP), during incubation in solutions contain-

ing calcium glycerophosphate (CaGP). The ALP uses the 

CaGP as a substrate, cleaving the phosphate and, thereby 

increasing its local concentration, enabling the precipitation 

of insoluble phosphate salts [8,9].

Physical and biological properties of enzymatically min-

eralized GG with a focus on bone regeneration applications 

were studied by Douglas et al [9,10]. Mineralizability and 

-

tion of polydopamine (PDA) [9]. In a second study CaP 

and magnesium phosphate (MgP) mineral formation in 

and magnesium glycerophosphate (MgGP) solutions [10].  

The presence of MgP as well as PDA in mineralized samples 

promoted attachment and vitality of osteoblastic MC3T3-E1 

cells and did not negatively impact the materials’ cytocom-

patibility.

The aim of this study was to gain a deeper understand-

ing of mineralization process of GG with CaGP in terms of 

mineral phase distribution and its stability within the material. 

mineralized hydrogels and the properties of the materials 

were analyzed prior to and after incubation in water for  

7 days. Moreover osteoblast-like MG-63 cells were cultured 

on the outer surfaces as well as on the cross sections of 

mineralized materials to ascertain if differences in mineral 

phase concentrations affect cell adhesion and viability.

containing ALP (P7640, Sigma-Aldrich) were prepared by 

heating a GG solution to 90oC and addition of CaCl2 as  

2
o

the solution was cast on glass Petri dishes at room tem-

perature. After gelation cylindrical hydrogels samples (12 or  

4 mm in diameter, 4 mm in height) were cut out with a hole 
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odczynnika BCA (5 ml kwasu bicynchoninowego, 20 mg 

bezwodnego siarczanu (II) miedzi - oba z Sigma-Aldrich  

2

-

 

 

-

fazy mineralnej.

-

fragmentu krzywej (zakres w przedziale 0,2 do 5 N).

-

zacji (m1) oraz po suszeniu w temp. 37°C przez okres 2 dni 

(m2). Procent suchej masy (dmp) wyznaczono w oparciu  

2 1

-

 

 
oC 

4 -

w temp. 37o
2

przez 20 min w temperaturze pokojowej. Po tym czasie wy-

fluorescencyjnego (Axiovert, Zeiss). 

w czasie 3 dni inkubacji w wodzie. Najbardziej intensywny 

proces uwalniania ALP zaobserwowano w pierwszych go-

-

To evaluate the protein loss, GG disks (4 mm in diameter 

different periods of time. At each time point the water was 

 

20 mg of copper II sulfate anhydrous pure - both from Sigma-

2O) were then added and the absorb-

ance was measured at 570 nm after 30 min of incubation. 

 

The samples were incubated in 0.1 M CaGP (50043, 

Sigma-Aldrich) solution at room temperature over 14 days. 

Mineralization medium was changed every other day.  

After mineralization, the gels were rinsed with UHQ-water 

and subsequently incubated in UHQ-water for 1 day with 

the aim of removing residual CaGP and 7 days to assess 

mineral phase stability.

testing in a universal testing machine (Zwick 1435). Samples 

on the obtained force - strain curve Young’s modulus was 

To determine formed mineral content mass change was 

measured. Samples were weighed after incubation (m1) 

and after drying at 37°C for 2 days (m2). The dry mass 

2 1

Cross-sections of the samples (non-mineralized GG and 

-

ples into halves parallel to the bases of the cylinders. The 

samples were sterilized under UV light for 20 min (10 min 

from each side), placed in 24-well plates and incubated at 

37oC for 2 h in minimal essential medium (DMEM, ATTC), 

suspension (3x104 cells) were added on the surface of each 

cells were cultured for 1 and 7 days at 37o
2.  

To assess cell viability, 1 ml of staining solution (20 ml of 

Sigma) was added to each well and incubated for 20 min at 

room temperature. Afterwards, the samples were observed 

FIG. 1 shows concentration of ALP released from GG-

ALP samples during 3 days. The most intensive release 

 

After 2 h ~ -

cally all the ALP introduced was leached out. The samples 
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-

-

 

 

(RYS. 1 F).

-

FIG. 2 presents cross-sections of mineralized gels with 

different concentrations of GG before and after 7-day in-

cubation in water. In every case, the mineral phase was 

located mostly inside the gel while the regions close to 

the surface were poorly mineralized. There were no visual 

differences in terms of mineral phase distribution just after 

the mineralization process between hydrogels with different 

GG concentrations (FIG. 1 A,B,C). On the other hand the 

samples after incubation in water for 7 days (FIG. 1 D,E,F) 

seemed to be more transparent. This was especially visible 

FIG. 3 shows the results of Young’s modulus of non-

mineralized and mineralized GG samples prior and after 

incubation in water for 7 days. For the samples without 

ALP Young’s modulus increased with GG concentration. 

mechanical properties of those gels. After mineralization, 

Young’s modulus of every material was higher, although the 
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Zmiany procentu suchej masy po inkubacji w wodzie 

przedstawiono na RYS. 4. Zanotowano spadek suchej masy 

-

 

zmineralizowanych oraz niezmineralizowanych. Jednak 

-

-

-

Dry mass changes after mineralization and after incuba-

tion in water are presented in FIG. 4. There was a drop in 

ALP after soaking in water. Dry mass after mineralization 

was approximately four times higher than before mineraliza-

mineralization between the samples with different concentra-

between the samples with various GG concentrations were 

of the materials as well as on their cross-sections are pre-

sented in FIG. 5. Live (stained in green) cells were found on 

all samples studied, both mineralized as well as non-miner-

alized. However there were pronounced differences in mor-

phology between these groups. Cells on non-mineralized 

GG gels had a tendency to grow in clusters (FIG. 5 A,B,F,G) 

whereas on mineralized materials cells were more evenly 

separated on day 1 (FIG. 5 C,D,H,I). However their spread-

ing was reduced compared to that on TCPS (FIG. 5 E).  

After day 7 (FIG. 5 H,I) the cells were spreading over the 

surface and their morphology was similar to that on TCPS 

(FIG. 5 E,J). Higher cell density was observed on the 

cross-section of mineralized samples (FIG. 5 I) than on the 

material surface (FIG. 5 H).



11

 

-

-

-

-

czas pierwszych 2 h inkubacji w wodzie (RYS. 1). Podobna 

-

 

-

-

-

masy po 7 dniowym okresie inkubacji w wodzie (RYS. 3 i 4).  

-

-

Compressive testing of the hydrogels after 14 days 

incubation in mineralization solution (CaGP) revealed an 

increase in Young’s modulus of every sample containing 

ALP (FIG. 3). It is due to formation of a mineral phase 

(CaP) in hydrogels in the presence of ALP as previously 

reported in other studies [8,9]. The presence of minerals 

was demonstrated by the increase in dry mass percentages 

of the samples (FIG. 4). Distribution of CaP was visualized 

by preparing cross-sections of mineralized samples. It was 

found that the majority of the minerals were concentrated 

inside the gels, whereas the surface and edges of the sam-

ples were only mildly mineralized (FIG. 2). 

Our hypothesis is that inhomogeneous distribution of CaP 

may be attributed to leaching out of ALP from the surface 

of the samples during soaking in mineralization solution,  

as a result of which only the inner part of the sample con-

In our experiment it was found that more than half of the 

amount of ALP was released from the samples during the 

kinetics was measured previously for GG with different 

concentration [9]. 

The second phenomenon affecting mineral concentration 

in the samples is CaP dissolution in aqueous media. During 

the manufacturing procedure, one day incubation in water 

is applied to remove residual CaGP from the mineralized 

material. Our results show that the CaP phase is not com-

pletely stable in the aqueous environment, which is indicated 

by substantial loss in Young’s modulus and dry mass after  

7 days incubation in water (FIG. 3 and 4). Mineral phase 

loss was also demonstrated on sample cross-sections  

(FIG. 2 D,E,F). Although mass loss was independent of the 

GG concentration (FIG. 4), Young’s modulus decrease was 

(FIG. 3). Such results suggest that by changing GG con-

centration it is possible to reduce ALP as well as mineral 

release from the samples, but further studies are needed.
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a zmineralizowanymi (RYS. 5). W pierwszym przypadku 

-

na powierzchni po 1 dniu a po 7 dniach ich morfologia przy-

 

-

-

-

-

oraz procentu suchej masy wszystkich mineralizowanych 

-

 

-

do dobudowy tkanki kostnej.

ST8/00129).

Our biological results show that cells’ behavior is differ-

ent if cells are cultured on non-mineralized or mineralized 

poorly spread, which suggests weak adhesion. After 7 

days they form clusters. On the other hand, on mineral-

ized GG the cells are evenly distributed on day 1 and after 

day 7 their well-spread morphology resembles that of cells  

on TCPS (FIG. 5). Similar results were already reported in 

the studies of Douglas et al. who studied GG samples of 

[9,10]. However in our recent experiments we also found  

number of cells on mineralized GG material cross-sections 

than on the outer surfaces. This can be attributed to surface 

mineral loss, leaving only the GG polysaccharide hydrogel 

matrix, which does not promote cell adhesion. 

CaP mineral formation in GG hydrogels was induced by 

incorporation of ALP and subsequent incubation in CaGP 

solution. Enzymatic mineralization led to an increase in 

stiffness and dry mass of all materials. Mineral formation 

formed inside than on the outer surface. The samples with 

higher GG concentration were more prone to form mildly 

mineralized surfaces due to mineral and ALP loss. Mineral-

ized gels promoted cell attachment and growth, especially 

in the case of cell culturing on sample cross-sections, i.e. 

where the concentration of mineral phase was the highest.  

In summary, the processes of inhomogeneous miner-

alization caused by enzyme and mineral loss should be 

considered in order to produce materials for bone tissue 

engineering by enzymatic means.
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