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Polysaccharide hydrogels are widely used in food 

industry and medicine. Gellan gum (GG) recently 

gained a lot of attention as a promising material for 

tissue regeneration proposes due to its excellent 

biocompatibility and similarity to natural extracellular 

matrix. However, in unmineralized form it is not sui-

table for bone tissue engineering because of weak 

mechanical properties. Enzymatic mineralization 

(e.g. using alkaline phosphatase – ALP) is one of the 

methods of calcifying of hydrogels and it resembles 

natural processes occurring during bone healing.

The aim of this research was to investigate minerali-

zation of hydrogels and to improve properties of gellan 

gum scaffolds by adjusting processing conditions. 

Since ALP does not form with GG covalent bonds, 

during incubation in mineralization medium (solution  

of calcium glycerophosphate - CaGP) it is diffusing 

from the samples. Therefore, mineralization effecti-

veness depends on the interplay between incoming 

CaGP and outgoing ALP molecules. We hypothesize 

that better CaGP availability, especially in the first 

hours of incubation, can result in more effective and 

homogenous precipitation of calcium phosphates 

(CaP) in GG samples. 

To this end, samples with different GG and ALP 

concentration were subjected to two different mine-

ralization regimes (more and less frequent CaGP 

exchanges). We proved that better CaGP availability 

(more frequent CaGP exchange) resulted in better 

mechanical properties (Young’s modulus) and more 

effective mineral formation (higher dry mass percen-

tage) of the samples compared to the same samples 

mineralized with lower accessibility of CaGP. This may 

be related to the fact, that in presence of fresh organic 

substrates, more CaP are formed in the outer parts of 

the samples at the beginning of the process, that limit 

ALP diffusion and allow more uniform mineralization.
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Hydrogels are highly hydrated polymers that recently 

gained increasing interest for potential use in tissue engi-

neering. Advantages of hydrogels include injectability, exact 

bioactive molecules and cells. Hydrogels have been mainly 

considered for applications in soft tissue engineering, but 

the versatility of hydrogels has resulted in increased interest 

in potential application of those materials in regeneration  

of bone and cartilage. However, hydrogels lack the capacity 

to calcify which limits their suitability for hard tissue regen-

eration [1-3].

A recent trend involves the development of hydrogels 

that possess the capacity to mineralize. Thanks to CaP 

-

logically active proteins. Mechanical reinforcement resulting 

from mineralization may help to overcome one of the main 

disadvantages of hydrogel materials, namely weak mechani-

cal properties [4-5].

Hydrogels can be mineralized with several different ways: 

physically (by incorporation of inorganic calcium phosphate 

particles) [6], chemically (by incubation of hydrogels in so-

lutions containing calcium and/or phosphate ions) [7] and 

enzymatically (by incorporation of enzymes) [8-10].

Alkaline phosphatase (ALP) is an enzyme involved in 

mineralization of bone by cleavage of phosphate from or-

ganic phosphate (e.g. calcium glycerophosphate, CaGP).  

In previous studies ALP was used to induce mineralization of 

hydrogels to improve their mechanical strength and render 

them more suitable for bone replacement applications [11].

Physical and biological properties of enzymatically min-

eralized gellan gum (GG) hydrogels with a focus on bone 

regeneration applications were studied by Douglas et al 

[11-12]. In these studies ALP was incorporated into hydro-

gel without any covalent bonding therefore it could easily 

diffuse outside. This method of ALP incorporation does not 

involve reactive and potentially harmful chemicals. However 

its main disadvantage is poor retention of ALP in material 

during the process of mineralization. It can be a limiting 

factor for achieving higher degree of mineralization. In all 

previous studies maximal content of CaP precipitates inside 

hydrogels did not exceed 10-12%. Moreover as it was shown 

in our previous study, fast diffusion of ALP from outer parts 

of hydrogels lead to inhomogeneous mineralization – the 

samples were less mineralized on the surface due to ALP 

loss. It was also noted that ALP released to the surrounding 

solution consumed CaGP and as a result CaP precipitated 

outside hydrogels. We assume that this phenomenon might 

-

time considerable amount of the enzyme is released from 

the samples [12-13].

it possess the highest mineralization capability due to high 

ALP concentration within the material.

We also wanted to measure a rate of ALP release from 

hydrogel during mineralization and compare it to diffusion 

of ALP from unmineralized hydrogel. We believe that CaP 

precipitation inside hydrogel may partially prevent enzyme 

loss and mineralization can sustain longer.

-

zation conditions on its effectiveness in the case of the sam-

ples with different GG and ALP concentrations. Two CaGP ex-

change regimes were applied. The main hypothesis was that 
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Aqueous solutions of GG (Gelzan™ CM, Sigma-Aldrich), 

alkaline phosphatase from bovine intestinal mucosa, lyo-

philized powder (ALP, P7640, Sigma-Aldrich) and calcium 

chloride (CaCl2, POCH) were used. GG was mixed with 

UHQ-water, heated up to 90oC until complete dissolution 

and then cooled down to 50oC. CaCl2 and ALP were dis-

solved in UHQ-water and heated up to 50oC. GG solution 

2 solution was added. 

After short mixing gel was purred into test tubes and left to 

gellify (4oC, 5 min). 

Samples for ALP release measurement

To measure release rate of ALP from 0.7% GG during 

mineralization as well as from non-mineralized gel, two sets 

consisting of three types of samples were prepared. In the 

one to CaGP solution and at the same time gel underwent 

mineralization (FIG. 1.1). All samples were prepared in 10 ml  

test tubes. 2 ml 0.7% GG gel containing 2.5 mg/ml ALP and 

0.03% CaCl2 was poured into test tube.

Samples for physicochemical examination 

Solutions were prepared in the same way as described 

before. Final concentrations of GG, ALP and CaCl2 in sam-

ples are given in TABLE 1. For each sample group 8.8 ml 

GG, 0.2 ml of ALP and 1 ml CaCl2 solutions were vigorously 

mixed, casted into Petri dish (10 cm diameter) and cooled 

down to 4oC. Samples (12 mm diameter and 4 mm height) 

were cut using a hole punch. For mineralization samples 

were then immersed in 0.1 M CaGP solution (Sigma- 

Aldrich). For each sample group two CaGP exchange 

regimes were used: A (2 h, 4 h, 6 h, 1 day, 3 days and  

5 days) and B (1 day, 3 days and 5 days). After 7 days 

the samples were washed in UHQ-water and subjected to 

physicochemical examination. Preparation procedure is 

shown in FIG. 1.2.

ALP release measurement

Samples were prepared in 10 ml test tubes. Each 2 ml 

sample of GG gel after gellation was covered with 1 ml of 

UHQ-water or 0.1 M CaGP. Solution was exchanged after:  

1 h, 2 h, 4 h, 8 h, 1 day and 3 days. Solution collected from 

each changing period was centrifuged at 3000 rpm for  

4 min to separate CaP precipitating outside hydrogels. 
oC for  

reagent (5 ml bicinchoninic acid solution, 20 mg of copper II  

sulfate anhydrous pure – both from Sigma-Aldrich and  

500 µl H2O). To determine a real concentration standard 

solutions of ALP were also prepared. After 30 min incubation 

absorbance at 562 nm was measured. Real concentration 

was calculated on the basis of calibration curve and known 

dilutions.

Mechanical testing

Mineralized hydrogels were subjected to compression 

testing using ZWICK 1435 (Zwick Roell, Germany). Hydro-

gels were placed between piston heads and displacement 

was applied at a rate of 1 mm/min until the samples were 

compressed to 10% of their original height. Young’s modulus 

was determined based on the stress-strain curve. For each 

sample group 4 samples were tested.

2

GG 
[% (w/v)]

ALP
 [mg/ml]

CaCl2
[% (w/v)] 

0.40

0.5

0.03

0.55

0.70

0.70

0.25

0.50

2.50

-



4 Measurement of dry mass percentage

Prior to compressive strength testing wet samples were 

weighted, dried for 48 h and then weighted again. Dry mass 

percentage was calculated as follows: (weight after incuba-

tion and subsequent drying)/(weight after incubation before 

drying) * 100. For each sample group 4 samples were tested.

Scanning Electron Microscopy and Energy Dispersive X-ray 

Spectroscopy

Scanning electron microscopy (SEM) and energy disper-

sive X-ray spectroscopy (EDX) were performed using Nova 

NanoSEM 2000 (FEI, USA). Prior to analysis, samples were 

lyophilized and coated with a thin carbon layer. Micrographs 

were obtained with 5 kV accelerating voltage.

ALP release measurement

The aim of ALP release measurements using BCA 

out how mineral phase deposition interfere with this process. 

Release kinetics of ALP from hydrogel containing 0.7% 

GG and 2.5 mg/ml ALP is shown in FIG. 2. Regardless of 

the surrounding medium (water or CaGP) enzyme release 

 

The amount of ALP released to water was much pronounced 

as compared to the hydrogel soaked in CaGP and miner-

alized. The differences in release rate between those two 

released from soaked in UHQ-water hydrogel was 3 times 

higher than from that soaked in CaGP one, but between  

8 h and 20 h it was only about 1.5 times higher.

Mechanical testing

FIG. 3 shows Young’s modulus (E) of mineralized hydro-

gels with different GG (a) and ALP (b) concentrations. For all 

sample groups E was higher when samples were mineralized 

using regime A (more frequent CaGP exchange). Those  

concentration (0.4% and 0.55% GG). In the case of 0.7% GG 

-

centration, when regime B was applied, the stiffness of min-

eralized hydrogels increased with growing GG concentration.  

However, when regime A was used, there was no differ-

ence between samples containing 0.55% and 0.7% GG. 

Surprisingly, the increase in ALP concentration did not 

result in improvement in mechanical properties of the 

samples. Young’s modulus was the highest in the samples 

containing 0.5 mg/ml ALP, whereas those with 0.25 and  

2.5 mg/ml ALP had almost two times lower stiffness. 
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6 Dry mass percentage

The amount of mineral formed during incubation in CaGP 

can be assessed by dry mass percentage measurements. 

The more effective mineralization, the more CaP precipi-

tated within hydrogel and the higher dry mass percentage 

was observed. FIG. 4 shows dry mass percentage of 

mineralized hydrogels with different GG (a) and ALP (b) 

concentrations. Regime A resulted in more effective mineral 

precipitation than regime B, however those differences were 

not as distinct as in the case of Young’s modulus. What 

can be expected, the increase in GG concentration did not 

the contribution of GG mass was negligible compared to 

the mass of CaP formed within the samples. Statistically 

containing 0.4% GG and samples with 0.55% GG and 

0.7% GG mineralized using regime B. With increasing ALP 

concentration, dry mass percentage was also growing for 

both mineralization regimes. 

Scanning Electron Microscopy and Energy Dispersive X-ray 

Spectroscopy

FIG. 5 shows SEM images of hydrogel containing 0.7% 

GG and 0.5 mg/ml ALP before (FIG. 5a) and after 7-day 

mineralization (FIG. 5b) according to regime A. Before 

mineralization hydrogel had smooth and uniform surface 

whereas after mineralization numerous precipitates can be 

seen on the surface. Size of majority of these precipitates 

-

cipitates consisted of calcium and phosphorus.

Enzymatic mineralization of hydrogel is based on the 

reaction of disconnection of orthophosphate group from 

CaGP and formation of insoluble CaP. The reaction is cata-

lyzed by enzyme, e.g. alkaline phosphatase (ALP), which 

is incorporated in hydrogel, but is not covalently bond to 

the polymer matrix. Therefore ALP diffusion from hydrogel 

of mineralization. Other variables that should be also 

considered in term of mineralization process are: enzyme 

concentration and its activity, rate of CaGP diffusion into 

the hydrogel and hydrogel concentration. The assumption 

is that mineralization should be more effective in the case 

of higher ALP concentration and/or better substrate (CaGP) 

availability. Higher gellan gum concentration can also affect 

mineralization by obstructing reagents diffusion and limit-

 

of growing mineral deposits should be also considered  

as a diffusion barrier.

Previous experiments [11] showed nonuniform minerali-

zation of hydrogels – less CaP was formed on the surface 

than in the middle of the samples. This phenomenon was 

related to high rate of ALP release and in consequence less 

effective mineral formation, especially in the outer parts  

of the samples. The aim of our study was to evaluate the 

-

ditions and compositions of the samples on the effectiveness 

of the mineralization process.

The results of ALP release studies show that enzyme 

-

tion, which makes that time crucial for the outcome of 

mineralization process. Just after immersing the sample in 

CaGP solution or water, gradient of ALP concentration is 

the highest and enzyme diffusion is fast and unhindered.  

With time passage, precipitation of CaP inside hydrogel 

creates a diffusion barrier and hampers ALP release – this 

is shown by the difference in ALP release between mineral-

ized and non-mineralized sample (FIG. 2). However, it is 

not possible to completely impede ALP diffusion by rapid 

mineralization as it was shown for sample mineralized in 

– one incubated in water and one in CaGP – are two ex-

mineralization rate is maximal and unaffected by enzyme 

loss (ALP is replenished by enzyme diffusing from deeper 

parts of cylindrical samples). Real mineralization conditions 

are always somehow between these two extreme cases. 

If mineral formation is slow at the beginning of the process 

(less CaGP available), the situation resembles more the 

unmineralized system (incubated in water), but when CaGP 

is exchanged very often, fast rate of precipitation of CaP 

can limit enzyme release. Therefore, it is very important 

process in order to obtain uniformly mineralized hydrogels. 

device, however in that case ALP would be leached out 

more extensively during this process. 

Considering abovementioned observations, mineraliza-

tion of gellan gum with different GG and ALP concentration 

was conducted using two regimes – A (more frequent CaGP 

exchange) and B (less frequent CaGP exchange). In all 

cases, regime A resulted in more effective mineralization 

compared to regime B for the same samples, as evidenced 

by higher Young’s modulus and dry mass percentage. 

Surprisingly, in the samples with variable GG concentra-

samples mineralized with different regimes, but they did not 

correspond to dry mass of those samples (FIG. 3a and 4a). 

To explain this phenomenon, the CaP distribution within the 

hydrogel should be considered. Hydrogels mineralized with 

regime B had less mineral formed on the surface. Outer 

parts of the samples are softer and during compression 

test they can strongly affect the results, however after dry-

ing as the volume of this part is relatively small, it does not 

Regarding samples with different ALP content, discrepan-

cies in Young’s modulus and dry mass percentage are also 

noticeable. Noteworthy, mechanical properties of hydro-

gels containing 2.5 mg/ml ALP are much lower than those 

with 0.5 mg/ml ALP (regardless of mineralization regime).  

The cause of that drop in Young’s modulus might be due 

to disturbance of hydrogel structure by too many ALP mol-

ecules available. In the case of hydrogels with 0.5 mg/ml 

ALP, for 1 mg of the enzyme there are 14 mg of GG, while 

in the case of samples with 2.5 mg/ml ALP, there are only 

2.8 mg of GG. On the other hand, in samples with lower ALP 

concentration (0.25 mg/ml) mineralization rate was slower 

regime did not affect properties of those samples as it was 

noticed in other groups.
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that our hypothesis was correct and that better substrate 

availability can result in more effective and uniform miner-

alization of gellan gum. Properties of mineralized hydrogels 

can be also altered by adjusting ALP and GG concentrations. 

The most effective mineralization was observed in hydrogels 

containing 0.55% GG and 0.5 mg/ml ALP mineralized by 

regime A (more frequent CaGP exchange).
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