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Abstract— Gellan gum is a hydrogel with potential for soft 

tissue engineering but a quick and thorough method is needed 

for screening of different possible compositions for more exten-

sive studies. Here optical projection tomography in bright field 

mode was used to image nearly transparent hydrogels to record 

their optical texture in 3D. The gained Haralick’s textural fea-

tures were then analyzed with multiple discriminant analysis 

and combined with data from mechanical testing and neuronal 

cell culturing. We show the usefulness of optical texture analysis 

in screening of hydrogel compositions when aiming for tissue 

engineering applications. 

Keywords— Hydrogel, Gellan gum, Neuron, Optical projec-

tion tomography, Haralick’s textural features 

I. INTRODUCTION  

Physically crosslinked hydrogels are an appealing class of 

biomaterials for tissue engineering applications, since they 

form a gel in mild conditions, suitable for cell encapsulation 

and/or minimally invasive therapeutic tissue engineering [1]. 

One of these promising hydrogels is ionically crosslinked 

gellan gum (GG) [2]. GG is a bacterial polysaccharide, which 

is used in pharmaceutical and food applications and has been 

studied for tissue engineering applications as well [3]. Our 

recently published results about crosslinking GG with the bi-

oamines spermine (SPM) and spermidine (SPD) show that 

physical crosslinking with these small molecules is possible 

and the resulting hydrogels are mechanically biomimicking, 

cytocompatible and suitable for 3D encapsulation of human 

neuronal cells [2]. 

One challenging aspect of hydrogel scaffold development 

is studying the porosity and microstructure in wet-state. This 

is a crucial aspect, since cell migration or nutrient diffusion 

might be hindered through too dense hydrogel network. Elec-

tron microscopy or X-ray micro-computed tomography ena-

ble studying microstructures, but they require a destructive 

drying step during sample preparation, which can alter the 

hydrogel in unknown ways. To circumvent these issues, we 

developed texture analysis method for wet hydrogels [4] us-

ing optical projection tomography (OPT) [5]. 

OPT is a three-dimensional, nondestructive imaging 

method for mesoscopic scale transparent samples. In trans-

mission OPT we can see optical texture, which varies be-

tween different hydrogel compositions. The information ob-

tained from this texture is not directly the microstructure of 

the hydrogel but rather density variations in the polymer net-

work, which affect transmission of light enough to be detect-

able. [4] To quantify these density variations we used 

Haralick’s optical textural features [6]. For analyzing this 

high dimensional data we used multiple discriminant analysis 

(MDA) [7], proving that we can optically distinguish differ-

ent hydrogel formulations of transparent samples indistin-

guishable with the naked eye. [4] 

In this current work, we have a comparison between SPM 

and SPD crosslinked GG, showing how the two chemically 

very close bioamine molecules make different hydrogel tex-

ture, even if the mechanical properties are the same. 

In addition, we compare the textural features in full and in 

MDA reduced dimensions to find correlations between tex-

ture and mechanical properties or grown neurite length, 

which could be further used for screening of new hydrogel 

formulations developed in the future 

II. MATERIALS & METHODS  

A. Sample preparation 

The reagents GG (GelzanTM, low acyl, Mw 1 kg/mol), 

SPD (spermidine trihydrochloride), SPM (spermine tetrahy-

drochloride) and sucrose were all acquired from Sigma Al-

drich. Reagents were dissolved in 10 wt-% sucrose deionized 

water and hydrogels crosslinked at +37°C. All reagents were 

sterile filtered before use with 0.8/0.2 mm Acrodisc® syringe 

filter (PALL Corporation, Port Washington, NY, USA). 

Studied crosslinker concentrations are 1.1 wt-%SPM (GG-

SPM-H), 0.6 wt-%SPM (GG-SPM-L), 3.0 wt-%SPD (GG-

SPD-H), and 1.5 wt-% SPD (GG-SPD-L). 

B. Optical projection tomography bright field imaging 

Optical projection tomography (OPT) [5] was done in 

bright field transmission mode with the previously described 
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in-house built system [8]. Five parallel hydrogels were pre-

pared into fluorinated ethylene propylene tubes (Adtech Pol-

ymer Engineering, U.K.) with parafilm-blocked ends and 

submerged in water. Projection images using 5x objective 

were taken around entire 360° rotation at steps of 0.9°, result-

ing in 400 images [4]. 

C. Texture analysis, multiple discriminant analysis and 

linear regression 

Image texture analysis was conducted for each projection 

image using Haralick’s textural features [6] as is described in 

detail in [4] yielding 13-by-8 feature matrix for each projec-

tion image. We used here the toolbox originally implemented 

and used in [9].  

Multiple discriminant analysis (MDA) [7] was used to cre-

ate lower dimensional projection of the Haralick’s textural 

features, such that each dimension is a weighted linear com-

position of the most different features between different hy-

drogel compositions. 

After analyzing purely the textures, linear regression and 

artificial neural network regression were applied to find cor-

relation between Haralick’s features and compression and 

cell culture data. Linear model was fitted in the least square 

sense using all computed Haralick’s features. Artificial neu-

ral network regression was applied to means of Haralick’s 

features in all 400 projections of each sample. The relation 

between training, validation and test sets was set to 70%, 

10%, and 20% respectively. Both regression methods were 

computed separately for each compression and cell culture 

variable. 

All computations were performed in MATLAB (Math-

Works, Natick, MA, USA). 

D. Compression testing 

Mechanical testing performed as described in detail in [2], 

using BOSE Electroforce Biodynamic 5100 machine 

equipped with a 225 N load sensor and Wintest 4.1 software 

(Bose Corporation, Eden Prairie, MN, USA). Compression 

was performed unconfined with a constant 10 mm/min strain 

rate until 65% strain of original height was reached. Com-

pressive modulus calculated from stress-strain curve slope at 

perceived linear region according to Hooke’s law. Addition-

ally, the fracture strength and fracture strain were recorded as 

a sudden drop in the stress-strain curve. 

E. Cell culture and analysis 

BioMediTech has Pirkanmaa Hospital District’s ethical 

approval to derivate, culture and differentiate hESCs (Skott-

man, R05116) and permission from the National Authority 

for Medicolegal Affairs (FIMEA 1426/32/300/05) to conduct 

human stem cell research. 

Human pluripotent stem cell derived neuronal cells culture 

and hydrogel cell culture test were conducted as described 

previously [2; 10]. Briefly, cells were cultured with hydrogel 

for two weeks and in the end a LIVE/DEAD® viability assay 

(Molecular probes, Thermo Fisher Scientific) was used with 

1 h incubation in +37°C. Samples were imaged with an 

Olympus IX51 inverted microscope and an Olympus 

DP30BW digital camera (Olympus, Finland). The numbers 

of parallel samples varied between two and four.  

Neurite migration was quantified using ImageJ measure 

tool (Version 1.39, U. S. National Institutes of Health, Be-

thesda, MD, USA) [11]. Measurement was done with a 

straight line from the cell surface to the visible end of a neu-

ronal process. Each analyzed cell was measured from longest 

separately distinguishable neurites. Values of less than 10 µm 

were considered as representing no migration.  

III. RESULTS & DISCUSSION  

The ability of OPT to record hydrogels in their wet-state 

enables studying unaltered hydrogel microstructure and also 

enables other promising setups, such as live cell imaging in-

side hydrogels. Here we concentrated on the material charac-

terization and analyzes of the relevance of the hydrogel’s op-

tical texture to other properties. Figure 1 shows example 

projections of all the studied gel formulations. 

 

Fig. 1. Representative projections images of the textures of studied hydro-

gels, a) GG-SPM-H, b) GG-SPM-L, c) GG-SPD-H, d) GG-SPD-L. 
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Compared to our previous publication [4], we have now 

applied the Haralick’s textural feature for OPT method to yet 

another gel formulation, the SPD crosslinked GG. In the pre-

sent case, the MDA requires more features for separation of 

gels and a minimum three-dimensional space. The highest 

MDA separation between Haralick’s textural feature groups 

is shown in Figure 2.  

 

 

Fig. 2. a) Three-dimensional representation of MDA separation of 

Haralick’s textures in studied hydrogels. b) Weights of Haralick’s features 

on MDA separation. 

As can be seen in Figure 2, SPM crosslinked gels differ 

from each other in dimension D3, which consists mainly of 

Haralick’s features energy, entropy and information correla-

tion 1. However, SPD crosslinked gels introduce additional 

features: inverse difference moment and sum average, before 

they can be separated numerically. To separate SPD and SPM 

crosslinked gels from each other, all these five features are 

required. 

 

We found that linear regression did not model correlation 

between textural features and compressive modulus, fracture 

strength, fracture strain or neurite length. In all of these cases, 

the behavior was similar to Figure 3a, where linear fit against 

neurite length is shown. It seems that whereas SPM has an 

increasing fit, SPD has the opposite, decreasing fit. The same 

switch in texture profiles can already be noticed in Figure 1 

as more visible textural features can be seen in the GG-SPM-

H when compared with the GG-SPM-L, and in the GG-SPD-

L when compared with the GG-SPD-H. 

 

 

 

Fig. 3. a) Measured neurite lengths in the x-axis and linear regression fit in 

the y-axis. Bars show the standard deviations of measures and model re-

sponse, respectively, while means are in the intersections marked with cir-

cles. Black crosses show the difference between measured and fitted means. 
b) Measured compressive modulus in the x-axis and neural network regres-

sion model response in the y-axis. 

a) 

b) 
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In neural network regression, correlation factor between 

output of the network and measured values varied mainly be-

tween 0.75 and 0.95. Performance varied depending on the 

choice of used textural features and random distribution of 

data to training, validation and test sets. Example neural net-

work regression is shown in Figure 3b. 

Linear regression coefficients were highest with the same 

features as in MDA. In neural network regression, no con-

nection between MDA coefficients and selection of features 

to use was noticed. For screening purposes, a more detailed 

study on the predictability of hydrogel properties based on 

neural network analysis is needed. The future work includes 

enhancing the predictability by measuring additional hydro-

gel formulations in multiple concentrations. 

IV. CONCLUSIONS  

We have shown already that 3D textural analysis from 

projections acquired with OPT can be applied to separate hy-

drogels from each other. In this study, we made a further step 

to find correlations between textural features and physical 

properties. Results suggest that a straightforward linear re-

gression is not sufficient. A classification step and further 

analysis within separate hydrogel classes are needed. Higher 

number of samples is required for robust neural network re-

gression. 

The effect of the texture or density variations on cell re-

sponse to the hydrogel will be studied in detail in the future. 

The heterogeneities of the hydrogel microenvironment likely 

attract cells, possibly even direct cell growth. This texture 

analysis method and OPT as a whole are valid methods to 

study three-dimensional cell growth inside hydrogels. 
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