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Abstract: Tissue scaffolds based composite material have attracted great attention in the field of bone tissue engineering. 

Therefore, researchers are looking for new materials to be used for composite tissue scaffolding. We aimed to produce 

the effect of high porous and non-toxic scaffolds as hydrogels with two different contents using chitosan, alginate and 

diatom. Beads were made from alginate and alginate/diatom hydrogels and additionally coated in dilute chitosan solution. 

Obtained alginate-chitosan (AC) and alginate/diatom-chitosan (ADC) beads were lyophilized. High-porous AC scaffold 

and both high-porous and nano-porous ADC scaffold were examined in terms of density, porosity, swelling tests and mor-

phologic, chemical, cytotoxic analysis. In this study, high porosity with approximately 450 μm pore size was found for 

AC and ADC scaffolds. The average pore size of diatom in ADC was acquired as 280 nm. Moreover, AC and ADC did 

not show any cytotoxic effects on HEK293 cells. Our results clearly indicated that scaffolds have an alternative potential 

in the field of tissue engineering.
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Introduction

Recently, scientific studies and advances in the field of tissue 

engineering have led to an increased interest in the devel-

opment of components in the structure of scaffold. In the light 

of these developments, the purpose of tissue engineering is to 

carry out restoration and regeneration studies of damaged tis-

sues and organs.1 Therefore, tissue engineering studies have 

become an alternative field for the formation of tissue scaf-

folds. The building blocks of tissues in our body are the cells 

that make up the basic units. These cells cluster together to 

form the extracellular matrix (ECM). As a result, scaffold is 

expected to be of a biodegradable high porous structure. Also, 

it must have strong mechanical properties that allow cells to 

structure, promote cell growth and differentiation, and most 

importantly, to be biocompatible.2-4 Tissue engineering creates 

scaffolds that simulate ECM, providing a natural environment 

for cell viability, growth, and proliferation. The difference in 

tissue scaffolds depends on the hydrogels obtained with dif-

ferent physical and biological properties. Tissue engineering 

methods have gained an important place in the last decade to 

produce tissue scaffolds. These methods are the most preferred 

production technologies such as freeze-drying, electrospinning, 

gas foaming, phase separation.5-7 The freeze-drying technique 

is based on the sublimation of a portion of the ice at a low tem-

perature of the mixture. This method makes it easy to produce 

different biomaterials with different pores. The success of the 

created three-dimensional tissue scaffolds depends on the 

stages of production and the concentration of the produced 

hydrogels.8

Polymers and their derivatives have been investigated and 

used in many fields since 1990. Because polymers and their 
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derivatives have environmentally friendly structures and prac-

tical applications in biomedical, pharmaceutical and cosmetic 

fields from micro to nanoscale engineering.9,10 Thus, Hydrogel, 

which is the natural three-dimensional structure of tissue scaf-

folds, has many unique properties such as high porosity, bio-

degradability, biocompatibility, high water holding capacity 

without scaffold dissolution and similar physical properties of 

natural tissues. This allows it to simulate the natural extra-

cellular matrix.11-14 Hydrogels can be obtained in the form of 

polymers in two ways: synthetic and natural. Among natural 

hydrogels, materials such as alginate and chitosan are very 

good natural polymers for tissue engineering applications. 

Alginate is a naturally occurring polysaccharide derived from 

brown plankton.15-17 Alginate has the structures of 1,4-linked β-

d-mannuronic acid and 1,4-α-1-guluronic acid and is a hydro-

gel formed by repeating these structures.18 Particularly scaf-

folds in tissue engineering has many advantages, including 

high hydrophilicity, biodegradability, biocompatibility, ease of 

crosslinking, and high mechanical properties.19-21 Alginate can 

cross-link between divalent cations (e.g., Ca2+, Sr2+, and Ba2+) 

and a functional group such as carboxyl through ionic inter-

actions. The crosslinks perform alginate insoluble in an aque-

ous solution and culture medium. This helps scaffold structures 

to remain supportive in the form of hydrogels.20,22,23

Chitosan is a polysaccharide derived from (1-4)-2-amino-2-

deoxy-β-D-glucan.23 It is also obtained from the most plentiful 

chitin in nature. Chitin is found in the exoskeletons and shells 

of insects, as well as in the cell walls of fungi.24 Chitosan does 

not dissolve at high pH. However, chitosan has hemostatic, 

bacteriostatic, anticarcinogenic, and fungistatic biological 

properties. These properties make it biocompatible and bio-

degradable.25 As mentioned earlier, both chitosan and alginate 

are naturally occurring polysaccharides. Therefore, chitosan as 

a molecule has hydroxyl and amino groups, while alginate has 

carboxyl groups that give chitosan a negative charge.26,27 When 

used alone, chitosan acts as an extracellular adhesive. For this 

reason, chitosan cannot adhere to scaffold and cannot survive. 

Since alginate is negatively charged, they are suitable bio-

materials for cell seeding. Alginate can bind positively charged 

chitosan due to their negative charge; therefore, it provides a 

stronger bond between cells.27

Diatoms are natural silica materials that form protective 

structures in scaffolds in the form of unicellular eukaryotic 

photosynthetic microalgae. Diatoms have microscopically 

well-spaced pores on the inner and outer surfaces. These 

porous structures have a high specific surface area, high 

adsorption, and low density.28 Furthermore, due to low cost 

and high availability by its nature, it allows it to be used as a 

reinforcing filler, abrasive, insulating material, membrane, and 

cell. Diatom also has high bioactivity.29,30

In this study, we aimed to obtain a three-dimensional tissue 

scaffold with high swelling, good mechanical strength, high 

biodegradability and porous structure characteristics from their 

production by forming a bio-composite material in the form of 

hydrogel from natural materials as chitosan-diatom-alginate.

Experimental

Materials. Alginic acid sodium salt was purchased from     

Sigma-Aldrich (USA). Chitosan (medium molecular weight) 

was obtained from Sigma-Aldrich (Iceland). Acetic acid (Gla-

cial, 100% Anhydrous) was purchased from ISOLAB chem-

icals (Wertheim, Germany). Diatomaceous earth (suitable for 

most filtrations) was purchased from Sigma-Aldrich (USA). 

Anhydrous calcium chloride (CaCl2) was bought from Merck 

(Czech Republic). Ethyl alcohol, 99.9%, was purchased from 

ISOLAB Chemicals (Wertheim, Germany). MTT (3-(4,5-

dimethylthiazol-2yl)-2,5-diphenyl-2H-tetrazolium bromide) and 

Dulbecco's modified Eagle medium (DMEM) were purchased 

from Sigma-Aldrich (USA). All of these chemicals were of 

analytical grade. Distilled water was used throughout this 

work.

Preparations of Chitosan/Alginate and Chitosan/Alginate/    

Diatom Beads Scaffolds. Sodium alginate was dissolved in     

distilled water at a concentration of 5% (w/v) to prepare chi-

tosan/alginate beads scaffolds. Then chitosan was prepared at 

a concentration of 0.3% in 0.1% acetic acid. The resulting algi-

nate solution was added dropwise to prepared 1 M CaCl2 solu-

tion using a Pasteur pipette (3 mL).

For the preparation of beads of chitosan/alginate/diatom 

scaffolds, sodium alginate was dissolved in distilled water at a 

concentration of 5% (w/v) and chitosan was prepared at a con-

centration of 0.3% in 0.1% acetic acid as the same procedure 

preparation of chitosan/alginate beads. Then, 0.1 g of diatom 

was added to 20 mL of alginate solution and the mixture was 

allowed to mix until being homogeneous. The resulting mix-

ture of diatom alginate was dropped into a prepared 1 M CaCl2

solution using a Pasteur pipette (3 mL).

AC and ADC beads were created with the same method, 

solidified in 1 M CaCl2 for 20 minutes and then removed, then 

washed with distilled water and filtered. These balls were 

added to the stirred chitosan solution at a constant stirring rate 
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at room temperature and stirred for 30 minutes. The resulting 

chitosan coated beads were filtered by a filter paper (Figure 1).

Experimental conditions such as the distance between CaCl2

solution and dropping point, the number of drops in the gelling 

medium, and the temperature per minute have been system-

atically optimized. The resulting balls were spherical with a 

smooth surface. Samples AC and ADC were stored at -20 °C 

overnight. The stored samples were subjected to a lyophiliza-

tion process.

Density, Porosity and Swelling. The density of prepared       

AC was calculated from the apparent texture density of the 

ADC scaffold (ρscaffold), dry weight, and the volume of these 

scaffolds:

Density d = m/v = ρscaffold
 (1)

The porosity of scaffolds was determined according to the 

equation below:

Porosity % = (ρrealρscaffold)/ρreal × 100 (2)

Where the pores of lyophilized structures ρskele filled with 

ethyl alcohol, ρreal is calculated.

The water absorption (swelling) of the porous tissue base 

was determined using the following equation:

Swelling % = (Ww  Wd)/Wd × 100 (3)

Where Ww and Wd are wet and first dry pier weight, respec-

tively. 

Scanning Electron Microscopy with Energy Dispersive     

Spectroscopy. Chitosan coated alginate and alginate/diatom     

composite scaffolds were analyzed by scanning electron 

microscopy (SEM)31 for investigated pore size, morphology 

and dispersion of diatom rigid and porous cell walls in chitosan 

and alginate structure. Before the analysis, beads were coated 

with a palladium/gold sheet under argon gas by a coating 

device. After this, SEM analysis was made with Zeiss Supra 

40VP (Germany). The average pore size of the beads and the 

diatoms within the beads were measured utilizing SEM 

images. Chemical elements on the material surface were 

detected with energy dispersive spectroscopy (EDS) (Zeiss 

Supra 40VP, Germany).

Fourier Transform-Infrared Spectroscopy. Fourier trans-    

form-infrared spectroscopy (FTIR) (Thermo Scientific Nicolet 

iS50, Germany) was used to characterize the interactions 

between the components in scaffolds prepared at intermo-

lecular level. In addition, the functional groups and chemical 

bonds of AC and ADC beads scaffolds were examined at a res-

olution of 0.5  cm-1 and frequency of 400-4000 cm-1 using a 

Thermo Scientific Nicolet iS50 model FTIR.32

Cytotoxicity. 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyl- 

tetrazolium bromide (MTT) assay (BioVision, USA) was used 

to determine in vitro cytotoxicity of scaffolds on the HEK293 

cell line. The extraction of scaffolds was performed as described

in33 with slight modifications. Briefly, scaffolds weighing 4.7 

mg were extracted in 20 mL DMEM at 37 °C for 24 h in the 

orbital shaker. After 24 h, medium was removed and filtered. 

An equal amount of medium without extract was added to 

untreated cells (control). The cells (1.5×103 cells/well) were 

incubated in 96-well plates at 37 °C overnight. After the incu-

bation, cells were exposed to a medium in which scaffolds 

were kept at different concentrations (5, 10, 25, 50, and 100 

μL) for another 24 h. Then, the medium was removed and 10 

µl of MTT reagent (in 100 µL medium) was added to each 

well and incubated for 4 h in the same conditions. Afterwards, 

MTT was removed carefully and 50 µL of DMSO (dimethyl 

sulfoxide) was added to each well. The absorbance was mea-

sured at 590 nm using Epoch Microplate Spectrophotometer 

(BioTek, USA) and averaged and the viability curves were 

drawn up.

Then, the cell vitality % was identified according to the for-

mula below. Furthermore, control samples were also examined 

(cells were incubated without bead scaffolds):

Cell vitality % = ×100 (4)

Statistical Analysis. All experiments were run in dupli-    

cates. Data were provided as means, including standard error 

of means (SEM). A Student’s t-test was used to compare the 

data, and p<0.05 was chosen for statistical significance.

Results and Discussion

Physical Properties of AC and ADC Scaffolds. The    

structure and size of porosity in scaffold has an important role. 

Like porosity, density and swelling behavior of the structure 

Sample absorbance

Control absorbance
-----------------------------------------------

Figure 1. (a) AC beads; (b) ADC beads.
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are also significant.34 Table 1 summarizes the density, porosity 

and swelling of freeze-dried AC and ADC scaffolds. The den-

sity of AC and ADC beads was calculated as 0.193 g/cm3 and 

0.207 g/cm3, respectively. The reason for the increase in den-

sity in ADC is due to the diatom in the structure. The porosity 

of the ADC is higher than AC beads as seen in Table 1. Hence, 

we can see that diatoms increase the porosity of the structure. 

Considering the results on the table, it is seen that the swelling 

degrees were almost the same. Although the porosity 

increased, a change in degrees of swelling of AC and ADC 

beads were not observed.

This study was carried out to investigate whether a porous 

skeleton structure can be obtained by doping diatoms to the 

structure. According to our results, there are no large-scale 

studies of scaffolding containing diatoms for tissue engineer-

ing applications. It provides good biocompatibility with a vari-

ety of hydrogels and can be considered suitable for the use in 

tissue engineering because of its biodegradability. When the 

literature studies on tissue engineering applications are exam-

ined, there are some studies on biopolymeric materials such as 

chitosan and alginate. In these studies, different tissues were 

evaluated by various techniques. For example, Li and co-

workers studied chitosan-alginate hybrid scaffolds for bone tis-

sue engineering.35 In this study, chitosan and alginate solution 

were lyophilized in a freeze dryer, but we used diatoms with 

nanopores. Thus, in addition to the micropores in the structure, 

nanopores are provided.

A high degree of porosity is important in tissue engineering 

as it allows cells to migrate to scaffold and settle in it. It 

increases the applicability of scaffolds thanks to the appropriate 

swelling degree and density, sufficient porosity, enhanced pro-

tein adsorption, and increased mineralization effects. Tissue 

scaffolds similar to AC have been seen in the literature, and 

their physiological characteristics were found to be consistent 

with previous studies.35,36 It has been seen that the porosity 

value that comes with diatom doping in ADC increases con-

siderably compared to AC. Here it is seen that ADC is more 

applicable in tissue scaffolds.

SEM/EDS Analysis. SEM images of AC and ADC scaf-        

folds displayed that nano-porous and highly-porous micro-

structure were obtained by freeze-drying methods. Interconnected

open pores have been seen in AC and ADC scaffolds with a 

pore size of approximately in a range of 299-457 μm and 122-

703 μm, respectively (Figure 2). The results obtained show 

that scaffolds are porous and of the desired size. Therefore, 

both scaffolds are suitable for cell attachment and new bone 

tissue growth.35 Also, AC scaffold is well defined and inter-

connected pore structure,36 the addition of diatoms to AC com-

posite resulted in a reduction of the pore size.

SEM images of AC and ADC complex beads showed highly 

porous structures. Average pore sizes were identified by using 

cross-section images of AC and ADC scaffolds. When com-

pared to AC scaffold, nanopore morphology was also formed 

in ADC with the presence of diatoms. It was seen that the mor-

phology and pore size were influenced by diatom grains con-

centration and its dispersion grade in ADC scaffold (Figure 3).

The presence of diatom within ADC also created the 

nanopore size compared to AC scaffold. The average pore size 

of diatom within ADC was acquired to be in the range of 260-

330 nm (Figure 4).

EDS spectra of composite AC and ADC scaffolds were pre-

sented in Figure 5. Due to the production method, the internal 

and external structures of the beads are made of different mate-

rials, so separate EDS spectra are given for both internal and 

external structures.

The external structure of ADC beads contains oxygen, car-

Table 1. Density, Porosity, Swelling of Freeze-dried AC and 

ADC Tissue Scaffolds

Density
(g/cm3)

Porosity
(%)

Swelling
(%)

AC 0.193±0.002 36.3±0.1 81.2±0.5

ADC 0.207±0.002 58.3±0.1 81.8±0.5

Figure 2. SEM images of (a) AC; (b) ADC (scaffold with the 
porosity measure).

Figure 3. SEM images of (a) the diatom containing ADC scaffold; 
(b) diatom dispersed in the ADC scaffold.
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bon, calcium, nitrogen, chlorine and sodium elements as we 

expected. The element with the highest atomic rate in this 

structure was found to be oxygen with 39.66%. Afterwards, 

carbon and nitrogen elements were determined as 35.11% and 

13.09%, respectively. The same elements were found in the 

EDS examination of the internal of AC structure. However, it 

was observed that the oxygen and carbon ratios increased to 

51.54% and 40.09%, respectively, and the other element’s 

ratios decreased. Similar elemental ratios in AC structure were 

also found in ADC beads. Besides, silicon element originating 

from diatom has been detected in the external and internal 

structure of ADC scaffold. As seen in Figure 5(e), only silicon 

and oxygen elements were found in the structure in the EDS 

analysis of diatoms.

Although the optimum pore size for bone tissue engineering 

remains uncertain, researches attempting to determine the opti-

mum pore size for this field has shown that pore sizes ranging 

from 80 to 500 µm are appropriate.36 According to the results 

of our study, it is seen that our structure is in the optimum pore 

range. It also allows scaffolds at these pore sizes to allow for 

proliferation, cell adhesion, as well as a nutrient source to 

ensure proper bone tissue growth. A bone tissue was obtained 

by freeze-drying by adding fucoidan to the chitosan and algi-

nate matrix structure by Venkatesan and co-workers.36 It was 

observed that this composite structure increased bioactivity. In 

our study, the advantageous structure was obtained in bone tis-

sue applications with porous structure characteristics by dop-

ing diatom to chitosan and alginate matrix. In these points, our 

materials are very suitable for tissue engineering applications 

and our results also supported this phenomenon.

FTIR Analysis. Alginate and chitosan are two different     

materials that have electrostatic attraction among themselves. 

According to literatures, FTIR spectra of alginate and diatom 

were discussed and then AC and ADC scaffolds were com-

pared. FTIR spectra of AC and ADC scaffolds are given in 

Figure 6.

Tensile vibrations of alginate O-H bonds showed up in the 

range of 3000-3600 cm-1. Tensile vibrations of the aliphatic C-

H can be seen at 2920-2850 cm-1. The bands observed at 1649 

and 1460 cm-1 were interpreted to the asymmetric and sym-

metric tensile vibrations of the carboxylate salt ion. The sub-

sequent bands are crucial for the characterization of derivatives 

and components of the alginate structure. The bands at 1107 

and 935 cm-1 were interpreted to the C-O stretching vibration 

of the pyranosyl ring.37

Tensile vibrations of chitosan were observed at 3478.68 cm-1

for O-H and 2924.13 cm-1 for C-H. The peaks at 1656.88 cm-1,

1571.05 cm-1, 1422.53 cm-1, 1378.16 cm-1, respectively, were 

Figure 4. SEM image of diatom in ADC scaffold with the porosity 
measure.

Figure 5. EDS spectrum of the external and internal structure of (a, 
b) AC; (c, d) ADC scaffold. EDS spectrum of (e) the diatom dis-
persed in ADC scaffold.

Figure 6. FTIR spectra of AC and ADC scaffolds.
 Polym. Korea, Vol. 46, No. 4, 2022
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associated with the entity of the C=O tensiling of amide I 

band, bending vibrations of the N-H, C-H bending, OH bend-

ing. The peak at 1157.31 cm-1 was stated for anti-symmetric 

tensiling of (C-O-C) bridge, 1075.33-1 and 1025.18 cm-1 were 

estimated to the skeletal vibration including C-O tensiling.38

The FTIR spectra obviously displays the characteristic peaks 

of diatom frustule, which involves Si-O-Si bending at 689 and 

810 cm-1, Si-O-Si tensiling at 947 cm-1, and O-H tensiling of 

surface-bound hydroxyl groups at 3361 cm-1, which would 

involve bound Si-O-H and water.39 The characteristic peaks for 

carboxyl C-H tensiling at 2885 cm-1 (CH2) and 2972 cm-1

(CH3). This is owing to the remaining organic materials still 

clenched to the frustules even after acid digestion.40

The single bond NH2 group of chitosan interacts with the 

single bond COOH group of alginate. Therefore, a shift in 

amide and amino groups in chitosan is expected. Moreover, 

Bands at 1651 cm-1 and 1324 cm-1 had to be replaced with a 

new band at 1313 cm-1 due to the cross-linking of CaCl2 and 

the interaction of the two single bonded COOH groups 

attached to the adjacent chains. The diatom displayed its char-

acteristic peak at 1077 cm-1 Si-O single connection Si bond 

symmetric vibration.41 The 1593 cm-1 to 1417 cm-1 bands in 

ADC scaffold represent a possible interaction between the car-

bonyl group in chitosan and Si single bond OH group diatom.

Molecular chemical interactions between chitosan, alginate 

and diatom were investigated by FTIR. FTIR spectra were 

used to confirm the functional groups and interactions of scaf-

folds. The results are consistent with the previous studies. The 

IR results showed that the hybrid structure consisting of the 

components in the structure is miscible due to the strong elec-

trostatic force and intermolecular hydrogen bonding. We can 

also say that the diatom was successfully conjugated to chi-

tosan-alginate scaffolds from these results.35,42,43

Cytotoxicity Determination. The cytotoxicity of scaffolds     

was determined as described in the material methods part by 

using the HEK293 cell line. As shown in Figure 7 and 8, the 

viability of cells was not changed significantly because of AC 

and ADC treatment. However, small decreases that were 

observed in different doses were not found to be statistically 

significant. It is well established that a small decrease in via-

bility can be considered as a safe application of these materials 

for different purposes. 

Conclusions

In this study, novel bio-nanocomposite is a promising mate-

rial for the field of bone tissue engineering. It was prepared by 

using alginate, chitosan and diatom, which can be used as a 

bone tissue scaffold in tissue engineering. AC and ADC beads 

were prepared using the strong ionic interaction of the car-

boxyl groups of alginate and amino groups of chitosan. Addi-

tionally, diatom has been added to this composite structure to 

increase bioactivity. 3D-porous structure architecture demon-

strated the advantages of ADC over AC scaffolds. As seen in 

SEM-EDS analysis, it is understood that the diatom containing 

ADC scaffold has nano-porous structures compared to the AC 

scaffold. As a result of the cytotoxicity studies performed at 

different rates, AC and ADC scaffold structures did not show 

any toxic effects. The controlled biodegradability, non-toxicity 

and improved apatite accumulation of ADC scaffold obtained 

with micro and nano structures may be useful for bone tissue 

engineering studies. The prepared material has the intended 

properties as a bone tissue. In this respect, it makes an import-

ant contribution to the literature and has a vital role in tissue 

engineering and biomedical application. Therefore, prepared 

material has shown its great potential in tissue engineering and 

biomedical sciences with its features. However, further tests 

Figure 7. Effect of AC on HEK293 cells viability analyzed by MTT 
assay. Cells were treated for 24 h with the increased concentration 
of AC. Positive control: cisplatin (50 µM) (*p<0.05).

Figure 8. Effect of ADC on HEK293 cells viability analyzed by 
MTT assay. Cells were treated for 24 h with the increased concen-
tration of ADC. Positive control: cisplatin (50 µM) (*p<0.05).
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such as in vivo animal studies will be required to test this 

hypothesis.
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