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FOREWORD 

 

ICAMS 2024 is offering the framework for presenting the latest results in research, 

focusing on the field of Materials Science and Innovative Technologies, which records an 

impressive dynamic and is recognized as a current national and European priority. 

The ICAMS 2024 international event, organised by the National Institute for Research 

and Development for Textiles and Leather – Division: Leather and Footwear Institute 

(INCDTP-ICPI) took place online on 30-31 October 2024. ICAMS 2024 brought together 

different stakeholders and provided a platform for a better understanding of the European 

innovation ecosystem while raising awareness of the actions needed to enable synergies and 

drawing lessons for future actions.  

The conference provided the opportunity for exchanging ideas and experience with 

researchers, scientists and experts at international level, and for developing new scientific 

contributions. 

Around 60 participants have virtually attended the event from several academic and 

research institutions, public and private sectors, as well as Managing Authorities. Participants 

have presented their experience on research, innovation, policies and the creation of synergies. 

All these inputs offered insightful elements for discussion in the different participatory sessions 

throughout the event. 

The conference topics included, but were not limited to: 

• Advanced Materials and Nanomaterials 

• Biomaterials and Biotechnologies 

• Innovative Systems, Technologies and Quality Management 

• Ecological Processes for Circular and Neutral Economy 

• Creative Industries and Cultural Heritage 

• Education and Digitalization 

We would like to thank all the participants, the International Scientific Committee, and 

the partners that made this scientific event possible. ICAMS Conference has already become a 

tradition, contributing to the advancement of Materials Science in research, academic, social 

and business environments worldwide. 

  

EDITORS,  
  

Dr. Laurenția ALEXANDRESCU 

Scientific Secretary, INCDTP – Division: Leather and Footwear Research Institute (ICPI), RO 

Dana GURĂU 

INCDTP – Division: Leather and Footwear Research Institute (ICPI), RO 
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OPTIMISATION OF THE CONDUCTIVE MATERIALS 

DEVELOPMENT FOR SENSORS AND EM SHIELDING  

RALUCA MARIA AILENI, ADRIAN CORNEL MARIN, ION RĂZVAN RĂDULESCU, 

CEZAR LUPESCU  

The National Research and Development Institute for Textiles and Leather (INCDTP), 16 Lucretiu Patrascanu 

St., 030508, Bucharest, Romania, raluca.aileni@incdtp.ro  

The paper presents aspects of optimising textile materials for flexible electronics (actuators and 

sensors) and electromagnetic screens. The optimisation of electroconductive materials for sensors, 

actuators or materials for electromagnetic shielding has a common denominator: electrical resistance. 

This electrical resistance must be minimal to increase electrical conductivity for the textile materials 

used as electroconductive materials for sensors and actuators, respectively, as a screen for the 

attenuation of electromagnetic radiation. In order to allow the optimal selection of electroconductive 

fabrics for actuators, sensors or flexible electromagnetic screens for a specific application, certain 

performance characteristics such as flexibility, low mass, air permeability and low cost are required. 

For the analysed cases (resistive sensors, actuators depending on the electrical resistance fluctuation 

such as shape memory alloy, materials for electromagnetic shielding), the optimisation is based on a 

function to minimise the electric resistance variable to increase the conductivity and effectiveness of 

the electromagnetic shielding. To select and classify suitable electroconductive fabrics for sensors, 

actuators, and electromagnetic shields, we used the receiver operating characteristic (ROC) curve to 

represent the performance of the binary classification model. We also calculated the area under the 

curve (AUC) for the Rs training set, representing the ROC's integral. The higher AUC values for 

training (0.8333 and 0.9545) indicated excellent performance of the classifier. We were able to 

optimize the influential parameters for electromagnetic shielding (SE) to target a value of 50 dB for a 

fabric with a thickness of 0.46 mm, mass of 87.8795 g/m2, air permeability of 9090 l/m2/s, and 

electrical resistance of 20 Ω. 

Keywords: optimisation, conductive, textile.  

INTRODUCTION 

Researchers meticulously select the most suitable materials and techniques used in 

electronic textiles to create fabric sensors. The sensing functionality can be ingeniously 

tailored through intrinsic and extrinsic modifications to textile substrates, depending on the 

degree of integration into the fabric platform. These sensors accurately measure force, 

pressure, chemicals, humidity, and temperature variations (Castano & Flatau, 2014). 

Manufacturing textile-based sensors involves using a silicone-textile composite 

resistive strain sensor, which relies on a conductive textile encapsulated into a dual silicone 

rubber layer. This innovative sensor design allows recording chest wall expansion during 

respiratory activity and precisely capturing elbow flexion/extension movements (Di Tocco et 

al., 2022). Moreover, the incorporation of organic conductive polymers such as polypyrrole 

(PPy) for coating textile materials in order to achieve significant strain sensing capabilities is 

founded on the creation of a conductive textile exhibiting exceptional sensing performance, 

including low electrical resistance, high strain sensitivity, and environmental sustainability 

(Raman & Ravi Sankar, 2022). 

The optimisation of electroconductive materials for various applications, such as 

sensors, actuators, and materials for electromagnetic shielding, is crucial for improving their 

performance. One of the critical factors in this optimisation process is the electrical resistance 

https://creativecommons.org/licenses/by/4.0/
mailto:raluca.aileni@incdtp.ro


 R.M. Aileni, A.C. Marin, I.R. Rădulescu, C. Lupescu 

 

of these materials. It is essential to minimise the electrical resistance to increase the electrical 

conductivity of textile materials used in sensors, actuators, and electromagnetic shielding 

applications. This enhanced conductivity improves performance in these devices, making 

them more effective in their respective roles. In order to select the optimal materials for 

specific applications, it is essential to consider various performance characteristics such as 

flexibility, low mass, air permeability, and cost-effectiveness. These attributes are significant 

in determining the suitability of materials for use in sensors, actuators, and electromagnetic 

shielding applications. For instance, resistive sensors and actuators that rely on the fluctuation 

of electrical resistance, such as shape memory alloys, require careful optimisation to ensure 

optimal performance. Similarly, materials used for electromagnetic shielding must be 

optimised to minimise electrical resistance and enhance their effectiveness in attenuating 

electromagnetic radiation. 

In electrical material engineering, optimization involves the intricate and detailed 

process of carefully adjusting the electrical resistance of materials. This adjustment is 

essential to ensure the materials demonstrate the specific conductivity or semiconductor 

characteristics required for their intended applications (sensors, actuators or electromagnetic 

(EM) shields). These properties are crucial for the efficient functioning of electrodes in a 

wide range of sensors and actuators. Optimization involves fine-tuning the electrical 

properties of the materials to achieve an optimal balance between resistance and conductivity. 

This balance is essential for ensuring the reliable and effective performance of the sensors, 

EM shields and actuators across various real-world applications and scenarios. 

EXPERIMENTAL PART 

The conductive fabrics analysed were obtained by electroplating polyamide yarns using 

electrolyte solutions based on silver, copper and aluminium. Considering the 

electroconductive textiles obtained, we have to make an optimal selection of the materials to 

be used for sensors, actuators, or electromagnetic shields. 

The proposed approach started from the premise that we have to minimize the value of 

electrical resistance to increase the conductivity of the materials used for sensor electrodes. 

At the same time, for materials capable of absorbing or reflecting electromagnetic radiation, 

we have to increase the shielding effectiveness (SE) and as an indirect consequence, the 

electrical resistance should be reduced and conductivity must have high values. 

In the research part, we emphasise the critical importance of minimizing electrical 

resistance to enhance the materials' conductivity in sensor electrode development. This 

involves a comprehensive analysis of the material properties (mass (M), air permeability (Pa), 

thickness (δ), resistance (Rs)) and structure to identify avenues for optimization by reducing 

the electrical resistance. Additionally, for materials capable of absorbing or reflecting 

electromagnetic radiation, our focus is directed towards optimizing the shielding 

effectiveness (SE) through a detailed investigation of the material's electromagnetic 

properties and the design of the shielding structure. As a result, our approach requires a 

thorough understanding of both electrical and electromagnetic characteristics to ensure that 

the electrical resistance is minimized while achieving high conductivity and the shielding 

effectiveness is maximized. Using data from conductive and semiconductive materials 

developed and having Pa in the range 38 - 9090 l/m2/s, M in the range 86 - 559 g/m2, δ in the 

range of 0.4 - 1.6 mm, Rs between 20 - 8.5x109, respective SE in the range 0.2 - 47 dB, was 

developed data analysis, optimization and regression equations creation for Rs and SE. The 

regression equations for Rs are provided for two distinct cases: electrically conductive 

materials (1) and dissipative materials (2). The regression equation for SE is presented as (3). 
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y = -2294 + 2868 x1 + 0.3963 x3 + 4.591 x2 + 3.118 x4 - 879.2 x1
2 - 0.000020 x3

2 

+ 0.001305 x2
2 - 0.3010 x4

2 - 0.2837 x1*x3- 1.744 x1*x2 - 3.550 x1*x4 - 0.000258 x3*x2 

+ 0.001985 x3*x4 

(1) 

y = 8507585 + 2868 x1 + 0.3963 x3 + 4.591 x2 + 3.118 x4 - 879.2 x1
2 - 0.000020 x3

2 + 

0.001305 x2
2 - 0.3010 x4

2 - 0.2837 x1*x3 - 1.744 x1*x2 - 3.550 x1*x4 - 0.000258 x3*x2 + 

0.001985 x3*x4 

 

(2) 

where Electrical resistance is y; Thickness is x1; Mass is x2; Air permeability is x3  

y = -844 - 85 x1+ 0.1892 x3 + 4.93 x2 + 0.000017 x4 - 1050 x1
2 - 0.000011 x3

2 - 0.01594 

x2
2 + 0.1107 x1*x3 + 6.60 x1*x2 - 0.000880 x3*x2

 

(3) 

where SE is y; Thickness is x1; Mass is x2; Air permeability is x3; Rs is x4.  

Table 1 presents the analysis of variance for electrical resistance for sensors. 

Table 1. Analysis of Variance for Rs depending on Pa, M, SE, δ and categorical variable 

conductivity (C) 

Source DF Adj SS Adj MS 

Model 14 1.32769E+14 9.48353E+12 

  Linear 5 5.66527E+12 1.13305E+12 

    Thickness 1 257 257 

    Pa 1 197 197 

    Mass 1 151 151 

    SE 1 76 76 

    Conductivity 1 2.61020E+11 2.61020E+11 

  Square 4 489 122 

    Thickness*Thickness 1 202 202 

    Pa*Pa 1 197 197 

    Mass*Mass 1 4 4 

    SE*SE 1 330 330 

  2-Way Interaction 5 590 118 

    Thickness*Pa 1 282 282 

    Thickness*Mass 1 149 149 

    Thickness*SE 1 9 9 

    Pa*Mass 1 69 69 

    Pa*SE 1 79 79 

Error 9 0 0 

Total 23 1.32769E+14   

 

The model's relationship between y and x variables is statistically significant because p 

< 0.10. The regression model explains the 99.59% variation well. The Rs model fits the data 

well and can be used to predict Rs for specific variables x or find the appropriate x values to 

obtain a specific value for Rs. Figure 1 presents the ROC (receive operating characteristic) 

curve, respective in Figure 2 presents the 3D representation of the electrical resistance 

depending on mass (M), air permeability (Pa), thickness (δ) and shielding effectiveness (SE). 

The ROC (Receiver Operating Characteristic) curve graphically represents the performance 

of the binary classification model at various threshold settings. It illustrates the trade-off 

between true and false positive rates across different threshold values, providing valuable 

insights into the model's predictive accuracy. The area under the curve (AUC) for the Rs 

training set is the numerical value indicating the performance of the model and represents the 

integral of the ROC (Tsang, 2007) and represents the ability of the model ability to classify 

(Choi et al., 2024) classes. In our cases, the higher AUC values (AUC for training 0.8333 (a), 

respective 0.9545 (b, c, d)) indicate an excellent performance of the classifier. 
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a. Area under the curve: Training = 0.8333 

 
b. Area under the curve: Training = 0.9545 

  

 
c. Area under the curve: Training = 0.9545 

 
d. Area under the curve: Training = 0.9545 

Figure 1. Receiver operating characteristic 

  
a. Rs = f(δ, M) b. Rs = f(δ, SE) 

  
c. Rs = f(Pa, SE) d. Rs = f(Pa, M) 
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e. Rs = f(M, SE) f. Rs = f(δ, Pa) 

Figure 2. Surface resistance depending on thickness (δ) and mass (a), thickness and SE (b), 

air permeability (Pa) and SE (c), mass (M) and air permeability (d), mass and SE (e), 

respective thickness and Pa (f) 

Figure 3 presents the optimal tree for electrical resistance starting with root node Rs=20 

Ω al following levels defined by splitting experiments with conditions related to air 

permeability (Pa) and electromagnetic attenuation effectiveness ((SE). The information 

within the terminal nodes presents a valuable opportunity to systematically rank all distinct 

subsets based on their respective class probabilities. This ranking process enables a nuanced 

understanding of the distribution of probabilities among the various subsets. The method 

class probability and optimal tree within 1 standard error used for node splitting to minimize 

misclassification costs. For validation was used the 10-fold cross-validation method (Nagaraj 

et al., 2021). 
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Figure 3. Optimal tree diagram 

ANALYSIS AND DISCUSSIONS 

The importance of the variables for model improvement is presented in Figure 4 when 

splits are made on a predictor. We can observe that the importance of SE is 100% and air 

permeability (Pa) is 86.8%.  

Figure 5 presents the optimization of the SE value, targeting 50 dB for shielding 

effectiveness. It can be observed that this can be achieved if conductive coated materials have 

estimative values for thickness 0.46 mm, M 87,8795 g/m2, Pa 9090 l/m2/s and Rs 20 Ω. 
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Figure 4. Variable importance measuring model optimization 

 

Figure 5. Shielding effectiveness optimization 

CONCLUSIONS 

Based on the premise that minimizing electrical resistance increases the conductivity of 

materials used for sensor electrodes, it can be concluded that the optimization of electrical 

resistance indirectly optimizes the conductivity of materials used in sensors and actuators. 

This process involves a comprehensive analysis of material properties such as mass (M), air 

permeability (Pa), thickness (δ), and resistance (Rs), as well as the structure of the materials. 

By identifying the appropriate path for optimization, which includes reducing the electrical 

resistance, it is possible to achieve maximum shielding effectiveness and conductivity values. 

This comprehensive approach ensures that the materials used for sensor electrodes are refined 

to provide the highest level of performance in terms of electrical conductivity and resistance. 
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ANTIBACTERIAL COATING FOR SHOE INSOLES WITH TITANIUM 

DIOXIDE NANOPARTICLES 

DESISLAVA S. ANGELOVA1, DARINA ZHELEVA1,  

YANA GOCHEVA2, EKATERINA KRUMOVA2 

1Department of Textile, Leather and Fuels, University of Chemical Technology and Metallurgy, Sofia, Bulgaria, 

E-mail: darinajeleva@abv.bg 
2Stephan Angeloff Institute of Microbiology, Sofia, Bulgaria  

To protect the human foot from the attack of bacteria and fungi, it is extremely important to choose an 

appropriate antimicrobial agent. The main component building skin tissue is collagen. Hydrolyzed 

collagen is widely used in medicine due to its properties of biodegradability, biocompatibility and non-

toxicity. It is characterized by excellent film-forming properties. TiO2 nanostructures have been widely 

studied as antimicrobial agents due to their photocatalytic activity under UV light and possess excellent 

antibacterial properties. The application of nanomaterials to treated leather surfaces resists the growth 

of microorganisms as well as exhibiting a self-cleaning effect. In this study, TiO2 nanoparticles were in 

situ synthesized using oxalic acid as a precursor. These particles were deposited on the cross-linked 

gelatin hydrogel as finishing layer applied to shoe insoles. SEM, UV-Vis, FTIR and antibacterial tests 

for Gram-positive and Gram-negative bacteria were performed. Microscopic observations prove a 

distribution of titanium dioxide nanoparticles and enveloped by the collagen film. The presence of 

chemical and physical bonds between the different components of the biocomposite film has been 

demonstrated. The antimicrobial activity of the investigated shoe insole samples was evaluated by the 

reduction of bacterial growth. Shoe insoles coated with gelatin-titanium dioxide nanocomposite show 

high antibacterial activity against the strains used. Consequently, incorporating metal particles such as 

TiO2 into the cross-linked collagen hydrogel and fixing it to the treated leather shoe material is a good 

alternative for antimicrobial treatment. 

Keywords: antibacterial finishing, insole, TiO2 nanoparticles 

INTRODUCTION 

Natural leather is the most commonly used material for shoe insoles. Because of its 

absorbent and breathable properties, leather has unique characteristics, climate-balancing, and 

good hygienic effects on the shoe. The main component of leather is protein; therefore, it 

creates conditions for breeding microorganisms, including bacteria and fungi during the 

storage and use process, which may affect the structure and properties of leather and damage 

the health of users. Moreover, the human foot is in a continuous condition of increased 

temperature, pH and humidity. High levels of hydration, humidity and ambient temperatures, 

lead to an increase in the number of microorganisms, especially Staphylococcus aureus 

(Healy et al., 2010). Commonly used protection chemicals are mostly volatile organic 

compounds, due to their carcinogenic effect and environmental toxicity, it is prone to become 

unacceptable (Bai et al., 2022). This has led to the idea of developing antimicrobial material 

leather for insoles with a more durable and effective treatment without the use of harmful 

chemicals. 

Considerable research has been focused on the treatment of leather with nanometal 

oxides during the pre-tanning process, where nanomaterials are added to the tanning solution. 

However, there are still few studies that deal with the nanoprocessing of leather in the final 

finishing step without adding the nanomaterial to the tanning solution. Several nano-metal 

oxides (Ag2O, ZnO, MnO2, CuO) have great, causing destruction of the cell wall and 

https://creativecommons.org/licenses/by/4.0/
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considerable binding affinity toward thiol -SH- containing groups, showing significant 

antimicrobial effects (Muthukrishnan et al., 2019; Wang et al., 2017).  

A sole leather loaded with nano-zinc oxide has been developed and the treated leather 

samples showed significant resistance against fungus and bacteria (Habib et al., 2023). 

Titanium dioxide nanoparticles (TiO2-NPs) are already used in various practical applications, 

such as water and air purification, self-cleaning and self-sterilizing surfaces, and optical and 

dielectric devices. One of TiO2 uses is as a pigment because of its brightness, high refractive 

index, and resistance to discoloration. Because of its interesting photocatalytic properties, 

TiO2 has been used in decontamination, purification, and deodorization of air and wastewater 

but it also has the ability to kill cancer cells, bacteria and viruses under mild UV illumination. 

TiO2 proves to be the most suitable safe and broad-spectrum antimicrobial agent (Sunada et 

al., 2003). Studies have shown an increase in the antimicrobial activity of leather coated with 

Ag–TiO2 NPs (Carvalho et al., 2018; Khalid, 2022; Gaidău et al., 2016; Kaygusuz et al., 

2016; Marques et al., 2022; Ignat et al., 2020). Others are considering the possibility of use in 

the leather treatment process with the addition of the TiO2-SiO2 nanocomposite (Kaygusuz et 

al., 2017).  

The finishing film of leather can vary greatly, mainly depending on the its purpose. The 

sol-gel method is one of the most widely used techniques for the synthesis of functional 

coating films for substrate surface modification and the improvement of material properties 

which are affected by surface conditions (Tan et al., 2021). This technique possesses a 

number of advantages over conventional film formation techniques, including a relatively low 

processing temperature, ease of applying homogeneous multicomponent oxide films over 

large surfaces, and good control of the composition and properties of the final material.  

In this study, a finish coating was successfully obtained by modifying leather samples 

with cross-linked gelatin containing TiO2 particles, which were synthesized in situ. 

MATERIALS AND METHODS 

Materials 

Natural pig leather from a local producer, chrome-tanned, no finish, 0.89 mm thick. The 

test pieces are 100/50 mm in size, and the average weight of the samples is 2.4 g. TiO2 from 

Sigma-Aldrich (Darmstadt, Germany); Glutaraldehyde (25% aqueous solution) from Sigma-

Aldrich (Darmstadt, Germany); Gelatin from Merck KGaA (Darmstadt, Germany); and oxalic 

acid (H2C2O4) from Merck KGaA (Darmstadt, Germany). 

Three variants of modification of leather materials were applied: LT-1 (Le-TiO2_1), LT-

2 (Le-TiO2_2), and LT-3 (Le-TiO2_3). The finishing films were obtained by immersion in the 

different solutions in equal concentrations. For all samples, aqueous solutions were used in 

the following concentrations: 5% gelatin solution, 2.5% GA (glutaraldehyde), 0.1 M TiO2, 

and 0.1 M C2H2O4. 

LT-1 (Le-TiO2_1) 

The leather samples were immersed in a solution of 0.1 M TiO2 and a 0.1 M C2H2O4 for 

30 min at t=60°C. TiO2 particles were synthesized in situ. After that, the samples removed 

from the solution and immediately immersed in solution of gelatin and finally the 

glutaraldehyde solution was added for crosslinking. The leather samples were dried for 2 h at 

t=60°C. The samples were rinsed with distilled water and left to dry at room temperature. 
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LT-2 (Le-TiO2_2) 

The leather samples were immersed in a gelatin solution for 2 h at t=60 °C. After that, 

the samples were immersed in the solution of TiO2 and oxalic acid for 30 min at t=60°C. The 

next stage was adding the glutaraldehyde. Finally, the samples were washed and dried. 

LT-3 (Le-TiO2_3) 

The leather samples were submerged into previously prepared solution of gelatin and 

glutaraldehyde. After crosslinked samples were immersed in solution of TiO2 for 30 min and 

heated at t=60°C. The next stage was immersion in a solution of oxalic acid for 30 min. Then 

the samples are rinsed with distilled water and dried at 60 °C for 2 h.  

Analysis 

The surface morphology of the modified materials and the formation of TiO2 particles 

were analyzed using a scanning electron microscope (SEM) Philips ESEM XL30 FEG. FTIR 

analysis was performed on a Fourier transform infrared spectrometer (IRAffinity-1, 

Shimadzu, Japan), the spectral range of 4000÷600 cm−1. Spectral characteristics are taken 

using UVA/VIS/NIR spectrophotometer Lambda 750S PerkinElmer, USA, in range of length 

λ=2500÷250 nm. The leather physical and mechanical tests: Determination of water vapour 

permeability (ISO 14268:2023) was carried out with apparatus SATRA STM 473. The water 

vapour absorption indicator is determined by calculation (ISO 17229:2016).    

The antimicrobial activity of the tested leather samples was evaluated using the Kirby–

Bauer disc diffusion method (Hudzicki, 2009). The test bacterial strains used in this study 

included Pseudomonas aeruginosa 1390 (Gram-), Bacillus subtilis 168 (Gram-) and 

Escherichia coli W 1655 (Gram-): sourced from the National Bank of Industrial 

Microorganisms and Cell Cultures, Bulgaria, along with Erysipelothrix rhusiopathiae B40 

(Gram+) from the culture collection of The Stephan Angeloff Institute of Microbiology. 

Bacterial cultures were first grown overnight in Nutrient Broth (HIMedia, India) at 37 °C, and 

the cell density was then standardized to McFarland 0.5. Sterile Mueller-Hinton agar plates 

were inoculated with the standardized bacterial suspensions. Antibiotics known to be effective 

against the test microorganisms were used as a positive control. The antimicrobial activity 

was determined after 24 h of incubation by measuring the diameter (mm) of the inhibition 

zones (ZOI) around each disc. 

RESULTS AND DISCUSSION 

Morphological Properties of Modified Leather Samples with TiO2 

The SEM micrographs in Fig. 1 show the surface of a treated and untreated leather 

samples. It can be seen that the control leather sample (C-control) has the characteristic 

fibrillar collagen structure. TiO2 particles appear clearly on the treated surface: LT-1, LT-2, 

LT-3, indicating the success at their deposition. In addition, the pores are clearly visible on 

the surface of treated leather, suggesting that the surface coating is thin. Microscopic studies 

showed that TiO2 particles were impregnated into the structure of the gelatin hydrogel at LT-1 

and LT-2, and were distributed into small spherical particles, while in LT-3 the particles are 

on the surface of the film. TiO2-NPs has polyhedral shape with rounded edges. It is worth 

mentioning that small bright spots can also be identified in LT-1 and LT-2 images, which 

probably are non-agglomerated. Greater aggregations were observed on the leather surface in 

LT-3, compared to the other variants studied.           
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Figure 1. SEM images of the surface of the leather: C – control sample; LT-1, LT-2, LT-3 are 

modified leather samples  

Determination of Water Vapour Permeability and Water Vapour Absorption 

Table 1 shows how the various treatment options affect water vapour absorption and 

permeability. The samples LT-2 have reduced vapour permeability and water vapour 

adsorption, the samples LT-1 have increased vapour permeability and water vapour 

absorption as a result of the coating. The LT-3 provided the highest results, consequently 

these materials have the best absorbent properties and climate-balancing impact for shoe 

insoles. 

Table 1. Vapour permeability and absorption tests of leather samples  

                   

Sample 

Water vapour 

absorption W1  

mg/cm2
 

Water vapour  

permeability W3   

mg/(cm2.h) 

Vapour permeability 

coefficient W2  

mg/cm2 

Le (Control) 2.17 17.41 141.45 

LT-1  2.89 16.12 131.85 

LT-2  1.47 13.20 107.07 

LT-3 3.13 18.42 150.49 

FTIR and UV-VIS Analysis 

Fig. 2 represents the UV-VIS spectra of TiO2 that showed the maximum absorption 

peak at 365 nm, which was a primary sign of the successful formation of TiO2-NPs 

(Anandgaonker et al., 2019). 
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Fig. 3 shows absorption peaks of the FTIR spectrum of the obtained materials: 3290, 

2918, 2843, 1629, 1536, 1449, 1226, 1025 cm-1 were assigned to –NH, –CH3, =CH2, –C=O, –

NH, –C=O (in amide III) and C–N (in amine) groups (Carvalho et al., 2018). The collagen 

macromolecules in the leather and in the gelatin hydrogel contain polar groups in the side 

chains of their constituent amino acid residues, which are amino or amide groups and 

carboxyl groups and can bind to metal atoms. The peaks appearing in the range of 1000–1300 

cm-1 can be associated with Ti-O-Ti vibrations, which clearly indicate the O-Ti-O bond 

(Irshad et al., 2021). 
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Figure 2. UV-VIS spectra of leather samples          Figure 3. FTIR spectra of leather samples 

Antibacterial Analysis 

Fig. 4 shows the antibacterial tests for insole leather loaded with titanium oxide 

nanoparticles performed with the four bacterial strains. Pure leather (Le) was used as a 

negative control and the antibiotic discs were used as positive control. The results 

demonstrated antimicrobial potential of two modified samples LT-2 and LT-3. 
 

     

Figure 4. The ZOI of modified leather samples against bacterial strains 

The modified leather sample LT-2 exhibited the highest bactericidal effect on the both 

gram positive and gram-negative strains investigated. At the same time modified sample LT-3 

inhibited Gram negative (Ps. aeruginosa) strains growth (see Table 2). 

Table 2. Antimicrobial Activity Test 

 Sample E. coli 

(Gram-) 

B. subtillis  

(Gram-) 

Ps.aeruginosa 

(Gram-) 

Erysipelothrix 

rhysiopatiae 

(Gram+) 

1 Le (control) - - - - 

2 

3 

LT-2  

LT-3 

+3 mm 

- 

+3 mm 

- 

+4 mm 

+4 mm 
+2 mm 

- 
7 Antibiotic +7 mm +17 mm +18 mm +10 mm 
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One possible explanation of the modified samples bactericidal effect is that it is due to 

the presence of Ti particles with a positive charge of titanium ions (Ti+) on the surface of the 

leather, which can cause oxidative stress and destruction of the bacterial cell wall. 

CONCLUSIONS 

A finish coating was successfully obtained by modifying leather samples with cross-

linked gelatin containing TiO2 particles, which particles were synthesized in situ. Three 

variants of synthesis of TiO2 NPs were investigated. It was proved that LT-2 shows 

significant resistance against 4 types of bacteria. Consequently, these finishes can be very 

effectively used as protective antibacterial coatings for shoe leather materials, protecting the 

human foot from the effects of microorganisms. 
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TEXTILE-BASED FOOTWEAR LININGS FUNCTIONALIZED WITH 

LAUREL OIL MICROPARTICLES: ANTIMICROBIAL PROTECTION 
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The aim of this study is to optimize the production of microparticles to be used in antibacterial footwear 

linings and to characterize their usage and antibacterial properties. In this study, laurel essential oil was 

encapsulated with a chitosan shell using the spray drying method. The microparticles were applied to 

different lining materials using the dip-coating method. Scanning electron microscopy was used to 

characterize the microparticles and treated textile surfaces. The produced microparticles were 

characterized using scanning electron microscopy and particle size analysis. The finishing solution 

containing either laurel essential oil or laurel essential oil microparticles was applied to three different 

lining materials using the dip-coating method. After the finishing process, the lining materials were 

washed according to standards. The binding capacities of the microcapsules on different types of lining 

materials were determined using UV-Visible spectrophotometry, and their release properties were 

examined. Antibacterial tests were conducted to determine the antibacterial capacity of the final product 

and its effectiveness against washing. 

Keywords: microencapsulation, laurel oil, footwear lining 

INTRODUCTION 

Today, consumers’ interest in hygiene and active lifestyles is creating new challenges 

for the footwear industry. Footwear, with its close contact with the foot, provides an ideal 

breeding ground for bacteria and fungi due to the combination of moisture, warmth, nutrients 

from sweat, and oils from insoles (Orlita, 2004). Another important aspect of the modification 

of footwear components is the antimicrobial activity of the materials. Microbiological 

cleanliness inside the shoe is one of the factors that reduce the likelihood of dermatoses, 

ulcers, or other infections. Under actual usage conditions, footwear materials act as a barrier 

against the flow of moisture and temperature. Therefore, when water accumulates on the skin 

and lining materials, the temperature rises, and these specific conditions can affect the foot 

microbiome in the enclosed area around the foot (Serweta et al., 2019). 

Microencapsulation, a prevalent technique, allows for controlled release of active 

substances, safeguarding them from adverse reactions over extended periods (Yalçın, 2020). 

Encapsulation involves embedding active molecules within a polymer structure, presenting a 

challenge in selecting suitable components. Spray drying, a widely employed 

microencapsulation method in the industry, offers cost-effective production, simplicity, and 

the ability to produce microparticles with desirable properties. It serves as an important 

commercial process for encapsulating various substances like vitamins, minerals, flavorings, 

and enzymes, providing economic and effective protection (Naveena, 2020). 

Essential oils are known for their antifungal, antibacterial, antioxidant, antiviral and 

medicinal properties (Snuossi et al., 2016). When used directly, natural oils can stain textile 

products and cause allergic reactions on the skin. In addition, since the washing resistance is 

https://creativecommons.org/licenses/by/4.0/
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limited, microencapsulation studies are being carried out to overcome these disadvantages. 

(Türkoğlu, 2020). Laurel essential oil (Laurus nobilis L.) is an important plant of the genus 

Laurus, one of the 40 species in the Lauraceae family, and grows naturally in many temperate 

and warm regions, especially in Mediterranean countries such as Türkiye, Greece, Portugal, 

Morocco or Mexico (Yilmaz, 2013). Commercial essential laurel oil has a fresh camphor-

aromatic odor with a spicy note and is a pale yellow to pale olive green in colour (Alfonso, 

2017). Laurel essential oil obtained from nobilis leaves has been used in many fields 

including perfumes, cosmetics, phytotherapy, spices and nutrition (Merghni, 2016). The laurel 

oil has antibacterial, anti-infectious, analgesic, antiviral, and antiseptic qualities (Nesrine, 

2018). 

In this study, the spray drying method, known for its high encapsulation efficiency and 

speed, was used to encapsulate laurel essential oil. The produced microparticles exhibited a 

highly spherical shape, a rare occurrence with this method, attributed to optimized emulsion 

preparation processes. The microparticles were characterized using techniques such as 

scanning electron microscopy (SEM), particle size measurement, and production yield 

evaluation. The selected optimum microparticle formulation and the non-encapsulated laurel 

oil solution were applied to three different lining materials using the dip-coating method. 

After the finishing process, the lining materials were washed according to standards. To 

determine the binding capacities of the microcapsules on different types of lining materials, 

quantification and release properties were examined using UV-Visible spectrophotometry. 

The antibacterial capacity of the final product and its effectiveness against washing were 

determined through antibacterial tests. 

MATERIALS AND METHODS 

Materials 

In the microencapsulation process, chitosan with a molecular weight of 600,000-

800,000 (Acros Organics) was used as the encapsulating polymer at a 1% (w/v) 

concentration. Laurel oil was donated by Ephesus Spice & Essential Oil, Türkiye. Acetic acid 

(glacial) was procured from Merck (Germany), while Tween 40 (Fisher Scientific, UK) and 

Span 20 (Merck Millipore Corporation, Spain) acted as surface-active agents. TANAPUR 

One, a self-crosslinking polyurethane-based binder, is manufactured by Tanatex Chemicals 

(Netherlands), and PERIWET ELR, a wetting agent donated by Dr. Petry (Germany). Sodium 

carboxymethyl cellulose (Sigma-Aldrich, Merck, Germany) served as a thickening agent and 

dispergator. All other auxiliary materials used in the study are of technical quality. 

Textile Materials 

Three different footwear lining materials were employed in the research and the 

properties are presented in Table 1.  
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Table 1. Characteristics of footwear lining materials 

Name Lining material 
Weight 

(g/m2) 

No of 

Layers 

Lining material properties 

Outer Layer Middle Layer Bottom Layer 

Lining 1 

 

350 1 100% raw cotton woven fabric 

Lining 2 

 

400 2 
100% PET 

woven 
- 

100% cotton 

nonwoven 

Lining 3  

 

400 

 

(L1: 200 

L2: 160 

L3: 40) 

3 

70% PA + 

30% PET 

Weft Knitting 

100% PET 

Weft Knitting 

100% PET 

Weft Knitting 

Heat laminated 

Method 

Microparticles were obtained by spray drying method in different proportions of 

chitosan and laurel essential oil. For this purpose, first of all, a 1% chitosan solution was 

prepared in a 2% acetic acid solution. Then, a determined amount of laurel essential oil was 

added to the prepared solution and homogenized using IKA T25 digital Ultra Turrax 

(Germany) (14,000 rpm for 20 minutes). The solutions prepared in different concentrations 

were sprayed from the 0.5 mm nozzle and fed into the desiccant chamber to form 

microparticles. It was prepared by using Unopex B 15 Mini Spray Dryer (Turkey). Chitosan: 

Laurel oil ratios have been studied as 1:1, 2:1 and 1:2 (w/w) ratios. In addition, various 

surfactant ratios have been tried to ensure emulsion stability, reduce capsule agglomeration, 

and improve particle size distribution. The optimal formulation was determined as the 1:1 

Chitosan: Laurel oil formulation containing 20% surfactant. Spray drying conditions: the inlet 

temperature was 170 °C, the outlet temperature was 105 °C, and the pump speed was 5 

mL/min. 

Table 2. Application parameters 

 Binder Capsule Laurel oil 

(g/L) (g/L) (g/L) 

Solution 1 - - 10 

Solution 2 - - 20 

Solution 3 5 10 L5 - 

Solution 4 10 20 L5 - 

Solution 5 5 10 Blank - 

 

Various methods have been considered to characterize microparticles. To calculate the 

production efficiency, the amount of microparticles obtained was proportioned as a 

percentage of the theoretical amount of material added to the process solution. Scanning 

electron microscope (SEM) images were taken to examine the capsule morphology, which 

indicates ideal capsule formation. In addition, the size distribution analysis of the 

microparticles containing and not containing Laurel oil was performed. The optimum 

microparticle formulation was applied by immersion dip-coating method to different textile 

structures used as footwear linings. The composition of the process solutions is given in Table 
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2. 1% CMC and 1% wetting were added to the finishing solutions. After the finishing process, 

the textile-based footwear linings were dried at 80 °C and the fixation process was applied at 

120 °C. The footwear lining materials were washed according to ISO 105-C06:2010 standard 

3 times in 30 °C for 30 min at Linitest Washing Machine with IEC Non-Phosphate Reference 

Detergent (A). 

A standard line was plotted using a UV-Vis spectrophotometer to determine the laurel 

oil trapped in textile materials. Laurel oil was dissolved in various concentrations in n-hexane 

and the absorbance values of the prepared solutions were determined using a UV-Vis 

Spectrophotometer at a wavelength of 268 nm. The declaration of the standard line was 

calculated as y=(5.62×10-2)x+(8.96×10-3), R2 value was calculated as 0.99. In order to 

determine the adhesion capacities of laurel oil in different types of linings, the unwashed and 

three consecutive washed lining fabrics were extracted using n-hexane. After the solutions 

were filtered with a 0.45 µm membrane filter, measurements were made with a UV-Vis 

Spectrophotometer. 

The antibacterial properties of footwear lining materials were evaluated by agar disk 

diffusional method. The antibacterial and antifungal properties of textile-based lining 

materials containing laurel oil have been determined for Staphylococcus aureus ATCC 29213, 

Escherichia coli ATCC 25922, Pseudomonas aeruginosa ATCC 27853 and Candida albicans 

ATCC 90028. The textile samples were placed in petri dishes and incubated at 37 °C for 24 

hours. Antimicrobial activity was determined by measuring the zone diameters formed around 

the samples after incubation. 

RESULTS 

The production efficiency of different microparticles obtained by spraying method 

ranges from 10 to 42. Among these formulations, especially the formulation containing 1:1 

ratio of Laurel essential oil with chitosan and 20% surfactant exhibited significant advantages 

such as a particle size ranges from 5 to 100 µm, more homogeneous particle distribution and 

higher production efficiency compared to other microparticles. SEM images of microparticles 

are given in Figure 1. When the images were examined, it was seen that the shapes of the 

chitosan microparticles containing laurel oil were spherical, and the capsule wall was close to 

smooth. 

 

  
Chitosan Microparticles Chitosan Microparticles with Laurel Oil 

Figure 1. SEM images of microparticles 

Color measurements were made using the CIELAB color space and significant color 

changes were detected in the footwear linings according to the ∆E values. The L* (lightness) 

values of all linings have generally decreased. It was determined that the total color change 
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(∆E) of only laurel oil applied footwear lining materials was higher than capsule applied 

footwear lining materials. While the b* value increased in the direction of yellowness, textile 

linings containing microparticles usually exhibited the orange color of chitosan. There was no 

significant effect of capsule color on the L*. Lining 3, containing 20 g/L laurel oil (Solution 

2), showed the greatest loss of lightness value. Redness (a*) was towards greenness, while the 

b* value increased in all solutions to the yellowness direction.  

Table 3. Values of research lining materials 

Sample 
CIE Lab Values 

∆E 
L* a* b* C* H* 

Lining 1 - 82.061 2.126 13.134 13.305 80.808  

Lining 1 Solution 1 78.354 2.836 15.404 15.663 79.569 4.404 

Lining 1 Solution 2 79.558 2.620 14.125 14.366 79.493 2.737 

Lining 1 Solution 3 82.076 2.081 11.276 11.466 79.543 1.859 

Lining 1 Solution 4 81.688 1.756 13.072 13.189 82.349 0.529 

Lining 1 Solution 5 79.941 2.273 14.177 14.359 80.892 2.367 

Lining 2 - 29.708 2.849 8.012 8.503 70.425  

Lining 2 Solution 1 27.370 2.635 7.882 8.311 71.514 2.351 

Lining 2 Solution 2 27.293 2.529 8.056 8.444 72.574 2.437 

Lining 2 Solution 3 28.331 2.192 6.932 7.270 72.454 1.869 

Lining 2 Solution 4 27.491 2.489 7.486 7.889 71.611 2.307 

Lining 2 Solution 5 26.177 2.314 7.428 7.780 72.695 3.619 

Lining 3 -  52.432 -2.385 1.913 3.058 51.263  

Lining 3 Solution 1 51.048 -2.246 2.148 3.107 46.275 1.411 

Lining 3 Solution 2 50.268 -2.162 2.576 3.363 40.001 2.274 

Lining 3 Solution 3 51.786 -1.885 3.069 3.602 31.560 1.416 

Lining 3 Solution 4 52.052 -1.981 3.964 4.431 26.550 2.125 

Lining 3 Solution 5 50.345 -1.966 2.044 2.836 43.898 2.133 

Table 4. The loading efficiency of laurel oil in different types of fabrics 

 Solution 1 Solution 2 Solution 3 Solution 4 Solution 5 

Lining 1 4.47 ± 0.10 3.66 ± 1.01 4.81 ± 0.21 3.11 ± 0.18 0.0 ± 0.0 

Lining 1 - 3 Washes 0.958 ± 0.014 0.786 ± 0.005 0.514 ± 0.010 0.739 ± 0.010 0.0 ± 0.0 

Lining 2 6.29 ± 0.67 3.50 ± 0.39 4.98 ± 0.58 3.95 ± 0.03 0.0 ± 0.0 

Lining 2 - 3 Washes 2.417 ± 0.010 2.102 ± 0.005 1.237 ± 0.015 1.614 ± 0.010 0.0 ± 0.0 

Lining 3 4.03 ± 0.29 5.97 ± 0.52 6.33 ± 1.01 5.12 ± 1.61 0.0 ± 0.0 

Lining 3 - 3 Washes 1.142 ± 0.010 0.970 ± 0.000 0.902 ± 0.014 2.565 ± 0.005 0.0 ± 0.0 

 

The loading efficiency of laurel oil in linings with Solution 3 is higher than in linings 

treated with other solutions. After three washes, the essential oil ratio has decreased, but there 

is still essential oil content in the fabric. All the linings can retain the essential oil in their 

structure. No significant difference was observed between fabrics treated with essential oil 

and those treated with microcapsules. 

The antimicrobial test results obtained by the disk diffusion method showed that the 

application of laurel oil on the medium exhibited antibacterial activity against all test 
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organisms, with the largest inhibition zones observed on C. albicans, confirming the oil’s 

strong antifungal properties. These findings highlight the potential of laurel oil as an effective 

antimicrobial agent in various applications. However, no inhibitory effect on the growth of 

microorganisms was observed for chitosan capsules containing laurel oil and chitosan 

capsules without laurel oil against standard bacterial and yeast strains. 

CONCLUSIONS 

This study aims to develop various textile-based footwear linings using laurel oil-

containing microparticles. In the production of capsules, chitosan polymer with antibacterial 

properties was used as shell material. Spray drying has been selected as a suitable method for 

industry and has been preferred in capsule production. Laurel oil has been selected for the 

control of bad odor of microbial origin that may occur in footwear due to its antimicrobial 

properties and pleasant smell. Laurel oil is strongly antibacterial on all test organisms, and 

especially it has shown significant antifungal effects on Candida albicans. The products 

developed are suitable for industrial production and laurel oil has the potential to be used as 

an effective antimicrobial agent. 
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Tannins are water-soluble phenolic substances obtained from plants by various extraction methods. 

Tannins can be found in almost every plant. However, tannin content varies from plant to plant. Even 

different parts of the same plant may contain different amounts of tannin. Tannins can be found in 

various parts of plants such as leaves, roots, fruits, wood, galls and bark. Tannins have many different 

kinds of uses in the food, cosmetics, painting, pharmaceutical, wood adhesive, and other industries due 

to their antibacterial, antioxidant, and other qualities. On the other hand, they have long been used in 

leather production due to their ability to chemically react with the leather protein collagen. 

Dicotyledonous plants are generally used in leather tanning due to their rich tannin content. According 

to a common classification, tannins are divided into three classes: Hydrolyzable, Condensed and 

Complex tannins. Of these, hydrolyzable tannins are hydrolyzed in the presence of various chemicals 

(dilute bases, dilute acids and enzymes) and are divided into 2 subclasses as gallotannins and ellagic 

tannins. This review includes the general chemical structures of hydrolyzable tannins. In addition, 

hydrolyzable plant tannins used in leather production (sumac, chestnut, myrobalan, valonia and tara) 

and the properties they impart to the leather are explained.  

Keywords: leather, tannins, hydrolysable tannins 

INTRODUCTION 

Tannins are phenolic compounds with the molecular formula C6H5OH that are present 

in many different parts of higher plants, including the bark, leaf, stem, fruit, root, and wood 

(Redwood, 2020). Tannins participate in the defense mechanisms of plants, protecting them 

from insects and microorganisms. Since tannins are typically found in plant growth regions 

like secondary phloem, xylem, and the layer in root tissue between the cortex and epidermis, 

it is also believed that they can help regulate the growth of these tissues (Pizzi et al., 2024). 

 Tannins can chemically interact with proteins to form complexes (Pizzi, 2019). They 

are derived from plants using a variety of extraction techniques or are directly ground into 

powder for have been used for centuries in the tanning and retanning of leather. Besides, 

tannins can be used as dyes because they can give color to the leather. In addition, they can 

eliminate free formaldehyde that occurs on the leather due to release by resins and/or other 

chemicals (Bayramoğlu, 2013; Bayramoğlu et al., 2008; Çolak et al., 2004; Mirzamuratova et 

al., 2024a). On the other hand, tannins are a group of secondary metabolite polyphenols 

known as natural antioxidants and exhibit UV protective properties and so they can be 

inhibitors of lipid peroxidation and prevent Cr(III) from converting to Cr(VI)  

(Mirzamuratova et al., 2024b; Ismayati et al., 2024).  

These properties of tannins show that they are highly functional materials and make them 

industrially attractive. In this study, the general chemical structures of hydrolysable tannins and 

hydrolysable vegetable tannins commonly used in the leather industry are mentioned. 

Chemical Structure of Tannins 

According to a generally accepted classification, tannins are divided into three parts as 

“hydrolysable”, “condensed” and “complex”. Hydrolysable tannins are also classified as two 
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subunits as “gallotannins” and “ellagic tannins”. Gallotannins are polyesters of glucose and 

gallic acid that are commonly found in nature and when they are hydrolyzed, gallic acid is 

released (Molnar et al., 2024; Okuda & Ito, 2011; Porter, 1992; Hemingway & Karchesy, 

2012; Seigler, 1998). Ellagic tannins are characterized by a glucose center esterified with at 

least one unit of hexahydroxydiphenyl acid, formed by the oxidative bonding of two units of 

gallic acid (Mavlyanov et al., 2001; Auad et al., 2020; Schofield et al., 2001; Porter, 1989; 

Mueller, 2001; Ekambaram et al., 2016; Romani et al., 2006). 

Hydrolysable Tannins 

Hydrolyzable tannins are a class of compounds with polyols as core and phenolic 

carboxylic acids connected by ester bonds, C6–C1 type polyphenols. Therefore, they are 

susceptible to hydrolysis of ester bonds in the presence of dilute bases, dilute acids or 

enzymes (Guo et al., 2024). The molecular weights of hydrolyzable tannins range from 

simple glycogaline (MW of 332 Da) to pentameric ellagitannins, and their MWs are above 

5000 Daltons (Da) (Molnar et al., 2024).  

Gallotannins 

It is composed of a gallic acid and a polyol (in most cases D-glucose) whose hydroxyl 

functions can be replaced by one or more gallic groups. Gallotannins are found in many plants 

as TGG (2,3,4,6-tetra-O-galloyl-D glucopyranose) and β-PGG (1,2,3,4,6-penta-O-galloyl-β-D 

glucopyranose). They serve as basic compounds for the biosynthesis of hydrolyzable phenolic 

compounds (Ben Aziz et al., 2024). 

                                              

Figure 1. Gallic acid molecule                              Figure 2. Ellagic acid molecule 

Ellagic Tannins 

Ellagic tannins are biosynthetic products of gallotannins. The most important acyl 

group, Hexahydroxydiphenic (HHDP) group, is produced by oxidative coupling between two 

galloyl groups. Some other ellagic tannin acyl groups are also produced by oxidative coupling 

of galloyl and HHDP groups (Liu, 2024). 

Because there are so many phenolic hydroxyl groups in close proximity to one another, 

they are very astringent; in this sense, gallotannins are more astringent than ellagitannins. The 

acidity of the carboxylic acid groups in the hydrolysable tannins-for example, the pH values 

of valonia, sumac and chestnut solutions are 3.2, 3.7-4.2, and 2.6-2.8, respectively-contributes 

to their reactivity. As a result, the less acidic tannins act as self-buffers (Covington, 2009).  

Leathers tanned using these tannins shrink at a temperature between 75 and 80 °C. 

Given that this is a defining characteristic of hydrolyzed tannin (Covington, 2009). 

Hydrolyzable Tannins Widely Used in Leather Production  

The interaction between tannins and proteins is widely used in leather production. 

Tannic acid (TA), which is abundant in hydroxyl groups that can oxidize to quinones, 

improves film properties by establishing covalent bonds (C=N or C-N) with amino acid 

residues of proteins (Choi & Kim, 2020). In contrast, under acidic or neutral pH conditions, 
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reversible non-covalent bonds can be formed between proteins and polyphenols, including 

hydrogen bonds (Figure 3), hydrophobic interactions, and electrostatic interactions. In 

particular, oxidized TA has been reported to improve the mechanical properties of collagen 

films (Zhang et al., 2010; Zhao et al., 2024). 

 

 
Figure 3. H bonds between the polypeptide chain of collagen and polyphenols (Covington, 

2009) 

Tannins form hydrogen and covalent bonds with functional groups (e.g. COOH, –NH2) 

of the leather protein collagen. However, these bonds only occur if the tannin molecules are 

large enough to bind to neighboring collagen chains and contain enough phenol to form cross-

links in several places. The vegetable tanning process consists of two stages: penetration and 

fixation. Penetration refers to the diffusion of tannins into the leather, while fixation ensures 

that the penetrated tannins bind to the collagen, which forms the stable material. In this 

process, different components such as temperature, pH, mechanical effects and particle size 

come into play to obtain the desired products (Tasnim et al., 2024; Mia et al., 2024). Sumac, 

chestnut, myrobalan, valonia and tara are hydrolysable tannins that are generally used 

commercially in terms of tanning efficiency, quality, performance and extraction efficiency. 

Table 1. Hydrolysable tannins commonly used in leather production and their properties 

(Redwood, 2020) 

Plant Source of tannin Tannin content (%) 
Non-tans content 

(%) 

Sumac (Rhus coriaria /Rhus cotinus) Leaves 22-35 14-15 

Chestnut (Castanea sativa) Wood 5-15 16-17 

Myrobalan (Terminalia chebula) Nuts 25-48 14-17 

Valonia (Quercus Aegilops) Fruit 4-10 1-2 

Tara (Caesalpinia spinosa) Pods 30-35 1-2 
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Sumac 

Sumac tannins are produced from the leaves of shrubs belonging to the Rhus coriaria 

genus, which is native to Southern Europe and the Mediterranean (Türkiye, KKTC (Turkish 

Republic of Northern Cyprus), Greece, Bulgaria, Croatia, Montenegro, Italy). Sumac tannins 

belong to the gallotannin family of hydrolyzed tannins. They are highly sensitive to heat 

compared to other tanning agents and break down into gallic acid when exposed to heat. 

Sumac leaves contain approximately 30% tannin. They also contain gallic acid, glucose, 

chlorophyll and inorganic salts. Leather tanned with sumac tannin is light and soft. It has a 

pleasant touch and a smooth texture. This type of leather can be dyed with both anionic and 

basic dyes. It has high light, oxidation and sweat resistance (Shabbir, 2012; Falcão & Araújo, 

2011; Plavan et al., 2010). 

Chestnut 

Castanea sativa belongs to the Fagaceae family and is among the most common 

chestnut species (De Vasconcelos et al., 2007). The main functional units in the wood, bark 

and fruit of the chestnut tree (Castanea sativa L.) are hydrolyzed tannins such as gallic acid 

and ellagic acid (Buyse et al., 2021). In addition to these main units, subunits such as castalin, 

vescalin, castalagin, vescalagin, kurigalin, 5-O-galloylhamamelose, (3′,5′ dimethoxy-4′-

hydroxyphenol)-1-O-β-D-(6-O-galloyl) glucose, chestanin and acutissimin A have been 

recorded in chestnut extract. Chestnut extract is commercially used in animal feed, leather 

production and the food industry (wine and alcoholic beverages) (Comandini et al., 2014). 

The standard extract has a pH of 3.5; inorganic salts and hydroxides are added to create 

a “sweetened” extract with a pH of 4.5. Softer leather is produced by the less astringent nature 

of the sweetened extract. It can be used alone or in conjunction with syntans to retan chrome 

leather and tanning sole leather. These combinations result in leather that is lighter in color 

and has superior tanning qualities (Krisper et al., 1992). Sweetened chestnut penetrates the 

leather better. Leathers tanned with sweetened chestnut are more yellow than those tanned 

with normal extract. On the other hand, leathers produced with normal chestnut extract are 

firmer, fuller, harder, and more resistant to water and abrasion (Yahia et al., 2019). 

Myrobalan 

Myrobalan is the unripe fruit of the Terminalia chebula tree. It is in the hydrolyzed 

tannins class. Its structure contains compounds that are esters of glucose such as phenol 

carboxylic acid and 1,2,3,4,6-pentagalloyl glucose. It contains around 35-40% tannin. Its 

tanning effect is light, it is generally used as an additive in vegetable tanning. Leathers 

produced with Myrobalan are light in color (Sivakumar et al., 2018). 

Valonia  

Oak, which belongs to the Fagaceae family, is common in temperate climates in some 

parts of Europe, Asia and North Africa. Its fruits are called acorns and grow in groups of 2-5 

on a stem. Known as a high-calorie (339 kcal/100 g) nutrient, acorn seeds are rich in vitamin 

C, magnesium and calcium. Other active substances found in acorns are quercitanic acid, 

ellagic and gallic acid, tannin, quercin, fluoroglycine, pectic substances, resins, calcium 

oxalate, pentadigalloylglucose, cyclogallifaric acid and carbohydrates. These substances 

provide astringent, antiseptic, anti-inflammatory and antioxidant properties to acorns (Simion 

et al., 2023). 

Oak trees of the Quercus species, which have different varieties, are generally used in 

furniture making and construction materials. Tannins can be obtained from wood, bark, gall 
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and acorn. Depending on the species, there is 50-70% tannin in galls, 10-20% in shells, and 

approximately 10% in acorns (Baytop 1999; Bayramoğlu, 2012). The tanning material 

obtained from acorns is called ‘Valex’. The acorns of the Quercus aegilops tree, also known 

as the Turkish oak, which grows abundantly in Türkiye, Greece and neighboring countries, 

are usually collected in August and dried in domes. It is widely used in leather production in 

Austria, Germany and France, allowing faster, harder, tighter, heavier and waterproof leather 

production. The main components of valex are ellagitannins, which are castalagin, vescalagin 

and pentagalloylglucose. This material is often used mixed with ground oak bark in the 

production of shoe soles to increase quality and durability (Falcão & Araújo, 2018). 

Tara 

Tara (Caesalpinia spinosa (Molina) Kuntze), which is widespread in South America and 

Africa, is found in the form of a small legume tree or thorny shrub. The world’s largest 

producer and exporter (about 80% of production) is Peru, and production takes place in 

different semi-arid regions of this country. It contains gallotannic tannins, and is grown for 

leather production and food use. Pre-Inca civilizations, whose origins are based on the 

Andean Region, used the fruits of the tara tree to produce dyes for textiles and ceramics, 

tanning agents for leather, and medicine. Due to the light color and light resistance of the 

leathers tanned with tara, it is widely used especially in automobile upholstery (Ibieta & 

Penarrieta, 2021; Castel et al., 2013). 

What distinguishes tara tannin from other commercial tannins is that it is not an extract 

but a finely ground powder obtained from tara pods. Therefore, it has a high amount of 

insoluble matter (Gaidău et al., 2014). The tannin content varies between 30-35%. Tara gives 

fullness and softness to the leather. The resistance of the leathers tanned with tara to tear 

strength is higher than those obtained with other vegetable tannins (Aravindhan et al., 2015). 

CONCLUSION 

Various plant tannins are used in leather production. These tannins are divided into 3 

classes: hydrolyzed, condensed and complex. Hydrolyzed tannins are also divided into 2 

subclasses: gallotannin and ellagic tannins. They are susceptible to hydrolysis of ester bonds 

in the presence of dilute bases, dilute acids or enzymes. They have the ability to react with 

proteins. Thus, they have been used for leather tanning for many years. For this purpose, the 

most commonly used hydrolyzable tannins in the market are sumac, chestnut, myrobalan and 

tara. Tannin from sumac leaves gives the leather smoothness. In addition to chestnut extract, 

there are also chemically treated chestnuts called sweetened chestnuts on the market. The 

leather is better penetrated by sweetened chestnut. When using sweetened chestnut extract 

instead of regular extract, leathers get a deeper yellow color. However, leather made using 

regular chestnut extract is harder, fuller, firmer, and more resilient to abrasion and water. 

Myrobalan is often used in combination with other tanning agents. Valonia makes it possible 

to produce leather that is waterproof, heavier, tighter, faster, and harder. Tara is applied 

directly, without the need for other tanning agents, by powdering the pods. Leathers tanned 

with tara are light colored and have high light fastness. Therefore, tara is popular in the 

creation of light-colored leather and also suitable for pastel shades. In general, when vegetable 

tanning agents are used alone, desired quality leathers cannot be obtained. The reasons for this 

are; they give color to the leather, have a low shrinkage temperature and are hydrophilic. 

Therefore, they are open to research in terms of improving these properties. 

In recent years, sustainable production has gained importance in the leather industry. 

Vegetable tanning agents are natural products and are very easy to break down in nature. 
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Leather processed with vegetable tanning agents has a special interest for ecological leather 

production. In addition, plant tannin production provides employment opportunities for many 

people. Tannins can be used in different places and for different purposes in leather 

processing. The advantages of vegetable tanning agents for leather can also be presented as a 

separate article. 
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Tannins are macromolecules found in different proportions in the structures of various plants and are 

thought to be their defense mechanisms. They have been used in the tanning and retanning processes in 

leather production, and their use for this purpose dates back to very old times.  They are used together 

or with other tanning agents in the production of shoemaking, saddlery, stout leather, etc. They have 

become more popular recently, because they can provide the opportunity to produce metal-free leather. 

Therefore, they can be categorized as green, environmentally friendly materials. In addition, industrial 

production of tannins is also common due to the relative practicality of production and easy availability 

of the raw material. They are divided into three main classes—hydrolyzable, condensed, and complex 

(different combinations of hydrolyzed and condensed tannin monomers). This study includes 

condensed tannins, which are secondary metabolites in plants consisting of various mixtures of 

oligomeric and polymeric substances called flavan-3-ols. The chemical structures of condensed tannins 

and condensed tannins such as mimosa, quebracho, gambir and mangrove used in leather production 

and the properties they impart to the leather are explained.  

Keywords: leather, tannins, condensed tannins 

INTRODUCTION 

The term “tannin” was first used to refer to the compounds found in vegetable extracts 

that turn animal hide/skin into leather. These compounds are found in plant extracts as 

polyphenols with different molecular sizes and complexities. All of the chemical 

characteristics of tannin are also present in many nonpolyphenolic substances found in plants; 

however, no research has been done on their ability to leather hides (Harborne, 1967; Chung 

et al., 1998). 

Vegetable tannins are water-soluble phenolic compounds with a molecular weight of 

500–3000 Da, according to Swain and Bate-Smith. These polyphenols have the ability to form 

cross-linkages with proteins and other macromolecules because they have a high number of 

hydroxyl or other functional groups (1 to 2 per 100 Da). Phenolic compounds with low 

molecular weights (less than 500 Da) and high molecular weights (more than 3000 Da) cannot 

be used as tanning agents. Additionally, proteins, gelatin, and alkaloids can combine with 

vegetable tannins to form precipitation (Swain & Bate-Smith, 1962; Chung et al., 1998). 

In this review, the structures of condensed tannins and the most commonly used 

condensed tannins in leather production such as mimosa, quebracho, mangrove and gambir 

are explained. 

Chemical Structure of Condensed Tannins 

Condensed tannins, also referred to as “proanthocyanidins,” are made up of oligomers 

or polymers of flavan-3-ol (Figure 1), a subclass of flavonoids, at its fundamental structure 

(Mavlyanov et al., 2001; Auad et al., 2020; Schofield et al., 2001; Porter, 1989; Mueller, 

2001; Ekambaram et al., 2016; Romani et al., 2006). 

https://creativecommons.org/licenses/by/4.0/
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Figure 1. Chemical structure of flavan-3-ol molecule 

Condensed tannins are secondary metabolites in plants. They have subunits such as 

catechin (C), epicatechin (EC), gallocatechin (GC), epigallocatechin (EGC), epicatechin 

gallate (ECG), gallocatechin gallate (GCG) and epigallocatechin gallate (EGCG). The 

chemical structures of these molecules are as shown in Figure 2. Studies have shown that its 

biological activity is related to the presence of galloyl and gallic moieties in flavan-3-ol units. 

EGCG contains both galloyl and gallic moieties in flavan-3-ol units, which makes EGCG the 

strongest ability to inhibit bacteria among condensed tannins (Huang et al., 2024) 

Compared to hydrolysable tannins, condensed tannins have a broader molecular weight 

range of 500–2000 Da. Additionally, according to Hoque et al. (2024), they can react with 

aldehydes to create polymeric materials. 

 

 

Figure 2. Condensed tannin subunits 

Condensed tannins give a greenish black stain when they chemically react with iron, 

while hydrolyzed tannins give a bluish black stain. Condensed tannins are more astringent 

than hydrolysable tannins and their structures are more complex (Redwood, 2020). 

Condensed tanning agents are not decomposed by enzymes and when heated they give 

completely pyrocatechin. Under the influence of oxidizing agents or when treated with strong 

acids they form high molecular weight and insoluble phlobaphenes by condensation. Their 

precipitation with formaldehyde, hydrochloric acid or bromine water is characteristic (Sarı, 

1993). 

Reddish-brown leathers with condensed tannins have a tendency to darken in the 

presence of light. Additionally, these leathers have a propensity to absorb air pollutants, the 
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most harmful of which is sulfur dioxide (SO2), which encourages the hydrolysis of collagen 

acid (Falcão & Araújo, 2011). 

The majority of the bonds formed by both hydrolysable and condensed tanning agents 

with the leather are based on H bridges. The phenolic OH groups of the tanning agents act as 

H atom donors (Sarı, 1993). 

The leather that has been tanned using condensed tannin(s) has a shrinkage temperature 

between 80 and 85°C. Similar to hydrolysable tannins, the Ts is characteristic, meaning that 

an observed shrinkage temperature greater than 80°C is highly suggestive of the use of 

condensed tannins. It is interesting to note how different tanning processes with different 

tannin types produce different results. This variation must arise from a different type of 

reaction, i.e., the shrinkage temperature can be measured depending on how covalency 

contributes to similar reactions (Covington, 2009). 

Condensed Tannins Widely Used in Leather Production 

Tannins attach themselves to the functional groups (COOH, -NH2) of the leather protein 

collagen through hydrogen and covalent bonds. But these connections only happen when the 

tannin molecules are big enough to attach to nearby collagen chains and have enough phenol 

in them to create multiple cross-links. There are two steps in the vegetable tanning process: 

penetration and fixation. The diffusion of tannins into the leather is referred to as penetration, 

and the binding of the penetrated tannins to the collagen, which creates the stable material, is 

known as fixation. To produce the desired products, this process involves a number of 

variables, including temperature, pH, mechanical effects, and particle size (Tasnim et al., 

2024; Mia et al., 2024). In terms of tanning efficiency, quality, performance, and extraction 

efficiency, condensed tannins from mimosa, quebracho, gambir and mangrove (Table 1) are 

typically utilized in commercial applications. 

Table 1. Condensed tannins commonly used in leather production and their properties 

(Redwood, 2020) 

Plant Source of tannin Tannin content (%) 
Non-tans content 

(%) 

Mimosa (Acacia decurrens/mearnsii) Bark 22-48 7-8 

Quebracho (Quebrachia lorentzii, 

Schinopsis balansae/lorentzii) 
Wood 14-26 1-2 

Gambir (Uncaria gambir) Leaves 20-50 1-2 

Mangrove (Avicennia germinans) Bark, Leaves, Fruit  16-50 9-15 

Mimosa 

Certain acacia tree cultivars are marketed as mimosa extract because of their high tannin 

content. Among these, the invasive Acacia mearnsii, or Black Mimosa, is grown in Australia, 

America, and South Africa. It is a significant plantation for the wood chips industry and 

tannin production. It is used commercially to obtain tannin for leather tanning owing to its 

affinity for binding proteins (Xiong et al., 2016; Featherstone, 2024). 

However, 68% of the Acacia mearnsii bark extract by weight consists of 

proanthocyanidins (PAC) and is an important industrial source for the production of this 

substance. In addition, proanthocyanidin oligomers in this extract contain 5-deoxy extender 

units that make interflavanyl bonds resistant to acid-catalyzed hydrolysis (Mia et al., 2024). It 

is also valued for its health-related applications, including antioxidant and antitumor effects, 

hair growth promotion, antihypertension and antiallergic properties (Xiong et al., 2016). 
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Teklemedhin et al. used commercial mimosa extract as a control group in their study 

investigating the usability of Cassia singueana bark extract in leather tanning. In this study, 

the pH of the mimosa extract was measured as 5.3. In addition, some properties of the leathers 

tanned with mimosa in the findings of this study are as indicated in the Table 2 (Tekmeledhin 

et al., 2023).  

Table 2. Some properties of mimosa tanned leathers (Tekmeledhin et al., 2023) 

 Values Standard values References 

Tensile strength 

(N/mm2) 
14,8 20 IULTCS/IUP 6 (2006) 

Elongation at break (%) 38,7 >%40 IULTCS/IUP 6 (2006) 

Tearing strength  

(N/mm) 
22,5 20 IULTCS/IUP 8(2016) 

Shrinkage temperature 

(°C) 
80 > 75 IULTCS/IUP 16 (2015) 

Quebracho 

The best species of Quebracho, which is a tree native to South America, in terms of 

tannin are found in the Gran Chaco region in northern Argentina and in Uruguay. Both the 

bark and heartwood contain tannin, and the average tannin content was determined as 14-26% 

in the heartwood; 22-45% in the bark. However, Quebracho extract is usually produced from 

the wood part. The parts left over from the construction of construction materials and railway 

sleepers are used for the production of tannin extract. Quebracho wood, which contains high 

amounts of condensed tannin, meets approximately one third of the world's total tanning 

material demand (Yahia et al., 2019; Erkan and Deniz, 2016). The most important species in 

terms of tannin are Quebracho colorado (Schinopsis balansae) and Quebracho maco 

(Schinopsis lorentzii). Quebracho extract is soluble in hot water and can be used in the final 

stage of leather production in this form. When sulfite is used in the production of Quebracho, 

sulfite Quebracho is obtained. Sulphite Quebracho is soluble in cold water. Sulphite 

Quebracho has a higher penetration rate into the skin than raw Quebracho extract, less sludge 

formation rate and the color of the leathers produced is lighter (Yahia et al., 2019). 

Yahia et al. used Quebracho as a control group in their study investigating the effects of 

the combination of Quebracho and Oxazolidine on leather tanning and obtained some 

properties of the leathers tanned with Quebracho as shown in the Table (Yahia et al., 2019). 

Table 3. Some properties of quebracho tanned leathers (Yahia et al., 2019) 

 Values Standard values References 

Tensile strength 

(N/mm2) 
215±3 200 IULTCS/IUP 6 (2006) 

Elongation at break (%) 55±1.5 40-65 IULTCS/IUP 6 (2006) 

Tearing strength  

(N/mm) 
50±0.8 30 IULTCS/IUP 8(2016) 

Shrinkage temperature 

(°C) 
84±0.5 >75 IULTCS/IUP 16 (2015) 

Gambir 

Gambir (Uncaria gambir) is an annual plant widely used for industrial and 

pharmaceutical purposes and grows in tropical regions (Bancın, 2021). Gambir (Uncaria 

gambier) plants can be obtained by boiling the leaves and branches and then pressing to 
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extract the gum. Depending on the percentage of tannin content, gambir has various types and 

is included in the class of condensed tannins (Griyanitasari et al., 2020). Leathers tanned with 

gambir are soft, smooth and light colored (Andini et al., 2023). 

Mangrove 

It is found in forests in Southeast Asian countries. The leaves, fruits and bark of 

mangrove (Rhizophora mucronata), which is among the condensed tanning materials, are 

used to obtain tannin. The bark contains approximately 26% tannin (Pancapalaga and 

Nitiharjo, 2019). 

Dewi et al. investigated the effects of the combination of chromium and mangrove on 

leather tanning. When they used 8% mangrove alone in tanning, they obtained leathers with a 

shrinkage temperature of 55.23 °C ± 0.49. When they used 4% basic chromium sulfate and 

4% mangrove together, they measured the shrinkage temperature as 83.03 °C ± 1.86 (Dewi et 

al., 2021). As can be understood from this, the use of mangrove alone is insufficient for the 

leather tanning process. 

CONCLUSION 

The tannins found in various plants are used to make leather. Three classes of tannins 

are identified: hydrolyzed, condensed, and complex. They are capable of interacting with 

proteins. As a result, they have long been employed in the tanning of leather. The condensed 

tannins that are most frequently utilized for this purpose on the market are mimosa, quebracho 

mangrove, and gambir. They are used in the tanning and retanning processes and in the 

production of leathers such as shoemaking, saddlery and stout leather. Among all vegetable 

tanning agents, mimosa and quebracho stand out commercially in terms of the properties they 

provide to the leather. However, vegetable tanning agents have some disadvantages such as 

being hydrophilic, giving color to the leather and having a low shrinkage temperature. 

Therefore, they are usually used together with each other or other tanning agents.  

One of the main issues of sustainable leather production is the rapid biodegradation of 

the finished product when it is thrown away after its useful life. The most important 

microorganisms of recycling in nature are fungi. It has been observed that various fungi grow 

easily on vegetable tanned leather. In studies conducted by inoculating fungi onto vegetable 

tanned leather and chrome tanned leather, it was observed that fungi developed later in 

chrome leather. While many fungi grow later and slower on the leather due to the 

oligodynamic effect of chromium, they are not compatible with fungi. However, studies 

generally show that molds can easily grow on the leather (Bayramoğlu et al., 2017, 

Bayramoğlu & Maltaş, 2011). While fungus formation during production is a disadvantage in 

vegetable tanned leather, it is an advantage to ensure rapid fungus formation and 

decomposition of the leather into its minerals at the end of its life. For sustainable leather 

production, leather that has expired and is thrown into the environment must quickly 

decompose and mineralize without harming the nature. In this context, the mineralization of 

waste leather by fungi in leather produced with vegetable tanning agents is extremely 

important for sustainable leather production.  
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Recently, attention to the environment has led to the development of a circular economy by stimulating 

some initiatives to obtain functional materials based on natural resources with specific characteristics. 

Agriculture, the food industry and the leather processing industry produce large amounts of waste, 

mainly in the form of fibers and fibrous materials, among them keratin fibers, which represent a good 

candidate for the development of material biosource. Due to their chemical composition, keratin fibers 

are physically resistant and most importantly, flame retardant. However, over five million tonnes of 

keratin-rich waste (including wool, hair, feathers, hooves and horns) are generated each year by 

slaughterhouses, textile industries and tanneries. The thermal degradation and flammability behavior of 

polymer composites from natural fibers recovered from waste is studied to obtain biocomposites, due to 

their wide field of application in industry, agriculture, medical field, pharmaceuticals, cosmetics. 

Different research studies have suggested that the thermal stability of biocomposites can be improved 

by adding micro/nanoparticles, additives and crosslinking compounds. This approach could be 

considered as an effective way of ecologically recycling keratin fiber waste and obtaining functional 

materials characterized by increased fire safety and low environmental impact. Keratin waste recovery 

and processing through different optimal methods can transform a material with low economic value 

(remnants of tannery hair and sheep wool) into a product with applications in various fields: leather 

processing, cosmetics, agriculture, pharmaceutical, medical, industry. 

Keywords: Keratin, biopolymer, fire-proofing 

INTRODUCTION  

Wool waste from sheep farming is a source of keratin (Maurizii et al., 2024; Chereji and 

Munteanu, 2024). The annual production of this wool waste is around 200 thousand tons in 

Europe alone (Chereji and Munteanu, 2024). Part of this waste is used to produce fertilizers 

for agriculture and animal feed. The recovery of wool waste consists of biorefining processes 

for the extraction of keratin and its use in compositions of added-value materials (Ossai et al., 

2022) with applications in the textile industry (Zhu et al., 2023), air and water purification 

(Posati et al., 2020), controlled delivery of active substances (Khorshid et al., 2023), 

regeneration of biological tissues (Hu et al., 2012; Ranjit et al., 2022), composites of 

materials with specific mechanical properties or flame retardants (Mengistu et al., 2024; Abba 

et al., 2025). Keratin belongs to the family of fibrous structural proteins known as 

scleroproteins and is the most common structural protein found in animal horns, claws, nails, 

hair and feathers. Its unique characteristic is that it contains more cysteine than other fibrous 

proteins such as collagen, elastin and myofibrillar protein (Khorshid et al., 2023; Hu et al., 

2012). The mechanical structure of keratin is due to the high concentration of hydrogen 

bonds, hydrophobic groups and disulfide cross-links. It contains a high percentage of cysteine 

https://creativecommons.org/licenses/by/4.0/
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(7–13 %) which stabilizes keratin. The recovery of keratin waste can transform a material 

with low economic value (remnants of tannery hair and sheep wool) into a product with 

applications in various fields: leather processing, cosmetics, agriculture, pharmaceutical, 

medical, industry (Mengistu et al., 2024; Abba et al., 2025; Wang et al., 2016). 

The purpose of this review is to highlight the main sources of keratin, extraction 

methods, characterization techniques and possible industrial applications. A special attention 

was paid to the study of those compositions with high synergy, based on keratin and other 

flame-retardant additives, for the development of textile coatings with multifunctional 

properties, and also of composite materials used in the electrical insulators industry, etc. 

Material Sources of Keratin 

Keratinous materials are formed by keratinized cells organized specifically and filled 

with proteins, mainly fibrous. They make up the hard appendages in animals, for example 

epidermis, wool, hair, horns, nails in mammals, as well as feathers, claws, beaks in birds and 

reptiles, turtle shells having a variety of functions, such as protection against external 

environment, armor against predators (Sarma, 2022). A thorough understanding of the 

relationships between the units that make up keratin materials and their functional properties 

provides useful knowledge in the design of new materials (Mengistu et al., 2024; Wang et al., 

2016). 

Methods of Obtaining Keratin 

To solubilize keratin from various sources, numerous extraction methods have been 

devised. Reduction, oxidation, microwave irradiation, alkaline extraction, sulfitolysis, and 

ionic liquids, microbiological, enzymatic are procedures for the solubilization and isolation of 

keratin from keratin-rich materials (Maurizii et al., 2024; Mengistu et al., 2024; Sarma 2022; 

Olvera-Valdez et al., 2024; Wang et al., 2016; Abba et al., 2025; Balaji et al., 2012; Duverger 

et al., 2015; Palmer et al., 2008). The purpose of these keratin production processes is to 

break the disulfide and peptide bonds in the protein chains and their fragmentation (Table 1). 

Table 1. Keratin production processes 

Keratin production 

process 

Action 

 

Applications 

 

Alkaline hydrolysis  Obtaining an advanced fragmentation of protein 

chains. 

Pharmaceuticals, 

cosmetics 

Acid hydrolysis It creates extremely severe conditions that can be 

harmful certain amino acids. 

Composites with industrial 

applications 

 

Reduction processes 

 

Preserves keratin microstructure by reducing 

(with mercaptoethanol) 

disulfide bridges in protein fibers without 

appreciably cleaving 

peptide bonds. 

Composites with industrial 

applications 

Enzymatic hydrolysis 

 

A very slow approach unsuitable for industrial 

applications, produces the lowest degree of 

species splitting. 

 

Composites with 

miscellaneous 

applications, agriculture, 

animal feed 

Sulphytolysis 

 

Breaking disulfide bonds by treating with sulfite, 

bisulfite. 

Fertilizers in agriculture 

 

Ionic liquids 

 

It accelerates the dissolution of natural polymers. 

The most used ionic liquids are soluble salts of 

imidazole derivatives. 

Industrial applications in 

different polymer 

compositions 
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Keratin production 

process 

Action 

 

Applications 

 

 

Microbiological 

degradation 

 

The action of some microorganisms such as 

Actinomycete (Vasileva-Tonkova et al., 2009; 

Syed et al., 2009), Bacillus sp. (Suntornsuk & 

Suntornsuk 2003; Gessesse et al., 2003), Seratia 

sp. (Khardenavis et al., 2009), Kocuria rosea, led 

to the obtaining of keratin hydrolysates by 

ecological methods. 

Soil improvement products 

and protein supplements in 

animal feed 

 

Microwave 

 

Microwave at 60°C, 400 W, 40 kHz for 10 min. 

Reduces extraction time from hours to 10 min. 

Mw 

In water treatment 

processes 

Keratin Characterization Techniques 

Various procedures are used to evaluate and characterize extracted keratin to confirm 

protein and amino acid content. Investigation on crosslinking mechanism can be performed 

using attenuated total FTIR (ATR-FTIR) and XRD but also the presence of specific amino 

acids. The infrared absorption spectrum of keratin shows the characteristic absorption bands 

attributed mainly to the amide bond (-CONH-): the broad band centered at 3200 cm-1 is 

associated with stretching vibrations for O-H, the band from approximately 1600-1700 cm-1 is 

mainly associated with stretching vibrations for C=O (amide I), while the amide II band, 

which falls at about 1550 cm-1, is associated with bending vibrations for N-H and stretching 

vibrations for C-N. Around 1200-1300 cm-1 is the band corresponding to amide III, which 

results from the combination of C-N stretching and N-H bending vibrations, with the 

contribution of C-C stretching vibrations and C-O bending vibrations. All these peaks are 

visible in the keratin spectrum, suggesting the presence of a α-helix and a β-sheet structure. 

Following hydrolysis, the amide bands move to longer wavelengths, which indicates 

conformational changes in the protein chains (Fraser & Parry 2011; Zhao et al., 2015; Khosa 

et al., 2011). Circular dichroism (CD) spectroscopy can be utilized to analyze the secondary 

protein structure of keratins (Lin et al., 2024). Rheological characterization with a rotational 

rheometer can investigate crosslinking properties by storage modulus, G' and loss modulus, 

G", the morphology can be analyzed with Scanning Electron Microscopy (SEM), also texture 

analyzer (Maurizii et al., 2024; Lin et al., 2024). The sodium dodecyl sulfate and 

polyacrylamide gel electrophoresis analysis (SDS-PAGE) shows the molecular masses of the 

obtained hydrolysates and highlights the electrophoretic model of keratin specific to the 

presence of the primary group of proteins associated with keratin, the proteins from the 

intermediate filaments but also bands corresponding to proteins with high molecular weight at 

the level of 50 kDa, attributed to the proteins of the intermediate filaments with low sulfur 

content, which are mainly characteristic of the α-helical keratin chain (Lv et al., 2016; Olvera-

Valdez et al., 2024). 

Mechanical testing can be done by determining Young's modulus, stress and tensile 

strength. Micro-computed tomography (Micro-CT) evaluates the 3-D structures of keratin as 

films. After scanning, pore size, porosity and connectivity are analyzed. Investigation by 

confocal laser scanning microscopy is done at different excitation wavelengths. The obtained 

images highlight the network structure of keratin through red fluorescence (Lv et al., 2016). 

Field emission scanning electron microscopy (FE-SEM), with energy dispersive spectroscopy 

(FESEM-EDS) is performed on network structures to investigate the surface morphology. The 

demineralization of the samples is evaluated by an energy dispersive spectroscopy unit 

attached to the SEM. In the SEM results of keratin, the characteristic three-dimensional 

network structure is highlighted, which is consistent with the confocal laser scanning image 
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(Pon-On et al., 2016). Thermogravimetric analysis (TG) can be used to confirm the thermal 

stability and composition of the synthesized materials (Olvera-Valdez et al., 2024). The 

antimicrobial and antifungal activity of wet keratin films can be investigated by the diffusion 

method in the presence of microorganisms of interest. 

This method is performed in petri dishes on solid agar culture medium. Wet keratin 

films are placed in Petri dishes with agar cultured with the microorganism to be tested. The 

test samples are then incubated at 37°C for 24 hours, and the antimicrobial activity of the wet 

keratin films is determined by measuring the diameter of the zone of inhibition (Pon-On et al., 

2016). 

Composition and Structure of Keratin 

Sheep wool contains up to 95% by weight of pure keratin with molecular mass ranging 

from 45 to 60 kDa and 11–28 kDa. Keratin consists of intermediate filaments, structured in 

different models: the α model, the β model and the amorphous model (Table 2). The α-keratin 

proteins are organized as spirals with an α-helix conformation of the polypeptide chains 

stabilized by hydrogen bonds. β-keratin is like a folded sheet, made up of laterally assembled 

strands, which can be parallel or antiparallel (more stable), and the chains are held together by 

intermolecular hydrogen bonds. Keratinized materials present a complex hierarchical 

structure consisting of polypeptide chains and filamentary matrix structures on a nanometric 

scale. The primary structure of keratin is a chain of amino acids, with various different 

sequences. Keratin is rich in cysteine (17.5%), serine (11.7%), glutamic acid (11.1%), 

threonine (6.9%), glycine (6.5%), arginine (5.6 %) (Gupta et al., 2012; Mengistu et al., 2024). 

Table 2. Keratin sources and distribution of α- and β - keratin 

Keratin type Keratin Resources 

α-keratin Wool, hair, nails, hooves, horns, stratum corneum (Mengistu et al., 

2024; Olvera-Valdez et al., 2024). 

β-keratin Bird feathers, beaks and claws, reptilian claws and scales (Wang et 

al., 2016; Olvera-Valdez et al., 2024). 

α and β-keratin Reptile epidermis, Pangolin scales (Wang et al., 2016). 

Properties of Keratin 

Keratin is one of the hardest biological materials, with a high modulus of elasticity, 

although it contains only polymeric compounds and rarely minerals, it is a complex mixture 

of proteins and enzymes taken from epithelia. They are insoluble in dilute acids, alkaline 

solutions, water and organic solvents and are resistant to degradation by the pepsin and 

trypsin proteases. Keratins are insoluble in aqueous salt solutions, but are soluble in solutions 

with denaturing agents such as urea (Sarma, 2022). Keratin has specific mechanical 

properties, biodegradation, biocompatibility, bioactivity through the ability to promote cell 

growth, the ability to bind toxic substances (heavy metals, formaldehyde) and transport 

hydrophilic and lipophilic active ingredients (Wang et al., 2016). 

Processing Keratin Extracts – Additivation and Crosslinking Methods 

Keratin-based products can be processed by various chemical and physical cross-linking 

methods with the potential to increase mechanical resistance. The formation of new interchain 

disulfide bonds can be favored by oxidative methods or by acid treatment, by thermal or 

dehydration methods. The inclusion of some solvents in the solubilized keratin can favor 

increased chain mobility. Also, various chemical agents can be used, such as aldehydes 
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(formaldehyde, glutaraldehyde), or nanoparticles can be incorporated as reinforcing agents 

(montmorillonite) in keratin-based materials (Table 3) (Mengistu et al., 2024; Wang et al., 

2016). 

Table 3. Compounds and methods of keratin crosslinking 

Crosslinking compounds 

 

Remarks 

 

Carbonyl compounds such 

as formaldehyde and 

glutaraldehyde 

 

It reacts through condensation reactions with the amide groups in the 

structure of glutamine and asparagine. Different cross-linking densities of 

the formed networks are obtained with the improvement of the superior 

mechanical properties (Young's modulus, resistance to elongation) of 

keratin cross-linked with formaldehyde and glutaraldehyde, compared to 

non-cross-linked keratin 

Montmorillonite, comes 

from the class of clay 

materials 

Nanostructured material is obtained, used as a filling agent 

 

Acrylic monomers of the 

1,3-diglycerolate diacrylate 

type 

“Click-chemistry”-type chemical treatment that gives keratin fibers a 

superior resistance to contraction 

 

Industrial Applications of Keratin 

Keratin is a protein with specific characteristics that contains amino acids with active 

amino (-NH2) and carboxylic (-COOH) functional groups. In addition to these groups, it also 

has a high content of cysteine in the amino acid sequence, with thiol (-SH) groups, which are 

responsible for intra- and intermolecular sulfur-sulfur (disulfide) bonds. Keratin is a 

biopolymer with numerous functional properties, applicable for the creation of biomaterials 

with controlled characteristics used in various fields. For the textile industry, it is important to 

develop filaments with a high keratin content for the renewal of raw wool (Cao et al., 2020) 

and for the pharmaceutical and cosmetic industry for the creation of protein scaffolds that 

mimic the cellular matrix capable of promoting the biological reconstruction of tissues and 

skin regeneration (Mengistu et al., 2024; Ye et al., 2020; Liu et al., 2023). Potential uses of 

keratin compounds may be in agriculture as organic fertilizers, and animal feed or in the 

production of adhesives, processing of leather products, polymer composites for household or 

industrial products, eliminating common chemical compounds used in cosmetics, 

pharmaceuticals or biomedical materials (Mengistu et al., 2023). 

Keratin Flame Retardant 

Proteins in keratin fibers contain 50% carbon, 21%–24% oxygen, 12%–21% nitrogen, 

6%–7% hydrogen, 2%–5% sulfur, and other elements. Due to their chemical composition, 

keratin fibers are physically resistant and have flame retardant properties (Alaffi et al., 2020). 

Only a few articles can be found on the use of keratin fibers as a raw material for the 

preparation of composites with flame retardant properties. Perez-Chavez et al. (2022) used 

keratin fiber in a biodegradable cornstarch copolyester material to make a composite with 

flame retardant properties avoiding the use of toxic flame retardants. Keratin fibers have also 

been used as a filler in polyurethane foams to reduce flammability and improve mechanical 

and thermal properties (Wrzesniewska-Tosik et al., 2020). The use of deoxyribonucleic acid 

(DNA) in combination with keratin as green intumescent additives has been studied in 

polymer blends based on polyethylene (PE) / ethylene vinyl acetate (EVA) with applications 

as an insulator in the electrical wire and cable industry. The flame retardancy mechanism of 

keratin is based on the formation of a carbonaceous intumescent layer with the role of 
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protecting the polymer matrix during combustion (Albite-Ortega et al., 2019). Another 

approach focused on the extraction of keratin from bird feathers and wool by the 

hydrothermal method, without additional pretreatments, in order to use it as an innovative 

multifunctional layer with new properties (UV protection, flame retardancy and antioxidant 

activity) for polyester fabrics (Zemljič et al., 2024). Another research study describes a 

chemical method of modifying keratin with melamine (a nitrogen-rich compound) and 

sodium pyrophosphate (a phosphorus-rich compound) for use as a flame-retardant additive for 

cotton fabrics. The limiting oxygen index (LOI) of cotton after the application of modified 

keratin increased by ~ 66.7% compared to that obtained on untreated cotton (Patankar et al., 

2021). The use of keratin and tannin derived from renewable biomass (rich in polyphenols) as 

a reinforcing agent in the polyamide 66 (PA66) matrix was studied, in order to improve the 

fire-retardant and anti-drip performance. The obtained results showed that the peak of heat 

release rate (PHRR) and total heat release (THR) of the fireproof PA66 composite decreased 

by 75.3% and 38.4%, compared to PA66. Following the determination of the LOI, the fire-

retardant PA66 composite reached 29.65%, which places it in the V0 combustibility class 

(Jiang et al., 2023).  

Future Prospects 

Keratin is one of the most durable biological materials. The specific characteristics can 

be the basis for the development of new bio-inspired models. Biomaterials based on keratin, 

such as sponges, hydrogels, patches, films, fibers, various biocomposites can be created for 

biomedical, pharmaceutical and cosmetic applications. Due to its resistance to acids, bases 

and solvents as well as its flame-retardant nature, keratin can be recommended for polymer 

compositions for use in anti-shock, fire-resistant materials or with specific mechanical 

properties for different industrial sectors or for household use. The main methods of disposal 

of waste from poultry farms, sheep farms, the leather processing industry are waste storage, 

burning or dumping in the open air at the landfill, all of which pollute the environment. 

Recycling and efficient use of these resources is important from an ecological and financial 

point of view (Mengistu et al., 2024; Abba et al., 2025). 

CONCLUSION 

The application of knowledge from the area of keratinous materials to the design of new 

structures is a vast field of research, in which carbon nanotubes, graphene and other synthetic 

fibers can be combined with biopolymer matrices, offering many possibilities for the 

development of biomaterials with applicability in different industrial sectors, in medicine or 

in agriculture. Keratin waste recycling and processing through optimal methods can generate 

functional materials characterized by excellent fire safety and low environmental impact. 
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Enzymes are biocatalysts that have wide applications in many industries. Traditionally, they are 

employed in leather industry for bating to remove non-collagenous proteins and open-up the fibres for 

better penetration of chemical substances. Due to growing environmental concerns, more studies are 

done to use enzymes in other leather processing steps as auxiliaries in soaking, liming-unhairing of 

hides/skins or for bating of chromed leather (wet-blue). However, enzyme application in post-tanning is 

still a new field; there is limited information if enzymes can be employed in leather finishing. The aim 

of this research was to investigate neutralization with enzyme preparations and evaluate the influence 

on further wet-finishing operations and its effect on the qualities of the semi- and finished product. In 

the study two enzyme preparations were used: Novo Bate WB and Vilzim PRO N. After enzymatic 

process the shrinkage temperature and the amount of removed collagen were evaluated; after wet 

finishing the dye and tannin exhaustion, the penetration of the dye, the matter soluble in 

dichloromethane were determined. Using enzymes led to greater collagen removal compared to 

conventional neutralization; however, shrinkage temperature after the neutralization as well as after wet 

finishing did not show any significant differences. Moreover, only dye penetration through grain side 

was markedly better when using enzyme preparations. The obtained results showed that some 

characteristics improved while others got worse or remained similar during further processing. Because 

of this, it is crucial to analyze and optimize usage of each new enzyme preparation to produce leather 

with desired qualities. 

Keywords: neutralization, enzyme, chromed leather.  

INTRODUCTION 

Leather is pliable and strong material produced by tanning cattle hide or other animals’ 

rawhides. Even though leather is by-product of meat industry, during manufacturing high 

amount of solid and liquid waste is produced (Kolomaznik et al., 2008). Tannery wastewater 

is highly polluted in terms of biochemical oxygen demand (BOD), chemical oxygen demand 

(COD), suspended solids, sulphate, sulphide, chromium and other chemicals used in the 

processing (Dandira et al., 2012). Due to growing environmental concerns researchers study 

new technologies to reduce negative impact of leather industry and employment of enzymes 

could be one of the solutions. 

With advancements in development, purification and improvement, enzymes have wide 

applications in many industries. Conventionally, in leather industry these biocatalysts are used 

in bating process to remove non-collagenous proteins and open-up the fibres for better 

penetration of chemical substances (Gallego-Molina et al., 2013; Zhang et al., 2021). Studies 

show that enzymes can be used in all beam house processes and have even entered the tan 

house providing advantages for high-quality leather (Khambhaty, 2020). Ferments in beam 

house operations can be use as auxiliaries in soaking (Valeika et al., 2019), liming-unhairing 

of hides/skins (Sujitha et al., 2018), degreasing (Palop et al., 2000). 

However, enzyme application in post-tanning is still a new field; there is limited 

information about enzymes usage in leather finishing. Recent studies showed new 

possibilities of enzyme use in wet blue rebating; after enzymatic rebating chrome and/or other 

https://creativecommons.org/licenses/by/4.0/
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chemicals exhaustion increases (Biškauskaitė et al., 2023; Jayakumar et al., 2019). Also, 

ferments were studied in leather dyeing. Song et al. (2017) findings suggest better fastness 

properties against rubbing and better dyed absorption in treated leather. Nevertheless, there 

are no information about enzyme use in neutralization process. Effective neutralization adding 

enzyme preparations (EP) would allow to exclude additional enzymatic bating processes after 

chroming to obtain best quality of leather. The aim of this research was to investigate the 

neutralization with enzyme preparations and evaluate the influence on further wet-finishing 

operations and its effect on the qualities of the semi- and finished product.  

MATERIALS AND METHODS 

Materials 

Bovine chromed leather (wet blue) was purchased from tannery “TDL Oda”, Lithuania. 

Samples for experiments were cut into 6x8 cm series of samples in such a way that all leather 

parts would be presented in each experiment.  

The chemicals used for the analysis were of analytical grade. Analytical and technical 

grade materials were used for the technological processes. 

The EP Novo Bate WB (acid protease, optimal pH 4.5 – 7.0, Novozymes, Denmark) 

and Vilzim PRO N (neutral protease, optimal pH 6.5 – 7.5, Baltijos enzimai, Lithuania) were 

used for the neutralization process study.  

Enzymatic Neutralization  

To study enzymatic neutralization process samples were treated as follows: 

1) NaHCO3 1.5%; H2O 150%, drum ran for 30 min; 

2) NaCOOH 2%, drum ran for 10 min; 

3) EP 1% or 5%, drum ran for 85 min. 

For conventional process (control) neutralization was performed without EP. All 

percentages are based on wet blue leather.  

Analysis Methods 

The amount of collagen proteins removed was estimated from the amount of 

hydroxyproline in the neutralization solution using a photo colorimetric method (Zaides et al., 

1964) using GENESYS-8 (Spectronic Instruments, UK).  

For non-collagen proteins removal determination Lowry method was used (Lowry et 

al., 1951).  

The shrinkage temperature of wet blue after neutralization and wet-finishing was 

determined as described in the literature using special equipment and replacing the distilled 

water with glycerol (Golovteeva et al., 1982).  

Matter soluble in dichloromethane and pH of aqueous leather extract were determined 

according to standards (Standard ISO 4048, 2018; Standard ISO 4045, 2018).  

For pH measurements pH-meter WTW 526 (WTW Xylem brand, UK) was used.  

Dye exhaustion was estimated by colorimetric method by measuring the absorbance of 

the dye solution at a 495 nm wavelength. Dye consumptions were calculated using the 

calibration curve.  

Tannin exhaustion was measured by gravimetric analysis.  

The penetration of dye through the hide was evaluated using a special optical 

microscope with scale (magnification 15 times) MPB-2 (Izyum Instrument Making Plant, 

Izyum, Ukraine).  
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RESULTS AND DISCUSSION 

Neutralization is performed after chroming to increase wet blue pH, in order to avoid 

the surface fixation of negatively charged post-tanning chemicals on the positively charged 

chromium cross linked matrix (Saravanabhavan et al., 2006). Neutralization helps to achieve 

a better and more uniform distribution of retanning, dyestuff and fat liquors substances 

(Sundar et al., 2001). To study enzymes influence in the neutralization process, four 

experimental variants were tested and after the process they were compared to conventional 

method. Firstly, pH values of neutralization solution and aqueous leather extract were 

measured (Table 1). The results show slightly higher pH of the neutralization solution when 

using Novo Bate WB; lowest pH value was obtained with Vilzim PRO N. However, only 

sample processed with lower concentration of Vilzim PRO N resulted in higher aqueous 

leather extract pH, that may suggest better neutralization process, values of other measured 

samples were alike. Furthermore, differences between determined shrinkage temperature were 

negligible, indicating that EP did not have effect on shrinkage temperature. 

Table 1. pH and shrinkage temperature after neutralisation 

 pH of 

neutralization 

solution 

pH of 

aqueous 

leather extract 

Shrinkage 

temperature, ºC 

Control 6.11±0.21 4.33±0.15 118.00±0.50 

1% Novo Bate WB 6.36±0.15 4.43±0.15 118.17±0.47 

5% Novo Bate WB 6.53±0.30 4.30±0.17 118.27±0.63 

1% Vilzim PRO N 5.81±0.20 5.23±0.20 117.93±1.18 

5% Vilzim PRO N 5.80±0.20 4.35±0.15 119.00±0.50 

 

Secondly, after neutralization amount of removed non-collagenous and collagenous 

proteins were evaluated (Fig. 1). Even though, shrinkage temperature after process was not 

affected, using EP led to higher protein removal compared to conventional method. The 

amount of removed proteins increased with increasing EP concentrations. Results show that 

EP acted differently on proteins; highest effect on collagenous proteins had Vilzim PRO N, 

while on non-collagenous proteins Novo Bate WB. Similar shrinkage temperature, despite 

that addition of enzymes leads to higher removal of collagen proteins, presumably be due to 

EP act on telopeptide regions in collagen structure which do not have critical role in 

stabilizing reactions or preparative processes (Covington, 2009).    
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Figure 1. Influence of enzyme on the amount of removed non-collagenous (1) and 

collagenous (2) proteins during neutralization 

After neutralization wet-finishing processes such as re-tanning, dyeing and fat-liquoring 

were performed. To determine the effectiveness of them and the quality of leather, tannin and 

dye exhaustion, matter soluble in dichlormethane and shrinkage temperature were evaluated 

(Table 2). Study findings indicated that during re-tanning only using 5% of Novo Bate 

notably improved tannins exhaustion, other experimental samples resulted in lower tannin 

consumption than conventional process or just slightly better. Furthermore, dye exhaustion 

after enzymatic neutralization did not show improved process; control process was the most 

effective. Shrinkage temperature after wet-finishing as well as after the neutralization were 

similar between the samples, only using 1% of Vilzim Pro N temperature increased slightly. 

Table 2. Influence of enzymatic treatment in wet-finishing processes 

 Tannin 

exhaustion, % 

Dye 

exhaustion, % 

Matter soluble in 

dichloromethane, % 

Shrinkage 

temperature, ºC 

Control 58.20±1.75 84.37±1.31 5.46±0.10 120.33±0.66 

1% Novo Bate WB 58.29±1.61 79.81±0.89 5.69±0.11 119.75±0.40 

5% Novo Bate WB 65.24±2.02 82.35±1.15 5.45±0.17 119.00±0.50 

1% Vilzim PRO N 54.91±1.14 83.05±1.50 5.47±0.21 121.57±0.47 

5% Vilzim PRO N 47.96±1.21 83.22±0.97 6.27±0.18 120.00±0.50 

 

Even though dye exhaustion did not show improvement while using enzymes, dye 

penetration enhances with EP (Fig. 2). From results it was observed that using EP led to 

significantly better dye diffusion through grain layer compared to control samples. Usually, 
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greater penetration of dyes is achieved on the flesh side, due to well-known structural 

differences between the two sides; flesh side has more open structure fiber that helps dye 

penetrate better (Haroun, 2015). Using these EP led to better dye diffusion on grain side 

almost in all cases; wet blue affected by neutralization with enzymes behaved differently 

during dyeing than control sample. Overall, total dye exhaustion was better with EP; using 

1% Novo Bate WB led to best dye diffusion. 

 

 

Figure 2. Depth of dye penetration into the chromed leather 

CONCLUSIONS 

Results obtained during the research show that with the use of enzymes more 

collagenous and non-collagenous proteins are removed from wet blue. However, shrinkage 

temperature after neutralization and wet-finishing did not show any significant differences 

between the samples. Also, dye exhaustion values indicated better dye process of 

conventional neutralization. Nevertheless, enzymes in neutralization process led to better dye 

penetration through grain side. Finding show that some characteristics may improve while 

others may worsen or remain constant after enzymatic processing. Because of this, it is crucial 

to analyse and optimise the use of each new enzyme preparation to produce leather with 

desired qualities. However, from an economical point of view enzymes in neutralization do 

not have many advantages. 
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Enterprise resource planning (ERP) is a fundamental tool in the digital transformation of enterprises. 

Currently, on the market, many companies are providing ERP solutions. ERP solutions can be 

packaged, customized, or can be open source. Packaged ERPs are often suitable for large enterprises. 

Small and medium shoe businesses need an ERP system appropriate for their financial resources, 

human resources, technology, management level, and management model. The article presents the 

method and results of building a suitable ERP and standardized management model for Vietnam's small 

and medium footwear enterprises (SMFE). In this study, the methods used were document review; a 

survey of SMFE and some footwear enterprises that have used ERP; software development methods. 

The built management model and ERP includes five subsystems: Supply chain management; Financial 

resource management, Human resource management, Customer relationship management, and 

Production management. The Production management subsystem includes five modules: Warehouse 

Management, Equipment management, Design-technology management, Production deployment, and 

Quality management. The results of ERP applications in Vietnamese shoe enterprise have proven that it 

is suitable and beneficial to enterprises.  

Keywords: Digital transformation, Footwear enterprise, Enterprise resource planning.  

INTRODUCTION 

The digital transformation of companies, industries, and society is progressing at an 
accelerating pace (Baalmans et al., 2023). Digital transformation refers to the integration, use, 
and exploitation of digital technologies to create major changes in value creation, 
appropriation, and distribution. The recent COVID-19 pandemic has shown the important role 
of digital transformation for enterprises, and the socio-economic sectors of a country (Hai et 
al., 2021; Anh et al., 2023). The Government of Vietnam considers digital transformation to 
be an important strategy for the country's socio-economic development (Decision No. 
749/QD-TTg, 2020). The goal is that by 2030, Vietnam will become a digital country, in 
which, digital transformation for enterprises plays a particularly important role. 

Enterprise digital transformation includes the application of digital technology to the 
production process of enterprises, business processes, business model innovation, and 
decision-making support. The three main components of enterprise digital transformation 
include the application of digital technology, organizational change, and value chain change. 
Digital transformation activities including: 1) Digitization of management and business data 
of enterprises; 2) Applying digital technology to automate and optimize business processes, 
management, production, reporting processes, standardize production processes and corporate 
governance processes; 3) Coordinate work in the enterprise to transform all business activities 
to create new value for the enterprise (Anh et al., 2023; Annual Report on Vietnamese 
Enterprises’ Digital Transformation, 2023; Phuc & Huong, 2024). Therefore, ERP systems 
are an important tool for enterprises to successfully digitally transform (Bui et al., 2020). ERP 
is applied in many footwear enterprises in the world and brings benefits to them (Silva et al., 
2016; Study on Industry 4.0 applied to the footwear industry in Europe). Many ERP systems 

https://creativecommons.org/licenses/by/4.0/
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have been developed for footwear enterprises in different countries (The Zymmetry Group, 
2006; The Answer Company, 2015; SAP, 2009).  

Vietnam is the 2nd largest exporter of footwear in the world (World Footwear, 2023). 
The leather and footwear industry is a major industry in Vietnam and has the potential to 
develop strongly in the coming period (Decision No. 1643/QD-TTg, 2022). The number of 
enterprises in Vietnam's footwear industry is quite large (nearly 2000 enterprises), of which 
over 80% are small and medium enterprises. Most of them are domestic enterprises 
(LEFASO, 2023). Digital transformation of enterprises with the application of ERP systems 
in the management of SMFE in Vietnam faces many obstacles, especially when applying 
foreign packaging ERP systems (Phuc & Huong, 2024; Bui et al., 2020; LEFASO, 2023). 
Some of the main reasons are limitations in financial resources, human resource 
qualifications, technology and management models (Phuc & Huong, 2024; Bui et al., 2020). 
In this study, we presented the results of building a standardized management model and an 
ERP system in accordance with the conditions of SMFE in Vietnam. They are built based on 
actual surveys of footwear enterprises and enterprises that have been using ERP. This is an 
important basis for the successful digital transformation of Vietnam's SMFE. 

RESEARCH METHODOLOGY 

The overall diagram of the research contents and main research methods is shown in Fig. 1. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Overall diagram of the content and research methods 
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The basis for building the Vietnamese footwear enterprise management model and ERP 
for them is the information collected from these enterprises. The information that needs to be 
collected includes labor; enterprise management model; software usage; automated machinery 
and equipment in enterprises, equipment management; desired benefits in digital 
transformation; difficulties in digital transformation; suggestions and recommendations. 

The basis for building ERP is a standardized enterprise management model. We build it 
in three steps: 1) determine the organizational model of the SMFE; 2) build a management 
organization structure suitable for the SMFE; 3) standardize each module. For each 
subsystem/module, we have identified and set up: 1) content or function; 2) requirements; 3) 
structure; 4) data linkage with other subsystems and modules; and 5) reporting, analysis and 
evaluation forms. From here, we build processes and forms for each subsystem/module. 

ERP is a system that consists of software and hardware. Therefore, the method of 
building a system includes building software, identifying hardware equipment to collect, 
process and display data. The construction of ERP software is carried out according to the 
general and basic software construction method by following steps (Aptech): 1) determine 
requirements and solutions; 2) software design; 3) software programming; 4) testing and bug 
fixing. In order to complete the ERP system as well as promote it to footwear enterprises, we 
organized an ERP demonstration workshop for SMFE. 

RESULTS AND DISCUSSIONS 

Information Obtained from Vietnamese SMFE 

SMFE has a labor scale of 500 to 2000 employees. These are private enterprises with 
domestic investment. A compact scale is also a favorable condition for the digital 
transformation of enterprises. 

SMFE are organized according to a functional structure. The organization of these 
enterprise is compact, usually with a board of directors, below are functional departments and 
workshops (Fig. 2). The compact production organization and management apparatus is also a 
favorable condition for enterprise digital transformation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. Diagram of the organizational model of the management apparatus of SMFE  
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shoes, sandals... according to a certain sole assembly technology. In which, sole cementing 
technology is often used for sports shoes, leather shoes, and vulcanized rubber sole 
technology for canvas shoes. These are usually shoes with a long production technology 

Board of manager 

Production 

management 

Human  

resorce 
Financial 

accounting 

Business 

marketing 

Warehouse 

management 
Equipement 

management 

Production 

deployment 

Design - 

technology QC/QA 

Purchasing 

Cutting and preparation 

workshop 

Upper sewing 

workshop 
Assembly 

workshop 
Sole 

workshop 

Administrative Council 



V.-H. Bui, D.-N. Phan, P.-H. Duong 

 

process with many stages, using a lot of manual labor, and the level of automation is not high. 
About 70% of Vietnamese SMFE manufacturing products by CMT (Cut-Make-Trim) 

and FOB (Free One Board) methods for foreign brands. Some enterprises are more deeply 
involved in the development of products. 

Machinery and equipment at SMFE are outdated compared to large and FDI enterprises. 
Automation equipment has not received much attention and investment. This not only affects 
labor productivity and product quality, but also hinders the application of Lean manufacturing 
and digital transformation. The flowchart of the footwear production process at SMFE is 
shown in Figure 3.  

 

Figure 3. Flowchart of the footwear production process at Vietnamese footwear enterprises  

SMFE are using the traditional method of organizing production with long lines. The 
enterprise organizes production according to separate workshops: Cutting and preparing semi-
finished products; sewing uppers; producing soles and preparing footwear components; 
assembling, finishing shoe packaging; auxiliary parts or workshops (Fig. 3). Thus, the production 
cycle is long. This causes difficulty in quality management and enterprise digital transformation. 

In surveyed enterprises, university-educated workers accounted for 5.7%, intermediate 
vocational workers accounted for 7.6%, and unskilled workers accounted for 86.7%. The low 
rate of trained workers leads to poor production management and limited application of 
advanced technology. This leads to low labor productivity and unstable product quality. This 
is also a major barrier for businesses when implementing digital transformation. 

SMFE use individual software according to functions such as footwear design software, 
accounting software... About 10% of the surveyed enterprises use production and equipment 
management software.  

Compared to large enterprises, the financial ability and access to finance of SMFE are 
much more difficult. Especially the difficulty in accessing bank loans. 

Identifying Technology Tools for the Management of SMFE Applying ERP 

Based on analyzing the types of technological equipment that can be used in the digital 
management of enterprises; the results of the actual survey of enterprises producing footwear; 
and the results of the survey of enterprises that have applied the ERP system; we found that 
there was no possibility to connect data of automated machinery and specialized software in 
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SMFE with ERP software. According to the characteristics of SMFE Vietnam, we selected 
the equipment according to the following criteria: 1) they are suitable for the ERP system; 2) 
they are not too expensive; 3) their technology is not complicated, as follows: 

• Magnetic card or fingerprint reader timekeeping. 

• Barcode system for statistics: Barcode printer, barcode scanner. 

• The screen displays data and controls. 

• Dashboard screen. 

• Tablets and smartphones for data display and control (mobile). 

• The workstation computers are ordinary PCs with a powerful enough configuration 

• Investing in a physical server or renting a cloud server. 

The Management Model Suitable for SMFE 

The management model needs to meet the following requirements: 1) ensure 
representativeness, in accordance with the characteristics of Vietnamese SMFE; 2) be built 
based on the current organizational model of SMFE for convenient application; 3) be suitable 
and create favorable conditions for enterprise digital transformation. The enterprise 
management model consists of five subsystems with main functions (Fig. 4). The Production 
management subsystem consists of five modules (Fig. 5). 

For each subsystem/module in the model, we have analyzed and established the 
following contents: 1) the content or function of the subsystem/module; 2) requirements for 
subsystem/modules; 3) structure of the subsystem/module; 4) link data to other 
subsystems/modules (Fig. 6); and 5) processes, forms, reports, analysis, and evaluation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. The management model of SMFE 
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Figure 5. Production management subsystem structure in the governance model of SMFE 

 

Figure 6. Modules and data links between modules in the enterprise 
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• SQL SERVER database management system;  

• Windows Server 2012 server operating system for PM ERP;  

• Desktop Application Programming Language: VB.NET; 

• Web Application Programming Language: C#; 

• Desktop Application Programming Model – 3 layers (3-layer model); 

• Web Application Programming Model – ASP. Net MVC. 

Analyzing and designing systems, and technical aspects of ERP software: The overall 

structure and requirements of the modules/modules in the ERP system are shown in Figures 4 

and 5. We perform the software programming for subsystems/modules in the ERP system for 

SMFE as follows: 1) building detailed functions for the software of each subsystem/module; 

2) setting up UseCase for programming/coding the software. These tasks are performed on the 

basis of the functions, tasks, processes, forms/reports of the subsystems/modules in the built 

enterprise management model. 

Building software programming and running ERP software demo: According to the 

results of analysis, software system design and setting up Usecases, we have designed the 

interface, programmed the software, and run a demo for each subsystem/module. The results 

show that, after fixing the errors, basically the ERP system can operate and perform the 

functions of each subsystem/module according to the set requirements. However, this is a 

large software with a high level of complexity, so there are still quite a few errors that need to 

be fixed to be perfected. 

Applying ERP Software Testing to Footwear Enterprises 

We set up a database from information collected at a shoe company that tested ERP. 

The company selected for ERP testing is Dong Hung Shoe Joint Stock Company in Ho Chi 

Minh City. The data is standardized according to processes, forms and reports according to 

the established management model. 

We have developed a very detailed user manual, suitable for the labor level of 

Vietnamese SMFE. This document is trained for users. We supported the business to 

implement 3 shoe orders within 6 months. The results showed that the ERP system achieved 

the expected results, supporting the business well in implementing digital transformation. 

Efficiency of ERP application at footwear enterprises: Although the time of applying 

ERP at shoe enterprises is not long, it has been positively evaluated by the leaders and 

employees of the enterprise. This ERP has brought good results to the enterprise, specifically: 

enhancing operational efficiency for businesses; integrating information; improving the 

competitiveness of enterprises; increasing transparency; enhancing customer satisfaction, 

efficiency, inventory management and customer care; changing the enterprise culture.  

CONCLUSIONS 

We have built an standardize management model suitable for Vietnamese SMFE. This 

is an important step in the digital transformation process of enterprises. This is the basis for us 

to build ERP. Subsystems/modules are integrated together on a software system that allows: 

1) receiving information between different departments; 2) synchronizing all information, 

reducing data update and processing at multiple locations; and 3) allowing the establishment 

of professional rotation processes between departments. The results of the trial operation of 

the ERP system at the footwear enterprise show that: 1) The ERP is built in accordance with 

the characteristics of the SMFE in Vietnam; 2) ERP meets the management requirements of 
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enterprises, is highly appreciated by enterprises; 3) This ERP is ready to be replicated in 

Vietnamese footwear enterprises. 
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To recover as much collagen as feasible to meet market demand, more efficient and sustainable sources 

should be exploited instead of mammalian collagen. One of the most effective potential sources of high-

quality collagen is fish wastes, which represent over 75% of a fish’s weight and is produced in huge 

quantities all over the world, during fish processing. This waste includes skin, bones, scales, viscera, 

ligaments and fins. Consequently, collagen extracted from fish wastes is environmentally friendly, 

sustainable, and especially profitable when using fish industry by-products as possible sources of the 

material. Furthermore, different socio-political groups consider collagen extracted from marine resources 

as religiously acceptable, making it more valuable in all industry sectors. The purpose of this paper was 

to analyse the rheological behaviour of collagen gel extracted from perch (Perca fluviatilis) skin and to 

evaluate the therapeutic effect of spongious matrix (obtained through freeze-drying process of the gel 

extracted from perch skin) in the healing process of an induced burn in an animal model (Wistar rats).  

Keywords: perch skin collagen, rheological analysis, in vivo animal analysis.  

INTRODUCTION 

Studies on the extraction of collagen from fish waste were initiated over two decades ago. 

One of the most prevalent proteins in mammals is collagen, which is present in the extracellular 

matrix of connective tissues such as blood vessels, skin, bones, tendons, ligaments, cartilage, 

and intervertebral discs (Nimni & Harkness, 2018). Collagens play regulatory roles (i.e., 

through mechano-chemical transduction processes) during tissue growth and repair in addition 

to their involvement in the preservation and strength of tissue architecture (Mahmood et al., 

2022). Collagens are inherently bioactive, biocompatible, and biodegradable due to their nature. 

Collagens considered as the most widely needed and used biomaterials across a wide range of 

industries, including the food, pharmaceutical, medical, cosmetic, and nutraceutical sectors. 

Collagens can be found in injectable solutions, thin substrates, porous sponges, nanofibrous 

matrices, and micro- and nano-spheres.  

Despite the fact that fish collagen normally has a lower molecular weight and denaturation 

temperature than mammalian collagen, recent studies have shown that the molecular structure 

and biochemical properties of collagen derived from fish and mammalian sources are very 

similar (El Blidi et al., 2021; Xu et al., 2021). Multiple ways of extracting fish collagen have 

been established based on the type of tissue and fish species that are being exploited. Currently, 
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in the literature, there are not so many studies, as we know, regarding marine collagen extracted 

from perch (Perca fluviatilis) skin used for biomaterials synthesis, such as wound dressings. 

In this respect, understanding the flow properties of perch collagen gels represents a key 

factor, due to the influence of these properties upon manufacturing technology, quality control, 

stability during storage, type of use, and therapeutic activity (Ghica et al., 2012). 

The objective of this paper is represented by the rheological evaluation of collagen 

extracted from perch (Perca fluviatilis) skin, and pre-clinical tests of corresponding collagen 

spongious matrix (in vivo animal analysis) used for biomaterials synthesis, such as wound 

dressings. 

MATERIALS AND METHODS 

Materials 

The fresh perch skin was bought from a local fishing company. The fresh skin was washed 

with cold distilled water in the first step. After washing, several treatments (acidic and alkaline) 

followed in order to extract collagen gel. The acid used for acidic treatment was ascorbic acid 

(Scharlau, Sentmenat, Spain). 

Collagen gel extracted from perch skin through various treatments was rheological 

analysed. The extracted perch gel was poured in a glass Petri dish and freeze-dried for 48 hours 

using the Martin Christ 24 Delta LSC freeze-dryer (Martin Christ Gefriertrocknungsanlagen 

GmbH, Osterode am Harz, Germany) (Albu et al., 2010) to obtain the collagen spongious 

matrix. The collagen sponge resulted from lyophilization was subsequently in vivo animal 

tested. The animals were obtained from the biobase of the “Carol Davila” University of 

Medicine and Pharmacy, Bucharest, Romania. 

Methods 

Rheological Evaluation of Perch Collagen Gel  

The rheological determination of the perch collagen gel was carried out with the RM100 

PLUS rheometer (Lamy Rheology Instruments, France), using the MS-DIN11 coaxial cylinder 

measurement system. The temperature of the rheological analysis was kept constant at 

24°±0.1°C (conditioning temperature of semisolid formulations), using a circulating water bath 

(Julabo Corio CD). During the experiment, the gel must be kept at a constant temperature 

because the rheological properties are strongly dependent on temperature. The experimental 

program was set-up from the RheoTex software. To determine the flow properties of the 

collagen gel, the limits for the shear rate were chosen between 0.4 and 78 s-1, corresponding to 

rotational speeds in the range of 0.3-60 rpm.  

Evaluation of the Spongious Matrix Therapeutic Effect in Healing Process on Animal Model  

The in vivo study of therapeutic effect of the collagen sponge, extracted from perch skin, 

in the healing process of an induced burn to an animal model (Wistar rats), was carried out in 

accordance with Directive 2010/63/EU (Council of the European Union) and Law no. 43 

(Romanian Parliament - April 11, 2014). 

This study was performed on 12 Wistar male rats, weighing about 180 ± 10 g, kept under 

regular laboratory conditions (they received water ad libitum and food twice a day). The 

experiment was carried out in “Carol Davila” University of Medicine and Pharmacy, Bucharest, 

Romania with the agreement of the Ethics Committee no. 21226/ 26.07.2023. The animals were 

distributed into two groups of 6 animals each: group 1 – collagen perch matrix (COLL_A) and 
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group 2 – control (the wounds were covered with sterile gauze). The in vivo experiment was 

carried out as previously described (Ghica et al., 2017; Udeanu et al., 2018; Marin et al., 2018). 

Shortly, in order to properly perform the experiment, the animals were anesthetized with ethyl 

ether, and the hair in the dorsal area was removed. On this shaved surface, the experimental 

lesion was induced using a metallic accessory with a diameter of 1 cm, previously heated in a 

physiological solution, at the point of boiling. The metallic accessory was applied to the skin 

for 10-15 seconds. Afterwards, the collagen spongious matrix obtained from perch gel and the 

sterile gauze were applied on the experimentally induced injuries, being fixed with a silk 

bandage. The evolution monitoring of healing process was observed with a digital camera and 

the diameter of the lesion was measured at different intervals of time for a period of 16 days. 

RESULTS AND DISCUSSION 

Rheological Evaluation of Perch Collagen Gel 

The results of the rheological study obtained for collagen gel from perch skin 

(GEL_COLL_A), tested at a temperature of 24°C, led to flow profile plotted as 

viscosity versus shear rate as shown in Figure 1.  

 

Figure 1. Flow profile – viscosity versus shear rate of GEL_COLL_A, recorded at 24°C 

According to the rheogram illustrated in Figure 1, it can be seen that the viscosity of the 

tested gel decreases when the shear rate increases (Popa et al., 2021), suggesting a non-

Newtonian pseudoplastic (shear-thinning) behaviour at 24°C. This rheological feature can be 

explained by the deformation or orientation of the gel molecular network that are induced by 

the shear succeeding the flow direction. This effect can become more detectable when the shear 

rate increases, inducing a decline of the internal friction considering the less interaction between 

the molecules (Tudoroiu et al., 2023).  

The mathematical model used to quantify the shear-thinning behaviour of the perch 

collagen gel was the Power Law model that describes two principal parameters: m - consistency 

index factor, and n - flow behaviour index. The constitutive equation of Power Law model is 

presented by Equation (1) as follows: 

nm − =                                                                                  (1) 

The m parameter can be attributed to a Newtonian material viscosity for a shear rate value 

of 1∙s-1. On the other side, n parameter indicates the pseudoplasticity degree of a semisolid 

formulation. Its values range between 0 and 1, and it is dimensionless; accordingly, a material 

is more pseudoplastic when its n value is lower than 1 (Tudoroiu et al., 2023). Both rheological 
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parameters are evaluated through the linearization of the previous equation by double logarithm. 

The Power Law model parameters values for the perch collagen gel tested at 24°C are listed in 

Table 1.  

Table 1. Values of Power Law model parameters for the perch collagen gel, analyzed at 24°C  

Gel m  n  R2 

GEL_COLL_A 6.795 0.68 0.9990 

 

According to Table 1, the determination coefficient R2 value higher than 0.99 illustrates 

that the previously described mathematical model is adequate to properly fit the experimental 

data. Considering that the pseudoplasticity degree is greatly influenced by the value of the flow 

index, it can be noticed that the GEL_COLL_A sample has a n parameter value closer of 0.68, 

indicating a moderate pseudoplasticity character. The pseudoplastic behaviour represents a 

fundamental requirement for a semisolid formulation that is addressed for topical use, because 

this property allows a proper flow of the gel when it is expelled from the conditioning container, 

and when it is administered on skin surface.  

An important rheological feature of certain dispersed pharmaceutical formulations is the 

dependence of the shear stress - shear rate relation on shearing time, but also on their earlier 

exposure to a shear stress. Accordingly, the formulation viscosity suffers modifications with 

the shear rate, but if the pharmaceutical system is maintained at rest long enough, its viscosity 

can restore to the initial value, the modification being reversible. Therefore, this behaviour 

named thixotropy represents the progressive decrease of a pharmaceutical system viscosity and 

consequently of its shear stress as a consequence of the agitation caused to the system through 

shear. After a more or less extended rest period, the pharmaceutical system recovers the 

rheological characteristics and restores its initial structure, which was impaired during the 

continuous shear measurements. The thixotropy is a characteristic of dispersed formulations 

with plastic and pseudoplastic flow (Ghica et al., 2012).  

To study this type of flow, the rheogram shear stress as a function of shear rate is plotted, 

which corresponds to the ascending, Sasc (forward) curve for increasing shear rate values, and 

to descending, Sdesc (backward) curve for decreasing shear rate values. For the same shear rate, 

the points on the backward curve are correlated with smaller shear stress values compared to 

those on the forward curve. Thus, the thixotropy hysteresis loop is obtained.  

The rheological profiles corresponding to the ascending and descending curves were built 

in order to assess the thixotropic behaviour of the perch collagen gel, tested at 24°C (Figure 2). 

 

Figure 2. Ascending and descending shear rate versus shear stress curves of perch collagen 

gel, recorded at 24°C 
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Figure 2 shows that the perch collagen gel exhibits a thixotropic behaviour at 24°C, 

because the descending curve is placed below the ascending one, suggesting that the shear stress 

corresponding to the backward curve is lower at the same shear rate value.  

The thixotropy phenomenon can be described by two main descriptors: 

➢ thixotropy area (Sthix) represents the area between the ascending and descending 

curve; 

➢ thixotropy index (Thyst%) defines the thixotropy relative area, which can be 

determined as percentage of the by the stirring at maximum rotational speed 

depending on the ascending area. Consequently, a system is more thixotropic if the 

thixotropy rheoimpaired area index value is greater than 5% (Tudoroiu et al., 2022). 

The corresponding values of the thixotropic descriptors for GEL_COLL_A sample, 

analyzed at 24°C, are shown in Table 2. 

Table 2. Values of thixotropic descriptors for perch collagen gel, tested at 24°C  

Gel Sasc (Pa∙ s-1) Sdesc (Pa∙ s-1) Sthix (Pa∙ s-1) Thyst% (%) 

GEL_COLL_A 1490.685 1104.387 386.298 25.92 

 

According to Table 2, the value of the thixotropy index is much higher than 5% for 

GEL_COLL_A sample, which means that the tested semisolid system presents a strong degree 

of thixotropy at 24°C.  

Evaluation of the Spongious Matrix Therapeutic Effect in Healing Process on Animal 

Model 

In Figure 3 are illustrated the macroscopic images regarding the evolution of the healing 

process, recorded for each group for 16 days.  

 

Figure 3. Evolution of the healing process of Wistar rats’ lesions without treatment (Control 

group), and after treatment with spongious matrix from perch gel, at different time intervals 

As it can be noticed in Figure 3, on the first day when the burn was induced, the injury 

can be described as a white eschar, with epidermal and dermal tissue destruction, and a 

hyperemic area that highlights the presence of an inflammatory process (Marin et al., 2018). 

According to the above images, the application of collagen spongious matrix, based on collagen 

extracted from perch skin, led to an acceleration of the healing process compared to the control 

group.  

On the second day of investigation, it was found that the application of collagen spongious 

matrix conduced to the absorption of the exudate from the wounds. Consequently, on 4th day of 

animal observation, the initiation of the healing process at the edges of the lesions can be 

observed. Thereby, seven days after the induction of the burns, the complete formation of the 

scab for both groups can be noticed.  

The evaluation of the healing process was carried out by measuring the dimensions of the 

wound and was calculated according to Equation (2): 
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=                                                                                                    (2) 

where W (wound size) generally represents the average of the largest and smallest lesion size, 

Wi - initial size of the wound, and Wt - wound size at different intervals of time. The healing 

process was calculated according to Equation (2) and its evolution is shown in Figure 4. 

 

Figure 4. Evolution of the wound healing process after treatment with perch collagen 

spongious matrix and for untreated animals (control group) 

According to Figure 4, after 11 days of observation, the lesions size reduced by 27.5% 

for the animals treated with perch collagen spongious matrix (COLL_A group) compared to the 

control group, where the wounds size reduced by only 12.5%. On 14th day of observation, the 

wounds size decreased by more than 40% for the COLL_A sample, while for the control group, 

the lesions dimension decrease was by 32.5%. On the last day of observation, the injuries size 

reduced by 95% for animals treated with the COLL_A sample, the animals being almost healed 

compared to the control group where the reduction of the animals’ injuries was only by 52.5%. 

CONCLUSIONS 

Concluding, the rheological analysis of collagen gel extracted from perch (Perca 

fluviatilis) skin evaluated the flow properties by investigating the pseudoplastic behaviour 

through the analysis of the viscosity - shear rate dependence and by analysing the thixotropic 

character using the specific descriptors (thixotropy area and thixotropic index). Therefore, perch 

collagen gel exhibited a non-Newtonian pseudoplastic and thixotropic behaviour at working 

temperature of 24°C, which are fundamental features for a semisolid system in terms of 

improving its conditioning and spreadability on epidermal surface.  

In vivo animal studies demonstrated that the animals treated with collagen spongious 

matrix from perch skin presented a faster healing, without any secondary effect compared to 

the control group. Thus, this perch collagen matrix can represent a potential scaffold to treat 

burns, with valuable effects on the cutaneous tissue’s restoration.  
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Solutions of green electric energy production are ever more intensively studied, developed and 

implemented in different activity areas, like textile industry, as a result of climatic changes. Such 

energy sources are intermittent by their nature; thus, the energy storage systems are necessary to 

guarantee the availability of supply at interruptions. The electric charge storage structures, like 

supercapacitors and batteries, are suitable for e-textiles with storage functionality due to the possibility 

of obtaining in flexible form. In this work, cotton material was used as substrate for a conductive 

carbonic deposition to obtain electrodes usable inside a further developed supercapacitor. The treatment 

was applied on a textile material using a carbonic conductive paste synthesized by a chemical route 

which has used pristine graphite and activated carbon as raw materials. The morphology of electrodes 

influences the ion mobility, and so the charging and decaying performance. The size of pores is a very 

important characteristic in such meaning, and its statistics were found based on the measurements 

performed by scanning electron microscopy (SEM). The chemical analysis was performed by X-ray 

energy-dispersive spectrometry (X-EDS), both in spectral and mapping mode, revealing the distribution 

of elements on surface of the finishing product applied on cotton substrate. 

Keywords: energy storage, electrode porosity, conductive textiles 

INTRODUCTION  

The circular economy concept, which involves the reusing of the materials from goods 

after their lifetime, is also applicable in electricity production by harvesting the environment 

renewable energy (e.g. solar, wind, etc.) This approach consists of the so-called green 

technical solutions which aim to stop the growing of climatic changes and of ecosphere 

pollution (Ahmad et al., 2023). These energy sources have variable or interruptible features, a 

fact which leads to the needing the electricity storage systems. Especially at low power 

consumption, the most effective way to storage is electrochemically, using batteries or 

supercapacitors. 

There are applications where such systems, both for harvesting and storage, must 

possess flexibility besides efficiency, e.g. wearable technologies. The textile materials are 

suitable to compose these structures by virtue of the rigidity lacking (Islam et al., 2022). 

These storage devices consist of an electrolyte medium placed between two electrodes 

(cathode and anode), alternatively connected to the direct current generator (G) and to the 

energy consumer (X), during on the charge or the discharge cycle, as shown in Figure 1. 

 
 

Figure 1. The sketch of electro-chemical storage device 
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The electrodes require a porous morphology to allow inside a good impregnation of 

electrolyte, which increases the area of the electrolyte-electrode interface, thus a high storage 

capacity is available (Salleh et al., 2023). Also, this favorizes enough ion mobility which 

enhances the charge-discharge power. The structure of textile materials is very indicated to be 

involved in manufacturing such electrodes. The conductive finishing based on carbon 

compounds (graphite, graphene, nanotubes, carbon nanofibers, activated carbon) has shown 

an enhanced electrical performance (Paleo et al., 2018; Maher et al., 2021; Rădulescu et al., 

2023). The activated carbon presents the most usability from such compounds (Maher et al., 

2021). 

In this work, textile electrodes were fabricated using cotton material as substrate for a 

conductive carbonic paste previously prepared. The electrode morphology was investigated 

by SEM followed by the statistical analysis of measurements. The elemental composition of 

the conductive treatment was performed by X-EDS on an electrode sample, both in spectral 

and mapping mode. 

MATERIALS AND CHARACTERIZATION METHODS 

Preparation and Functionalizing 

In a one-liter Berzelius beaker (Figure 2), the following reagents were mixed using a 

glass rod: 45 g graphite powder, 45 g activated carbon powder, 10 g chitosan and 750 mL of 

1% aqueous acetic acid solution. Firstly, the acidic solution and chitosan were mixed until the 

polymer dissolved. Then, the remaining ingredients were added to the obtained solution. 

A cotton woven were cut in round substrates which were scoured before 

functionalizing, having the specific mass of 326 g/m2, the thickness of 0.73 mm, and the warp 

and weft yarn densities of 340 yarns/10 cm and of 220 yarns/10 cm (Rădulescu et al., 2023). 

The obtained paste was applied two times on a cotton substrate using a spatula, on both 

sides, followed by heating at 105ºC for 30 min to dry and fix the conductive treatment. 

 

Figure 2. The prepared conductive carbonic paste 

Morp hological Characterization 

The investigation of porous structure is essential to evaluate the suitability of a material 

for electrode use. While the materials show a variation in pore sizes, a statistical analysis of 

these measurements is necessary. 

The characterization of porous morphology was performed by SEM using FEI Quanta 

200 equipment. The image acquisition was made at 15 kV electron acceleration voltage, in 

top and transversal sample view modes. 
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The pore sizes were measured using an image processing tool (Scandium software) 

applied on the images from Figure 3. 

 

  

 

Figure 3. SEM images with porous morphology (pore size measurements) 

The porous morphology on electrode surface is revealed in the acquired SEM images, 

generated by the granular structure of the dried applied paste. The statistical parameters found 

on the set of the 30 size values from the preceding images are 9.5 µm for average and 3.7 µm 

for standard deviation (STD), with the corresponding histogram from Figure 4. 
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Figure 4. The histogram of pore sizes 

The impregnation percentage of carbonic paste inside the textile substrate was evaluated 

by SEM in transversal section mode measuring the thicknesses of the layers formed after the 

conductive functionalizing (Figure 5). 

 

Figure 5. SEM image with layers thicknesses measurements (transversal view) 

The transversal structure consists of three layers with variable thickness: one top and 

one bottom layer formed by impregnation of cotton substrate, and one middle layer of the 

substrate portion remained unimpregnated. In Table 1, the thickness values measured are 

shown. The total thickness was separately measured, not by the addition of the layers’ 

thicknesses. 

Table 1. Layers thicknesses 

 Top layer 

thickness 

[µm] 

Middle layer 

thickness 

[µm] 

Bottom layer 

thickness 

[µm] 

Total 

thickness 

[µm] 

Average [µm] 269 491 301 1071 

STD [µm] 90 111 66 83 

 

Figure 6 shows the SEM images from which the cotton fibre dimensions were 

measured. In transversal section were found the values of 12 µm, 10 µm and 10 µm for width, 

and 22, 18 and 16 µm for length. In longitudinal view, the width and length are 8 µm and 16 

µm, respectively. 
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A)    B)  

Figure 6. Cotton fibres SEM images: A) transversal section; B) longitudinal 

Chemical Analysis 

The elemental composition of the compounds used in the preparation of the applied 

treatment was determined by X-EDS in spectral mode (Figure 7). The concentration of 

elements, in percentage, agrees with the atomic composition of the ingredients used and of the 

cotton substrate: 90.23% carbon, 7.34% oxygen, and traces under the detection limit of the 

nitrogen, aluminum and silicon which were measured to verify the impurities missing. 

 

Figure 7. X-EDS spectrum 

The X-EDS analysis in mapping mode was performed to visualize the distribution of 

chemical elements (Figure 8 shown this for the predominant elements of spectrum). Oxygen 

follows the carbon map because of the organic nature of substrate fibres and of the carbon-

based and organic composition of the conductive treatment. 
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A)    B)  

 

Figure 8. X-EDS maps for carbon (A) and oxygen (B) 

CONCLUSIONS 

The applied finishing shows an average impregnation depth, inside the textile substrate, 

of ~285 µm and a pore size of 9.5 µm average, both with acceptable variations. Therefore, a 

good filling of the porous structure with an electrolyte solution could be allowed in a further 

step toward the supercapacitor or battery fabrication, leading to an ion mobility and interface 

area enough for a performance comparable with non-flexible devices. The found interval of 

fibre dimensions is placed between 8 µm and 22 µm, thus revealing that the porous structure 

of conductive layer could only be formed inside the inter-yarns and, at most, inter-fibres 

spaces. This fact is concluded from the relatively comparable of the fibre dimension interval 

with the pore size in STD limits. 

The electrode presents a clean chemical composition, the elements which could provide 

from the migration of the environmental mineral contaminants to the carbonic paste are 

missing in the acquired spectrum. 
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The bioeconomy covers sectors and systems that rely on biological resources such as animals, plants 
and derived biomass and includes industrial and economic sectors that use biological resources and 
processes to produce bio-based products. A bio-based footwear economy using renewable biological 
resources sustainably, to produce biomaterials will help the industry reduce dependence on non-
renewable resources. It will also address global commitments associated with the United Nations 2030 
Agenda for Sustainable Development and the Paris Agreement by ensuring sustainable consumption 
and production patterns, combating climate change and its impacts. In footwear, the materials used, and 
waste produced are in general the highest contributors to the total greenhouse gas emissions. Research 
�D�Q�G�� �L�Q�Q�R�Y�D�W�L�R�Q�� �D�U�H�� �F�R�U�H�� �W�R�� �S�X�U�V�X�L�Q�J�� ���������� �W�D�U�J�H�W�V���� �7�K�H�� �V�H�F�W�R�U�� �Q�H�H�G�V�� �W�R�� �G�H�Y�H�O�R�S�� �D�Q�G�� �G�H�S�O�R�\�� �W�K�H�� �µ�Q�H�[�W��
�J�H�Q�H�U�D�W�L�R�Q�¶�� �R�I�� �V�X�V�W�D�L�Q�D�E�O�H���P�D�W�H�U�L�D�O�V�� �D�Q�G���S�U�R�F�H�V�V�H�V���� �L�Q�F�O�X�G�L�Q�J�� �E�L�R�O�R�J�L�F�D�O�� �D�Q�G���S�O�D�Q�W-based materials and 
man-made bio-based materials. Seps in this direction are being taken within BioShoes4All project that 
is developing namely leathers tanned with pine tree bark, wet-�Z�K�L�W�H�� �W�D�Q�Q�H�G�� �O�H�D�W�K�H�U�� �³�E�L�V�S�K�H�Q�R�O�V���I�U�H�H�´����
coated textiles with over 65% biological carbon; soling materials incorporating up to 80% bio content; 
recyclable physically expanded lightweight soles, and new concepts of footwear, all tuned using life 
cycle assessment (LCA) in order to reduce the fossil, carbon or environment footprint. 

Keywords: Footwear, bioeconomy, environmental footprint.  

INTRODUCTION  

The world is facing challenges that invite the footwear sector to accelerate its efforts to 
be sustainable by adopting inclusive, green and digital sustainable solutions and business 
models. Fashion businesses need to be resilient and �K�H�O�S�� �P�L�Q�L�P�L�]�H�� �G�H�S�O�H�W�L�R�Q�� �R�I�� �W�K�H�� �S�O�D�Q�H�W�¶�V��
resources, greenhouse gas emissions, and climate change and prevent complex problems such 
as those posed by fossils overspend and hazardous substances. Globally regarding 
environmental issues footwear will benefit from tackling the products design, the impact of 
materials, production and distribution processes, recycling, and water, fossil resources and 
land usage. At consumption level, it calls for durable long-lasting goods, repair, reuse and 
circularity.  

There are many potential areas of intervention and significant research and innovation 
needs to be done. Firm steps are being accomplished within BioShoes4All. It includes five 
areas of intervention: Biomaterials, Ecological Footwear, Circular Economy, Advanced 
Production Technologies, Training and Promotion (Figure 1), and it is developing new 
leathers, bio-based materials, recycled materials, traceability tools, production systems, 
footwear concepts and business models. 

The project comprises 50 companies covering the whole footwear value chain including 
leather, polymers, soles, software, production equipment, leather goods, footwear and retail 
representation and leadership, plus 20 R&D bodies with complementary capabilities, 
coordinated by the CTCP, led by the Portuguese Footwear Cluster (Figure 2), and cofinanced 
by Next Generation EU and the Portuguese Recovery and Resilience Plan. 
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Figure 1. BioSoes4All main areas of research and intervention 

 
Figure 2. BioSoes4All consortium and cofinancing 

OBJECTIVES, METHODS AND RESULTS 

Innovative Tannins and Leathers 

Pine Tree Bark Tanned Leathers 

Hides are biological per se but need to be chemically stabilized to be used in footwear. 
The stabilization process involves several steps being the tanning phase of the outmost 
importance. Tanning is done mainly using metals specially chromium, fossil derivatives, and 
to lesser extent using vegetable tannins, in many cases imported to Europe.  

Chromium (III) tanning has been under scrutiny due to the possibility of oxidizing to 
chromium (VI) and hindering leather waste and post-consumer products recycling. In 
response to this concern, a great deal of research is carried out in recent years. BioShoes4All 
defined as target to develop up to 100% biological tanned leathers using local and agri-food, 
agro-industrial or forest biomass. Several possibilities were identified and are under study by 
leather and chemicals producers and R&D teams from ISEP, CTIC, UCP and CTCP. 

These teams are working complementarily to identify useful biomass (e.g., composition, 
quantity), characterize, pretreat and extract tannins from different biomass (e.g., pine, olive, 
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coffee), develop bioproducts that can effectively tan the hides, develop the tanning processes, 
develop leathers with adequate functional and organoleptic properties, and carry out the new 
materials life cycle analysis. 

Interesting results are being obtained using Pinus pinaster pine tree bark (Figure 3). 
These vegetable tanned leathers present good surface appearance and tear resistance and 
retraction temperature values of over 100 N and 70° C, respectively. Industrial application 
tests indicate may be used to produce footwear and leather goods.  
 

 
 

 

 

 

 

 

Figure 3. Leather tanned with Pinus pinaster bark modified extract 

Wet-�:�K�L�W�H���%�L�V�S�K�H�Q�R�O���µ�)�U�H�H�¶���/�H�D�W�K�H�U�� 

Bisphenols have become an important topic of discussion as regards leather and 
footwear. Bisphenols are a family of very similar synthetic organic chemicals with two 
hydroxyphenyl functional groups that allow polymerization reactions to form larger 
molecules. Each type is identified by a CAS number, including Bisphenol-A (CAS 80-05-7), 
Bisphenol-B (CAS 77-40-7), Bisphenol-F (CAS 620-92-8) and Bisphenol-S (CAS 80-09-1). 
According to the project partners knowledge, none of these bisphenols are used directly as 
raw materials in leather manufacturing processes. However, Bisphenol-F and Bisphenol-S 
may potentially be found in some condensed chemical products as unwanted by products of 
secondary reactions of their production processes. In the leather industry, these condensed 
chemicals, or syntans, are mainly used in pre-tanning and retanning processes to enhance 
important leather characteristics such as softness, tear resistance or whitening effect. For these 
�U�H�D�V�R�Q�V�����U�H�S�O�D�F�L�Q�J���W�K�H�P���Z�K�L�O�H���P�D�L�Q�W�D�L�Q�L�Q�J���W�K�H���O�H�D�W�K�H�U�¶�V���S�H�U�I�R�U�P�D�Q�F�H���U�H�S�U�H�V�H�Q�W�V���D���F�K�D�O�O�H�Q�J�H�� 

This challenge inspired the project R&D team, led by Indutan, a sheep and goat leather 
manufacturer, to develop durable and functional leathers with bisphenol levels below 500 
ppm (parts per million). Exhaustive work to carefully test, review and develop new leather 
processing recipes, resulted in new leather products in the high added values range with low 
bisphenol F and bisphenol S values, which fulfil the required specifications. Two examples of 
�W�K�H�� �Q�H�Z�� �O�H�D�W�K�H�U�V�¶�� �S�U�R�S�H�U�W�L�H�V�� �D�U�H�� �V�K�R�Z�Q�� �L�Q�� �7�D�E�O�H�� ���� From the results obtained, can be 
appreciated the new leathers are very similar to those previously produced by the company, 
and are ready to be produced on an industrial scale. 
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Table 1. New wet-�Z�K�L�W�H���O�H�D�W�K�H�U�V���E�L�V�S�K�H�Q�R�O���µ�I�U�H�H�¶���L�Q�G�L�F�D�W�L�Y�H���S�U�R�S�H�U�W�L�H�V 

Parameter Base New 1 New 2 
Bisphenol F(mg/kg) BQL 58 40 
Bisphenol S(mg/kg) >10000 69 16 
Shrinkage temperature (ºC) 85 72 72 
�/�H�D�W�K�H�U���³�I�O�R�Z�H�U�´���V�W�U�H�Q�J�W�K��- elongation (mm) 8.3 13.2 14.6 
�/�H�D�W�K�H�U���³�I�O�R�Z�H�U�´���O�R�D�G���U�H�V�L�V�W�D�Q�F�H�����1�� 165 328 446 
Tear strength (N) 61 91 54 
Elongation at break (%) 53 67 68 
Tensile strength (N/mm2) 19.3 37 18.6 

        BQL �± Bellow quantification limit 

Bio-Based Coated Textiles  

In recent years the consumers demand for footwear made without leather has resulted in 
the search for biobased coated textiles which favor raw materials of biological origin. It is 
now possible to synthesize polyurethane coatings partly from raw materials of plant origin 
such as vegetable oils modified into polyols, which are then polymerized with reagents of 
fossil origin.  

Portugal is one of the largest producers of olive oil and the actual olive stone represents 
an abundant biomass estimated to be 60,000 tons per year and currently without any other use 
other than burning to create energy. This has contributed to it being chosen by Monteiro 
Fabrics as a bio-filler to be incorporated into bio coating formulations. The ORIGIN material 
created within the BioShoes4All project is the result of the development of a BioTPU and 
water-based formulation containing olive stones applied to a cotton fibre textile base. Some 
relevant physical and mechanical characteristics are shown in Table 2 and fulfil the 
specifications for shoe uppers. It also has a proven 72% bio-based carbon content in 
accordance with ASTM D6866-22 Method B. 

Table 2. ORIGIN olive composite physic-mechanical properties 

Parameter Specifications 
fashion shoes 

Results 

Tensile Strength (N/mm)                     T                                          > 10 11.3 
                                                             TR > 5 6.6 
Elongation at break (%)                       T                                        > 50  62.7 
                                                             TR > 100 115.6 
Tear strength (N)                                 T  > 25 29.4 
                                                             TR > 20 26.2 
Adhesion to the coating (N/5cm)        T > 1 1.19 

        T �± Warp, TR �± Weft 

 
The company, together with local partners, is also valorizing chestnuts byproducts. 

These biomaterials are crushed and ground into a fine powder and turned into an innovative 
material. The PEEL collection incorporates 60% plant-based materials including chestnut 
waste, organic cotton and natural oils, and 40% PVC. The material allows customers to create 
products without having to choose between cost, performance, aesthetics or sustainability. It 
is a technologically viable product, ready to be produced on a large scale and without 
compromising its performance.  

Technical requirements for use in cemented footwear are all met including high Bally 
flex resistance (150000 cycles), Martindale abrasion (400000 cycles), resistance to friction 
���&�U�R�F�N�P�H�W�H�U������ �D�P�R�Q�J�� �R�W�K�H�U�V���� �3�H�H�O�¶�V�� �������� �E�L�R-based carbon content has been verified in 
accordance with ASTM D6866-22 Method B. Additionally, the material Life Cycle 
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Assessment (LCA) made by CTCP based in the EU footwear draft Product Environmental 
Footprint (PEF) methodology indicates a reduction of 19% in fossils resources used and a 
reduction of 9% of its carbon footprint (Figure 4; LCA from raw material extraction to PEEL 
production). 
 

 
 
 
 
 
 

 

Figure 4. Biobased coated textile fossils resources and carbon footprint reduction 

Bio and Ecosoles  

BioPVC 

The sustainability of materials has achieved unprecedented importance, particularly in 
the search for biobased and/or recyclable approaches. This is motivating BioShoes4All 
project partners to develop materials with high biobased content, that can be processed by 
injection molding to produce flexible and recyclable soles and complete footwear. One 
example is the LCR Coblex bioPVC incorporating bio plasticizers and additives claiming up 
to/more than 80% biobased content and the same level of performance of conventional 
materials, in terms of hardness, density, and flexion and abrasion resistances (Table 3). 
Additionally, the material LCA made by CTCP indicates a reduction of 36% in fossils 
resources used (LCA from raw material extraction to BioPVC pellets). 

Table 3. BioPVC physical properties 

Parameter Specification Results 

Hardness (ISO 868, Shore (A))                                         
Density (ISO 2781-met A, g/cm3) 

60 - 65                                        
1.18 - 1.22  

63 - 64 
1.19-1.2 

Abrasion resistance (ISO 20871, mm3) <250 106 - 115 
Ross flex resistance (BS5131-Part 2.1, mm)  <0.4 0.0 

E-�E�O�D�V�W���³�6�X�S�H�U���&�U�L�W�L�F�D�O�´��Physical Foaming TPU Material  

An innovative approach is proposed by ALOFT that implemented after a detailed 
research and development with national and international partners, to the best of our 
knowledge, the first system used in the footwear and allied trade sectors in Europe to produce 
footwear components by E-blast �³�6�X�S�H�U�� �&�U�L�W�L�F�D�O�´�� �S�K�\�V�L�F�D�O�� �I�R�D�P�L�Q�J�� �S�U�R�F�H�V�V�� ���1�������� �7�K�H��
preliminary LCA analysis of E-Blast TPU done by CTCP indicates a Carbon footprint 
reduction of 75% comparing to standard compact TPU (Figure 5). Comparing to usual PU 
foam the new material has the advantage of being thermoplastic thus more easily recyclable 
and having no residues from chemical foaming agents in the final products. Physical tests are 
being carried out to verify the material properties after grind/injection cycles. 
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Figure 5. E-�E�O�D�V�W���³�6�X�S�H�U���&�U�L�W�L�F�D�O�´���I�R�D�P�H�G���7�3�8���F�D�U�E�R�Q���I�R�R�W�S�U�L�Q�W���U�H�G�X�F�W�L�R�Q 

BioShoes  

BioShoes4All partners are developing concepts of footwear based in ecodesign 
approaches and new materials aiming to reduce products footprints based in the EU draft 
footwear Product Environmental Footprint (PEF) methodology. The PEF method assesses 16 
impact categories (Table 4), covering climate change, acid rain, human toxicity, and 
particulate matter as well as impacts due to the use of water, land, and resources.  

Table 4. Footwear environmental footprint impact categories assessed 

EF Impact Category Impact category Indicator Unit 

Climate change, total + fossil + 
biogenic + land use and land use change 

Radiative forcing as global warming potential 
(GWP100) 

kg CO2-eq 

Ozone depletion Ozone Depletion Potential (ODP) kg CFC-11-eq  
Human toxicity, cancer Comparative Toxic Units for humans CTUh 
Human toxicity, non-cancer Comparative Toxic Units for humans CTUh 
Particulate matter Impact on human health disease incidence 
Ionising radiation, human health Human exposure efficiency relative to U235 kBq U235-eq 
Photochemical ozone formation, 
human health 

Tropospheric ozone concentration increase kg NMVOC-eq 

Acidification Accumulated Exceedance (AE) mol H+-eq 
Eutrophication, terrestrial Accumulated Exceedance (AE) mol N -eq 
Eutrophication, freshwater Nutrients reaching freshwater end compartment (P) kg P-eq 
Eutrophication, marine Nutrients reaching marine end compartment (N) kg N-eq 
Ecotoxicity, freshwater  Comparative Toxic Unit for ecosystems CTUe  
Land use Soil quality index and others Dimensionless  
Water use User deprivation potential  m3 world eq 
Resource use, minerals and metals Abiotic resource depletion  kg Sb eq 
Resource use, fossils Abiotic resource depletion �± fossil fuels, ADP MJ 

 
As shown in one example in Table 5, frequently, most relevant impact categories 

�L�Q�F�O�X�G�H���³�&�O�L�P�D�W�H���F�K�D�Q�J�H�´�����³�)�R�V�V�L�O���U�H�V�R�X�U�F�H�V���X�V�H�´�����D�Q�G���³�0�L�Q�H�U�D�O�V���P�H�W�D�O�V���U�H�V�R�X�U�F�H�V���X�V�H�´���� 
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Table 5. Footwear most relevant impact categories, stages and process (example) 

Impact category % Contribution Life cycle stage % Contribution Component  % Contribution 

Climate change 24,0% 

Raw materials in 
final product  

55,5% 

Outsole 22,3% 
Insole 8,0% 
Interlayer 7,8% 
Insock 6,9% 
Upper 3,5% 

Raw materials 
that go to waste 

3,0% Interlayer 1,4% 

Waste 19,8% Waste 15,7% 

End of Life 7,3% Transport  3,8% 
Solid waste 3,2% 

Resource use, 
fossils 

16,8% 

Raw materials in 
final product  

68,0% 

Outsole 35,1% 
Insole 9,9% 
Insock 7,5% 
Interlayer 5,6% 

Waste 15,4% Waste 12,0% 
Raw materials 
that go to waste 2,8% Interlayer 1,3% 

Resource use, 
minerals and 
metals 

16,1% Waste 90,9% Waste 84,0% 

 
The data obtained (Table 5) also details the environmental impact associated to the 

�S�U�R�G�X�F�W���³�/�L�I�H���F�\�F�O�H���V�W�D�J�H�´���D�Q�G���³�0�D�W�H�U�L�D�O�V�����F�R�P�S�R�Q�H�Q�W�V���D�Q�G���R�U���S�U�R�F�H�V�V�H�V�´�����J�L�Y�L�Q�J���L�Q�G�L�F�D�W�L�R�Q�V��
to make changes to reduce the products PEF. �$�P�R�Q�J���W�K�H�V�H�����³�&�O�L�P�D�W�H���&�K�D�Q�J�H�´���L�V���R�I�W�H�Q���F�K�R�V�H�Q��
to present and discuss the environmental impact of shoe models. Figure 6 presents the results 
of the Climate Change impact category, Global Warming Potential indicator (GWP100), in kg 
CO2 eq, calculated for an example pair of footwear before and after redesign. Within this 
study was possible to reduce the selected model carbon footprint (kg CO2 eq) up to 36% 
considering the more sustainable version. 

 
Figure 6. Redesigned footwear and carbon footprint reduction 
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CONCLUSIONS AND FUTURE WORK  

The world is facing challenges that invite the footwear sector to accelerate its efforts to 
be sustainable by adopting inclusive, green and digital sustainable solutions and business 
�P�R�G�H�O�V���� �)�D�V�K�L�R�Q�� �E�X�V�L�Q�H�V�V�H�V�� �Q�H�H�G�� �W�R�� �E�H�� �U�H�V�L�O�L�H�Q�W�� �D�Q�G�� �K�H�O�S�� �P�L�Q�L�P�L�]�H�� �G�H�S�O�H�W�L�R�Q�� �R�I�� �W�K�H�� �S�O�D�Q�H�W�¶�V��
resources, greenhouse gas emissions, and climate change and prevent complex problems such 
as those posed by fossils overspend and hazardous substances.  

BioShoes4All is researching and deploying sustainable solutions for the footwear value 
chain. Globally regarding environmental issues the sector benefit from using bioeconomy 
renewable resources and adopting circular business models, tackling the products design, the 
impact of materials, production and distribution processes, recycling, and water, fossil 
resources and land usage. At consumption level, it calls for durable long-lasting goods, repair, 
reuse and circularity.  
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�,�Q���W�R�G�D�\�¶�V���Z�R�U�O�G�����W�H�F�K�Q�R�O�R�J�\���L�V���D���S�D�U�W���R�I���S�H�R�S�O�H�¶�V���O�L�Y�H�V���P�R�U�H���W�K�D�Q���H�Y�H�U���E�H�I�R�U�H�����7�K�L�V���K�D�V���D�O�V�R���O�H�G���W�R���W�K�H��
development of video games, which are used not only for relaxation and entertainment but also as a 
potential educational tool. As traditional methods used by teachers are becoming increasingly less 
engaging for students who are so accustomed to technology, digitalized education and the use of video 
games could improve the quality of the educational process. This paper investigates the impact of video 
games on education and analyzes how they can be effectively integrated into the teaching-learning-
assessment process. The main objective is to explore the educational potential of video games, 
highlighting their benefits and challenges. The study employs a mixed-method approach, combining a 
review of relevant literature with case studies and interviews with teachers who have integrated video 
games into their educational programs. The results indicate that video games can enhance students�¶ 
motivation, facilitate active learning, and develop cognitive and social skills. However, their effective 
use depends on the proper selection of games and their integration into activities that allow students to 
develop specific skills, not just have fun. The study contributes to the understanding of how video games 
can be used as an innovative pedagogical tool, offering new perspectives on their implementation in 
education. Video games represent a unique opportunity for education, but they require a careful and well-
planned approach to maximize educational benefits and minimize potential risks. 

Keywords: video games, digital education, interactive learning 

INTROD UCTION  

The 21st century is often considered the era of technology, which plays a crucial role in 
our lives today. Technology simplifies and streamlines many aspects of our work. Its influence 
is evident in almost every field, including education (Raja & Nagasubramani, 2018). 

A considerable amount of financial resources are allocated to technology by schools, 
families and policy makers in the hope of improving educational outcomes. In addition to the 
investments made by schools, central governments often play an important role in providing or 
subsidizing computer equipment and Internet access (Bulman & Fairlie, 2016). 

THE ROLE OF TECHNOLOG Y IN MODERN EDUCATION  

ICT, or �³Information and Communications Technology,�  ́ refers to technologies that 
facilitate access to information through telecommunications. Although similar to information 
technology (IT), ICT focuses mostly on communication technologies, including the Internet, 
wireless networks, mobile phones, and other means of communication. Currently, we have 
more opportunities to integrate ICT into teacher training programs, thus contributing to 
improving the quality of teaching. Effective use of these technologies in teacher training can 
significantly increase the quality of the educational process. A well-structured training program 
is essential to meet the needs of contemporary teachers who want to learn how to use ICT 
effectively in their teaching work (Ratheeswari, 2018). 

Today, knowledge and information are essential for productivity, competitiveness and 
development. For this reason, countries focus on improving the quality of education, essential 
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for the development of human capital. It is important that education keeps pace with the rapid 
developments of the world, and information technology plays a central role in this process, 
offering new opportunities, especially through collective communication. However, developing 
countries fear that they are being left behind in the �³Information Revolution�  ́by allocating 
funds to technology without sufficiently preparing the ground for its effective use.  

Modern education requires simple and effective technologies to meet its needs, and to 
properly integrate IT, policies are needed that include: expanding IT skills through educational 
programs, using IT to make institutions more efficient, supporting IT research, creating an 
appropriate climate for the use of IT in education and the promotion of collaboration between 
various institutions. It is also important to expand the culture of using IT in education, 
constantly evaluating their needs and effectiveness (Hamidi et al., 2011). 

Most educators will make the effort to integrate technology into their teaching only when 
they are confident that it will lead to substantial improvements in student learning outcomes. 
Therefore, for technology to drive educational change, it is essential to understand what 
learning outcomes can be improved by technology and the conditions under which these 
improvements can be achieved in practice. Providing clear guidance on how to effectively 
implement technology to enhance student learning is critical to its use as a catalyst for change 
in education (Means, 2010). 

Video Games as an Educational Tool 

Video games have become deeply integrated into the daily lives of millions of young 
people around the world, having a considerable impact on today�¶s culture and society. However, 
many authorities and most educators initially rejected them, focusing on the perceived negative 
effects. However, over the past two decades, extensive research has led to a more detailed, 
nuanced, and in-depth understanding of the impact of video games (De Aguilera & Mendiz, 
2003). 

Serious video games are valuable tools for learning specific strategies and acquiring 
knowledge, while contributing to the development of skills associated with the culture of the 
information society. This form of learning has the potential to have long-lasting effects (Gros, 
2007). 

Here are some examples of games developed for educational purposes as a result of this 
effort. Immune Attack (https://www.sciencegamecenter.org/games/immune-attack), a serious 
educational game created by FAS, Brown University and the University of Southern California, 
is a first-person strategy game designed to teach complex biology and immunology concepts to 
students by an alternative method. 

Another example is Food Force (https://www.myabandonware.com/game/food-force-
m1f), an educational game developed by the United Nations World Food Program in 2005. In 
this game, users are involved in food distribution missions in a country affected by famine, with 
the aim of helping her recover and become self-sufficient. Players assume the role of a scientist 
in a team of United Nations experts, including nutritionists, logistics officers, pilots, call 
officers and food procurement directors (Annetta, 2008). 

Although video games and simulations (edutainment) are increasingly used in education, 
their mechanisms are still poorly understood. Most research has focused on comparing games 
to traditional teaching, but this approach can be problematic because each method represents 
different pedagogical strategies. These methods reflect distinct values of the instructional 
designer and are appropriate for different types of learning experiences (Squire, 2003). 



ICAMS 2024 �± 10th International Conference on Advanced Materials and Systems 

 

Using Video Games in the Classroom   

In 2002, a study at a public high school in Georgia evaluated AquaMOOSE 3D, a 
graphical environment designed to facilitate the exploration of three-dimensional mathematical 
concepts. The goal was to capitalize on the entertainment aspect of video games to create a 
more immersive learning environment compared to traditional methods. The research was 
conducted through a quasi-experimental study, comparing the AquaMOOSE intervention with 
classical curriculum-based instruction. 

The researchers evaluated the impact of AquaMOOSE on students�¶ understanding of the 
material in an experimental classroom. Four of the eight students interviewed found the 
software useless for learning, with some reporting that it was confusing and did not improve 
their understanding of mathematics. Although a few recognized some advantages, such as a 
clearer view of mathematical concepts, most of the feedback was negative. 

End-of-year polls reflected similar views, with some students expressing dissatisfaction 
with AquaMOOSE, finding it confusing and ineffective. The discussion points out that prior to 
the study, students in the control group had expressed a desire to use the software and had high 
expectations due to their familiarity with video games. This created a sense of inequity as the 
control group did not have access to AquaMOOSE until the study was completed (Elliott et al., 
2002). 

Video games are seen as promising for teaching and learning in the 21st century, but their 
acceptance by students is not guaranteed. A study of 858 high school students used an analytical 
model to examine and predict their acceptance of video games. 

The results showed that the students do not form a homogeneous group in terms of the 
use of video games, there are notable differences between the groups. Some students do not 
play video games at all, and gender differences are evident, with males having a more favorable 
attitude toward the use of video games in education compared to females. The Technology 
Acceptance Model (TAM) has proven useful in the context of learning through video games, 
emphasizing the importance of perceptions of usefulness and ease of use. These results are 
consistent with other studies of technology acceptance in education, but contradict previous 
research on video games for entertainment, where perceived usefulness had less impact. 

The study identified learning opportunities as a crucial factor in determining student 
preference for video games in the classroom, along with ease of use and usefulness. It is 
important to distinguish between utility and learning opportunities because they have a process-
product relationship in education. Gender differences are not directly related to video game 
preference, being mediated by experience and ease of use, with experience having a significant 
role in shaping students�¶ perceptions (Bourgonjon et al., 2010). 

Another study exploring the relationship between adolescents�¶ video game use and their 
school behaviors and performance in different settings was conducted on a sample of 508 
adolescents, boys and girls, randomly selected from secondary schools in Tehran, Iran. Data 
were collected through a questionnaire completed by parents at the end of the school year 
regarding school performance, student behavior, and video game use. Data analysis was 
performed using descriptive statistics, the contingency coefficient, and chi-square tests.  

The results indicated that most teenagers are interested in video games, with 76.8% of 
them playing occasionally. Girls with older mothers tend to use video games more frequently 
than those with younger mothers. Boys whose mothers are homemakers and who have portable 
devices in their rooms spend more time playing video games and show higher levels of 
aggression. In addition, girls who frequently play video games exhibit unusual behaviors and a 
different mental state. Both boys and girls reported a significant percentage of yelling and binge 
eating related to time spent playing video games.  
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The table below records data on the behavior of students playing video games. 

Table 1. Variables related to the effects of video games on behavior and school performance 

Variable Option Total 
Student�¶s ability to talk to 

his/her parents about his/her 
problems 

Very much or much 323(65.5%) 
Moderate 136(27.6%) 
Little or very little 34(6.9%) 

Student�¶s behavioral and 
mental status 

Hyperactive 29(5.9%) 
Too happy 149(30.5%) 
Normal 310(63.6%) 

The sum of effect of the use 
on student�¶s behavioral & 

mental status 

Very much or much 53(11.2%) 
Moderate 127(26.7%) 
Little or very little 240(50.5%) 
I do not know 55(11.6%) 

The quantity of change in 
student�¶s behavior due to 

game 

Too violent 11(2.4%) 
Moderately violent 99(21.7%) 
Not become violent 347(75.9%) 

The quantity of change in 
student�¶s self-control due to 

games 

Completely loosed 6(1.3%) 
Moderately loosed 69(15.1%) 
Without change 381(83.6%) 

The amount of student�¶s 
dreaming due to games 

Very much or much 23(4.7%) 
Moderate 67(13.8%) 
Little or very little 161(33.1%) 
He/she does not dream. 235(48.4%) 

Overeating and shouting 
during using games 

Overeating 27(5.6%) 
Shouting 66(13.6%) 
Both of them 27(5.6%) 
None of them 365(75.2%) 

The quantity of change in 
student�¶s scholastic 

performance due to games 

Better than past. 27(5.9%) 
Worse than past. 53(11.5%) 
Not changed 380(82.6%) 

 

Source: adapted from Dirandeh et al., 2015 
 

Thus, video games have a considerable impact on adolescents�¶��behavior, but not on their 
school performance. In addition, social factors influencing health significantly affect how 
adolescents interact with video games (Dirandeh et al., 2015). 

METHODOLOGY  

The study employs a mixed-methods approach to investigate the educational potential of 
video games by analyzing existing studies on the use of video games in education to identify 
their benefits and challenges, examining cases where video games have been integrated into 
educational programs to assess their impact on student motivation and learning, and conducting 
interviews with eight teachers from Romania, representing both private and public schools, to 
gather their opinions on the use of video games in education. The interviews explored the 
frequency of use, perceived advantages and disadvantages, and the types of video games 
considered suitable for lessons. The collected data are analyzed to provide insights into how 
video games can be effectively integrated into the teaching and learning process. 
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ROMANIAN TEACHERS �¶ OPINION REGARDING THE USE OF VIDEO GAMES 
IN EDUCATION  

A number of 8 teachers were interviewed regarding the integration of video games in the 
courses they taught. A number of 5 teachers teach in a private school, and 3 of them teach in a 
state school, both from Bucharest, Romania. The interviews took place by means of telephone 
discussions; the answers of the teaching staff being noted by the researcher during the 
discussions. The interviews took place in August 2024, according to an interview guide made 
by the author of the present study. The interview guide was composed of six main questions. 
Below are the collected questions and answers. 

1. Do you think that video games can contribute positively to the educational process? If 
so, in what way? 

Teachers�¶ responses to this question varied, reflecting both their enthusiasm and 
skepticism about the benefits of using video games in the educational process. Those who 
argued in a positive way for the use of video games highlighted the fact that they can help 
improve student motivation and facilitate learning through interactive experiences. For 
example, one of the teachers at the private school mentioned that he used video games to explain 
some difficult physics concepts. He also said he has seen an increase in students�¶ interest in his 
subject following the use of video games. 

2. How often have you used video games in class? 

All of the 8 teachers claimed to have used video games in the classroom at least once. 
However, only 3 of them said they used them consistently. This may be due to the specifics of 
the subject taught by the teacher, his skills, the interest of the students or other factors related 
to the materials and teaching aids. 

3. What do you think are the main advantages and disadvantages of using video games in 
education? 

One of the main advantages mentioned by all the teachers was related to the increase in 
students�¶��motivation and interest in the taught subject. Also, many teachers have mentioned 
that learning has become much more practical due to the fact that in video games you can 
simulate various real or hypothetical situations that put students in various poses from which 
they can learn more easily. In addition, depending on the discipline taught, teachers also 
mentioned the development of certain skills through video games such as: critical thinking, 
problem solving, creativity, decision making, but also communication and teamwork skills. 

Some teachers expressed concern that video games could be distracting or addictive to 
students, stressing the importance of using them sparingly and within well-defined educational 
contexts. A teacher from the state school pointed out the logistical difficulties and lack of 
resources needed to implement these methods in mainstream education, adding that continuous 
training of teachers would be essential for the success of this initiative. 

4. Are there certain types of video games that you think are more suitable for use in 
lessons? If so, what are they and why? 

The teachers interviewed provided some examples of suitable video games for use in the 
classroom. It should be noted that, depending on the discipline taught, each teacher mentioned 
a certain type of game. The table below shows the games listed by the teachers and their type. 
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Table 2. Examples of video games used by teachers  

Serious games Simulation Games Adventure and 
Interactive Storytelling 

Games: 

Augmented Reality 
(AR) and Virtual 

Reality (VR) Games 
Minecraft Education 

Edition 
The Sims Life is Strange Google Expeditions 

Working with Water RollerCoaster Tycoon Tell Me Why Tilt Brush 

Little Learning 
Machines 

Flight Simulator VR Lab 

 

Source: author�¶s own research 

5. How do students react to the integration of video games in the learning process? Have 
you noticed a change in their academic engagement or performance? 

All the teachers reported observing a significant increase in student engagement when 
video games were integrated into the learning process. They also noted that video games 
contributed to a deeper understanding of difficult concepts, as students could apply theoretical 
knowledge in a practical and interactive way. On the other hand, some teachers mentioned that 
although student engagement increased, they did not always see a significant improvement in 
academic performance. They also highlighted that integrating video games into the curriculum 
must be done carefully, emphasizing content and utility, so that the games do not become a 
distraction but an effective learning method.  

6. To what extent do you think additional teacher training is needed to effectively use video 
games in education? 

All the teachers agreed and even strongly supported the fact that teachers in Romania 
need training courses to help them use video games in the classroom as effectively as possible 
to increase the quality of the educational act. 

Therefore, the opinions of the teachers interviewed suggest that, although there is an 
increased interest in the use of video games in education, their widespread implementation 
would require not only material resources, but also a change of mentality among teachers and 
decision-makers in the educational system. It is also necessary to train teachers so that they can 
use technology in the classroom in the most effective way. 

CONCLUSIONS  

In conclusion, video games possess significant educational potential, offering both 
advantages and challenges when integrated into the learning process. The literature review 
indicates that video games can boost student engagement and motivation, although concerns 
about their effectiveness and the risk of distraction remain. Case studies show that, with careful 
implementation, video games can positively influence student learning outcomes, especially in 
terms of motivation and active participation. Interviews with Romanian teachers reveal a 
cautiously optimistic view, with educators acknowledging the potential of video games to 
enhance traditional teaching methods. However, they stress the need to choose appropriate 
games and maintain a balanced approach to ensure educational goals are achieved. Overall, the 
study suggests that video games can be a valuable educational tool, but their integration requires 
thoughtful planning and consideration of both their benefits and potential challenges. 
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One of the effective approaches involves the use of biological compositions containing nitrogen-fixing 
bacteria, particularly from the genus Bradyrhizobium, and cerium dioxide nanoparticles (CDNs), which 
prove particularly promising for biological research due to their minimal toxicity. The object of the 
research was the soy rhizobia strain Bradyrhizobium japonicum, which was deposited in the D.K. 
Zabolotny Institute of Microbiology and Virology NAS of Ukraine under registration number IMV B�±
7194. The work used CDNs, particle size 4�±���� �Q�P���� ���� �§�� �������� �P�9�� Methods of regression analysis of 
variance and experimental designs were used to assess dependence between bacterial titer of B. 
japonicum IMV B �±7194 and several factors: CDNs concentration, substrate (mannitol) concentration 
and duration of culturing. Statistical analysis was carried out using TIBCO Statistica 14. On the basis of 
the obtained model, it was established that the duration of exposure (cultivation) of CDNs was the most 
�L�P�S�R�U�W�D�Q�W�� �I�D�F�W�R�U�� ���)�� � �� ������������ �S�”���������������� �Z�L�W�K�� �L�W�V�� �L�Q�F�U�H�D�V�H���� �W�K�H�� �Q�X�P�E�H�U�� �R�I�� �F�H�O�O�V�� �L�Q�F�U�H�D�V�H�V�� �O�L�Q�H�D�U�O�\�� At the 
�V�D�P�H���W�L�P�H�����D�Q���L�Q�F�U�H�D�V�H���L�Q���&�'�1�V���F�R�Q�F�H�Q�W�U�D�W�L�R�Q�����)��� �������������������S�”���������������V�K�R�X�O�G���O�H�D�G���W�R���D���G�H�F�U�H�D�V�H���L�Q���F�H�O�O��
�W�L�W�H�U���F�R�P�S�D�U�H�G���W�R���W�K�H���S�R�V�L�W�L�Y�H���H�I�I�H�F�W���R�I���P�D�Q�Q�L�W�R�O�����)��� ���������������S�”�����������������Z�L�W�K���R�W�K�H�U���I�D�F�W�R�U�V���F�R�Q�V�W�D�Q�W�����,�W���Z�D�V��
determined that the effect of the studied nanoparticles in different concentrations had a non-linear dose-
dependent nature.  

Keywords: cerium dioxide nanoparticles, nitrogen-fixing bacteria, Bradyrhizobium. 

INTRODUCTION  

Today, among the pressing agriculture problems technogenic influence and overloading 
of soils, which lead to the death of their nitrogen-fixing biota and the appearance of 
extraneous, including pathogenic microorganisms, dangerous for plants and people, are 
attracting more and more attention. One of the consequences is also the imbalance of nitrogen 
and its transformations in agroecosystems. This process can have a negative impact on the 
development and yield of cultivated plants, in particular, the important leguminous fodder 
crop of soybeans (Suman et al., 2022). 

Considering the need to grow soybeans and the problem of nitrogen imbalance in the 
soil, there is an urgent need to create modern ecological technologies. An effective method is 
the use of biological formulations (Hadas, 2014). Currently, the world market has a wide 
range of inoculants based on nitrogen-fixing bacteria for the processing of leguminous crops, 
including soybeans. Pre-sowing seeds inoculation with biological preparations based on 
nitrogen-fixers contributes too many factors, in particular: release of antibiotic substances by 
prokaryotes, which prevents infection by phytopathogens; increasing the photosynthesis 
activity; increasing the yield of the crop compared to the crop without treatment; increasing 
protein accumulation in legume seeds. In addition, the use of bacterial inoculants is an 
alternative to mineral nitrogen fertilizers, the production of which is quite energy consuming 
and expensive (Agbowuro et al., 2021). 

Nodule bacteria are most often used for the production of inoculants. These 
microorganisms have an individual selective ability to infect different types of leguminous 
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plants, i.e. specificity to a certain species. Thus, only bacteria of the genus Bradyrhizobium 
are able to form symbiotic relationships with soybeans and nodules on the roots of the plant 
(Bogino et al., 2015). Therefore, the basis of inoculants is often the species Bradyrhizobium 
japonicum, which is actively used in the production of bacterial inoculants for the pre-sowing 
treatment of soybean seeds. In addition, this species is used by science as a model organism 
for which genetic engineering methods are actively being implemented to create new highly 
efficient nitrogen-fixing strains capable of increasing the yield of leguminous crops (Sundh et 
al., 2021). However, the slow growth rate of B. japonicum presents several challenges in 
agricultural biotechnology, particularly in the fields of microbial inoculants (Krutylo, 2016). 

In recent years, the use of nanoparticles in agriculture is gaining more and more 
popularity (Pansambal et al., 2023). Nanoparticles are defined as particles smaller than 100 
nm in size. In particular, nanoparticles, taking part in electron transfer processes, enhance the 
action of enzymes that convert nitrates into ammonium nitrogen, intensify cell respiration, 
photosynthesis, synthesis of enzymes and amino acids, carbohydrate and nitrogen metabolism 
(Nosrati et al., 2023). 

It should be noted that nanocrystalline materials with a wide spectrum of action include 
nanobiomaterials based on cerium dioxide. Despite considerable interest, the biological 
activity of cerium dioxide has not been sufficiently studied. Until recently, almost no attention 
was paid to this compound, since cerium dioxide is insoluble in water and biological fluids. 
Due to oxygen non-stoichiometry and low toxicity, cerium dioxide nanoparticles (CDNs) are 
extremely promising objects for biological research (Younis et al., 2016; Zhang et al., 2019). 

The aim of our study was to research a possible mathematical dependence between 
microbial growth of Bradyrhizobium japonicum, concentration CDNs, bioprocess time and 
mannitol concentration. 

 
MATERIALS AND METHODS  

Bradyrhizobium japonicum strain IMB B-7194 from the collection of the D.K. 
Zabolotny Institute of Microbiology and Virology NAS of Ukraine. An aqueous colloidal 
solution of CDNs (particle size 4-�����Q�P���������§�����������P�9) was obtained by hydrothermal treatment 
of the solution for 50 hours in the temperature range of 100÷200°C. 

Cultivation of B. japonicum was carried out in Erlenmeyer flasks with a volume of 750 
ml (with a medium volume of 100 ml) with periodic cultivation at 220 rpm at a temperature 
of 28-�����Û�K���� �I�R�U�� ����-96 hours in a mannitol-yeast liquid nutrient medium (g/l): NaCl �± 0.1; 
K2HPO4 �-�����G2�H���± 0.5; MgSO4 �-�����G2�H���± 0.2; FeCl3 �± 0.01; mannitol �± 10.0; calcium gluconate 
- 1.5; yeast extract �± 2.0; pH 7.0. At the initial stages of cultivation, the initial optical density 
of the suspension of microorganisms was OD670 = 0.1. 

All studies were carried out in at least three repetitions. The obtained data were 
statistically processed by generally accepted methods of variation statistics.  

The dependence of the growth of B. japonicum bacteria on the participation of CDNs 
was evaluated using regression analysis methods in the theory of experimental planning 
according to the full factorial plan 3k. This approach makes it possible to estimate the linear 
and quadratic effects of factors (X1, X2, X3) on the indicator Y within the framework of one 
model and to express it in the form of a regression equation: 

        (1) 
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where: a0 �± constant, ai �± linear coefficient, aii �± quadratic coefficient, and aij �± second-order 
interaction coefficient. 

Statistical processing of the data of the planned experiment (calculation of regression 
coefficients, analysis of variance (ANOVA) and construction of response surfaces was carried 
out using the trial version of the Statistica program (TIBCO Software Inc., 
https://www.tibco.com/) using the DOE library. Coefficients were considered statistically 
significant at p�”���������� 

RESULTS 

During the cultivation of B. japonicum in a liquid nutrient medium with different 
amounts of CDNs, the dynamics of cell titer growth of the studied bacteria were established. 
Taking into account the data of previous studies, we used nanoparticles in the most 
physiologically expressed concentrations of 1 ��M and 1 mM for biotesting the effect of 
CDNs. In the course of the work, in silico optimization of the parameters of the mathematical 
model of the response of B. japonicum to the presence of CDNs was carried out. The study 
was conducted according to the plan of a full factorial design (FFD) (Table 1).  

Table 1. Mathematical model factors for assessing the CDNs impact 

Factors 
Factor levels 

-1 0 +1 
Concentration of cerium dioxide nanoparticles (X1�������F 0 10-6 10-3 
Duration of action of cerium dioxide nanoparticles (X2), days 3 10 17 
Concentration of mannitol in nutrient medium (X3), g/l  5 10 15 

 
The plan of the experiment to study changes in the intensity of the number of B. 

japonicum bacteria at different concentrations of CDNs, as well as options for combining 
factors and the obtained results are shown in Table 2. 

Table 2. Experiment planning matrix according to the FFD 

�‹  
Optimization factors Optimization parameter 

X1 
* X2 

* X3 
* Cell titer, CFU/ml 

1 0 3 5 1,60E+07 
2 0 3 10 2,40E+08 
3 0 3 15 2,14E+08 
4 0 10 5 4,40E+08 
5 0 10 10 9,00E+08 
6 0 10 15 2,20E+09 
7 0 17 5 1,40E+09 
8 0 17 10 1,80E+09 
9 0 17 15 3,50E+09 
10 0,000001 3 5 1,83E+07 
11 0,000001 3 10 1,04E+08 
12 0,000001 3 15 5,60E+08 
13 0,000001 10 5 3,80E+08 
14 0,000001 10 10 1,25E+09 
15 0,000001 10 15 1,40E+09 
16 0,000001 17 5 7,40E+08 
17 0,000001 17 10 2,54E+09 
18 0,000001 17 15 4,90E+09 
19 0,001 3 5 1,50E+07 
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�‹  
Optimization factors Optimization parameter 

X1 
* X2 

* X3 
* Cell titer, CFU/ml 

20 0,001 3 10 8,90E+07 
21 0,001 3 15 1,30E+08 
22 0,001 10 5 2,90E+08 
23 0,001 10 10 6,20E+08 
24 0,001 10 15 1,26E+09 
25 0,001 17 5 4,30E+08 
26 0,001 17 10 7,53E+08 
27 0,001 17 15 1,90E+09 

* Note: 
X1 �± concentration of cerium dioxide nanoparticles, M 
X2 �± duration of action of cerium dioxide nanoparticles, days 
X3 �± concentration of mannitol in the nutrient medium, g/l 

 
The level of significance of the effects (linear, quadratic and interaction effects) was 

determined by the analysis of variance (ANOVA), which showed that the concentration of 
cerium dioxide nanoparticles (X1) and the duration of action of nanoparticles (X2) had a 
significant (p�”������������ �H�I�I�H�F�W�� �R�Q�� �W�K�H�� �F�H�O�O�� �W�L�W�H�U, but lower than the concentration of mannitol 
(p�”����������. For a visual assessment of the effects of variance analysis, a Pareto diagram is 
presented in (Fig. 1), on which the effects are arranged in descending absolute value. This 
diagram shows that the linear effects of the duration of cultivation and mannitol concentration 
have the maximum reliable effect, and the effect of CDNs has the minimum. 

 
Pareto Chart of Standardized Effects; Variable: Cell titer, CFU/ml

3 3-level factors, 1 Blocks, 27 Runs; MS Residual=16057E13

DV: Cell titer, CFU/ml
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Figure 1. The influence of the researched factors on the B. japonicum titer 

During the initial data analysis, a regression equation was obtained, which has the form 
of a quadratic polynomial of the second order, taking into account only statistically significant 
effects:  

Y = 9,43×108 �± 5,8×108X1+1,62×109X2 +1,24×109X3 �± 6,63×108X1×X2 �± 1,14×109X2×X3     (2) 

From the obtained model, it turns out that the duration of CDNs exposure (cultivation) 
turned out to be the most important factor (F = 8.08, p�”�����������������Z�L�W�K���L�W�V���L�Q�F�U�H�D�V�H�����W�K�H���Q�X�P�E�H�U��
of cells should increase linearly. At the same time, an increase in CDNs concentration (F = 
3.0722, p�”�������������� �V�K�R�X�O�G�� �O�H�D�G�� �W�R�� �D�� �G�H�F�U�H�D�V�H�� �L�Q�� �F�H�O�O�� �W�L�W�H�U�� �F�R�P�S�D�U�H�G�� �W�R�� �W�K�H�� �S�R�V�L�W�L�Y�H�� �H�I�I�H�F�W�� �R�I��
mannitol (F = 6.19, p�”�����������������Z�L�W�K���R�W�K�H�U���I�D�F�W�R�U�V���F�R�Q�V�W�D�Q�W�� 
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According to the response surface of the titer of B. japonicum bacteria (Fig. 2), the 
effect of low CDNs concentrations only increases with increasing duration of cultivation with 
nanoparticles. The obtained data allow us to assert the positive effect of micromolar 
concentrations of CDNs on the growth of bacteria, but less pronounced than the effect of 
mannitol. 

 

Figure 2. The response surface of B. japonicum titer, as functions of the studied factors 

The conducted work made it possible to determine the optimal values for the studied 
factors within the framework of this study. (Fig. 3). 
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Figure 3. Profiles of predicted values to obtain optimal values of the studied factors 

As a result of our work, the stimulating effect of low concentrations of CDNs on the 
growth of the studied bacteria was shown, which is enhanced by the presence of a substrate in 
the medium. The calculated maximum cell titer at these levels of exposure was determined at 
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a nanoparticle concentration of 330 ��mol and a mannitol concentration of 10 g/L in the 
medium during a ten-day exposure to the CDNs. 

CONCLUSIONS 

Throughout the course of this study, results were obtained that enabled the formulation 
of several conclusions: 

Based on bacterial growth indicators, it was determined that cerium dioxide 
nanoparticles at concentrations ranging from 1 micromole to 1 millimole had the most 
significant effect on cell titer after their introduction into the culture medium, as compared to 
the control group (p < 0.01). 

- The absence of a direct concentration dependence between CDNs and the ability to 
grow was noted. 

- As part of our experimental work, we obtained optimal value calculations for the 
investigated factors, which revealed: the duration of CDNs action is 10 days, with a 
concentration of nanoparticles of 330 ��mol and a concentration of mannitol in the medium of 
10 g/l. 

Thus, the use of the model gram-negative microorganism B. japonicum allows for 
biotesting of cerium dioxide nanoparticles, and makes it possible to assess their effect in the 
concentration range of 1 micromole to 1 millimole. The research is promising and requires 
comprehensive study for the creation of new nanotechnologies and the possible application of 
these nanomaterials in complexes with microorganisms during the inoculation of nodular 
nitrogen-fixing bacteria in the pre-sowing processing of soybeans. 
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The research focuses on obtaining polymer films based on citric acid-modified starch (MSt) in 
combination with polyvinyl alcohol (PVA) as a base for wound dressings with prolonged drug release. 
Starch modification was carried out with 0.5 and 1 mol/l citric acid solutions at a temperature of 40°C 
for 1.5, 2.0 and 2.5 hours. 10% solutions of MSt and PVA were mixed in ratios of 25:75, 50:50 and 
75:25 to obtain films by the solution casting method. The influence of citric acid concentration and 
processing time on the physical-mechanical properties of the films was studied using an automated 
tensile testing machine ZwickRoell Z2.5TH1. The peculiarities of the interaction between PVA and 
MSt at different modification durations were determined by Fourier-transform infrared spectroscopy. It 
was established that the duration of modification and the concentration of citric acid affect the physical-
mechanical properties of the films. It was found that increasing the concentration of citric acid 
contributes to obtaining stronger films. The duration of starch modification with citric acid does not 
significantly affect the sorption properties of the films, which were evaluated by the amount of water 
vapor sorption. The sorption properties of the films largely depend on the ratio of MSt and PVA. Thus, 
films with an MSt/PVA ratio of 75:25 demonstrate an optimal set of properties. The obtained films can 
be a base for wound dressings with prolonged drug release.  

Keywords: modified starch, wound dressings, citric acid.  

INTRODUCTION  

Wound healing is a critical aspect of healthcare, where effective wound dressings play a 
crucial role in facilitating healing and preventing complications. Traditional dressings often 
lack the capability for sustained drug release, necessitating frequent changes and potentially 
hindering the healing process. To address this limitation, researchers have developed 
advanced wound dressings capable of controlled and prolonged drug release (Dhivya et al., 
2015). 

Starch is a natural and abundant polysaccharide, has garnered attention as a potential 
material for wound dressings due to its biocompatibility, biodegradability, and low cost 
(Falcão et al., 2022). However, native starch exhibits certain limitations, including poor 
mechanical properties and rapid degradation. To overcome these challenges, starch can be 
modified to enhance its functionality and tailor its properties for specific applications (Torres 
et al., 2013). 

Citric acid is a natural organic acid, has emerged as a promising starch modifier. Citric 
acid reacts with the hydroxyl groups of starch, forming ester linkages that lead to the 
crosslinking of starch molecules (Yu et al., 2005). This modification process can significantly 
improve the mechanical properties, water resistance, and stability of starch (Gonzalez Seligra 
et al., 2016). 

The introduction of an ester group into the cellulose backbone through the esterification 
reaction of hydroxyl groups imparts hydrophobicity to cellulose, making it more compatible 
with non-polar polymers and solvents. The use of carboxylic acids, such as citric acid (CA), 
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for cellulose modification offers a less environmentally aggressive approach. CA serves as a 
cost-effective and stable esterification agent, capable of altering the hygroscopic nature of 
cellulose or nanocellulose through direct chemical modification, thereby enhancing 
hydrophobicity. Moreover, as emphasized by several authors, it is an esterification agent that 
can overcome the toxicity and cost associated with other esterification agents. Several authors 
have also reported the use of anhydrides as esterification agents, such as succinic, acetic, 
butyric, and hexanoic anhydride. 

CA, being a tricarboxylic acid, reacts with cellulose through the attachment of a 
carboxyl group via esterification with a cellulose hydroxyl group. Further reaction via 
esterification with another cellulose hydroxyl group can lead to cross-linking between 
cellulose chains, resulting in cellulose with increased hydrophobicity. 

Polyvinyl alcohol (PVA) is a synthetic polymer known for its excellent film-forming 
ability, biocompatibility, and non-toxicity. PVA is widely used in various biomedical 
applications, including wound dressings (Dash et al., 2011). 

Research Objectives 

In this study, polymer films based on citric acid-modified starch (MSt) in combination 
with polyvinyl alcohol (PVA) were developed. The aim of this research is to create a 
composite material that leverages the individual advantages of both components, resulting in 
films with desirable properties for wound dressings with prolonged drug release. The 
influence of various modification parameters, such as citric acid concentration and 
modification time, on the physical, mechanical, and sorption properties of the films have been 
researched. The interaction between MSt and PVA using FTIR spectroscopy also have been 
investigated to gain insights into the molecular structure and properties of the composite 
films. 

It is planned to improve wound treatment technologies by optimizing the composition 
and properties of polymer films based on starch, offering innovative solutions for long-term 
drug delivery and improving the results of wound healing. 

MATERIALS AND METHODS  

Starch Modification 

Potato starch (CAS 9005-25-8) modification was conducted using two different 
concentrations of citric acid (CAS 77-92-9) solution (0.5 mol/l and 1 mol/l). For each 
concentration, the modification was performed at a constant temperature of 40°C but with 
varying reaction times of 1.5, 2.0, and 2.5 hours. This approach aligns with previous studies 
demonstrating the effectiveness of citric acid in altering starch properties (Yu et al., 2005). 
Different reaction times were chosen to investigate the effect of the modification duration on 
the final characteristics of the film. 

Film Preparation 

10% (w/v) solutions MSt and polyvinyl alcohol (PVA 17-99) were prepared to obtain 
films of varying composition. This concentration was selected based on previous research 
indicating suitable film-forming properties for both starch and PVA (Mali et al., 2005). Then 
these solutions were mixed in three different ratios (w/w): 25:75, 50:50, and 75:25 
(MSt:PVA). To form films from these mixtures the solution casting method was employed as 
widely used technique for obtaining polymer films due to its simplicity and versatility 
(Gutiérrez et al., 2015).  
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Characterization and Analysis 

The tensile strength and elongation at break of the films were evaluated using an 
automated tensile testing machine ZwickRoell Z2.5TH1. These properties are crucial in 
understanding the film's ability to withstand stress and deformation, which are relevant for 
wound dressing applications (Bergo et al., 2007; Ghanbarzadeh et al., 2010; Ibrahim et al., 
2019). Molecular interactions between modified starch (MSt) and polyvinyl alcohol (PVA) 
within the films, Fourier-transform infrared (FTIR) spectroscopy was used. 

RESULTS AND DISCUSSIONS 

Evaluation of Mechanical Properties 

For each film sample, five replicate specimens were prepared according to standard 
testing methods (ASTM D882) (Anseth et al., 1996). By analyzing the tensile strength and 
elongation at break data, valuable insights into the mechanical behavior of the film and its 
suitability for wound dressing applications can be gained (Fig.1). Higher tensile strength 
values signify a stronger and more durable film, while higher elongation at break values 
indicate a more flexible and deformable film. 
 

 
a) 

 
b) 
 

Figure 1. Tensile strength (a) and elongation (b) of film on different ratios of MSt/PVA 






