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With the increasing incidence of liver disease and the shortage of donors, there is an ever-increasing need for an alternative to replace and repair damaged tissue. To address this problem, various biomaterials have been synthesized or isolated to provide a biocompatible and biomimetic scaffold. Decellularized native extracellular matrix (dECM) appeared to be a promising solution for regenerative purposes because it retains the naturally occurring components and structure important for cell survival and differentiation. Since any method of decellularization can damage extracellular matrix (ECM) components, it was important to choose a method that effectively removed the cells but also preserved the ECM components. To properly decellularize liver tissue, two different detergents were used, among other methods. Previous research has shown that sodium lauryl sulfate (SLS) can remove cells and DNA components, but can also destroy collagen and glycosaminoglycans. Therefore, a milder detergent, sodium lauryl ether sulfate (SLES), was used in addition to SLS. The aim of this study was to compare the decellularization performed with SLS and SLES detergents. Stereo and light microscopy showed that the natural architecture of the tissue was partially preserved depending on the detergent used and the exposure time. In addition, the number of protocol steps was compared so that the complexity of each protocol could be determined.
Introduction 
Nowadays, the need for liver transplantation and reparation is increasing due to excessive drug use, cirrhosis, cancer and other diseases. Since there is a large gap between the number of donors and patients requiring liver transplantation, new approaches are needed to treat such health problems. (Moffat et al., 2022) Because the ECM occurs naturally and provides a suitable environment for cells, its structure, porosity, chemical, and biochemical components collectively provide a good potential scaffold for cell ceding and transplantation to a defective site in the patient. For the same reasons, the ECM is a model that should be mimicked by biomaterials (Goddard et al., 2016). One way to obtain dECM-based biomaterials is to decellularize natural tissues, as this can preserve the natural architecture and components of the ECM. Since decellularization aims to induce apoptosis of cells, it also simultaneously removes cells and DNA that could trigger an immunogenic response if left in the biomaterial once it is transplanted into the patient's body. (Nicolas et al., 2020)

There are a plethora of decellularization methods that have been developed in recent years, all of which have their advantages, but also their disadvantages. Essentially, decellularization methods can be divided into several groups: chemical, physical, biological, and combined. Chemical methods include the use of detergents (ionic, non-ionic, zwitterionic), solvents (alcohols, acetone, etc.), acids and bases, hypotonic and hypertonic solutions. The most commonly used physical methods are freeze-thaw cycles, high hydrostatic pressure, sonication, electroporation, immersion, and agitation. Biological methods include the use of enzymes: trypsin, nucleases such as ribonuclease and DNase, and proteases such as dispase, phospholipase, chondroitinase, etc. By combining some of these methods, they try to balance the destruction of ECM components destruction by limiting the exposure time of some decellularization methods (Gilpin and Yang, 2017).

The most commonly used and researched decellularization methods to date are those using detergents. Detergents are amphipathic molecules described by hydrophilic groups on one side ("head"), which can form hydrogen bonds with water molecules, and a lipophilic aliphatic chain ("tail") on the other. Detergents are also called surfactants because of their ability to reduce the surface tension of water. (Linke, 2009) Among other methods, detergents are most commonly used for decellularization because they can successfully disrupt the cell membrane and remove cellular components. This ability is based on the structural similarity between the molecule of a detergent and the phospholipids of biological membranes. The detergent molecules integrate into the phospholipid bilayer, thus breaking the bonds between the phospholipids, and then form micelles together with the detergent molecules. (Kalipatnapu and Chattopadhyay, 2005) This process triggers apoptosis of cells and is therefore used as a decellularization method. Some of the ionic detergents that have been used for decellularization are sodium lauryl sulfate (SLS), sodium deoxycholate (SDC), potassium laureate (PL), etc. (Moffat et al., 2022)

Sodium lauryl sulfate, also known as sodium dodecyl sulfate, is a commonly used surfactant in cleaning and personal care products such as shampoos and detergents. Its concentration in products varies from 0.1 to 50%, depending on the intended use, and can be synthetically or naturally derived. Previous toxicity reviews indicate that it is suitable for human use. (Bondi et al., 2015) Sodium lauryl ether sulfate, which resembles SLS, is used in personal care products and is obtained by ethoxylation of sodium lauryl sulfate. Despite its structural similarity to SLS shown in Figure 1, SLES is considered milder and less irritating, although it has almost the same properties. Nevertheless, the time of exposure to detergents should be limited and they should be thoroughly washed off (Barra Caracciolo et al., 2017).
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Figure 1: Structure of detergents sodium lauryl sulfate (a) and sodium lauryl ether sulfate (b)

Keshvari et al., (2021) performed decellularization with both detergents and showed that ECM components were better preserved with SLES, but both were well accepted and vascularized in in vivo studies in rats. Similar results were provided by Yaghoubi et al., (2022) who demonstrated good preservation of tissue structure after decellularization with SLES, angiogenesis, and no graft rejection in in vivo studies in male Sprague-Dawley rats. Hassanpour et al., (2018) developed a decellularization protocol with SLES for human ovarian tissue. Tissue structure was well preserved, 3-(4, 5-dimethylthiazolyl-2)-2, 5-diphenyltetrazolium bromide (MTT) assay indicated cytocompatibility, and the seeded primary ovarian cells remained viable and bioactive and expressed higher hormone levels in rats with ceded grafts than control ones.

Previous research has shown that SLS is the most promising method of decellularization because it is accessible and successfully removes cells, but the main problem with its use is excessive damage to ECM components. (Kawasaki et al., 2015) The aim of this work was to overcome the above problem of SLS detergent. Therefore, a milder but structurally similar detergent, sodium lauryl ether sulfate (SLES), was used and the results were compared. 

Materials and methods
Porcine liver was collected from the local butcher store and frozen at -20 ⁰C until later use. Later, the samples were cut into 1 mm thin pieces of about 1 cm2, then immersed in a 0.9 wt% NaCl solution and agitated with mechanical stirrer at 400 rpm. The solution was changed 4 times and left overnight on a magnetic stirrer at 150 rpm. As shown in Table 1, the samples were then divided into 4 groups and stirred in detergents SLS and SLES at concentration of 1 and 0.5 wt% with a magnetic stirrer at 150 rpm. The concentrations of the detergents were determined by previous studies which showed that concentrations less than 0.5 wt% required too many protocol steps to be effective. On the other hand, concentrations higher than 1 wt% were too aggressive for the ECM components. 
Each group was divided into a subgroup a and a subgroup b. The solution was changed after 30 minutes for all a subgroups and after 60 minutes for all b subgroups. The treatment with the detergent was carried out until the samples were transparent. Then, all samples were washed thoroughly in distilled water, stirred in ethanol (96%) at 150 rpm for 30 minutes and then placed in PBS (phosphate buffer saline) for 24 hours. Finally, the samples were preserved by freezing at -20 ⁰C until later use. 
Table 1: Parameters of protocol and sample names
	Detergent 
	Concentration / wt%
	Time in solution /min
	
	
	Sample name
	
	
	

	SLS

	1
	30
	
	
	SLS 1a
	
	
	

	
	
	60
	
	
	SLS 1b
	
	
	

	
	0.5
	30
	
	
	SLS 0.5a
	
	
	

	
	
	60
	
	
	SLS 0.5b
	
	
	

	SLES
	1
	30
	
	
	SLES 1a
	
	
	

	
	
	60
	
	
	SLES 1b
	
	
	

	
	0.5
	30
	
	
	SLES 0.5a
	
	
	

	
	
	60
	
	
	SLES 0.5b
	
	
	



All samples were subsequently characterized. The preservation of the natural structure was evaluated and compared by stereo and light microscopy. The total number of steps in each protocol required to make the samples transparent was also compared.
Light microscopy

Measurements were performed using the Motic BA200 light microscope. All samples for microscopy were taken directly from the media after treatment with detergents and placed on a slide without further treatment steps.

Stereomicroscopy
Stereomicroscopy was performed using Olympus SZX16 to determine the preservation of specific dense liver tissue at a larger scale. Samples were prepared in the same manner as for light microscopy.

Results
In Figure 2, the parameters of the protocol, such as the detergent used, its concentration and the change time, were compared. It is shown that sample SLS 1b requires the least number of protocol steps to make the samples transparent. In addition, SLS samples required fewer protocol steps overall than SLES samples, which is consistent with previous research showing that SLS is generally a more aggressive detergent. It can be seen that concentration also plays an important role; as concentration decreases, the number of protocol steps increases. It is also interesting to note that the change in time has an effect on the number of protocol steps. It can be seen that when the changing period is longer (60 minutes), the number of steps decreases, but the total time required for decellularization is longer. Thus, the sample with the most protocol steps is SLES 0.5a, but the sample with the longest decellularization time is SLES 0.5b.
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 Figure 2: Comparison of the time of decellularization depending on the detergent, its concentration and the change times



Light microscopy
The micrographs obtained by light microscope can be found in Figure 3 A. Dense liver tissue and its microstructure can be seen in all images. In addition, all samples are thin, semi-transparent and light brown in color. Samples SLS 1a and SLS 1b have damaged structures and in thinner areas there is no tissue at all. There are also signs of tearing and threading of tissue. This could be the result of too harsh detergent treatment, but also from stress during mechanical stirring in decellularization protocol. Samples with lower SLS concentration (SLS 0.5a and b) also show signs of damage. There are missing pieces of tissue in thinner areas, but no threads or tears in the tissue. Samples decellularized with SLES show almost no damage in the tissue structure, all tissue pieces are visible and smooth with some small holes.

Stereomicroscopy
The stereomicrographs are shown in Figure 3 B. The natural liver structure with some arteries and veins is preserved in all samples with milder signs of damage. The damage is visible in thinner tissue areas as absence of connective tissue. The difference between samples in subgroup a and b is more visible than between detergents or concentrations. It can be seen that the samples whose medium was changed every 60 minutes were more damaged and had more holes. This could be the result of partial digestion of the tissue caused by intercellular enzymes released after cell lysis in the decellularization media that were not washed away as quickly as in the subgroup b samples. (Klak et al., 2022) There is also a slight difference between detergents, with SLES samples showing a better preservation.
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Figure 3: Light (A) and stereomicroscopy (B) of samples prepared with different decellularization protocols

Conclusion
A total of eight different decellularization protocols were performed, which differed in terms of detergents, concentration, and time of media change. Thus, eight different decellularized samples were obtained and characterized. Comparison of the number of steps shows that SLS is fastest to make samples transparent, where the increase in concentration decreases the number of media changes. Light microscopy indicates that SLS may be too aggressive for the tissue, while SLES shows better preservation of the tissue samples. Stereomicroscopy shows better preservation of natural tissue structure when the medium is changed after 30 minutes. Therefore, the SLES 1a and 0.5a samples show promising properties for future tissue engineering applications, but further studies should be performed to support this statement.

Future research directions
To investigate the matter further, the ECM components should be quantified and compared. In addition, a rheological study should be performed for the hydrogels obtained from all samples to determine a possible application in 3D printing. This research is ongoing.
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