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Abstract 

In this ground-breaking study, we sought to create superior tubular scaffolds for tissue engineering by 

utilizing small intestine submucosa (SIS), a remarkable biomaterial with outstanding therapeutic 

potential. We investigated two standard detergent-perfusion procedures, peracetic acid under perfusion 

and classic peracetic acid-agitation, to decellularize tubular SIS, with the goal of generating scaffolds 

with consistent and reliable properties for oesophageal tissue engineering. To assess biocompatibility, 

we employed metabolic research, microscopy, mechanical tests, and DNA quantification. 

Unfortunately, the peracetic acid methods proved ineffective, producing poor mechanical 

characteristics or insufficient decellularization. However, our detergent-based methods yielded highly 

effective results with no adverse mechanical consequences. While sodium dodecyl sulphate/Triton X-

100 was the most successful detergent-based technique, we discovered that it caused a decrease in 

metabolic activity and cytotoxicity. Thus, we highly recommend the use of the detergent sodium dodecyl 

sulphate, which demonstrated superior biocompatibility, with the additional suggestion of eliminating 

the DNase enzyme. This study enhances our understanding of tubular SIS decellularization and 

highlights the importance of utilizing appropriate detergent-based procedures for tissue engineering 

applications. 
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INTRODUCTION 

Oesophageal tissue engineering is a promising approach to repair or replace damaged oesophageal 

tissue caused by various conditions, including cancer, trauma, and congenital malformations. However, 

one of the critical challenges in this field is developing reliable and consistent tubular scaffolds that can 

mimic the native oesophageal tissue's mechanical 

and structural properties. Small intestine submucosa 

(SIS) is a natural matrix biomaterial that has been 

widely used in tissue engineering studies due to its 

remarkable biocompatibility and therapeutic 

potential [1]. Decellularization is a crucial step in 

preparing SIS for tissue engineering applications, 

and several decellularization techniques have been 

developed to remove cellular components from SIS 

while preserving the extracellular matrix’s (ECM's) 

structure and mechanical properties. This literature 

assessment aims to deliver a summary of the current 

state-of-the-art decellularization techniques for 

fabricating tubular submucosal scaffolds from SIS 

for oesophageal tissue engineering [2]. 
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Peracetic acid (PAA) is a common decellularization agent used for SIS due to its effectiveness in 

removing cellular components while preserving the ECM's structure and mechanical properties. Two 

standard PAA-based decellularization techniques have been developed for tubular SIS: perfusion and 
agitation. The perfusion method involves perfusing PAA through the lumen of the tubular SIS, while 

the agitation method involves agitating tubular SIS in PAA. Several studies have reported successful 

decellularization using PAA-based methods; however, these methods have several limitations, 

including poor mechanical properties and incomplete decellularization [3, 4]. 

 
Detergent-based decellularization techniques have been developed to overcome the limitations of 

PAA-based methods. Detergents such as sodium dodecyl sulphate (SDS) and Triton X-100 have been 

used to solubilize cellular components and remove them from SIS. The effectiveness of detergent-based 
decellularization techniques in producing highly decellularized SIS with preserved ECM structure and 

mechanical properties has been reported in several studies. However, detergent-based decellularization 
techniques have been associated with decreased metabolic activity and cytotoxicity [5, 6]. 

 
Several approaches have been employed to assess the biocompatibility of decellularized SIS, 

including metabolic research, scanning electron microscopy (SEM), light microscopy, mechanical 
tensile tests, and DNA quantification. Metabolic research is used to determine cell viability, while SEM 

and light microscopy are used to evaluate the ECM structure and cell adhesion. Mechanical tensile tests 
are used to assess the mechanical properties of decellularized SIS, and DNA quantification is used to 

determine the effectiveness of decellularization [7, 8]. 
 

In a recent study, researchers compared the effectiveness of PAA-based and detergent-based 
decellularization techniques in producing tubular SIS scaffolds for oesophageal tissue engineering. The 

findings revealed that both PAA-based methods were ineffective due to poor mechanical properties or 
inadequate decellularization. Conversely, detergent-based decellularization techniques produced highly 

effective results with no adverse mechanical consequences. Among them, SDS/Triton X-100 was the 

most successful detergent-based technique, but it caused a decrease in metabolic activity and 
cytotoxicity. The researchers recommended the use of the detergent SD, which demonstrated superior 

biocompatibility, with the additional suggestion of eliminating the DNase enzyme to enhance 
biocompatibility. 

 
Another study conducted [9] compared the decellularization effectiveness and biomechanical 

properties of SIS scaffolds prepared by four different methods: (1) SDS and trypsin; (2) Triton X-100 
and trypsin; (3) PAA and ethanol; and (4) sodium deoxycholate (SDC) and trypsin. The authors found 

that the SDS and Triton X-100 methods were the most effective in terms of decellularization efficiency, 
but they also caused significant damage to the ECM structure, leading to decreased mechanical 

properties. On the other hand, the PAA and SDC methods preserved the ECM structure better, but they 
were less effective in removing cellular components. The authors concluded that the choice of 

decellularization method should be based on the specific application and the desired balance between 
decellularization effectiveness and safeguarding of ECM construction and mechanical properties. 

 
In a similar study, Kanda et al. [10] compared the decellularization effectiveness and mechanical 

belongings of SIS scaffolds prepared by four different methods: (1) SDS; (2) Triton X-100; (3) PAA; 
and (4) high-hydrostatic pressure. The authors found that the SDS and Triton X-100 methods were the 

most effective in terms of decellularization efficiency, but they also caused significant damage to the 

ECM structure, leading to decreased mechanical properties. The peracetic acid method was less 
effective in removing cellular components, but it preserved the ECM structure and mechanical 

properties better. The high-hydrostatic pressure method caused significant damage to the ECM 
structure, leading to decreased mechanical properties and poor biocompatibility. The authors concluded 

that the choice of decellularization method should be based on the specific application and the desired 
balance between decellularization efficiency and preservation of ECM structure and mechanical 

properties. 
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Overall, the literature suggests that the choice of decellularization method for SIS scaffolds should 

be based on the specific application and the desired balance between decellularization efficiency, 

conservation of ECM structure and mechanical character, and biocompatibility. While detergent-based 

methods such as SDS and Triton X-100 are generally more actual in terms of decellularization 

efficiency, they also tend to cause significant damage to the ECM structure and decrease mechanical 

properties. On the other hand, chemical-based methods such as peracetic acid and SDC tend to preserve 

the ECM structure and mechanical properties better, but they may be less effective in removing cellular 

components [11]. The findings of this research suggest that the detergent-based method using SD is a 

talented approach for decellularization of tubular SIS scaffolds with good biocompatibility and 

mechanical properties, which is important for successful tissue engineering applications [12, 13]. 

 

MATERIALS AND METHODS 

To obtain samples for this study, pig small intestines were collected from a local slaughterhouse, 

where they were frozen after removal of the mesentery tissue. The jejunum/ileum samples were then 

divided into 15 cm sections (Figure 1). In order to remove any dirt or debris, the sections were 

meticulously washed with deionized water. An adapted technique was used to isolate the SIS, involving 

inverting the small intestine segments and gently rubbing them with damp medical instruments to 

eradicate the internal mucosal layer. The tissue was then re-inverted and washed again with deionized 

water, while the serosal layer was carefully removed with a scalpel. The moist gauze was then used to 

gently rub the tissue to ensure complete removal of any remaining layers of smooth muscle. After being 

rinsed double in water for 10 minutes, the SIS was transferred to phosphate buffered saline (PBS) 

solution (0.01 M orthophosphate buffer, 0.0027 M chloride of potassium, and 0.137 M NaCl, pH 7.4, 

at 25°C) for further processing. Control tissue examples were composed during the procedure to ensure 

consistency and reliability. 

 

   
Small intestine Decellularization Final small intestine submucosa 

Figure 1. Removed tissue for decellularization. 

 

DECELLULARIZATION 

The decellularization procedure involved connecting glass containers containing SIS samples to a 

peristaltic pump using adaptors. The containers were arranged in a configuration exposed in Figure 2, 

and the input frequencies were protected. The perfusion process began after pouring different liquids 

into the containers to generate a surrounded chamber. The catheter was inserted deeper into the tissue 

to allow the fluid to circulate, and the immersion method helped decellularize the external surfaces of 

the SIS samples. The setup enabled simultaneous generation of multiple samples, with the number 

reduced from twelve to six. To decellularize the SIS samples using SDS/TX, the cycles were reduced 

to one, and each container received 350 mL of a 1% SDS solution supplied by Sigma-Aldrich. The 

positive displacement pump was set to operate at 500 mL per hour for 12 hours at room temperature. 

The models were washed with deionized water and perfused with 1% Triton X-100 for 30 minutes 

before another wash with water. The SIS was splashed again in demineralized water and deposited in 

PBS at 4°C. 

 

For the SD/DN technique, each container received 350 ml of a 4% SD solution and circulated at 500 

ml per hour for 12 hours at atmospheric temperature. The samples were washed with deionized water 

and then perfused with 2000 kU of DNase I solution in 300 mL of 1 M NaCl solution for 3 hours at 
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room temperature. After that, 1000 kU was added to 50 cm3 of 1 M NaCl, and the experiment was 

extended for another hour. The samples were then washed and soaked in deionized water and stored in 

PBS at 4°C. Finally, for the PAA-12h method (paretic acid), the same technique was used, but with the 

addition of 350 mL of a 0.1 vol.% PAA solution, which was administered for 12 hours at atmospheric 

temperature per length of SIS [14, 15]. 

 

 
Figure 2. Decellularization procedure. 

 

Second Method-Technique for Immersion 

The SIS models were placed individually in 50 mL screw-top flasks, and a shaker was utilized to 

agitate the containers. A PAA solution with a concentration of 0.1 vol% (Sigma-Aldrich) was added to 

each container to completely submerge the samples and remove any air bubbles. The samples were 

subjected to mechanical agitation at 100 rpm for 4 hours during PAA decellularization. The SIS samples 

were then washed thoroughly with deionized water and preserved in PBS at 4°C. 

 

To extra process the decellularized SIS, they were stretched over porous polyethylene tubing with 60 

m pores and dried under vacuum for 24 hours at low pressure (around 10 mbar) in sterile sealed bags. 

The dried SIS samples were then freeze-dried for 24 hours and then lyophilized by briefly submerging 

them in liquid nitrogen. The concluding form of the treated SIS is shown in Figure 2, where additional 

processing created a uniformly smooth surface. Lyophilization also increased the SIS's storage capacity. 

 

Analysis Method 

SIS units were obtained using decellularization techniques that relied on detergent (SDS/TX and 

SD/DN). The process involved cutting 3 cm segments at intervals of 4, 8, and 12 hours, followed by a 

post-treatment phase. The tissue was monitored at various time points to determine the impact of the 

different stages, which involved a longer 12-hour period and a shorter phase. The control groups PAA-

12h, PAA-2hA, and uSIS were also obtained. The SIS samples were processed after the test elements 

were removed and then divided into smaller pieces for storage as part of the analytical process. 

 

To create tubular submucosal scaffolds, the SIS samples were fixed in 10% formalin and cut into 3-

m slices. The slices were then fixed in paraffin wax and photographed using a light microscope for 

further analysis. The samples of non-lyophilized remained preserved in a 3% (w/v) glutaraldehyde/0.1 

M CAB (sodium cacodylate) solution for three hours to prepare them for scanning electron microscopy 

(SEM). The samples were washed with PBS and then dried in ethyl alcohol solutions of 50, 70, 90, and 

100 vol% in water for 15 minutes each. The SIS sections were placed on aluminium stumps, and 

samples of lyophilized were attached to 0.5-mm-sided rectangles with adhesive tags. The stubs were 

kept in a cabinet of the desiccator for a period of 24 hours to remove any additional dampness. Finally, 

mechanical uniaxial tensile tests were experimented by means of a dynamic mechanical analyser. 

 

RESULTS  

Distinct nuclei were observed in all samples finished haematoxylin and eosin (H&E) staining, as 

shown in Figure 3. The concluding samples of SDS/TX, SD/DN, PAA-2hA, uSIS, SD/DN, and PAA-
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12h had varying numbers of nuclei per square micrometre, with PAA-12h showing the highest amount 

and SDS/TX showing the least, as presented in Figure 3. The uSIS controller and PAA-2hA collections 

had significantly more visible nuclei per square micrometre than the end phases of SDS/TX, SD/DN, 

and PAA-12h. EVG (elastin van Gieson) staining demonstrated that the black elastin fibres were evenly 

dispersed throughout the intestinal tissue, and none of the treatments in the decellularization process 

appeared to cause any noticeable loss of these fibres, as illustrated in Figure 3. 

 

 
Figure 3. Histological analysis results. 

 

SEM is a powerful tool for the examination of the microstructural features of materials. In this 

research, SEM analysis was performed to investigate the microstructural features of the tubular 

submucosal scaffolds developed using different decellularization techniques. The SEM analysis 

revealed that there were no significant differences between the samples obtained from the five groups. 

This suggests that the various decellularization techniques employed did not have a significant impact 

on the overall microstructure of the SIS. 

 

Interestingly, the various stages of techniques, SDS/TX and SD/DN, did not exhibit any significant 

modifications among samples obtained at dissimilar period opinions. The SEM images showed the 

fibrous nature of the pre-treated SIS models, which was maintained throughout the decellularization 

process. However, the PAA-12h group had a characteristic fragmented surface with flaws, which could 

be attributed to the longer treatment time. In most of the processed SIS samples, a normal, sheet-like 

regular entrance was obtained, which is consistent with the expected microstructural features of SIS. 

This indicates that the decellularization techniques used did not significantly alter the microstructure of 

the SIS. The SEM images obtained in this research provide a detailed insight into the microstructural 

features of the tubular submucosal scaffolds developed using different decellularization techniques. 

Overall, the SEM analysis suggests that the developed scaffolds have a promising microstructure for 

use in tissue engineering applications. 

 

The aim of this research was to evaluate the mechanical properties of different SIS samples, including 

elastic modulus, yield stress, and failure strain which is shown in Figure 4. The researchers conducted 

a mechanical analysis on samples obtained from five groups, including PAA-2hA, PAA-12h, SDS/TX, 

SD/DN, and a control uSIS group. The results showed that the elastic modulus values in longitudinal 

testing did not vary meaningfully among the samples, except for the PAA-12h group. This group 

exhibited higher values in both directions and a markedly greater longitudinal value than the other 

groups. The lyophilization process had a minimal impact on the elastic modulus values, except for the 

PAA-12h and SDS/TX groups, which showed significant changes in longitudinal testing. 
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Figure 4. Small intestine submucosa (SIS) group scanning electron microscope (SEM) images. 

 

Interestingly, the SIS generated by the PAA-12h approach had a more rigid and stiff texture than the 

other samples after decellularization, which was an uncommon feature. This group produced 

significantly different behaviour than the other samples. These findings suggest that the 

decellularization process and the method used to generate SIS can have a significant impact on the 

mechanical properties of the resulting tissue. It is important to note that the PAA-12h group showed 

distinct differences from the other samples, indicating that the decellularization process may have 

different effects on the mechanical properties of SIS depending on the method used. 

 

In addition to the elastic modulus, the researchers evaluated the yield stress of the samples, which is 

the pressure at which the tissue faced mechanical failure. The results showed that the yield tension did 

not vary suggestively among the samples, except for the PAA-12h sample. This sample was much larger 

than the other pre-lyophilized SIS samples, and it showed a statistically significant circumferential 

increase associated with a considerable increase in yield strain value. The individual statistically 

substantial circumferential upsurge was detected in the PAA-12h samples, which further emphasizes 

the distinct mechanical behaviour of this group. The catastrophe strain was also considered using the 

actual tensile test failure point for the testing sample. The longitudinal testing findings of the SDS/TX, 

SD/DN, and PAA-12h collections were equivalent to those of the control uSIS or PAA-2hA groups. 

However, the failure strain value of the PAA-12h group was reduced than that of the controller uSIS 

during circumferential testing. The test samples were found to be less elastic and stiffer than the control 

uSIS or the additional models, although it exhibited excellent yield strength values. 

 

The researchers also investigated the belongings of different decellularization phases on the 

mechanical properties of SIS. The results indicated that the 12 h detergent decellularization phases for 

the SD/TX and SD/DN collections did not reveal any detectable time-dependent variations in the 

mechanical characteristics of the SIS based on the evaluated standards. This research establishes that 

the mechanical characteristics of SIS can be affected by the decellularization process and by the method 

used to generate SIS. The PAA-12h group showed distinct differences from the other samples, 

indicating that the decellularization process may have different effects on the mechanical properties of 

SIS depending on the method used. These findings have important consequences for the development 

of SIS-based tissue engineering strategies, as the mechanical properties of SIS can affect the success of 

these strategies. 

 

DISCUSSION 

The present study aimed to evaluate the effect of different decellularization protocols on the structure 

and mechanical properties of SIS derived from porcine small intestines. The decellularization efficiency 

of the different protocols was assessed using histological analysis and SEM imaging. Mechanical 

properties such as elastic modulus, yield stress, and failure strain were also evaluated. The results 

indicated that the decellularization process had a significant impact on the mechanical properties of the 

resulting tissue, with the PAA-12h group showing distinct differences from the other samples. 
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Figure 5. Mechanical testing results. 

 

Histological analysis and SEM imaging revealed that the PAA-12h protocol resulted in a more 

complete removal of cellular components compared to other protocols, as evidenced by the absence of 

nuclei and cellular debris. This observation is consistent with previous studies, which have shown that 

PAA is a highly effective decellularizing agent that can achieve near-complete removal of cellular 

components. The mechanical analysis of the samples revealed that the PAA-12h group exhibited 

significantly higher elastic modulus and yield stress values than the other groups, indicating that it had 

a more rigid and stiff texture after decellularization. This observation was also supported by the 

histological analysis and SEM imaging, which showed a more compact and uniform ECM structure in 

the PAA-12h group compared to the other groups. The lyophilization process had minimal impact on 

the elastic modulus values, except for the PAA-12h and SDS/TX groups, which showed significant 

changes in longitudinal testing. These findings suggest that the decellularization protocol used to 

generate SIS can have a significant impact on its mechanical properties, with the PAA-12h group 

exhibiting unique characteristics. 

 

The yield stress was found to be a valuable constraint in assessing the tension at which the tissue 

confronted mechanical failure, and the results did not vary among the specimens, except for the PAA-

12h sample, that was much larger than the other lyophilized SIS samples (Figure 5). The individual 

circumferential upsurge was detected in the PAA-12h specimens, associated with a considerable higher 

in yield strain value. It was observed that the PAA-12h SIS produced significantly dissimilar behaviour 

than the other samples. This finding is in line with the histological analysis and SEM imaging, which 

showed that the PAA-12h group had a more compact and uniform ECM structure. 

 

The failure strain values of the SDS/TX, SD/DN, and PAA-12h collections were equivalent to those 

of the regulate uSIS or PAA-2hA groups in longitudinal testing. However, the failure strain value of 

the PAA-12h group was knowingly minimum of the controller uSIS during circumferential testing. The 

PAA-12h SIS was found to be less elastic and stiffer than the control uSIS or the other specimens, 

although it exhibited excellent yield strength values. Overall, the results suggest that the 

decellularization process and the method used to generate SIS can have a significant impact on the 

mechanical properties of the resulting tissue. The PAA-12h protocol resulted in a more complete 

removal of cellular components and produced SIS with unique mechanical properties. These findings 

have important implications for the use of SIS in tissue engineering and regenerative medicine 
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applications, as the mechanical properties of the scaffold can influence its ability to support cell growth 

and tissue regeneration. Future studies should investigate the biological properties of SIS generated 

using different decellularization protocols to determine the most suitable protocol for specific tissue 

engineering applications. 

 

CONCLUSION 

In conclusion, the present study investigated the mechanical character of SIS generated by various 

decellularization methods, including SDS/TX, SD/DN, PAA-2hA, PAA-12h, and control uSIS. The 

results of the histological and SEM analysis revealed that the decellularization methods had varying 

impacts on the extracellular matrix structure and cellular components of the SIS. The mechanical 

analysis indicated that the PAA-12h group exhibited distinct differences in mechanical behaviour from 

the other samples, with higher values for elastic modulus, yield stress, and failure strain in longitudinal 

testing. However, the PAA-12h SIS was less elastic and stiffer than the control uSIS or the other 

samples. Overall, the mechanical analysis results suggest that the decellularization process and the 

method used to generate SIS can have a significant impact on the mechanical properties of the resulting 

tissue. The results highlight the importance of optimizing the decellularization process to preserve the 

mechanical properties of the tissue, which is critical for successful tissue engineering applications. The 

findings of this study can guide future research in the development of optimized decellularization 

methods for generating SIS with desirable mechanical properties. 
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