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Abstract: Bioengineering is key to addressing issues in regenerative medicine, with 
3D bioprinting using extracellular matrix (ECM) derived from decellularized skin at 
the forefront of different tissue engineering applications. The main objective of this 
study was to develop a protocol that would efficiently delipidize and decellularize 
porcine dermis by combining the use of 70% isopropanol and 0.1% sodium dodecyl 
sulfate (SDS) with sonication. The protocol also aimed to preserve the structural 
integrity of the ECM similar to its native state. The loss of cells, preservation of ECM 
fibers, and ECM architecture were the criteria initially used to evaluate the 
effectiveness of the protocol. Hematoxylin & Eosin (H&E) staining and a modified 
histological scoring were done for this purpose. Based on this scoring system, 240 W 
and 9 hr sonication time were found to be the most ideal decellularization conditions. 
The native samples, as well as those obtained using the protocol conditions that 
obtained the highest average score from the criteria above (240 W and 9 hr), were 
analyzed using scanning electron microscopy with energy-dispersive x-ray (SEM-EDX) 
and attenuated total reflectance - Fourier transform infrared (ATR-FTIR) 
spectroscopy. The SEM images showed possible degradation of the decellularized 
porcine skin. On the other hand, the results of ATR-FTIR spectroscopy showed that 
after decellularization, functional groups found in the native samples were retained, 
implying that the decellularized porcine skin’s structural integrity was preserved. To 
date, based on available sources, this may be the first report on a protocol utilizing a 
combination of alcohol and detergent, coupled with sonication, for decellularizing 
porcine dermis.  
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1. INTRODUCTION 
 

Constructing biological mimics to replace 
damaged tissues and organs in order to regain or 
improve biological functions is the primary goal of 
tissue engineering. Among the leading techniques 
used in tissue engineering is 3D bioprinting, 
specifically, the use of bioinks in regenerative 
medicine. Bioinks that are 3D-bioprinted can find use 
in tissue reconstruction, drug screening, disease 
modeling, and in vitro transplantation. For example, 
this is most relevant in the fabrication of personalized 
wound dressings. However, due to the possible 
physiological complexity of tissues and organs under 
investigation, the production of bioink may entail a 
high cost. In order to address this, there is a growing 
trend in studying bioink materials from natural 
products, such as animal skin, that may be rich in 
biological molecules that can enhance the healing of 
affected tissues.  

The skin, specifically the dermis, is mainly 
composed of connective tissues, collagen, and elastic 
fibers and these materials can be widely used in tissue 
engineering (Xu et al., 2020). The dermal skin of pigs 
can also be a good source of collagen as it resembles 
the anatomy of humans (Summerfield et al., 2015). 
Decellularization is a required step to utilize the 
porcine skin as a potential bioink component. Here, 
the removal of the cellular components of scaffolds 
while maintaining both the macrostructure and 
microstructure of the extracellular matrix is 
performed using physical, chemical, and enzymatic 
means (Taylor et al., 2020).  

The main objective of this study was to 
develop a protocol that could effectively decellularize 
porcine skin, combining the use of 0.1 SDS, 70% 
isopropanol solution, and sonication. Alcohols may be 
useful in delipidizing the tissue samples. 
Improvements on decellularization techniques are 
crucial as the resulting material can be potentially 
used as a bioink component for 3D bioprinting 
purposes in additive manufacturing techniques in 
tissue engineering. Most of the published 
methodologies use SDS in combination with other 
techniques, but not the use of alcohol and sonication. 
Hence, this paper may be the first report on the use of 
SDS-alcohol-sonication in decellularization.  

 

2. METHODOLOGY 

2.1 Preparation of Porcine Skin  

The porcine skin was purchased from a 
reputable meat dealer (Marky’s Meat Shop, BF Resort 
Village, Las Piñas City). The dermis was isolated from 
the entire porcine skin and sliced into uniform sizes, 
approximately 5 mm x 5 mm, using a surgical blade. 
To remove any debris, the cut-up dermis was 
submerged in 100 mL distilled water and agitated 
using a magnetic stirrer at 100 rpm, room 
temperature (21℃), and 5 min.  

2.2 Decellularization 

The decellularization solution was prepared 
by combining 0.1% SDS (≥98.5%, Sigma-Aldrich) with 
70% isopropanol (RCI Labscan AR1162-G2.5L 
Propan-2-ol). The decellularization protocol consisted 
of two set-ups: (1) control set-up where samples were 
submerged in 70% isopropanol-0.1% SDS solution for 
9 hr, and (2) treatment set-up where samples were 
submerged in 70% isopropanol-0.1% SDS solution for 
9 hr with different sonicator (CP2600, Crest 
Ultrasonics) power per run (180 W, 240 W). For every 
three-hour interval, defined cut samples were 
removed from the solution, and the volume of the 
isopropanol-SDS solution was adjusted accordingly (5 
mL of solution for every 1 piece porcine sample). This 
eliminated the factor that the high volume of solution 
for the second and third intervals introduced changes 
in the decellularization environment. The final step 
consisted of two stages of washing with agitation: (1) 
50 mL of 1% Triton-X (extra pure, LOBA Chemie PVT, 
Ltd.) at 100 rpm, 21°C, and 1 hr, to remove the SDS 
residue, and (2) 50 mL of distilled water at 100 rpm, 
21℃, 30 min, to remove the Triton-X residues 
(Mondragon et al., 2021). The porcine skin that was 
not exposed to the isopropanol-SDS solution served as 
native samples.   

2.3 Storage of Decellularized Porcine Skin  

Samples (native and decellularized) were 
stored in 20 mL of formalin for H&E staining, and 20 
mL of phosphate buffered saline (pH 7.4, Sigma-
Aldrich) for SEM-EDX (Thermo ScientificTM Phenom 
XL Desktop SEM) and ATR-FTIR (Perkin Elmer FT-
IR Spectrometer and Spectrum 10 Software) analyses. 
The H&E scoring was first conducted to assess the 
protocol's effectiveness based on three defined criteria: 
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(1) loss of cells, (2) preservation of tissue fibers, and 
(3) tissue architecture. Lyophilized samples were also 
examined under SEM-EDX for structural and 
elemental analysis, and under ATR-FTIR 
spectroscopy for the identification of functional groups 
that were present in the samples.  

3.  RESULTS AND DISCUSSION 

3.1 Macroscopic Assessment 

Prior to decellularization, images of the 
native samples were taken for baseline data to assess 
for any morphological changes in the decellularized 
samples. Porcine skin lacks the presence of 
melanocytes which mainly explains its pale white 
color appearance (Tsatmali et al., 2002).  Hence, it 
may be challenging to evaluate the efficiency of 
decellularization based on color changes alone. For 
example, in the paper of Manalastas et al. (2020) 
using a kidney, the color change was reliable since the 
whole kidney changed from reddish brown to 
translucent white after a successful decellularization. 
However, in the study, it was observed that longer 
sonication time (i.e., 6 and 9 hr) resulted to a relatively 
firmer and lighter tissue sample as compared to the 
native samples. This could be attributed to the 
efficient removal of lipid residues during the process 
of decellularization, although visual observations 
alone may not be conclusive. 

3.2 Histological Analysis 

Three criteria were defined in the study and 
were used as the basis for assessing the effectiveness 
of the experimental protocol: (1) loss of cells, (2) 
preservation of tissue fibers, and (3) overall condition 
of the tissue architecture. Criteria 2 and 3 could imply 
the presence of collagen, which is the most abundant 
ECM protein in dermal tissues (Xu et al., 2020). Ten 
random images to represent each experimental 
condition were used in the assessment and were 
scored from 0 to 3 by nine scorers.  For all criteria, 0 
was the lowest score, implying decellularization did 
not occur (or occurred but to a minimum degree), and 
3 was the highest, indicating that decellularization 
has effectively occurred. The total scores per image 
(per condition/parameter) were added together and 
the highest and lowest averages were noted. Table 1 
shows the experimental condition that scored the 
highest based on the imaging criteria used. 

Table 1. Average scores per criterion for the condition 
that scored the highest (240 W, 9 hr) 

Criteria  Scores of Ten 
Images (%) 

1. Cell Removal 76.25% 
2. Preservation of ECM Fibers 
3. ECM Architecture 

80.00% 
86.25% 

Average score based on  
all three criteria (240 W, 9 hr)* 

81.00% 

*Samples that scored the highest in all three criteria 
were those sonicated at 240 W for 9 hr 
 

Based on the results provided above, the 
decellularization condition that scored the highest in 
the cell removal criterion was 240 W and 9 hr. It was 
also observed in the study that with respect to 
criterion 2 (preservation of the protein, presumably, 
collagen ECM fibers in the matrix), non-sonicated 
porcine skin showed a higher score compared to those 
that were sonicated. This pertains to the sample that 
was only exposed to 0.1% SDS and 70% isopropanol 
for 9 hr without any sonication (0 W). Given that 
decellularization using sonication was done, both 
removal of cells and disruption of ECM occurred. It 
has been proven that all decellularization procedures 
may disrupt the ECM structure and orientation 
because cellular components are also extracted in the 
process (Crapo et al., 2011).  

 
Figure 1 compares the cell content of native 

sample versus decellularized porcine skin (240 W, 9 
hr).   

 
 

Fig. 1. Representative H&E-stained images (400X) of 
the porcine dermis (A: native samples, B: 
decellularized at 240 W for 9 hr). 
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Sonicator power coupled with 0.1% SDS and 
70% isopropanol solution may be an effective approach 
to facilitate the removal of cells in the tissues.  
However, prolonged exposure to SDS can contribute to 
damage in the ECM architecture (Bertanha et al., 
2014). Reducing the exposure of the bioscaffold or 
tissue to SDS, with the aid of appropriate sonication 
power, increases the chances of preserving the ECM 
(Manalastas et al., 2020).  

In general, sonication decreases the exposure 
time to detergents and other chemicals through the 
cavitation of microbubbles that produce shockwaves, 
which can disrupt the cell membrane and facilitate the 
removal of cells (Saranya et al., 2014). Therefore, 
higher sonicator power increases the microbubbles, 
which, in turn, allows for more efficient cell removal. 
However, increasing the sonicator power and 
exposure time may also lead to prolonged exposure to 
microbubble cavitation and its accompanying high 
temperatures, resulting in the disruption of the 
structural integrity and denaturation of proteins in 
the sample (Manalastas et al., 2020).  

3.3 SEM-EDX Analysis  

As determined from the histological scoring, 
samples obtained using the decellularization 
condition that scored the highest (240 W, 9 hr) were 
analyzed under SEM-EDX to examine the 
microstructures and to determine its elemental 
composition. The photos were captured at 300x 
magnification, since, according to the technician, the 
samples started to degrade at magnifications above 
1000x. The results were compared to the native 
samples and are presented in Figure 2. 

 
Fig. 2. SEM micrographs of porcine skin (left: native 
sample; right: exposed to 240 W, 9 hr of sonication); 
300x magnification. 

In a study by Ventura et al. (2019), ECM 
characterized under SEM revealed a dense structure 
for the native ECM, but a less dense structure with 
minimal fibrous network in the case of decellularized 
ECM. In this study, the same was observed with only 
a minimal number of detached fibers seen in the 
decellularized porcine skin. Hence, this suggests that 
the 240 W and 9 hr condition did not preserve most of 
the fibers in the native samples. This may be due to 
the combined effects of prolonged use of both 
sonication and chemical agents (SDS and alcohol).  

For the elemental composition of the native 
and decellularized samples (240 W, 9 hr), there were 
only minimal amounts of trace elements detected. 
Samples had traces of carbon (C) and oxygen (O). 
Comparing this to the native samples, it was evident 
that some elements such as sodium (Na) and chlorine 
(Cl) were lost after decellularization. Previous studies 
showed that the loss of these ions resulted when they 
aggregated with SDS (Sammalkorpi et al., 2009).  The 
absence of a detectable level of nitrogen implies that 
protein content decreased both in the native and the 
decellularized porcine skin. It was possible that the 
region of interest evaluated lacked detectable nitrogen 
that could be measured. The absence of nitrogen may 
also suggest that the protein might have been 
degraded either during the decellularization 
procedure or during storage prior to the analysis. The 
presence of any collagen and ECM proteins was 
further analyzed and confirmed through ATR-FTIR 
spectroscopy. 

3.4 ATR-FTIR Analysis 

The ATR-FTIR analysis was done to compare 
the functional groups present in the tissue samples 
before and after decellularization. Subjected to ATR-
FTIR analysis were the native samples and the 
decellularized samples under 240 W, 9 hr, the 
decellularization conditions that scored the highest in 
the histological analysis which was the preliminary 
investigation used to characterize and screen the 
samples. Generally speaking, the spectra of the native 
and treated samples (sonicated at 240 W for 9 hr) 
exhibited consistent trends compared to a related 
study conducted by Ventura et al. (2019).   
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Fig. 3. ATR-FTIR spectra of treated and untreated 
porcine skin (blue: native; green: 240 W, 9 hr; red 
dashed lines show peaks indicating functional groups) 

Table 2 also shows the results of the ATR-
FTIR analysis of porcine skin with the corresponding 
functional groups identified in specific wavenumbers 
where peaks were found.  

Table 2. Wavenumbers (left column) of functional 
groups (right column) present in porcine skin based 
on ATR-FTIR analysis. 

Band Functional Groups 
~3375-3220 cm-1 Amide A of phospholipids, 

glycolipids, & fatty acids 
(Ventura et al., 2019) 
 

~3010-2800 cm-1 
 
 

 

Amide B of phospholipids, 
glycolipids, & fatty acids 
(Ventura et al., 2019) 

~1750-1700 cm-1 
 

C=O of Amide I  
(Stani et al., 2020) 
 

~1700-1600 cm-1 
 

N-H & C-N of Amide II 
(Koochakzaei et al., 2018) 
 

~1550-1450 cm-1 N-H, C-N, & C-C of Amide III 
(Smith, 2023) 
 

~1180-1000 cm-1 Phosphate nucleic acids of PO2 
Stretch (De La Arada et al., 
2020) 

The structural components of the 
decellularized samples were maintained as indicated 
by identical infrared radiation (IR) patterns seen 
compared to the native samples. While the 
micrographs from the SEM analysis were inconclusive 
with respect to the preservation of protein fibers, the 

functional groups found in the native samples 
remained present in the decellularized samples based 
on the FTIR results. Retention of structural integrity 
was also evident on the spectral graph.  

The peaks where amides A and B are present 
are indicative of phospholipids, glycolipids, and fatty 
acids (Ventura et al., 2019). The fingerprint region is 
found in peaks 1500-600 cm-1 (Heydari et al., 2023; 
Tiquia-Arashiro et al., 2023), or usually in overlapping 
bands. This shows the spectral signature of the given 
sample as it contains the fundamental vibrations of all 
compounds (Magalhães et al., 2021).  

 
Amide A and B are necessary constituents of 

ECM that should be preserved since they are found in 
Type I collagen which is essential in formulating 
bioink materials (Stepanovska et al., 2021). The 
observed amide A band is related to the N-H 
stretching vibration indicative of the presence of 
intermolecular hydrogen bonding (Noorzai et al., 
2019).   Meanwhile, the amide B band is due to the 
CH2 stretching vibration which can be found 
abundantly in SDS (Sperline, 1997; Sperline, Song, & 
Freiser, 1997).  

 
As shown in previous studies, various amide 

bands including amides I, II, and III are exhibited in 
the IR spectrum by Type I collagen, which is the 
protein abundantly found in porcine skin (Liu et al., 
2010; Stani et al. 2019). The Amide I band indicates 
the C=O stretching vibration which can provide 
important information on the secondary structure of 
proteins and peptides (Stani et al., 2020). Amide II 
indicates the N-H bending and C-N stretching while 
Amide III indicates all that the Amide II band does, 
but it additionally indicates C-C stretching. Both of 
which can provide significant information regarding 
the overall structure of the entire spectrum.   

 
Additionally, a symmetric PO2 stretch of 

phosphate salt nucleic acid DNA and RNA is also 
evident. The phosphate group stretch can provide 
valuable information about the molecular structure of 
the phosphate groups and their interactions among 
neighboring molecules (De La Arada et al., 2020). This 
may also be correlated to the presence of residual 
lipids in the decellularized samples, expounding on 
how the presence of water influences how phosphate 
groups and lipid residues interact.    
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As observed in the graph, there is a slight 
increase in the absorbance level of the decellularized 
sample which may indicate the presence of lipids due 
to incomplete decellularization or may just indicate an 
increase in water content. Hence, the presence of lipid 
residues in the decellularized samples may suggest 
that the samples were not completely delipidized, 
which may affect the biocompatibility and suitability 
of the sample as a potential bioink (Zhang et al., 2023). 
The delipidization not being complete could be due to 
the protocol used, that combined the delipidization 
and decellularization step, to limit the exposure of the 
samples to other chemicals besides the primary 
solution used (i.e. isopropanol-SDS).  
 

Overall, the ATR-FTIR analysis showed that 
functional groups present in native samples were 
retained after the decellularization protocol. It was 
also likely that the structural integrity of the ECM 
was maintained post-decellularization. The presence 
of the amide bands I, II, and III confirmed the 
presence of collagen as these amide bands represent 
the fingerprint region of the whole FTIR spectra. In 
both native and decellularized samples, the peaks 
indicate phospholipids, proteins, glycolipids, peptides, 
and fatty acids. The traces of these lipid residues may 
still be present as evidenced by the PO2 stretching. 
This showed that the new decellularization protocol 
used can successfully create a bioink component for 
future tissue engineering applications.  
 
 
4.  CONCLUSIONS 

In summary, a decellularization protocol 
involving the use of a chemical treatment (SDS-
isopropanol solution) with sonication was used to 
decellularize porcine skin so that the treated 
components may be evaluated in terms of the presence 
and preservation of extracellular matrix (ECM), an 
important bioink biomaterial in tissue engineering 
applications. The most ideal decellularizing condition 
(240 W and 9 hr) was determined through histological 
analysis. Samples treated under these conditions were 
further characterized using SEM-EDX and ATR-FTIR 
spectroscopy in order to assess the structure, 
integrity, and components of any ECM molecules 
remaining after decellularization.  

 

 

The SEM micrographs showed minimal 
protein fibers in the decellularized porcine skin. The 
EDX elemental composition analysis suggested 
possible protein degradation during the 
decellularization as shown by the absence of nitrogen, 
an important element present in proteins. However, 
the SEM-EDX results may be inconclusive since the 
region of interest selected during viewing is crucial in 
the analysis. 

On the other hand, the ATR-FTIR spectra 
revealed the presence of various functional groups 
that were also present in native samples. Specifically, 
the results showed that the amide A, B, I, II, and III 
bands were observed in the decellularized samples, 
and this may be indicative of the presence of collagen 
in the treated tissues. However, the presence of a PO2 
stretch band is indicative of the presence of residual 
lipids, which suggests that samples were not 
completely delipidized. 

Overall, further studies are needed to 
improve the protocol to achieve the ideal cell removal 
conditions while preserving the structural and 
architectural integrity of the porcine skin tissues. 
Complete delipidization of samples should also be 
targeted in future studies alongside decellularization 
to produce a potential bioink with biocompatible 
mechanical properties. Future studies may also use 
the results presented in this study as baseline data to 
produce decellularized porcine skin and dermis-
derived bioink that can be useful in different tissue 
engineering applications.  To date, based on available 
sources, this may be the first report on a new protocol 
involving the use of SDS-isopropanol with sonication 
for the decellularization of dermal porcine skin. 
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