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Background & Objectives: This study aimed to construct a decellularized mouse spleen 
scaffold and evaluate its cellular compatibility in vitro using murine bone marrow-derived 
mesenchymal stem cells (BM-MSCs).
Materials & Methods: A combination of physical, chemical, and enzymatic treatments 
was employed for mouse spleen decellularization. These included multiple freeze-
thaw cycles, the ionic detergent sodium dodecyl sulfate (SDS), and enzymatic trypsin. 
Histological and scanning electron microscopy analyses were conducted up to 7 days 
post-culture to assess the impact of decellularization and cellular adaptation to the spleen 
scaffolds.
Results: Histological studies revealed the attachment and penetration of BM-MSCs into 
the scaffolds on days 5-7 following cell seeding. Furthermore, cell migration into the 
scaffold was observed 5 days after the seeding process.
Conclusion: The decellularization approach utilized in this study proved to be effective 
and biocompatible, supporting the preservation and proliferation of BM-MSCs. These 
findings indicate its potential for spleen tissue engineering applications.
Keywords: Decellularization, Scaffold, Spleen tissue, Extracellular matrix, Mesenchymal 
stem cells
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Introduction
The spleen, primarily populated by cells of 

the immune system, is characterized by a distinct 
cellular structure as a secondary lymphatic organ. 
It plays a crucial role in lymphocyte recycling 
in rodents and potentially humans (1). Among 
lymphatic tissues, the spleen is considered the 
largest lymphatic organ in the human body, 
uniquely connected to the main circulatory 

system rather than the lymphatic system. The 
spleen’s functions can be categorized into four 
main areas: immunity, filtration, hematopoiesis, 
and storage. While it is an integral part of the 
immune system, other organs such as the liver 
and lymph nodes are equally significant (2).

Injuries remain the primary cause of 
premature death in individuals under 44 years 
of age, accounting for 12% of the total global 
disease burden (3). Recent studies have revealed 
that individuals with coronavirus disease 2019 
(COVID-19) or experimental models (SARS-
CoV-2) infection can experience splenic organ 
collapse. In these experimental models, splenic 
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atrophy and symptomatic lymphopenia were 
identified (4, 5). The first case reports on splenic 
function and pathophysiology examined typical 
causes of organ damage, such as traumatic 
rupture or malaria-induced infection. Around the 
turn of the century, the fundamental concepts of 
hypo- and hypersplenism were introduced, with 
accumulating data linking splenectomy to an 
increased risk of infection and thrombosis (6).

To investigate cell-matrix interactions in 
vitro, two key components are required: a 
suitable cell source and a scaffold. Scaffolds are 
fundamental to tissue engineering, providing 
a three-dimensional (3D) framework for cell 
development in vitro (7). They are generally 
classified into natural and synthetic categories, 
featuring a porous structure akin to the 
extracellular matrix (ECM) (8). While numerous 
synthetic scaffolds have been developed to study 
cellular behavior in three dimensions, they all 
exhibit certain limitations, such as an inability 
to regulate cell adhesion effectively (9).

Tissue engineering presents a potential 
alternative to overcome the limitations of adverse 
medicinal approaches. In this context, scaffolds 
offer an appropriate habitat for various cell 
behaviors, including differentiation, migration, 
and growth (2). Decellularized xenografts, due to 
their unique design characteristics, offer several 
advantages over other natural and manufactured 
scaffolds, including a reduction in immunogenic 
responses while maintaining biological activities 
(10). Xenogeneic ECM scaffolds have been 
created from decellularized tissues, including 
porcine small intestine tendon (11), bladder (12), 
heart valves (13), and bladder submucosa (14).

The primary component of spleen tissue 
engineering is a scaffold that provides a 3D 
environment for cell growth and differentiation, 
potentially facilitating new tissue formation. 
Scaffolds fabricated from natural ECM obtained 
from allografts or xenografts offer advantages 
over other methods, such as maintaining 
biological characteristics similar to native tissues. 

Moreover, the decellularization process leads to a 
reduction in immune reactions due to the removal 
of cells and cellular components (15, 16).

Various cellular resources, including 
malignant, stem, and fibroblastic cells, are 
commonly employed in cell-matrix interaction 
studies (17). Mesenchymal stem cells (MSCs) 
possess the capacity to proliferate effectively in 
vitro and differentiate into various mesenchymal 
tissues, such as bone, cartilage, fat, and muscle 
(18). However, a clinical limitation of these cells 
is their rapid aging and loss of stemness potential 
following extraction and in vitro culture (19).

Decellularization, which involves the 
elimination of cellular components from the 
ECM, may therefore prove to be a valuable 
method for tissue engineering and regenerative 
medicine applications. The purpose of this study 
is twofold: to create a decellularized spleen 
scaffold and to evaluate its cytocompatibility 
with BALB/c mouse bone marrow-derived 
mesenchymal stem cells (BM-MSCs).

Materials and Methods
Preparation of spleen tissue

All animal protocols were approved by 
the Ferdowsi University of Mashhad Animal 
Research Ethics Committee (Ethical Code: 
IR.UM.REC.1398.122) prior to implementation. 
These animal experiments were conducted in 
accordance with the guidelines of the Iranian 
Animal Care and Use Council.

Three male BALB/c mice, aged 3 weeks, 
were procured from the Razi Vaccine and Serum 
Research Institute in Mashhad, Iran, for spleen 
tissue preparation. The animals were maintained 
under standard laboratory conditions. Anesthesia 
was induced via isoflurane inhalation, after which 
the spleen tissue was carefully excised through a 
small incision in the anterior abdominal region 
of each mouse.
Decellularization Process

The spleen tissue underwent decellularization 
using a combination of physical, chemical, 
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and enzymatic processes. For physical 
decellularization, samples were initially stored 
at -4°C for one week. Following thawing and 
washing with normal saline, the tissue underwent 
five cycles of rapid freezing and thawing in 
liquid nitrogen.

Trypsin, a proteolytic enzyme commonly 
employed in decellularization procedures, 
was utilized to cleave peptide bonds at the 
carboxyl terminus of amino acids. The extracted 
spleen tissue was treated with 0.25% trypsin. 
This endopeptidase degrades proteins into 
polypeptides, with the aim of eliminating all 
cells and cellular components while preserving 
the structure of the ECM and its constituent 
proteins. To ensure optimal enzyme activity, this 
complex was incubated at 37°C for one hour (20).

The subsequent stage involved cell eradication 
via chemical means. To this end, the samples 
were first subjected to a five-hour wash with 
an ionic detergent containing sodium dodecyl 
sulfate (SDS) (Merck, Germany), followed by 
rinsing with phosphate-buffered saline (PBS). 
Sterilization was achieved using sterilized 
distilled water and 75% alcohol. The samples 
were then rinsed with physiological saline to 
mitigate any residual effects of the distilled 
water on the scaffolds. In the final phase, the 
samples were cultured in Dulbecco’s Modified 
Eagle’s Medium (DMEM, Gibco) supplemented 
with 15% fetal bovine serum (FBS; Gibco) and 
incubated in Dulbecco’s modified eagle’s medium 
(DMEM;Gibco, Brooklyn,NY, USA) at 37°C for 
10 minutes in a 5% CO2-air atmosphere (20, 21).
DNA extraction analysis 

Genomic DNA was extracted from both 
normal and decellularized mouse spleen 
tissue using a commercial kit (Dena Zist Asia, 
Mashhad, Iran). Following the manufacturer’s 
protocol, 10–15 mg of each tissue sample was 
processed. The extraction process comprised 
three key steps: (1) DNA release and binding to 
the column; (2) column washing; and (3) DNA 
elution.

Bone marrow-derived mesenchymal stem 
cells

Mouse BM-MSCs were isolated from the bone 
marrow of a 1-month-old male Wistar rat. The cells 
were cultured in 5 ml of DMEM (Gibco, Paisley, 
Scotland) supplemented with 15% FBS (Gibco, 
Scotland) and 100 μl penicillin/streptomycin 
(Biosera, Su, United Kingdom) in a cell culture 
flask. The culture was maintained in an incubator 
at 37°C with 5% CO2. After the removal of blood 
and stromal cells, BM-MSCs were further cultured 
and purified through trypsinization using 0.25% 
trypsin/EDTA (22, 23).
Culture of BM-MSCs on Decellularized ECM 
Derived from Mouse Spleen Tissue

The cell culture medium (DMEM) was 
supplemented with 10% FBS and 1% penicillin/
streptomycin (Pen/Strep). In 24-well flat plates, 
mesenchymal stem cells isolated from mouse 
bone marrow were cultured on the ECM scaffold 
derived from spleen tissue at a density of 10^4 
cells per scaffold. Additionally, wells containing 
cells without scaffolds were designated as “positive 
controls.” On the first, third, fifth, and seventh days 
following cell implantation, all samples underwent 
histological staining and were examined using 
scanning electron microscopy (SEM).
Histological Analysis

Samples were fixed in a 10% formalin solution. 
Following fixation, they were dehydrated through 
a graded ethanol series, paraffin-embedded, and 
transversely sectioned at a thickness of 7 μm 
using a microtome (Leits, Vienna, Austria). The 
sections were then deparaffinized with xylene, 
rehydrated, and stained. A polarized microscope 
(Olympus, IX70, Japan) was employed to 
examine sections stained with picrosirius red 
(Merck, Darmstadt, Germany) for the detection 
of collagen structures. Hematoxylin and eosin 
(H&E) staining was utilized to detect cell 
migration into the 3D scaffold and compare it 
to control samples. Toluidine blue and safranin O 
staining were used to demonstrate the presence of 
proteoglycans and glycosaminoglycans (GAGs) 
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in decellularized ECM-derived scaffolds.
Fluorescence Microscopy

Fluorescence microscopy was performed 
using 4’,6-Diamidino-2-phenylindole (DAPI), 
a blue fluorescent dye that preferentially stains 
dsDNA and firmly binds to adenine and thymine-
rich regions (24). The presence of fluorescence 
on different days of culture on the scaffold may 
indicate the presence of cells, while the absence of 
fluorescence on the decellularized scaffold would 
suggest the absence of cells, as observed under 
the microscope using the appropriate filters.
Scanning Electron Microscopy

To prepare decellularized and reseeded 
scaffolds for electron microscopy, samples 
were fixed with 2.5% glutaraldehyde (TAAB 
Laboratories, UK) for 24 hours. They were then 
washed three times for 15 minutes in 0.1 M sodium 
cacodylate buffer (TAAB Laboratories, UK). 
Subsequently, the samples underwent a 1-hour 
treatment with 1% osmium tetroxide (TAAB 
Laboratories, UK), followed by a second wash in 
0.1 M sodium cacodylate buffer and dehydration 
using a graded ethanol series. Finally, the scaffolds 
were mounted on metal supports and sputter-
coated with gold-palladium (Sputter Coater, 

SC7620, East Sussex, UK) before examination 
using a SEM (LEO 1450VP, Germany).

Results
The results of this research are presented in 

two sections: scaffold fabrication, which involves 
the production of ECM from mouse spleen, and 
the in vitro interaction between cells extracted 
from mouse bone marrow and decellularized 
spleen tissue. A physicochemical technique was 
employed to decellularize spleen tissue, which 
was subsequently analyzed histologically to 
determine its characteristics.

The histological effects of these methods on 
decellularized spleen tissue were examined. H&E 
staining of non-decellularized and decellularized 
tissue demonstrated the complete decellularization 
of spleen tissue. Post-decellularization, 
microscopic images using various dyes revealed 
the absence of cells in the spleen tissue compared 
to its initial, non-decellularized state.

Examination of the decellularized spleen tissue 
with H&E staining showed that the samples were 
completely devoid of cells, with nuclei having 
been removed from the spleen tissue compared 
to the control sample (Figures 1A and 1B).  

Figure 1. A) Spleen tissue with cells and reticular filaments; B) H&E staining demonstrating complete removal of 
cell nuclei post-decellularization; C) DAPI fluorescent labeling revealing numerous spleen cells in the tissue; D) 

Absence of fluorescence signifying cell removal and nucleic acid disruption, thus demonstrating the decellularization 
procedure’s efficacy.
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DAPI staining was employed to further 
demonstrate the removal of nuclei from spleen 
tissue scaffolds. The findings confirmed that cells 
were entirely removed from the scaffold using the 
specified approach (Figures 1C and 1D).

Consistent with these findings, SEM 
micrographs revealed no traces of cells or cell 
fragments in the ECM network following the 
decellularization procedure, whereas cells were 
visible in control samples (Figures 2A and 2B).

The efficacy of decellularization and retention 
of ECM components were assessed through DNA 
extraction analysis (Figure 3) and histological 
examinations as described above. The results 
of H&E staining, DAPI fluorescence, SEM 
micrographs, and DNA analysis collectively 
indicated successful removal of cellular materials 
while maintaining relatively good preservation 
of the ECM structure.
Analysis of BM-MSCs on the Decellularized 
Spleen Tissue Scaffold at Days 1, 3, 5, and 7 
Post-Culture

Several cultured tissues were stained during 
a 24-hour incubation period. As indicated by the 
arrow in Figure 4A, the spots on the scaffold in 
the H&E-stained image suggest the presence of 
viable seeded cells. Histological examinations 
using H&E staining revealed a significant 

increase in the number of cells attached to 
the scaffolds by the third day of culture. Cell 
aggregates formed at specific locations, arranged 
in continuous layers, with some cells migrating 
into the inner regions of the scaffold (Figure 4B). 
By the fifth day of culture, analysis exhibited a 
reduction in cell accumulation on the scaffold 
compared to the third day, with cells showing a 
tendency to penetrate the scaffold (Figure 4C). 
The percentage of spleen scaffold area covered 
by mouse BM-MSCs reached its maximum on 
day 7 of culture (Figure 4D).

Toluidine blue staining, which qualitatively 
shows the distribution of sulfated proteoglycans 
in the ECM, revealed that these components 
initially disappeared from the media following 
re-cellularization. However, the toluidine blue 
stain developed 5 and 7 days after culture, 
indicating sulfated proteoglycan reconstitution 
(Figure 5).

DAPI staining on day 1 revealed brighter spots, 
indicating the survival and adherence of BM-
MSCs to the spleen ECM scaffold (Figure 6A). 
Subsequent DAPI staining showed an increase in 
cell numbers and their penetration into the scaffold 
(Figure 6B). By day 5, increased cell migration 
compared to previous days, as well as a tendency 
to infiltrate the scaffold, was observed (Figure 6C).  

Figure 3. DNA extraction analysis display of normal and decellularized mouse spleen tissue

Figure 2. SEM images of BALB/c mouse spleen: A) Control sample showing visible cells, corroborating light 
and fluorescence microscopy findings; B) Decellularized scaffold displaying no traces of cells or cell fragments 

throughout the ECM network, with closely aligned collagen fibers.
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On the seventh day of culture, DAPI staining 
revealed that the scaffold effectively supported 
cell maintenance and transformation, facilitating 
the formation of a basal layer and an increase in 
primary cell mass density (Figure 6D).

SEM findings on the third day of culture 
indicated mass adhesion of cells with active nuclei 
and the presence of cell-like formations (Figure 7A).  
By day 5, SEM observations revealed cells with 

reduced density and altered shape, as well as 
evidence of attempts to penetrate the scaffold 
(Figure 7B).

Discussion
Prior to this study, numerous investigations 

had been conducted in the realm of developing 
organic scaffolds. However, this particular 
research set out to achieve its objective of creating 

Figure 4. Representative H&E stained images of cells transplanted on the spleen tissue matrix at various time 
intervals: A) & B) Low density of BM-MSCs in the splenic matrix after 1 and 3 days of culture, respectively; C) & 
D) Increased cell adhesion and penetration after 5 and 7 days of cultivation. Arrows indicate spots on the scaffold 

suggesting viable seeded cells.

Figure 5. Qualitative assessment of sulfated proteoglycan distribution in the ECM via toluidine blue staining: A) 
& B) Absence of staining at 1 and 3 days post-culture; C) & D) Toluidine blue stain formation at 5 and 7 days post-

culture, indicating sulfated proteoglycan reconstitution.
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a durable structure for enhanced maintenance 
and adhesion by implementing a novel protocol 
for tissue decellularization. Based on the results 
presented, it can be inferred that this scaffold has 
successfully established favorable compatibility 
BM-MSCs and the decellularized spleen tissue 
scaffold.

Most studies have utilized the decellularized 
matrix of the spleen as a scaffold to restore 
liver and pancreatic functions (25, 26). In the 
analysis of cell migration, using models based on 
experimental reality may be both controversial 
and valuable. Generally, two-dimensional cell 
culture or animal model evaluation contributes 
to our understanding of cell interactions ECM.  

However, animal models, often used in definitive 
experiments, cannot reproduce certain aspects 
of cell migration, drug response, tumor 
metastasis, autoimmune disorders, and stem 
cell differentiation processes (21). Consequently, 
3D cell culture in the laboratory may create a 
comparable cell culture environment to animal 
models, thereby providing a more appropriate 
analysis (21).

Various decellularization methods have been 
developed for several relevant tissues, such as 
blood vessels (27), heart valves (28), small 
intestine submucosa (29), skin (30), tendons, and 
ligaments (31). In contrast to synthetic scaffolds, 
decellularized tissues provide natural scaffolds 

Figure 6. DAPI staining of BM-MSCs on spleen scaffolds at various stages of growth: A) Bright nuclei evident on 
the scaffold surface one day post-cell implantation; B) Increased presence of bright nuclei surrounding the scaffolds 
on day 3; C) & D) Penetration of bright nuclei into the scaffolds observed during culture durations of 5 and 7 days, 

respectively.

Figure 7. SEM images of spleen scaffolds seeded with BM-MSCs: A) Mass of cells attached to the scaffold on the 
third day of cell culture; B) Increased maintenance and adhesion of BM-MSCs on the spleen scaffold after seven days 

of cultivation.
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that maintain the structure of the native ECM. 
By preserving the components of the tissue 
matrix, they enhance migration, cell adhesion, 
and cell growth (32, 33).

In this study, chemical decellularization 
was employed in addition to physical and 
enzymatic techniques. H&E staining and SEM 
findings were used to demonstrate the removal 
of cellular components from the scaffold. 
Research has indicated that the removal of DNA 
presents a greater challenge compared to other 
intracellular substances due to its propensity to 
adhere to ECM proteins (34). Residual DNA 
after decellularization may cause inflammatory 
responses following implantation (35). Apart 
from DNA, other cellular components, such as 
lipids and cellular proteoglycans, can also trigger 
an immune response (36).

DAPI staining and DNA extraction analysis 
confirmed the complete removal of DNA from 
the decellularized spleen tissue. In several 
prior studiesSDS has shown remarkable 
decellularization capacities by eliminating 
cellular debris while maintaining ECM 
components and strength (20). For instance, 
this detergent has proven more successful in 
decellularizing tissues such as adult pig kidney, 
sheep esophagus, bovine pericardium, and 
articular cartilage (20).

Although decellularized scaffolds have been 
successfully created from multiple organs and 
tissues, there is no universally applicable method 
for decellularizing all tissues. The appropriate 
protocol is determined by various factors, 
including tissue type, species, age, size, and 
anatomical location. Consequently, in several 
studies, an optimal protocol was devised by 
combining decellularization approaches such as 
chemical, physical, and enzymatic treatments 
with different agents (37).

Studies have shown that tissues treated with 
detergents after rapid freeze-thaw cycles lose 
their cellular components more effectively 
(38, 39). While cells and cellular proteins 

are destroyed by freeze-thaw cycles, other 
cellular components, such as the nucleus, are 
not eliminated by this process alone; treatment 
with various detergents is necessary to remove 
cellular compounds entirely (39). According to 
Elder et al. (15, 40), greater decellularization was 
achieved when a detergent was used in addition 
to freeze-thaw cycles.

Research has demonstrated that SDS does not 
diminish the stiffness of decellularized tissues 
while retaining ECM molecules (12). Histological 
examinations in this study have shown that a 
concentration of 2% SDS for 5 hours yields the 
most significant cell elimination results. Higher 
concentrations of SDS, on the other hand, remove 
essential proteins from the splenic matrix. SDS 
may interact with the cell membrane and induce 
cell membrane and nuclear membrane lysis due 
to its dual structure. SDS has been reported to 
be more effective than Triton X-100 for removing 
cells in the medullary regions of dense organs and 
preserving the spleen’s internal architecture (41).

Collagen and laminin play crucial roles in cell 
regeneration, proliferation, migration, restoration 
of normal function, and organ regeneration after 
injury (42). Collagen, the primary component 
of the ECM, is important in biomechanics, 
facilitating the transfer of tissue forces to cells 
(43). During tissue repair processes, collagen 
also affects cell phenotype and performs local 
growth factor and cytokine storage and release 
functions (44). One of the most significant roles 
of the ECM is to act as an adhesive substrate 
for cell migration. This substrate contains 
essential chemicals as well as natural fibers 
such as collagen and reticular fibers. Various 
components of the ECM may have different 
effects on cell adhesion and migration speed (45).

Other significant components in the ECM 
include laminins, which are responsible 
for cell adhesion (46), regulation of cell 
migration, and differentiation (47), as well 
as glycosaminoglycans. These components 
are maintained following decellularization. 
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Several matrix components, including laminin, 
fibronectin, and collagens, are required to 
maintain the structure of the spleen’s basement 
membrane and interstitial matrices (48, 49). 
Several studies have shown that collagen 
subtypes in the ECM mimic those of normal 
tissues after decellularization (24, 50).

According to SEM analysis, the decellularized 
spleen scaffolds were well-structured to promote 
cell migration, differentiation, and the transfer of 
nutrients and waste products during cell culture. 
On days 3 and 7 after mouse BM-MSCs were 
cultured on the decellularized scaffold, cell 
maintenance was assessed. SEM photographs 
demonstrated the effective attachment of cells to 
the collagen and reticular fibers of the spleen five 
days after culture. The distribution of sulfated 
proteoglycans in the ECM, qualitatively shown 
by toluidine blue staining, initially disappeared 
from the surrounding area following re-
cellularization. However, the toluidine blue 
color reappeared on days 5 and 7 after culture, 
demonstrating the regeneration of sulfated 
proteoglycans. These results indicate that cell 
attachment and maintenance can occur on a 
scaffold created from cell-free spleen tissue 
using physical, chemical, and enzymatic 
decellularization techniques.

In conclusion, this scaffold represents a 
potential future platform for spleen tissue 
engineering, and its use with other differentiable 
stem cells supports critical tasks such as 
attachment and differentiation. However, further 
research is required to assess the potential 
immunological response of host tissue to this 
decellularized scaffold, as well as its potential 
use in animal models with agents such as 
spleen morphogenetic proteins like fibronectin. 
Overall, our findings support the use of 3D cell 
culture in vitro. This approach could serve as 
a promising xenograft model for the repair of 
spleen and liver abnormalities in humans, but 
further in vivo research is necessary to validate 
this claim.

Conclusion
This study’s findings encompass data 

analysis and the creation of a 3D scaffold 
using decellularization techniques from mouse 
spleen ECM. Furthermore, the study utilized 
mesenchymal stem cells derived from bone 
marrow and examined their interaction with 
the decellularized spleen matrix as a model to 
investigate cell behavior under various tissue 
conditions. Visible adhesion, proliferation, 
and polarity were observed in the subjects. 
Additional research could be conducted by 
enhancing the ECM with key proteins involved 
in differentiation, such as fibronectin, to achieve 
more accurate modeling.
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