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Abstract: Background: Naturally derived sustainable biomaterials with high flexibility, mechanical
properties, biocompatibility, and the ability to manipulate surface chemistry, providing a natural cel-
lular environment, can be used for tissue engineering applications. However, only a few researchers
have demonstrated the exploitation of natural architectures for constructing three-dimensional
scaffolds. The chemical decellularization technique for fabricating natural scaffolds and their cyto-
compatibility assessment for tissue engineering applications need to be thoroughly explored and
evaluated. Methods: Decellularization of natural scaffolds has been performed via a chemical method
using anionic detergent sodium dodecyl sulfate (SDS) which was used for the in vitro culturing
of murine embryonic NIH/3T3 fibroblasts. Techniques such as field-emission scanning electron
microscopy (FE-SEM), compressive testing and swelling ratio, and biodegradation were performed to
characterize the properties of fabricated decellularized natural scaffolds. Nucleic acid quantification,
DAPI, and H&E staining were performed to confirm the removal of nuclear components. In vitro
cytocompatibility and live/dead staining assays were performed to evaluate cultured fibroblasts’
metabolic activity and qualitative visualization. Results: 3D chitin/glucan- and cellulose-based
scaffolds from edible mushroom (stem) (DMS) and unripe jujube fruit tissue (DUJF) were fabricated
using the chemical decellularization technique. FE-SEM shows anisotropic microchannels of highly
microporous structures for DMS and isotropic and uniformly arranged microporous structures with
shallow cell cavities for DUJF. Both scaffolds exhibited good mechanical properties for skin tissue
engineering and DUJF showed a higher compressive strength (200 kPa) than DMS (88.3 kPa). It
was shown that the DUJF scaffold had a greater swelling capacity than the DMS scaffold under
physiological conditions. At 28 days of incubation, DUJF and DMS displayed approximately 14.97
and 15.06% biodegradation, respectively. In addition, DUJF had greater compressive strength than
DMS. Compared to DMS scaffolds, which had a compressive stress of 0.088 MPa at a 74.2% strain,
the DUJF scaffolds had a greater compressive strength of 0.203 MPa at a 73.6% strain. The removal of
nuclear DNA in the decellularized scaffolds was confirmed via nucleic acid quantification, DAPI,
and H&E staining. Furthermore, both of these scaffolds showed good adherence, proliferation, and
migration of fibroblasts. DMS showed better biocompatibility and high viability of cells than DUJF.
Conclusions: This sustainable scaffold fabrication strategy is an alternative to conventional synthetic
approaches for the in vitro 3D culture of mammalian cells for various tissue engineering and cultured
meat applications.

Keywords: biomaterial; chemical decellularization; scaffold; fungus; fibroblast; skin tissue engineering

1. Introduction

Skin is the largest organ in the human body and is a barrier in protecting the body from
harsh outside conditions. It also helps regulate body temperature and preserves the body’s
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hydration. In addition, it also helps in self-healing via immunological processes [1]. The
skin has three layers: the outermost thin epidermis, the innermost hypodermis layer, and
the dermis layer in the middle. The dermis layer provides mechanical strength to the skin
and it consists of fibroblasts and the extracellular matrix (ECM) such as glycosaminoglycans,
fibrin, fibronectin, proteoglycans, elastin, and collagens [2]. Damage to the skin in traumatic
injury causes an imbalance in physiological functions and leads to death. Skin damage can
come from burns, chronic wounds and infections, acute trauma, and surgical interventions.
The majority of minor skin wounds can heal on their own. Still, certain deep partial- or
full-thickness skin wounds that are >4 cm in depth take longer to heal naturally and require
surgery, as well as skin substitutes for skin repair and regeneration [3]. Split skin grafts
(SSG) of healthy skin comprising the epidermis and a part of the dermis layers are generally
used to cover the areas of damaged skin of non-healing wounds. SSG grafting facilitates
the transfer of self-renewing keratinocyte stem cells to the wound area to initiate and
be involved in the rapid healing processes and skin regeneration [4]. However, SSG for
full-thickness wounds causes hypertrophic scars/keloid formation, limits the utilization of
SSG, and requires ideal alternative techniques for wound healing.

The recent advancements in tissue-engineered skin substitutes have made them a
therapeutic option for skin regeneration and wound healing [5]. These tissue-engineered
skin substitutes must be biocompatible, biodegradable, nontoxic, and provide the required
mechanical strength for proper functioning. It should also mimic a three-dimensional (3D)
cellular environment for cell adherence, proliferation, and migration, providing a natural
cellular milieu for skin tissue engineering applications [6]. Developing tissue-engineered
biomaterials with a desired architecture supporting in vitro cell growth and function has
gained attention recently. Generally, scaffolds with high porosity and interconnected pores
allow for the movement of cultured cells, the diffusion of nutrients and signaling molecules,
the removal of waste, and mechanical support mimicking the anatomical structure [7].
It should also elicit minimal immunogenicity, antigenicity, and inflammatory responses
with enhanced angiogenesis. Natural polymers, such as alginate, chitosan, chitin, bacte-
rial cellulose, cellulose, or collagen, and synthetic polymers, such as poly(vinyl) alcohol,
poly(ethylene glycol), polycaprolactone, or polylactic acid, are used to fabricate biocom-
patible skin tissue-engineered (STE) scaffolds with well-defined porosity and excellent
mechanical properties [8]. Furthermore, different composite biomaterials were prepared
with a combination of synthetic and natural polymers to improve the mechanical and other
desired characteristics of scaffolds for skin tissue engineering.

Over the past few decades, several advances have been made in developing cost-
effective and sustainable biomaterials as skin substitutes for skin regeneration and wound
healing. Recently, decellularization via chemical, physical, and enzymatic techniques was
used to remove cellular components from animal tissues, and the retained intact structural
framework of ECM, which provides the mechanical properties of native tissue, was used as
an intriguing strategy in the fabrication of novel scaffolds [9]. Chemical decellularization
using ionic surfactant sodium dodecyl sulfate (SDS) can efficiently remove cellular and
genetic materials. Decellularization of several tissues and organs using SDS, including
porcine cornea, myocardium, heart value, lungs, kidney, and human vein and lungs, were
previously reported [10]. Nevertheless, using decellularized animal-derived scaffolds is
expensive, with ethical controversy [11]. Therefore, to meet the challenges, the chemical
decellularization of sustainable materials, viz., mushroom- and fruit-derived tissues, with
ideal characteristics for the 3D fabrication of tissue-engineered constructs, can be used for
various tissue engineering applications. Decellularized fungus and fruit tissues resemble
the native tissues of animals with similar microporosity and topography and an ideal
pore size of 50–200 µm in diameter [12]. Mushrooms and fruits of angiosperms are highly
diverse; therefore, these biomaterials as scaffolds can provide different topography, porosity,
and pore size for culturing other mammalian cells for biomedical applications [13]. In our
study, we chemically decellularized mushroom (Agaricus bisporus) and unripe jujube fruit
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(Ziziphus jujuba) and characterized and evaluated the cytocompatibility of these scaffolds
for culturing embryonic mouse fibroblasts for skin tissue engineering applications.

2. Experimental
2.1. Materials

Edible basidiomycete mushroom (Agaricus bisporus) and unripe Jujube fruit (Zizi-
phus jujuba) were purchased from the agricultural market in Gyeongsan, Republic of
Korea. Sodium dodecyl sulfate (SDS) and calcium chloride (CaCl2) were purchased
from Duksan Pure Chemicals Co., Ltd. (Ansan-si, Gyeonggi-do, Republic of Korea).
The embryonic murine fibroblast cell line NIH/3T3 (CRL-1658) was obtained from the
American Type Culture Collection (Manassas, VA, USA). Fetal bovine serum (FBS), peni-
cillin/streptomycin, and 1X trypsin-EDTA were purchased from GibcoTM (Thermo Fisher
Scientific, Inc., Waltham, MA, USA).

2.2. Decellularization of Mushroom- and Fruit-Based Scaffolds

The decellularization of mushroom (Agaricus bisporus) and unripe jujube fruit (Ziziphus
jujuba) was performed via a chemical method as described previously by Hickey et al. [14]
with modifications. Briefly, mushroom (gills and stem) and unripe jujube fruit were
transversely cut in circular dimensions with a ~1–2 mm thickness using a mandolin slicer.
Later, the samples were put into a 250 mL conical beaker containing 100 mL of SDS (0.5%
w/v) and stirred at 150 rpm at room temperature for 24 h. After SDS treatment, the
samples were washed several times with deionized water, transferred into a 100 mM
CaCl2 solution, and stirred at room temperature for 24 h to remove any residual surfactant,
followed by washing in deionized water three times. The decellularized scaffolds of the
mushroom stem, mushroom gills, and unripe jujube fruit were named DMS, DMG, and
DUJF, respectively. These scaffolds were then sterilized in 70% ethanol and freeze-dried for
48 h after pre-incubating at −80 ◦C for 6 h for further experiments (Figure 1).
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2.3. Characterization of Native and Decellularized Scaffolds

After sputter coating with platinum on an aluminum stub, the morphology of the
decellularized scaffolds was observed using a Hitachi (Model: S-400) field-emission scan-
ning electron microscope (FE-SEM) at 10 kV. Attenuated total reflectance-Fourier transform
Infrared spectroscopy (ATR-FTIR) was performed on Spectrum 100 (PerkinElmer, Waltham,
MA, USA) to analyze the chemical components of native and decellularized scaffolds.

The compressive strength of circular scaffolds (DMS; 8 mm × 2.6 mm, and DUJF;
7.3 mm × 2 mm) (diameter × height) was evaluated using a tabletop universal testing
machine (force tester) (Model: MCT-2150; A&D Company Ltd., Tokyo, Japan) under
compression mode with a load cell of 500 N.

The percentages of the porosity, swelling ratio, and degradation of scaffolds were calcu-
lated as described earlier [4,14]. The swelling ratio (%) was determined with the formula:

[(Wt − W0)/W0] × 100 (1)

where W0 is the initial weight of the freeze-dried scaffold, and Wt is the weight of the
scaffold at a specific time interval (phosphate-buffered saline (PBS) at 37 ◦C and 50 rpm).
The sample weight before and after the degradation period and the average percentage of
residual weights for DUJF and DMS were calculated. The decellularized scaffolds (DMS
and DUJF) were weighed before and after immersion in absolute ethanol using the liquid
displacement method. The porosity (η) in percentage was calculated using the formula:

η = [(W2 − W1)/(ρV1) × 100] (2)

where W1 and W2 are the masses of decellularized scaffolds before and after immersion,
respectively. V1 is the volume of scaffolds and ρ is the density of the ethanol.

Native and decellularized scaffolds were used for deoxynucleic acid (DNA) quantifica-
tion. DNA was isolated from native- and decellularized chitin/glucan- and cellulose-based
scaffolds (DMS and DUJF) using a protocol based on phenol/chloroform/isoamyl alco-
hol [15]. DNA quantification was performed using the Nanodrop method [16]. To ascertain
the lack of genetic material in the decellularized scaffolds, DMS and DUJF were stained
with DAPI staining and visualized under a fluorescent microscope [13]. Moreover, the
native and decellularized scaffolds were characterized by hematoxylin and eosin (H&E)
staining to assess decellularization. The thin sections of native MS, native UJF, DMS, and
DUJF scaffolds were fixed with 2.5% buffered glutaraldehyde at 4 ◦C overnight. The scaf-
folds were then stained with the hematoxylin solution for 6 h, washed thoroughly with tap
water, then counterstained with an eosin Y solution for 48 h and dehydrated with 95% and
100% ethanol [17,18].

2.4. Cell Culture

Embryonic murine fibroblasts (NIH/3T3) were cultured on a 75 cm2 cell culture flask
(Corning) using Dulbecco’s modified Eagle’s medium (DMEM, Gibco) containing 5% fetal
bovine serum and 1% penicillin/streptomycin in a 5% CO2 incubator at 37 ◦C. After 7 days
of incubation, the confluent cells were trypsinized using 1 mL of 1X trypsin-EDTA and the
detached cells were transferred into a 15 mL Falcon tube and centrifuged at 1000 rpm for
5 min. The pelleted fibroblasts were resuspended in a fresh DMEM-complete medium and
counted with a hemocytometer.

2.5. Cytotoxicity Assay

The in vitro cytotoxicity of decellularized scaffolds was evaluated using an MTT
assay [19]. The scaffolds (14 mm diameter × 2 mm thickness) were sterilized in 70%
ethanol and washed in the DPBS and DMEM medium overnight. These scaffolds were
placed in a 24-well plate and fibroblasts (~5000 cells/well) were seeded and cultured in
DMEM-complete media for up to 7 days, with a change in media every 2 days. After 1,
3, 5, and 7 days of incubation, the media was removed and the wells were washed with
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DPBS, and 100 µL of the MTT solution (5 mg/mL) and 100 µL of serum-free DMEM media
were added to each well and incubated at 37 ◦C for 4 h. After incubation, 250 µL of DMSO
was added to dissolve the MTT formazan crystals and the absorbance was read at 570 nm
using a microplate reader. Fibroblasts cultured on tissue culture plastic (TCP) were used as
the controls.

2.6. Live/Dead Cell Viability Assay

LIVE/DEADTM viability kit (Invitrogen, Thermo Fisher Scientific, USA) was used to
qualitatively evaluate the viability of NIH/3T3 fibroblasts on scaffolds. After culturing
fibroblasts on scaffolds for different periods, the media was discarded and washed with
DPBS and 20 µL of the live/dead solution was added and incubated at 37 ◦C in the dark for
30 min and observed under an inverted fluorescent microscope (Nikon Eclipse Ti, Tokyo,
Japan). To morphologically evaluate the adherence and proliferation of cells on scaffolds,
these cultured scaffolds were fixed with 2.5% glutaraldehyde and dehydrated through
increasing concentrations of ethanol, freeze-dried, and sputter coated with platinum before
being observed in a field-emission scanning electron microscope (FE-SEM, Hitachi S-4800,
Hitachi, Ltd., Chiyoda City, Tokyo, Japan).

2.7. Statistical Analysis

Statistical analysis was performed using a two-way ANOVA followed by Bonferroni’s
post-hoc tests with significance levels at * p < 0.05 and ** p < 0.01 with GraphPad Prism 5.0
software. All data were reported as mean ± standard deviation.

3. Results and Discussion
3.1. Characterization of Decellularized Scaffolds

Various materials of natural origin have been attempted as scaffolds for tissue engi-
neering. Due to their diversified structural organization, surface topography, porosity, and
other intriguing characteristics of the supporting matrix, these biomaterials of biological
origin are potential natural sources that must be evaluated. Decellularized materials from
animals, plants, and fungi are commonly assessed for their biocompatibility for state-of-
the-art applications in tissue engineering and biomedicine [20]. Decellularization removes
the nuclear and cytoplasmic components, which primarily trigger immune responses and
leave behind the three-dimensional structural microarchitecture. These decellularized
materials can be used for structural and functional applications repopulated with different
cell types (epithelial, endothelial, myoblast, or neuron) for the skeletal, muscular, nervous,
circulatory, or cardiovascular systems [21]. However, biological scaffold materials of plant
origin are superior to those of animal origin due to their lack of immunogenicity and other
adverse effects. Moreover, plant- and mushroom-based scaffolds are cost-effective and
sustainable [22,23]. Esmaeili et al. [24] decellularized the Alstroemeria flower stem and
modified it with chitosan to fabricate a new scaffold for soft and hard tissue engineering.
Very recently, Ahmadian et al. [25] developed a novel 3D natural scaffold from decellular-
ized tomato thorny leaves and used it as an ideal candidate for in vitro 3D hepatocellular
carcinoma modeling.

Mushrooms are conspicuous large fruiting bodies with sturdy architecture and multi-
cellular mycelium, which gives them the primary option for choosing the fabrication of
scaffolds. Agaricus bisporus is an edible mushroom belonging to the kingdom of basid-
iomycetes. The gills (lamellae) and stem (stape) of A. bisporus were cut and decellularized to
remove the cellular biomolecules such as glucose, N-acetylglucosamine, and glucosamine,
along with small quantities of mannose, galactose, xylose, and amino acids [26]. The
inner layer of the hyphal wall is composed of chitin microfibrils in a β-glucan matrix
with proteins, whereas the outer layer contains β-glucan mucilage [27]. Furthermore, the
pulp of unripe jujube fruit contains cells with a cell wall structure composed of cellulose.
Decellularization removes biomacromolecules and nucleic acids from cellular components
and leaves behind a highly porous framework structure. These non-cellular biocomponents
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of tissues filled up in the intercellular spaces are attributed to the structural and biochemical
constituents of scaffolds, which mimic the natural extracellular matrix (ECM) environment
of the in vivo tissue. Chitin/glucan and cellulose are the major structural components of
various living cells. Noda et al. [28] demonstrated that cellulose- and chitin/glucan-based
polysaccharide nanofibers promote the adhesion, migration, and proliferation of mouse
fibroblasts. Figure 2 shows FE-SEM micrographs of the surface morphology of the de-
cellularized scaffolds, DMG, DMS, and DUJF. DMG has long stipes of hyphal structure
with microspherical and elliptical spores on its surface. At the same time, DMS is a highly
microporous structure with tunnel-like cell wall cavities (microchannels) in the size of
8.75 ± 6.0 µm, which can facilitate the transfer of nutrients and oxygen throughout the
scaffold for the growth of mammalian cells. Natural decellularized vegetal materials as
scaffolds have diverse topographies that otherwise need to be synthetically fabricated by
3D printing, electrospinning, wet spinning, or micro-groove fabrication to display specific
topographies. DUJF scaffolds look isotropic, whereas DMS shows anisotropic features.
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Figure 2. FE-SEM images of (a1,a2) DMG, (b1,b2) DMS, and (c1,c2) DUJF scaffolds.

The cellular organization and alignment of scaffolds are prerequisites for forming
higher structures. The longitudinal, uniaxial alignment of myoblasts on a decellularized
green onion scaffold is required to form myotubes [29]. In the case of DUJF, it is an evenly
porous structure with shallow cell cavities with insufficient interconnected pores in the
size range of 56.14 ± 13.9 µm. Porosity and pore size are essential factors for nutrient
and oxygen delivery, allowing cells to grow inward to form a 3D tissue-like construct.
DUJF scaffolds have 50.6 ± 14.6 porosity, whereas DMS has 33.78 ± 16.7. Salehi et al. [30]
decellularized spinach leaf and used it as a scaffold, which showed a specific surface
area, total pore volume, and mean pore diameter of 28.5 m/g, 0.0625 Cm/g, and 8.7 mm,
respectively. The best characteristics of a matrix are those that stop inflammatory responses
and safeguard the host tissue. The three-dimensional porosity of decellularized scaffolds
facilitates the proliferation, migration, and diffusion of nutrients, signaling molecules, and
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oxygen. The scaffold matrices also serve as adhesion sites for the adherence of proliferating
cells [31].

In DMG and DMS, the glucan–chitin framework structure was observed and the
cellulose framework structure was observed in DUJF. In both cases, no cell organelles or
other identifiable structures were witnessed. DMG, with a multi-layered structure lacking
pores and connectivity, is not suitable for the 3D culture of fibroblasts. SDS, an anionic
detergent, was used to decellularize the mushroom- and fruit-based scaffolds and it is toxic
to cells [32]. The complete removal of detergent is indispensable for the efficient adhesion,
migration, proliferation, differentiation, and invasion of cells on these scaffolds. Hence, the
Ca2+ divalent cations, which can alter the critical micelle concentration of the surfactant
and form insoluble micelles, were used to remove the residual SDS from the scaffolds,
providing the cytocompatibility for cell adherence, proliferation, and invasion [33,34].

Figure 3 shows the FTIR of native unripe jujube fruit (UJF) and DUJF scaffolds.
Figure 3a shows the commercial cellulose with 3325 cm−1 assigned to the stretching of
hydroxyl (O-H) groups. The bands at 2872 cm−1 and 1375 cm−1 were assigned to the
stretching and deformation vibrations of the C-H group in glucose units. A low-intensity
band at 894 cm−1 was characteristic of the glycosidic linkage between glucose monomers
in cellulose [35]. Moreover, the band at 1026 cm−1 corresponds to the -C-O- group of
secondary alcohols and ethers in the cellulose chain backbone. Both native UJF and DUJF
show cellulosic components, of which the structural components are both UJF and DUJF
scaffolds. Figure 3b shows the FTIR spectra of the native mushroom stem (MS) and
DMS. The -OH stretching vibrations in phenol or H2O were at 3257 cm−1. The band at
2922 cm−1 was attributed to the symmetric CH3 stretching and asymmetric CH2 stretching,
and the band at 1633 cm−1 was due to the C=O stretching vibration of the amide I, the
N-H bending of the flavonoids, and the aromatic ring deformations [36]. The band at
1402 cm−1 was attributed to the symmetric stretching vibrations of COO– fatty acids and
amino acid groups, the symmetric bending modes of methyl groups in skeletal proteins,
and the symmetric stretch of methyl groups in proteins [37]. The band at 1570 cm−1 was
obtained from the N-H bending and C-N stretching vibrations of amide II proteins. These
(1550 and 1402 cm−1) bands indicate protein content in the mushroom, which decreased in
decellularized DMS. The C=O stretching of the pyranose compounds in carbohydrates was
shown in the 1030 cm−1 band [38].
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DNA quantification of native and decellularized scaffolds was performed (Figure 4).
DMS and DUJF showed a DNA content of 0.08 ± 0.006 and 0.048 ± 0.003 ng of DNA/mg
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wet weight, respectively, whereas their corresponding native materials showed 3.82 ± 0.07
and 3.7 ± 0.48 ng of DNA. Thus, the DNA content was significantly (p < 0.01) reduced
compared to the native materials, where only 2.11 and 1.2% of the initial DNA from native
material remained in the decellularized scaffolds of DUJF and DMS, respectively. It was
proposed by Crapto et al. [39] that less than 50 ng of double-stranded deoxynucleic acid
(dsDNA) per milligram dry weight of the extracellular matrix (ECM) of native material
is allowed in decellularized biomaterials for in vivo applications. The light microscopic
images of DUJF and DMS are shown in Supplementary Figure S1. Light microscopic
images of DUJF and DMS show the ECM framework of the cell structure. Supplementary
Figure S2 shows the DAPI staining of the decellularized and native scaffolds. After the
decellularization process, the nuclear materials from DMS and DUJF were comparatively
less than the native materials. The outer cell wall structure of cellulose and the chitin/glucan
were preserved in decellularized scaffolds. Supplementary Figure S3 shows the H&E
staining of native and decellularized scaffolds. There were very few nuclear components;
only red-stained ECM was observed after the decellularization process compared to the
native components. Moreover, the cell wall structure in the decellularized scaffolds was
intact for tissue engineering.
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DMS and DUJF scaffolds comprise chitin–glucan and cellulosic frameworks, respec-
tively, with densely packed polymeric chains. It provides interaction between water and
the hydroxyl (-OH) and carboxyl (-COOH) groups of the polymeric chains of the structural
framework. Figure 5a shows the swelling ratio of DMS and DUJF scaffolds. It was observed
that the swelling capacity of DUJF was higher than the DMS scaffold in PBS (pH 7.4).
Indeed, after 5 min, the scaffolds sharply reached a percentage of the swelling ratio of
1379.4 ± 241.5% and 821.9 ± 52.5% for DUJF and DMS, respectively. Thereafter, there
was only a slight increase which reached equilibrium values with a mass swelling ratio of
1694.4 ± 223.8 and 1063.18 ± 163.25% at 240 min. This swellable property is highly desirable
for biomedical applications of scaffolds under physiological conditions [40,41].
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Figure 5. (a) Swelling ratios, (b) residual weight percentage during 28 days of degradation, and
(c) compressive stress–strain curves of DUJF and DMS scaffolds in PBS (pH 7.4) at 37 ◦C and 50 rpm.
(d) Quantitative evaluation of the cellular activity of NIH/3T3 fibroblasts in DUJF and DMS scaffolds
up to 7 days.

The biodegradation property of scaffolds is closely connected to the structural ar-
chitecture and cell behavior needed to support tissue regeneration. The degradation of
DUJF and DMS was measured in PBS (pH 7.4) at 37 ◦C and 50 rpm and the results are
illustrated in Figure 5b. Cellulose-based DUJF scaffolds exhibit a lower biodegradation rate
than chitin/glucan-based DMS scaffolds under physiological conditions. DUJF and DMS
showed approximately 14.97 ± 0.5 and 15.06 ± 0.38% degradation in 28 days of incubation
under physiological conditions. DUJF showed a sustainable weight loss on incubation,
whereas DMS showed a drastic change in weight loss after 4 days. Mushroom-based
scaffolds contain chitin/glucan and elastic and hydrophobic polymeric rubber-like protein
resilin, which resists its easy degradation like cellulose-based frameworks [42]. At the same
time, cellulose-based polymeric materials contain long-chain glucose polymers that are
firmly bound with other plant components, such as hemicellulose and lignin, providing
high resistance to hydrolysis.

Decellularized scaffolds must possess a certain level of mechanical strength to enable
cell development and the production of cell layers so that they can withstand the weight
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of the cultured cells in their swollen state. Figure 5c shows the compression performance
of the fully swollen DMS and DUJF scaffolds. The compressive strength of DUJF was
higher than that of DMS. The DUJF scaffolds achieved a higher compressive strength
of 0.203 MPa at a 73.6% strain compared to DMS scaffolds with a compressive strength
of 0.088 MPa at a 74.2% strain. It is clear from the results that DUJF scaffolds with a
cellulose architecture are mechanically stronger than DMS scaffolds, primarily with a
chitin/glucan structure. Negrini et al. [43] reported that the decellularized apple-derived
cellulosic scaffolds exhibited a decrease in stiffness and maximum compressive stress at
30%. The equilibrium compressive aggregate modulus of articular cartilage ranges between
0.1 and 2.0 MPa and the tensile strength of native human skin ranges between 5.0 and
30 MPa [13,44]. Interestingly, many studies have shown that decellularization decreases
Young’s modulus of leaf stiffness to that of most of the human tissues, which can be used
as soft organs (1–20 kPa), muscles (10 kPa), and pre-calcified bone (100 kPa) [45].

3.2. Cellular Metabolic Activity and Cell Viability Assay

Fibroblasts are stromal cells that constitute the majority of the stroma of tissue. It
secretes various growth factors and cytokines by establishing epithelial–mesenchymal inter-
actions, forming the ECM. They have a significant role in tissue development, maintenance,
and repair. Incorporating cultured fibroblasts into various tissue-engineered constructs is
used to treat burns and several other clinical applications [46,47]. The cellular metabolic
activity of fibroblasts on DMS and DUJF scaffolds was evaluated for 1, 3, 5, and 7 days via a
colorimetric MTT assay (Figure 5d). The colorimetric assay is dependent on mitochondrial
respiration, where water-soluble tetrazolium dye is reduced to purple-colored formazan
crystals via mitochondrial dehydrogenases. Both decellularized scaffolds (DMS and DUJF)
show a significant difference in the cellular metabolic activity of fibroblasts compared with
the TCP controls.

Moreover, DUJF scaffolds show more significant metabolic activity than DMS scaffolds
throughout the culture period, which is presumed to be due to the pore size and porosity
of DUJF providing fibroblast attachment, proliferation, and migration during the culture
period compared to DMS. Furthermore, these nonfunctionalized decellularized scaffolds
are non-cytotoxic and biocompatible for culturing mammalian cells. Nevertheless, the
coating of decellularized scaffolds with ECM components such as motifs from collagen I,
collagen IV, fibronectin, and laminin mimics the natural cellular environment and enhances
cell attachment and proliferation in vitro [48]. Decellularized apple scaffolds coated with
the collagen solution showed high Young’s modulus with mineralization and osteogenic
differentiation of pre-osteoblasts for bone tissue engineering [49].

The Live/Dead assay was used to quantitatively visualize the viability and prolif-
eration of skin fibroblasts on decellularized scaffolds after 1, 3, 5, and 7 days of culture
(Figure 6). Fibroblasts on scaffolds were stained with dual fluorescent dyes, viz., calcein-
AM (live) and ethidium homodimer (dead) and observed under an inverted fluorescence
microscope. DUJF scaffolds have significantly higher live and proliferating cells than DMS
scaffolds; however, they are significantly less than the TCP control. The early difference
in cell viability and cell proliferation on scaffolds and TCPs up to the 5th day can be
mainly attributed to the presence of residual detergent and the disparity in the porosity,
topography, and structural components of the framework of scaffolds [50]. However,
after 7 days of culture, fibroblasts’ proliferation and viability significantly increased in
both scaffolds due to the secretion of ECM components of fibroblasts, which facilitate cell
attachment, proliferation, and migration. Hence, both DMS and DUJF scaffolds were non-
cytotoxic and biocompatible for fibroblast culturing and could be potential scaffolds for skin
tissue engineering.
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Figure 6. Qualitative analysis (Live/Dead assay) of decellularized DMS and DUJF scaffolds showing
live (green) and dead (red) cells for 1, 3, 5, and 7 days of the culture period (scale bar = 50 µm).

The natural topographical architecture of plants and fungal scaffolds influences cell
behaviors such as adhesion, proliferation, and migration, and the signaling between them
regulates them at the molecular level. Figures 7 and 8 show the adherence and spreading of
NIH/3T3 fibroblasts on the DUJF and DMS scaffolds on day 1, and proliferation continues
throughout the incubation period. Migration of cells starts on day 3,and the formation of
the ECM matrix was observed on day 5. The confluent cell layer was observed on day 7,
which suggested the biocompatibility of DUJF and DMS scaffolds and the enhancement of
cell migration through the interconnected pores with diffused nutrients for the maintenance
of cell proliferation for tissue-engineered skin scaffolds. Compared to DUJF scaffolds, DMS
scaffolds showed topographically increased proliferation of cells after day 7, which concurs
with the metabolic activity of fibroblasts cultured on scaffolds. This could be correlated
to the interconnected deep porous cavities, which allow the migration of more cells, the
movement of nutrients, and the diffusion of gases. The diverse prefabricated vasculature of
the decellularized vegetal kingdom reproduces structurally closer to the animal tissue and
exhibits a wide range of mechanical properties to those of humans [51]. Cellulose-based
vegetal materials as scaffolds support the attachment and survival of various cells, such
as human endothelial cells [52], human dermal fibroblasts [53], myoblasts [29], and stem
cells [54].
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4. Conclusions

To conclude, this study demonstrated that decellularized mushroom- and fruit-based
scaffolds showed good morphological, physical, and mechanical properties for skin tissue
engineering. Skin fibroblasts can attach to these decellularized scaffolds and proliferate
even on the uncoated decellularized scaffolds. However, further modifications of the
scaffold’s surface with biocompatible and cell adhesion molecules can enhance the cell
attachment, proliferation, and migration of cells and bring significant in vitro cytocompati-
bility to scaffolds. These decellularized natural scaffolds have functional groups, which
can be used to enzymatically or chemically crosslink with desired moieties to improve
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the scaffold’s cell adhesion and mechanical properties for skin tissue engineering. Al-
together, preparing decellularized cellulose-based and chitin/glucan-based scaffolds is
inexpensive and eco-friendly. Further advancements in the fabrication of decellularized
biomaterials with enhanced desired characteristics could be used as an ideal substitute
for tissue-engineered skin substitutes for skin tissue engineering and wound healing. In
the future, decellularized scaffolds can also be used as a good edible source for cultured
meat production.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/su152115618/s1, Figure S1. Light microscopic images of (a) DUJF
and (b) DMS (scale bar = 50 µm); Figure S2. DAPI staining of (a) native UJF (b) native MS, (c) DUJF
and (d) DMS (scale bar = 50 µm); Figure S3. H&E staining of (a) native UJF (b) native MS, (c) DUJF
and (d) DMS (scale bar = 50 µm).
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