7® ROYAL SOCIETY
P OF CHEMISTRY

Biomaterials
Science

View Article Online

View Journal | View Issue

Comparative analysis of supercritical fluid-based
and chemical-based decellularization techniques
for nerve tissue regenerationy

{ M) Check for updates ‘

Cite this: Biomater. Sci., 2024, 12,
1847

Beom-Seok Kim,? Jeong-Uk Kim,” Jae Woo Lee,” Kyung Min Ryu,” Rachel H. Koh,”
Kyoung-Ha So** and Nathaniel S. Hwang () *2b<d

Axon regeneration and Schwann cell proliferation are critical processes in the repair and functional recov-
ery of damaged neural tissues. Biomaterials can play a crucial role in facilitating cell proliferative processes
that can significantly impact the target tissue repair. Chemical decellularization and supercritical fluid-
based decellularization methods are similar approaches that eliminate DNA from native tissues for tissue-
mimetic biomaterial production by using different solvents and procedures to achieve the final products.
In this study, we conducted a comparative analysis of these two methods in the context of nerve regener-
ation and neuron cell differentiation efficiency. We evaluated the efficacy of each method in terms of bio-
material quality, preservation of extracellular matrix components, promotion of neuronal cell differen-
tiation and nerve tissue repair ability in vivo. Our results indicate that while both methods produce high-
quality biomaterials, supercritical fluid-based methods have several advantages over conventional chemi-
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cal decellularization, including better preservation of extracellular matrix components and mechanical
properties and superior promotion of cellular responses. We conclude that supercritical fluid-based
methods show great promise for biomaterial production for nerve regeneration and neuron cell differen-
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1 Introduction

A peripheral nerve injury (PNI) represents a traumatic patho-
logical condition that can manifest in various regions of
nervous tissues in the human body, excluding the cerebral and
spinal components (CNS: central nervous tissue). Incidences
of traumatic PNI account for more than 80% of reported nerve
injuries within the upper extremities category." Due to their
abundant lateral location in the extremities and vacancies of
the skeletal protection framework, PNIs occur more frequently
than CNS injuries. The cost of PNI treatments has been esti-
mated to be about 50 000 USD, and over 0.5 million casualties
were reported for traumatic PNI cases in the USA.> To treat
PNI, stem cell therapies have been actively investigated for
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nerve tissue regeneration to accelerate the intrinsic growth
function of peripheral neurons in response to supply of stem
cells.> Stem cell therapy provides a stem cell derived Schwann
cell population to PNI and supports neuronal axon growth and
neuronal cell differentiation in vivo.*® However, in these cell-
based therapies, it is hard to maintain their self-renewal and
multipotent ability under shear stress conditions and cells can
easily dissipate in vulnerable liquid-like tissue environments.®
Implanted stem cells are expected to contribute partial neuro-
regeneration by promoting inherent cellular reactivity, but it is
difficult to recapitulate the cylindrical tissue shape of the orig-
inal nerve structure that bridges the distal and proximal ends
of the peripheral nerve gap injury.”

For this reason, to achieve ideal neuronal tissue reforma-
tion, polymeric cylindrical shape scaffolds were investigated
with biocompatible materials with high mechanical properties
to supply tissue like objects. The polyester family (PVA, PGA,
PLGA, PCL and their copolymers) has been utilized for nerve
scaffold fabrication because of their easy handling property
and hydrolyzing property, which degraded naturally in specific
wet circumstances.®® However, these synthetic materials lack
cell binding moieties and tissue comprising polysaccharide
and proteins which are essential to attract cell migration, one
of the crucial steps of tissue formation. To overcome these
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limitations, simple blending of native tissue-derived proteins,
the cell binding arginyl-glycyl-aspartic acid (RGD) peptide, and
extracellular matrix (ECM) components has been implemented
in nerve tissue regeneration studies.'®'’ However, the poly-
meric material mixture and cell responsive material conju-
gation strategies are still not enough to replace complex living
tissues that comprised functional proteins and the extracellu-
lar matrix (ECM) in terms of various material compositions
and structures. To overcome the limitations of artificial nerve
scaffolds, in clinical assessments, autologous nerve transplan-
tation has been applied as the most preferable method for
nerve defect treatment; however, the gold standard trials also
faced challenges of insufficient supply of autologous tissues
due to donor tissue-dependent neuroma and variations in size
among autologous nerves.'> To address the quality of autolo-
gous nerve tissue in PNI treatments, allografts and xenografts
have been employed. These approaches involve the use of
immune suppressive agents to mitigate tissue rejection in reci-
pients, albeit at the cost of reduced overall immune function.*?
The host’s immune system is considered as one of the major
obstacles for the tissue regeneration studies using xenografts
and allografts. The main cause of immune reaction derived
regeneration impairments is known to originate from the cel-
lular components like lipids and nucleic acids within the
transplanted tissues. For this reason, to fabricate non-immu-
nogenic native tissue derived scaffolds, the chemical decellu-
larization technology was incorporated to fabricate an implan-
table nerve scaffold using Triton X-100, 200, sodium dodecyl
sulfate (SDS), or sulfo betaine (SB) which could eliminate the
cellular materials from tissue compartments.'*'®> The chemi-
cal decellularization technology extracts cell responsive poly-
saccharides and proteins in tissues with detergents while elim-
inating immunogenic materials from them.'®'” For this selec-
tive elimination process, the decellularized tissues were
applied to biomedical applications and clinical research works
offering an ideal tissue microenvironment with a minimal risk
of generic material derived immune rejection or inflam-
mation.'® However, the chemical decellularization technique
also caused original tissue material loss and damage to the
ECM structural integrity as a result of harsh detergent based
chemical processing and solvent changes. Furthermore, the
anionic detergents used in the decellularization process have
been reported to degrade the ECM components in tissues,
which consequently decreases the biological responses and
regenerative potential of the decellularized ECM."

To decrease ECM and functional protein loss during the
decellularization process, stable and non-ionic solvents, such
as supercritical CO,, have been utilized in the tissue decellular-
ization process.”® Supercritical phase CO, has liquid and gas-
like characteristics that make it diffuse instantaneously into
solid structures and solubilize chemicals efficiently with a
short reaction time.?! Furthermore, supercritical CO, sustains
mild operating conditions (10.3 to 27.6 MPa, 10 to 37 °C)
during the process and also shows low reactivity towards polar
proteins and ECM materials in tissues.”> Thus, the supercriti-
cal fluid-based decellularization method is expected to elimin-
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ate DNA materials more selectively and better preserve the
ECM components in the native tissue than chemical-based
methods with its own supercritical fluid dynamics character-
istics and more shorter reaction time than chemical processes.

In this study, we have conducted chemical (SDS)-based and
supercritical state fluid-based decellularization methods for
the fabrication of sciatic nerve scaffolds. The two different
decellularization methods were compared in terms of decellu-
larization efficiency, scaffold—cell responses and therapeutic
potential in vivo. We hypothesized that the supercritical fluid-
based method can preserve more native tissue like the ECM,
protein components and structural and mechanical character-
istics after decellularization than chemical-based methods.
The ECM and protein components in native and decellularized
tissue were characterized with biochemical assays and proteo-
mic analysis. Mechanical and structural changes were quanti-
fied via measuring the modulus of the ECM. The regenerative
ability of the ECM was quantified with the neuronal cell reac-
tivity via in vitro neuronal outgrowth tests and in vivo sciatic
nerve injury recovery and muscle function rehabilitation. The
supercritical fluid-based decellularization method preserved
more quantitatively the remaining biomaterial components
and their mechanical integrity and promoted advanced neuro-
nal cell migration and axonal outgrowth and practical nerve
regeneration.

2 Materials & methods

2.1 Reagents

Sodium dodecyl sulfate (Biorad, USA, 1610302), papain
(Worthington, USA, 9001-73-4), sGAG (Biosynth Carbosynth,
England, YC31458), 4% paraformaldehyde (PFA; Biosesang,
Republic of Korea, BP031a), chloramine T (MP, USA, 7080-50-
4), p-dimethylaminobenzal aldehyde (MP, USA, 100-10-7),
bovine serum albumin (Gen Depot, USA, A0100-005), and
Triton X-100 (Sigma Aldrich, USA, 9036-19-5).

Phosphate buffered saline (PBS, Thermo Fisher Scientific,
USA, 10010023), trypsin-EDTA (Thermo Fisher Scientific, USA,
27250018), normal goat serum (Thermo Fisher, USA, 31872),
and RIPA lysis buffer (Thermo Fisher, USA, 89901) were pur-
chased from Thermo Fisher Scientific.

Sucrose (Sigma Aldrich, USA, S0389), DMMB (Sigma
Aldrich, USA, 341088), cysteine (Sigma Aldrich, USA, C7352),
hydroxy-proline (Sigma Aldrich, USA, 51-35-4), Canada balsam
(Sigma Aldrich, USA, 8007-47-4), and proteinase K (Sigma
Aldrich, USA, 3115887001) were purchased from Sigma
Aldrich.

2.2 Isolation and decellularization of sciatic nerve tissues

Sciatic nerves were isolated from porcine (Yorkshire, 6 month)
biceps femoris after elimination of fat and skin. Isolated
sciatic nerves were cleaned with PBS and treated with different
concentrations of detergent solution (0.1, 0.5, 1% w/v of
sodium dodecyl sulphate, SDS) at 37 °C for 30 h with gentle
mixing. The nerve tissues were collected and stored at —80 °C

This journal is © The Royal Society of Chemistry 2024
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until further use. The native porcine nerve tissues were pre-
pared as described above. Tissues were then transferred into a
medical container in supercritical fluid devices. 50 ml of pure
ethanol was added to the container as a co-solvent. CO, fluid
was injected into the medical container at 200-400 bar. After
3 h of treatment, decellularized tissue was washed with PBS
and stored in —80 °C freezer. DOF Inc, Korea conducted the
supercritical fluid-based decellularization process and pro-
vided the processed samples.

2.3 Histological assessment of sciatic nerve tissues

2.3.1 Paraffin sectioning of nerve tissues. Native nerve
tissues and decellularized tissues were fixed with PFA (4% v/v)
at 4 °C for 24 h. Fixed tissues were then moved to ethanol solu-
tion (50% v/v) and incubated at 25 °C for 30 min. After the
first dehydration step with ethanol, the nerve tissues were
transferred to higher concentrations of ethanol solutions over
30 min (70, 90, 100, 100% v/v). After that the nerve tissues
were immersed in xylene solution twice for 1 h. And the nerve
tissues were incubated at 60 °C in paraffin solutions for 24 h.
Nerve tissue paraffin blocks were sectioned at 10 pm thickness
using a microtome (Leica).

2.3.2 H&E staining of nerve tissues. Nerve tissue sections
were deparaffinized and rehydrated with two changes of xylene
and transferred to consecutive ethanol change (100, 100, 90,
70, 50% v/v) for 5 min. After that, tissue slices were transferred
to deionized water. Deparaffinized nerve tissues were
immersed in purified water 2 times for 5 minutes. Washed
tissue slides were incubated with hematoxylin solution
(Vector) for 1 min. And tissue slides were washed with running
tap water for 30 min. Tissue slides were stained with eosin Y
(0.25% v/v) in acetic acid (0.2% v/v). Stained tissue slides were
dehydrated with changes of different concentrations of alcohol
(75, 95, 100% v/v) and xylene solutions. And the dehydrated
slides were mounted with Canada balsam mounting solutions.

2.3.3 Trichrome staining of nerve tissues. A trichrome
stain protocol was performed according to the manufacturer’s
protocol (Abcam, ab150686). Briefly, rehydrated nerve tissues
were immersed in purified water 3 times for 5 minutes. The
tissue slides were incubated in preheated Bouin’s fluid for
60 min and cooled for 10 min. After rinsing with purified
water, tissue slides were incubated in Weigert’s iron solutions
for 5 min. Tissue slides were washed with purified water. And
incubated with Biebrich scarlet/acid fuchsin solutions for
15 min. Tissue slides were washed with purified water. And
tissue slides were differentiated in phophomolybdic/phospho-
tungstic acid solution for 15 min. Without rinsing, tissue
slides were incubated in aniline blue solution for 5 min. After
rinsing with purified water, tissue slides were incubated in
acetic acid solution (1% v/v) for 5 min. Stained tissue slides
were dehydrated with changes of different concentrations of
alcohols (75, 95, 100% v/v) and xylene solutions. And de-
hydrated slides were mounted with Canada balsam mounting
solutions.

2.3.4 Safranin-O staining. Deparaffinized nerve slice
samples were washed with deionized water two times for
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5 min each. Then tissues were stained with hematoxylin for
1 min and incubated in running tap water for 30 min. Tissue
slices were stained with fast green solution (0.05% w/v) for
5 min. After rinsing with 1% (v/v) acetic acid, the nerve slices
were stained with safranin-O solution (0.1% w/v) for 5 min.
Stained tissue slices were dehydrated with different concen-
trations of alcohol (75, 95, 100% v/v) and xylene solutions.
Slides were mounted with Canada balsam solution.

2.4 ECM characterization in nerve tissues

2.4.1 DMMB assay for quantification of sGAG. Papain
enzyme solutions (3% v/v) were prepared with PBE-cys buffer
(100 mM phosphate, 10 mM EDTA, 0.10 M r-cysteine, pH 6.5).
Nerve tissues were incubated at 60 °C for 24 h with diluted
papain enzyme solutions until tissues were fully digested. And
the tissue solutions were transferred to a 96-well plate (SPL
Life Sciences). After that, DMMB solutions (40.5 mM glycine,
40.5 mM NaCl, 50 pM DMMB, pH 3.5) were transferred to the
well plate and mixed with tissue solutions (1:1 volume ratio).
Absorbance was measured using a microplate reader (Tecan,
Switzerland, Infinite 200) at 525 nm wavelength. Standard
lines for the calculation of related sGAG contents in nerve
tissue were made with chondroitin sulfate sodium salt.

2.4.2 DNA quantification in nerve tissues. Papain enzyme
solution (3% v/v) was prepared with PBE-cysteine buffer
(100 mM phosphate, 10 mM EDTA, 0.10 M r-cysteine, pH 6.5).
Nerve tissues were incubated at 60 °C for 24 h with diluted
papain enzyme solutions until tissues were fully digested. DNA
quantification of nerve tissues was performed according to
manufacturer’s protocol using Quant-iT Pico Green dsDNA
assay kits (Invitrogen, P7589). Briefly, Pico green dye was
20-fold diluted in TE buffer (10 mM Tris-HCL, 1 mM EDTA,
pH 7.5) and mixed with digested tissue solution (1:1 volume
ratio). Fluorescence of the dye was measured with a microplate
reader (Tecan) at 480 nm excitation and 520 nm emission
wavelength. A standard line for the calculation of relative DNA
contents in nerve tissue was made with the Quant-iT Pico
Green dsDNA stock.

2.4.3 Hydroxyproline quantification in nerve tissues.
Papain enzyme solution (3% w/v) was prepared with PBE-cys
buffer (100 mM phosphate, 10 mM EDTA, 0.10 M v-cysteine,
pH 6.5). Nerve tissues were incubated at 60 °C for 24 h with
diluted papain enzyme solutions until tissues were fully
digested. 100 pl of samples were hydrolyzed with 5 N sodium
hydroxide at 100 °C for 16 h. After that, 100 pl of chloramine T
solution (0.056 M in 50% v/v isopropanol) were added to the
hydrolyzed sample and oxidation processes were allowed for
25 min at room temperature. 100 pl of Ehrlich’s aldehyde
reagent (1 M p-dimethylaminobenzaldehyde in 30% HCl/70%
isopropanol) was added to each sample and incubated at
60 °C for 20 min. Absorbance was measured using a micro-
plate reader (Tecan) at 550 nm wavelength. A standard line for
the calculation of relative hydroxyproline contents in nerve
tissue was made with hydroxyproline. Hydroxyproline solution
samples were processed with the same conditions of the assay
protocol. All reagents of this protocol were diluted in acetate
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citrate buffer (0.5 mM sodium acetate, 0.1 mM citric acid,
0.1 mM acetic acid, 0.5 mM NaCl, pH 6.5).

2.4.4 Proteomic evaluation of tissue samples. The nerve
tissues were incubated in RIPA buffer for 10 min at 4 °C and
tissues were mechanically dissociated with a tissue pestle.
After quantification of protein contents with a BCA assay kit
(Pierce BCA assay kit, Thermo fisher), sample solutions were
purified with consecutive 8 M urea wash with a filter centrifuge
(14 000g for 60 min). And 100 pl of 0.05 M iodoacetamide in 8
M urea were added to purified protein solution over 25 min at
room temperature. And 50 mM ammonium bicarbonate (pH
8.0) was added to the protein samples and centrifuged
(14 000g for 20 min) three times. After trypsin digestion (20 ng
ml™) at 37 °C overnight, the samples were vacuum dried. The
dried samples were dissolved in trichloroacetic acid and trans-
ferred to LC/MS (Orbitrap Exploris 240, Thermo Fisher
Scientific). The proteomic data were processed by the National
Instrumentation Center for Environment Management mass
spectrometry research department. Total protein contents, cov-
erage, unique peptides, and proteomic scoring raw data were
extracted and used for proteomic analysis.

2.5 Mechanical property characterization of nerve tissues

2.5.1 Extension force test of nerve tissues. Nerve tissues
were thawed at 4 °C for 1 h and incubated in PBS solution
until measurement. 1.5 cm long and 4 mm thick nerve tissues
were fixed in a universal tensile machine (Shidmazu, Japan,
Ez-sx) and extended with 1 mm min~" velocity until nerve
tissues were separated from the machine zig. Compressive
stress and critical strength were calculated.

2.5.2 Compression force test. Nerve tissues were thawed at
4 °C for 1 h and incubated in PBS solutions until measure-
ments. 0.5 cm long and 4 mm thick nerve tissues were fixed at
the bottom plate of a universal tensile machine zig.
Consecutive compression was applied to nerve tissues (10
cycles, 1 mm min~" velocity). The compressive modulus was
calculated at the loading and unloading sites in each cycle. A
blunt tip (22 G) was used for the cyclic compression test.

2.6 Neuronal cell culture

2.6.1 PC12 cell cultures. PC12 cells were cultured with
growth medium (5% horse serum, 5% FBS, 1% penicillin
streptomycin v/v) for proliferation in 100 pi dishes. PC12 cells
were differentiated with differentiation medium (1% horse
serum, 1% penicillin streptomycin, 100 ng ml~" nerve growth
factor). Cell culture medium was changed every other day.

2.6.2 PC12 cell differentiation on nerve tissues. Nerve
tissue slices of 4 mm diameter were prepared with a vibratome
(series 3000, sectioning system) and with 300 pm thickness.
The PC12 cells were cultured for 3, 7, 21 days on nerve tissue
slices with 30 000 cells per slice and differentiated with nerve
growth factor-containing (NGF; 100 ng ml™") differentiation
medium as described above.

2.6.3 PC12 cell imaging with confocal microscopy. The
PC12 cells on ECM slices were fixed with paraformaldehyde
4% (v/v) for 24 h at 4 °C. And tissue slices were incubated with
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proteinase K for 20 min. After that, tissues were incubated
with 5% (w/v) normal goat serum for 2 h at room temperature.
Tissue slices were washed twice and incubated with primary
antibodies and stained for class III f-tubulin (300:1, Abcam
ab75810). Primary antibody solution was washed with buffer
and incubated with secondary antibodies (500: 1 Alexa fluoro
488). The stained tissue slices were imaged with a Zeiss 700
(Zeiss, Germany, LSM780).

2.7 Surface imaging of decellularized ECM with SEM

The decellularized nerve tissues were fixed with 2.5% (w/v) glu-
taraldehyde and 2% (v/v) aldehyde for 16 h. The fixed samples
were transferred to 1% (v/v) osmium tetroxide solution and
incubated for 1 h at 4 °C. After washing with deionized water 3
times for 5 min, each sample was dehydrated with different
concentrations of ethanol (50, 70, 80, 90, 100, 100% w/v) and
specimens were dried in a critical-point dryer (Thermo) and
stored in the vacuum state until imaging by SEM. Dried tissue
samples were fixed with carbon tape on the SEM mount and
coated with Pt sputter for 1 min. The coated samples were
imaged with Mini SEM (JCM-6000).

2.8 Invivo experiment and characterization of regeneration
of tissues

2.8.1 Nerve tissue implants to the subcutaneous area for
immune reaction characterization. The sciatic nerve tissues
and decellularized tissues, under chemical-based and super-
critical fluid-based methods, were implanted in the sub-
cutaneous area of a mouse for 4 weeks. The immune cells infil-
trated into sciatic nerves were stained with CD68 antibodies
(300:1, abcam ab283654) and imaged by microscopy (EVOS
3000).

2.8.2 dECM implantation in a sciatic nerve defect model.
The animal study was approved by IACUC of Seoul National
University (SNU-210604-3-1), 8 weeks old CD (Sprague Dawley)
rats (Raon bio, Republic of Korea) were prepared for the sciatic
nerve defect injury model. The rats were anesthetized with iso-
flurane. After hair removal, the skin of the left biceps and
biceps femoris was incised to expose the sciatic nerves. 1 cm
nerve defects were made in sciatic nerve tissues of rats by dis-
secting 1 cm of sciatic nerves. After removal of dissected nerve
tissues, the decellularized tissues (decellularized with 0.5%
SDS and supercritical fluid/CO*) were directly sutured to the
distal and proximal sites of host nerve tissues with 8-0 suture.
Negative control groups were not treated after nerve dissection.
The incised skins and muscle tissues were sutured with a 6-0
needle.

2.8.3 Gait analysis of the sciatic nerve defect model. Sciatic
functional index was calculated with eqn (1) as follows.

SFI = — 38.3(EPL — NPL)/NPL
+ 109.5(ETS — NTS)/NTS (1)
+ 13.3(EIT — NIT)/NIT — 8.8

(PL = print length, TS = toe spread, IT = intermediary toe
spread/E is experimental, N is normal)

This journal is © The Royal Society of Chemistry 2024
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The variables were measured with ImageJ analysis tools by
recording videos of the stride patterns of each rat for 8 weeks.

2.8.4 Evaluation of muscular tissue regeneration. Muscular
tissue regeneration was evaluated by muscle weight measure-
ment and histological methods. Wet weights of gastrocnemius
muscular tissue from the experimental group and the non-
treated normal side of muscles were measured for calculation
of the muscle weight ratio using eqn (2) as follows.

Muscle weight ratio = (weight of (E)/weight of (N))  (2)

(E is experimental, N is normal).

And muscular tissues (gastrocnemius) were stained with
hematoxylin and eosin to measure the muscle fiber diameter
and muscle fiber areas (whole 2D area of fibers). The quantifi-
cation was performed with Image]J software.

2.8.5 Histological assessment of sciatic nerve tissues.
Paraffinized tissue were rehydrated as described above. And
nerve tissue slices were incubated with proteinase K for
20 min. After that tissues were incubated with 5% (w/v)
normal goat serum for 2 h at room temperature. Tissue slices
were washed twice and incubated for primary antibody stain-
ing for GAP-43 (500:1, Abcam ab75810) and S 100 (500:1,
Abcam ab52642) for 16 h at 4 °C. The tissue samples were
washed with buffer and then incubated with secondary anti-
bodies (500 : 1 Alexa Fluoro 488, 594 ab150077, ab150080). The
stained tissue slices were imaged with a Ti2 Eclipse micro-
scope (Nikon, Japan, Eclipse Ti2)

2.8.6 Luxol fast blue staining. After deparaffinization of
tissue slices with incubation in two steps of xylene and two
steps of 100% (v/v) ethanol (90%(v/v), 70%(v/v), and 50% (v/v))
for 10 min each, the tissue samples were incubated in 0.1%
(w/v) of luxol fast blue (Sigma Aldrich, USA, S3382) staining
solution for 16 h at 65 °C. After that, the tissues were rinsed
with 95% (v/v) ethanol solution for 5 s and transferred to de-
ionized water. Tissue samples were differentiated with 0.05%
(w/v) lithium carbonate solution and 70% (v/v) ethanol con-
secutively. After washing with deionized water the tissue
samples were dehydrated and mounted with DPX solutions.

2.9 Statistical analysis

All data were processed with Graphpad prism 5.0 and a two-
tailed ¢test and one-way ANOVA. Statistical calculations were
performed. P-value = *p < 0.05, **p < 0.01, ***p < 0.005, #p <
0.05, ##p < 0.01, ##ftp < 0.005. The *symbol compared the
control group versus SDS 0.5, SC groups. The #symbol com-
pared the SDS0.5 group versus SC groups. Biorender SW was
utilized to draw the schemes.

3 Results

3.1. Decellularized ECM scaffold fabrication and
characterization of ECM

The decellularized ECM scaffolds were prepared by using two
different decellularization methods to remove genetic
elements from animal tissues that may trigger immune reac-
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tions upon transplantation. A conventional decellularization
technique using a chemical (SDS) and a novel technique using
a supercritical fluid (SC) were compared, in terms of effective
DNA removal while preserving protein and ECM contents of
native tissues. To determine the optimal SDS concentration,
porcine nerve tissues were treated with different concen-
trations of SDS solutions. Tissue deformation occurred from
the outer surface of nerve tissues (Fig. 1A) and the extent of
deformation increased with the SDS concentration (Fig. S1A¥).
The swelling ratio, which represents higher water contents in
the polymeric network with lower crosslinking density, was
determined to describe the tissue inter-network deformation.
The swelling ratio of tissues increased with SDS treatment as
compared with native tissues and SC samples and increased
with higher concentration of SDS in the decellularization
process (Fig. 1B and Fig. S1Bt). The DNA remnants were not
observed in H&E staining for groups that were treated with
over 0.5% SDS (Fig. 1C). In SDS-based decellularization
process, we confirmed that the concentration of immunogenic
DNA in the tissues decreased to less than 50 ng mg™"' when
the SDS concentration was maintained at or above 0.5% (w/v)
(Fig. 1D). The tissue degradation and deformation during the
process were further characterized using MTC, safranin-O
staining and ECM-quantifying assays (hydroxyproline: SDS 0.5:
52.21 + 3.32, SC: 67.39 + 4.23), (SGAG: SDS 0.5: 68.33 + 6.03,
SC: 82.09 + 8.11%), (Fig. 1E-H). It seems that the ECM content
generally decreased with the increase in SDS concentration,
while the ECM content of supercritical fluid-based decellular-
ized tissue (SC group) remained quantitatively higher than
that of chemical-based decellularized tissue (SDS group).
Therefore, we optimized the SDS concentration for chemical-
based decellularization to 0.5% (w/v), fulfilling minimum
thresholds of <50 ng ml™' DNA contents and ECM degra-
dation. So, in further experiments, the 0.5% (w/v) SDS group
was directly compared with the SC group.

To compare more specific protein contents in processed
tissue, total protein content quantification and proteomic ana-
lysis were conducted on native and decellularized tissues.
While total protein contents decreased in both decellulariza-
tion methods compared to native tissues (1098 + 125.12), the
SC group (345 + 48.23) showed higher preservation of protein
contents after decellularization than the SDS 0.5 group (103 +
22.38) (Fig. 1I). The ECM-related proteins were the most abun-
dant protein type in decellularized nerve tissues, followed by
cytoskeletal proteins. Other cell-responsive and neuronal, glial
cell related proteins were also observed. In a similar manner of
the total protein content results of tissues, the overall types of
tissue derived proteins were reduced after the decellularization
process. Additionally, the SC groups exhibited higher proteo-
mic scoring compared to the SDS 0.5 group (Fig. 1J-L).

3.2 Mechanical characterization of decellularized tissue
samples

It has been previously confirmed that the surface and micro-
structure of tissues were damaged by SDS treatment, which
affects its mechanical properties. To measure the mechanical
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properties of decellularized and native tissues, the extension
test was performed using a bidirectional extension method
(Fig. 2A). The mechanical properties of the decellularized
tissues were characterized with Young’s modulus and critical
tension strength parameters (Fig. 2B and C). The SC group had
a relatively higher modulus compared to the SDS 0.5 group
(SDS 0.5: 42 + 3.5, SC: 57 + 5.3 MPa). The critical strength of
the SC group was higher than that of the SDS 0.5 group (SDS
0.5: 3.64 + 0.89, SC: 4.13 + 0.46 N). To investigate repeated

1852 | Biomater. Sci, 2024, 12,1847-1863

external force-derived tissue deformation, repeated compres-
sive indentation tests were conducted. The strain-stress curve
data showed that the SDS group has significantly lower pro-
perties than the native or SC groups (Fig. 2D-F). As the
number of cycles increased, the sequentially measured
modulus gradually decreased in all the samples (Fig. 2G-I).
There were larger modulus decreases in native tissue than in
the SC group as the indentation cycle increased. The sequen-
tial modulus data of SC group show that it can maintain the

This journal is © The Royal Society of Chemistry 2024
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modulus of initial stages even with repeated indentation
procedures.

3.3 PC12 differentiation on tissue slice samples

In order to investigate the cellular reactivity of decellularized
tissues, PC12 cells were cultured on the tissue slices. After
PC12 differentiation, the amount of microfilament attachment
to the tissue slices and the degree of differentiation were
assessed through class III p-tubulin and actin staining (Fig. 3A
and B). The value of the class III p-tubulin signal, which
stands for neuronal microtubule formation, was significantly
increased in the supercritical-fluid-treated decellularized
tissue compared to the SDS-treated tissue (SDS 0.5: 28 + 1.56,
SC: 37 + 2.33%). But the microtubule signal of the SC group
was lower than that of the native group (native: 48 + 6.92, SC:
37 + 2.33%) (Fig. 3C). The actin signals were also measured
after PC12 differentiation on nerve tissue slices. Higher actin
signal was observed in the SC group than in SDS 0.5 and
native groups (native: 42 + 4.32, SDS 0.5: 37 + 9.88, SC: 72 +
20.65%) (Fig. 3D). To measure the neurite extension and out-
growth of differentiated PC12 cells, PC12 cells were cultured
for 21 days under the same conditions as the short term

This journal is © The Royal Society of Chemistry 2024

culture (3, 7 days) to characterize the fully differentiated aspect
of neuronal cells (Fig. 4A). As a result, the signal of class III
p-tubulin was highest in the SC group (native: 175 + 21.71, SDS
0.5: 183 + 7.36, SC: 224 + 37.65%) (Fig. 4B). Neurite length of
PC12 cells was measured to confirm the most efficient micro-
environment conditions for neuronal cell culture (Fig. 4C). As
anticipated, the native group showed the longest neurites after
neural differentiation of PC12 cells. The SC group exhibited
neurites slightly shorter than those of the native group, but
longer than those of the SDS 0.5 group (native: 84 + 11.28, SDS
0.5: 43 + 3.36, SC: 74 + 18.35 pm).

3.5 Immune cell infiltration of implanted tissue samples

The decellularized and native tissue samples were subcutaneously
implanted to verify the level of host immune response activation
towards implanted decellularized tissue compared to native
tissues (Fig. 5). In the first week post implantation, the ratios of
immune cells were much higher in the native tissue group than
any in other decellularized sample implantation groups (native:
103.36 + 5.28, SDS 0.5: 48.29 + 3.36, SC: 31.65 + 8.12%) (Fig. 5B).
At week 2 of implantation, the immune reactions were decreased
in all experimental groups than one-week time point. The native

Biomater. Sci, 2024,12,1847-1863 | 1853


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3bm02072j

Open Access Article. Published on 12 February 2024. Downloaded on 2/20/2026 3:46:55 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

A Native

@)

3 Day 3
1007 [ Day 7
)
E 804 ns
= 60
2 ns  #
2 * o,
£ 404
*

£
S 204
a | || | ‘ H \
2
"‘l\_._ c T T L)

native SDS 0.5 SC

View Article Online

Biomaterials Science

Native SC

O

1004

©«
* 3

80 —

40- %

*k

204

Actin intensity ratio (%)
[<23
8 g
*

8-

native SDS 0.5 s

Fig. 3 The PC12 cell culture and differentiation on nerve tissue slices. (A and B) The class Ill p-tubulin and actin staining of PC12 cells cultured on
native and decellularized tissues at (A) day 3 and (B) day 7. (C and D) Relative fluorescence data of (C) class Il -tubulin and (D) actin staining (scale
bar = 50 um). Error bars indicate SD. n = 3, P-value = *p < 0.05, **p < 0.01, ***p < 0.005. #p < 0.05, ##p < 0.01, ###p < 0.005.

tissue implanted group still showed higher population of
immune cells in the implanted areas than the decellularized
tissue implanted groups. Additionally, the SC group showed sig-
nificantly decreased immune cells compared to both native and
SDS groups (native: 34.65. 11 + 2.15, SDS 0.5: 23.75 + 8.26, SC:
8.65 = 3.95%) (Fig. 5C). After 4 weeks of implantation of tissues,
the immune reaction was maintained at a similarly high level to
week 2 for the native group (native: 32.13 + 4.32%), while the
immune responses were increased in SDS 0.5 and SC groups at
the 4 week time point compared to 2 weeks (SDS 0.5: 33.65 *
11.36, SC: 16.29 * 4.60%). The SC group showed lower host
immune response than native and SDS 0.5 groups at week 4
which confirms the relatively low immunogenic characteristics of
supercritical fluid-based decellularized tissues (SC group).

3.6 Motor function and muscular tissue regeneration after
implantation in vivo

To assess the regenerative potential of nerve tissue in animals,
each decellularized tissue sample (SDS 0.5, SC) was trans-

1854 | Biomater. Sci, 2024, 12, 1847-1863

planted into a rat nerve defect model. The decellularized
tissues were transplanted and directly sutured to host nerve
tissues after a nerve gap of 1 cm was made by medial sciatic
nerve elimination. No graft group (control) was made with the
same defect as the above experimental groups without any
treatments. Motor function recovery was characterized by the
sciatic function index test (Fig. 6B). The index was increased in
all groups until 4 weeks. But the function recovery ratio was
gradually decreased in the No graft group at 6 and 8 weeks. A
higher motor function recovery index was noted in the SC
group than in the SDS 0.5 group at the final regenerative phase
(at 8 weeks) (SDS 0.5: —70.69 + 3.36, SC: —66.79 + 5.33). The
muscle size of the surgery leg (left), from which the sciatic
nerve had been dissected, was decreased compared to the
opposite muscle (right), in which surgery had not been per-
formed (Fig. 6C). The muscle volumes of the SDS 0.5 group
and SC group were restored more than in the No graft group.
Furthermore, the muscular tissue recovery was characterized
by weight ratio calculation and muscular tissue histological

This journal is © The Royal Society of Chemistry 2024
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assessments after surgery. The muscle weight ratio of the
surgery legs was recorded higher in the SC groups than in the
SDS 0.5 and control samples at 8 weeks post implantation (No
graft: 16.36 + 4.88, SDS 0.5: 25.33 + 1.32, SC: 31.11 + 4.33%)
(Fig. 6D). Muscle fiber diameters and areas were quantified
using histological images (Fig. 6E-G). The SC group showed
the highest muscle fiber diameters at 4 weeks (No graft: 10.12
+ 1.33, SDS 0.5: 11.39 + 1.32, SC: 14.11 + 4.33 pym) (Fig. 6F).
The muscle diameters were gradually increased as the time
elapsed in the decellularized tissue implanted groups at 8
weeks (SDS 0.5 and SC group). However, the muscle fiber dia-
meter of the No graft group was decreased in 8 weeks com-
pared to 4 weeks. (No graft: 6.80 + 2.36, SDS 0.5: 16.11 + 5.31,
SC: 22.09 + 3.98 pm) (Fig. 6F). In a similar pattern with that of
muscle fiber diameter data, the muscle fiber areas were

This journal is © The Royal Society of Chemistry 2024

recorded as the highest in the SC group at 4 weeks after
implantation (Fig. 6G). There was no significant difference
between the SDS 0.5 group and control at 4 weeks (No graft:
388.59 + 73.67, SDS 0.5: 423 £ 62.20, SC: 796 + 106.66 pmz)
(Fig. 6F). The highest muscle fiber area was found in the SC
group at 8 weeks after implantation also (No graft: 313 + 68.36,
SDS 0.5: 815 + 121.22, SC: 1496 + 134.52 pm?) (Fig. 6G).

3.7 Nerve tissue regeneration assessment after tissue
implantation in vivo

To evaluate the regeneration of sciatic nerve tissues, fluo-
rescence staining was performed to confirm the presence of
Schwan cell marker (S100) and neuronal synaptic marker
(GAP-43). Staining and analysis were conducted by dividing
the transplant site into distal and proximal sections. This divi-
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sion aimed to ascertain whether both sides of the neural junc-
tion were connected with the implanted tissue after creating
the defect. There was no significant difference of the S-100
intensity at 4 weeks post implantation in all groups (No graft:
27.58 + 3.88, SDS 0.5: 22.62 + 5.32, SC: 28.11 + 4.03%)
(Fig. 7C). At 8 weeks, the overall cell response was decreased in
the No graft control group; however the host cells were infil-
trated into the dECM scaffold and proliferated in the SDS
0.5 group. The S-100 expression was decreased in both the
control and SDS 0.5 groups compared to that at the 4 week
timepoint. However, the SC group showed relatively increased

1856 | Biomater. Sci., 2024, 12,1847-1863

S-100 intensities compared to that at 4 weeks (No graft: 5.21 +
1.38, SDS 0.5: 8.69 + 3.09, SC: 28.55 + 6.83%) (Fig. 7B). The
decellularized tissue implanted groups showed increased
synaptic signaling in the tissue defect area than the No graft
group at 4 weeks. In the SC group, Gap 43 intensities were
recorded higher than in SDS 0.5 (No graft: 36.79 + 9.31, SDS
0.5: 41.64 + 2.71, SC: 53.85 + 13.23%) (Fig. 7D). The Gap 43
signals were decreased at 8 weeks in all groups compared to
that at the 4-week time point; however, the intensity trend of
the most abundant signals showing in the SC group did not
change. Although, the highest intensity was observed in the SC

This journal is © The Royal Society of Chemistry 2024
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group, there was still a notable increase of Gap 43 intensities
in the SDS 0.5 group (No graft: 11.01 + 2.11, SDS 0.5: 16.26 +
4.44, SC: 24.92 + 4.13%) (Fig. 7D).

To confirm whether the transplanted allogenic decellular-
ized tissues were connected to the host nerves by forming mye-
linated nerve fibers, S-100 staining was performed in cross sec-
tioned elongated nerve tissues (Fig. 8). In the control group
(No graft), weak myelin signals and oval circle shaped myelin
sheaths were observed in the overall histologic area (proximal,

This journal is © The Royal Society of Chemistry 2024

medial, distal) (Fig. 8A). In the SDS group, nerve bundles were
well observed up to the medial part, but partially myelinated
nerves were found in the distal part of the transplanted
scaffold. In the SC group, well-formed neural tissue and
myelin sheath were observed in all three histological areas of
the nerve tissues (Fig. 8A). The G-ratio of the No graft and SDS
0.5 groups was distributed sporadically and showed smaller
diameters of axons together with low G-ratio scores. The SC
groups showed an undispersed status along with various axon

Biomater. Sci., 2024,12,1847-1863 | 1857


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3bm02072j

Open Access Article. Published on 12 February 2024. Downloaded on 2/20/2026 3:46:55 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

No graft (P)

No graft (D)

SDS 0.5 (P)

)
%
o
(%]
o
a

SC(P)

sC (D)

3 4weeks

40+ 4 [ 8weeks
&\e’ dede
2 10 ns
= 301
i
2
2 204
[
2
£ 104
: |_-r_|
=
@ 0
No graft SDSOS SC

View Article Online

Biomaterials Science

~ 60+ *

8 T

% ns

= 404

2 #

@ *

3

£ 204 *

(]

< | |

§

©

© o | | . :
No graft SDS 0.5 SC

Fig. 7 Gap-43 and S-100 fluorescence staining of sciatic nerves post-implantation at 4 and 8 weeks (P: proximal, D: distal). (A) Gap-43 and S-100
fluorescence staining of sciatic nerves 4 weeks after regeneration. (B) Gap-43 and S-100 fluorescence staining of sciatic nerves 8 weeks regener-
ation. (C) Measurements of S-100 intensity characterization of regenerated sciatic nerves. (D) Measurements of Gap-43 intensity characterization of
regenerated sciatic nerves (scale bar = 400 pm). Error bars indicate SD. n = 3, P-value = *p < 0.05, **p < 0.01, ***p < 0.005. #p < 0.05, ##p < 0.01,

###p < 0.005.

diameters and relatively large diameters of axons were found
than in other experimental groups (Fig. 8B-D) (axon diameter:
No graft: 2.86 + 1.16, SDS 0.5: 1.47 + 0.03, SC: 7.49 + 1.03).

4 Discussion

The ECM and DNA concentrations have been verified after
decellularization due to the preservation of major ECM and
removal of genetic components are important criteria for
dECM fabrication. To apply dECM to surgical wounds in
regenerative medicine, the decellularization protocol should

1858 | Biomater. Sci, 2024, 12,1847-1863

be verified with the aim of finding the appropriate decellulari-
zation conditions for not only the preservation of ECM com-
ponents (regeneration inducer) but also removal of DNA
(immunogenic) from tissues at the same time. The DNA con-
centration for decellularization is a standard parameter of opti-
mizing the decellularization processes. Successful decellulari-
zation was considered to occur under 10-50 ng mg™ " DNA con-
centrations in the dECM.>* The sciatic nerve tissues were
treated with various concentrations of chemical (SDS) solu-
tions to find out the optimal chemical treatment conditions of
decellularization which fit the DNA elimination standard. In
this study, SDS was chosen as the conventional detergent for

This journal is © The Royal Society of Chemistry 2024
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decellularization, considering both regenerative capabilities
and commercial viability in terms of performance and short
production time that took short process time as compared to
supercritical fluid based decellularization. Triton-X is also
extensively applied for decellularization studies; however,
Triton-X has low DNA removal efficiency for whole tissue decel-
lularization as in a nerve conduit which needs high tissue
penetration and lipid extraction ratio. For this reason, sodium
deoxycholate or SB detergent and DNA degradable enzymes
were incorporated together with Triton for the decellulariza-
tion of sciatic nerve tissues.”**’

The DNA concentration of less than 50 ng mg™" was
recorded in 0.5%, 1% (w/v) SDS treated nerve tissues and cus-
tomized supercritical fluid-based decellularization (SDS 0.5:
26.26 + 10.06, SDS 1.0: 18.15 + 7.81, SC: 38.07 + 16.88). The
various experimental groups showed the successful elimin-
ation of DNA; however, there was considerable tissue surface
degradation and ECM loss in the SDS treated tissues. The
tissue degradation and ECM loss increased with higher SDS
concentrations, which is why a specific SDS concentration
value (0.5% w/v) was chosen as the optimal condition for
chemical decellularization not only to minimize ECM loss but
also to record for 50 ng mg ' DNA concentrations.”® The
supercritical fluid-based method recorded more ECM preserva-
tive characteristics versus the optimized SDS treated protocol
while both methods achieved the DNA elimination standard.
This trend was also found in the tissue protein profiling
results that recorded the types of proteins and their relative
quantities in each dECM and native tissues. Although both

This journal is © The Royal Society of Chemistry 2024

decellularization processes (SDS, supercritical fluid-based)
could not completely preserve all proteins found in native
tissues during decellularization, the supercritical fluid-based
decellularization group showed higher preservation ability
towards proteins than the chemical-based decellularization
group. The total protein preservation tendency in the decreas-
ing order of native, SC, and SDS 0.5 groups also showed in the
protein score data that totally proved the advanced decellulari-
zation efficiency of the supercritical fluid-based method com-
pared to the traditional (SDS) method.

Both SDS and supercritical fluid-based decellularization
processes successfully removed genetic material from the
native tissues, accompanied by an inevitable loss in the protein
and the ECM contents. However, the extent of decrease was
greater in the group treated with SDS compared to the group
decellularized using supercritical fluid. The reduction in these
components affected the mechanical properties of tissues, as
shown by relatively higher compressive and tensile properties of
the SC group compared to that of the SDS 0.5 group (Fig. 2B
and C). During the repeated indentation experiments, after 10
cycles, the SDS 0.5 group recorded approximately 10 times
weaker elastic modulus than the native tissue and SC groups.
These results demonstrate that the decrease in tissue mechani-
cal properties is proportional to the amount of tissue loss,
suggesting that the formal decellularization method that best
preserves the ECM content helps maintain compositional and
structural integrity of processed tissues.

Next, the biological activities of the dECM were investigated
by culturing PC12 cells in vitro on tissue slices to assess nerve
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cell migration and elongation capacity. Until day 3, relatively
high levels of actin and class III p-tubulin were detected in
PC12 cells cultured on the native group (Fig. 3). However, in
the SDS 0.5 group, the cells were found to not adhere to tissue
surfaces as much as in the other groups (native, SC), possibly
due to the loss of cell binding proteins during chemical-based
decellularization. The expression level of class III B-tubulin
was found to be higher in the native group than in both decel-
lularized groups on day 3 and day 7; however, SC group
showed a higher axon signal ratio versus the SDS 0.5 group.
Furthermore, the signal ratio of actin found in the native
tissue and SC group recorded relatively higher than that of the
SDS 0.5 group, in the same manner as class III B-tubulin
expression in short-term periods. It was reported that the
expression of actin at the neurite tip relatively increased on the
growth cones of sprouting neurons,>” and even during differ-
entiation, a high amount of actin proteins moved to the
neurite tips from cytoplasmic areas that promote the out-
growth of neurite tips.”® This implies that there is a correlation
between the increase in the expression level of class III
B-tubulin and a significant amount of actin expression. This
correlation was observed in actively differentiating PC12 cells
of the native group, as well as in the SC group, which provided
a superior differentiating environment compared to the SDS
group. Furthermore, there is no significant difference in DAPI
signal changes in the decellularized group during culture
period when compared to the native group (ESI Fig. 4f).
However, the DAPI signal decreased in the native tissue group
that eventually affected protein marker expression calculation.
This phenomenon has been observed to occur during the early
stages of cell culture. The reason is that lipid-proteins or tem-
poral glycol protein cell binding used for initial cell attach-
ment in the native tissue is still present, leading to a tempor-
ary and substantial cell attachment until day 3-4.>°°%°" As
time progresses, it is speculated that these proteins located in
the outer surface of tissues lose their temporal cell binding
function easily, by serial washing or dissipation, eventually
inducing cell detachment from the tissue surface. In contrast,
in the decellularized group, cells have attached in a stable
state with a larger amount of exposed ECM proteins and
strongly conjugated, after an amount of proteins have already
been removed during decellularization.** Therefore, it is pre-
sumed that there is less occurrence of cell detachment over
time in the SC group compared to the native tissue.

The differentiation of PC12 cells was observed in the out-
growth of neurites and related protein expression under long
term culture conditions (day 21). In the 3D culture system, the
fully differentiated PC12 cells were hardly found in the short-
term culture period (~Day 7) which was set as the standard
differentiation periods in the 2D culture method (ESI Fig. 37).
Specifically, the proper outgrowth of neurites was not observed
in the 3D culture by day 7, potentially due to the distinct
culture conditions associated with 3D scaffolds and ECM
surface that are different from those used in the 2D TCP
culture.>*>* In addition, the appropriate cell density required
for cell-cell interaction which is related to formal differen-
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tiation and cell cycles is different in the 3D platform due to
the formation of a volume, rather than simply along with a
single z-axis in 2D systems.**” Additionally, the three-dimen-
sional nature of the scaffold may slow cell migration and
tubulin formation because of their structural turbulences.*®
Analysis of class III p-tubulin signaling over a prolonged
culture period (~Day 21) revealed that the SC group exhibited
the strongest signal of p3-tubulin. And there was no significant
difference between the native and SDS groups in the signal
intensity of P3-tubulin. However, the longest neurites were
observed in the native tissues, followed by the SC and then
SDS 0.5 groups. This may be attributed to the remaining ECM
components and cell responsive proteins in the native and SC
groups, providing an environment conducive to neuronal
growth.?® The SDS 0.5 group exhibited considerably high class
IIT B-tubulin signals also when compared to the native group;
however, the SDS 0.5 group showed relatively lower neurite out-
growth than other experimental groups. The SDS group exhibi-
ted tubulin signals primarily concentrated around the cell
nucleus, and an increased cytoplasm size compared to the
other two groups cultured under the same conditions
(Fig. 4A). This means the tubulin proteins were still syn-
thesized in cells by NGF signals but could not progress to the
designated directions and were captured in the cytoplasm. The
condensed tubulin signals in the nucleus suggested high
internal class III p-tubulin levels which support relatively
higher tubulin amounts in the cell cytoplasm and not in the
neurites. This is hypothesized to be due to the inability of
neurites to extend, resulting in clustering around the nucleus
and increased signal intensity of tubulin proteins.*’

In order to achieve the ultimate goal of neural regeneration,
it is necessary to minimize host immune response against the
implanted dECM. Immune reactions that occur during
material transplantation are mainly mediated by monocytes
and macrophages, unlike B and T cells that are mediated by
adaptive immunity.*""** Appropriate immune responses play a
role in defense against external substances and in preventing
fibrosis, but excessive immune reactions associated with
foreign materials can potentially accelerate the disintegration
of transplanted tissues and provide a non-homogeneous
environment for surrounding normal tissues, which can
hinder tissue formation.**** The data presented here show
that excessive immune reactions were induced at 1 week after
transplantation of native tissues, higher than the immune
response of SDS and SC group implantation showing whole
tissue material derived immune response increase. This indi-
cates that tissue fragments such as DNA and damaged ECM
fragments that originated from SDS-treated tissue degradation,
induced increased immune reactions compared to the SC
group during tissue transplantation.*>™’ After 4 weeks of
transplantation, the native group maintained a lower level of
immune response compared to that at the 1-week time point,
but still showed higher than that of the other two groups. The
SDS and SC groups showed increased immune cell infiltration
compared to that at 2 weeks. This is expected to be due to
tissue disintegration and increased immune cell infiltration,

This journal is © The Royal Society of Chemistry 2024
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with the SC group showing a relatively lower level of immune
cell infiltration, as demonstrated in the earlier mechanical
evaluation, due to the ability to maintain strong stiffness even
after the cell removal process.*®*’

When the total immune response of SDS 0.5 and SC group
implantation results were compared, SC groups showed lower
immune response than the SDS 0.5 group which recorded a
lower concentration of DNA in it. It is well-known that residual
DNA in the ECM can induce inflammation and immune
responses.*® However, from the perspective of tissue transplan-
tation, inflammation and immune reactions arise not only
from DNA but also from the molecular recognition of all high-
molecular-weight materials, including proteins, lipids, and
carbohydrates, by immune cells.*® Consequently, it is inferred
that the probability of releasing substances triggering inflam-
mation has increased in the SDS 0.5 group, leading to an
increase in inflammatory cell response, as evidenced in the
graph, possibly due to the absolute quantity of immune acti-
vating material increased by harsh degradation in the SDS
0.5 group (Fig. 2).

Based on the evaluation of protein preservation, mechani-
cal strength, and cell reactivity, as well as immunogenicity, the
supercritical fluid-based decellularization method is deemed
to be more superior to fabricate native tissue like scaffold for
further nerve regeneration. Next, we conducted nerve gap
defect transplantation with the fabricated dECM to evaluate
the treatment potential of the dECM. The gait analysis results
showed that the SC group exhibited better recovery of motor
functions compared to the SDS 0.5 group, and the volume and
weight ratios of the gastrocnemius (muscular tissue) were also
greater compared to the No graft and SDS 0.5 groups (Fig. 6C
and D). It was confirmed through muscle images of the gastro-
cnemius where the nerve gap defect made did not function
properly, while the gastrocnemius of the normal leg (opposite
limb) was particularly overdeveloped to compensate for
reduced motor function of limbs which had undergone
surgery, and these differences were reflected in the relative
muscle weight ratio data showing dramatic difference
(Fig. 6D).

After 2 months post nerve dECM transplantation, the nerve
tissues were collected and stained with S-100 and Gap-43 anti-
bodies to confirm nerve tissue regeneration. Gap-43 is known
to activate the signaling system that regulates neuron sprout-
ing and connectivity during the development of nerve
tissues.”®™" The results obtained 4 weeks after nerve transec-
tion showed no significant differences in Gap-43 between the
No graft group, SDS 0.5 group, and SC group. It seems that
host nerve cells were still active even with the intervention
made and this expectation was also deduced from muscle
in vivo data collected at the 4 week time point that still sustain
the volumetric state of the muscle in Fig. 6. Strong Gap-43
signals in the two groups (SDS 0.5 and SC) at 4 weeks post-
implantation was expected to support growth and migration of
neuronal, nerve supportive glial cells towards the transplanted
decellularized tissues (Fig. 7A). At the 8-week time point, the
No graft group showed a decrease of Gap-43 signals, and the
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degenerated morphology in both proximal and distal areas in
the nerve gap. It might be due to immune cell related tissue
degradation and fibrotic scar formation after injury at the
harmed tissue sites.”> In the SDS 0.5 groups, the Gap-43
signals were found in the surface area of elongated gap junc-
tions which means neuronal cell infiltration may happen but
not in the correct direction and depth in the transplanted
tissues because of neuronal cell binding protein loss after the
process.>®>* However, the SC group showed evenly concen-
trated Gap-43 signals in the transplanted areas which stand
for formal neuronal tissue formation in implanted
biomaterials.

S-100 is a marker for Schwann cells in peripheral nerves
that is known to be involved in nerve metabolism, bundle for-
mation, and nerve tissue atrophy.’>*® Therefore, the formation
of Schwann cells during nerve regeneration is an important
factor in evaluating healthy neuron elongation and formal
neural tissue formations in peripheral nervous systems.’” The
results for S-100 were very similar to the expression pattern of
Gap-43 at both time points (4 and 8 weeks). However, at 4
weeks, the SDS 0.5 group showed a lower S-100 signal ratio
compared to the No graft group. It was expected because of the
remaining Schwann cells that were active in the native tissues
to sustain damaged nerve functions in early time points of
surgery and a low level of cell binding proteins and ECM con-
tents in the SDS 0.5 group that could induce time consuming
migration of Schwann cells, expressing S-100, toward the
implanted dECM.>®

To confirm whether the neural tissue was properly formed
in transplanted decellularized tissues, histological staining
was performed on cross-sections of tissues to visualize the
myelin sheath formed by Schwann cells, rather than sagittal
sections that were previously used to confirm the expression of
Gap-43 and $-100.>° In the No graft group (Fig. 8A), myelin
sheath was still present in the proximal area of sciatic nerve,
but it was not observed in a formal cylindrical shape at the
medial and distal areas of dissected nerve tissues. In the SDS
0.5 group, the myelin sheath signal was found in proximal and
medial area of nerve tissues, and the smaller axon with myelin
sheaths were found in the distal area (Fig. 8A). These results
showed that the physical, biochemical cues of decellularized
tissues induced formal tissue regeneration with the scaffolds—
host tissue interaction. Furthermore, the myelin sheaths had
thicker and larger tissue morphology in the proximal area than
those in the distal direction of the sciatic nerves in both the
No graft and SDS 0.5 groups. It was expected that myelin
would be more easily maintained or rejuvenated in the proxi-
mal area of peripheral nerve where the fast release of nerve
regenerative molecules and strong regeneration signal tran-
sition could have occurred for the closely located neuronal cell
body in the spine.®® In the SC group, condensed myelin sheath
populations were observed in the whole anatomical area in the
newly regenerated axon including in the distal area. This result
indicates that myelinated axons from the proximal origin had
grown into the grafted tissue (SC) and the regenerative micro-
environment formation by the grafted tissues had helped to
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maintain the activity of the intrinsic axons in the distal area
also. The G-ratios of myelin sheath formation presented the
superior regeneration ability of the SC group as shown by their
higher proteomic components, ECM preservation ratio and
cell reactivity. The non dispersed G-ratio distribution and
increasing tendency of G-ratio along with the larger axon dia-
meter in the SC group showed the formation of more func-
tional neuronal tissues compared to that in the chemically pro-
cessed scaffolds.®

5 Conclusion

Supercritical fluid-based decellularization and SDS-based
decellularization are two different approaches used in the
decellularization of the sciatic nerves with the aim of enhan-
cing their regeneration ability. The supercritical fluid-based
method showed higher preservation of the ECM in the pro-
cessed tissue compared to the SDS-based method. By preser-
ving the native ECM architecture, supercritical fluid-based
decellularized nerve scaffolds retain their mechanical integrity
like native tissue. In contrast, SDS-based decellularized
scaffolds may experience a decrease in mechanical strength
due to the potential damage to the ECM structure during the
decellularization process. This structural stability was crucial
for surgical handling and implantation, as well as for with-
standing physiological loading, cellular reactivity and facilitat-
ing the regeneration process. The higher ECM and protein
preservation of the supercritical fluid-based method resulted
in providing more appropriate neuronal cell culture scaffolds
that supported the outgrowth of axons under culture con-
ditions. In terms of advanced regeneration ability, the super-
critical fluid-based decellularization method had shown prom-
ising results of neural tissue regeneration. Studies have
demonstrated that the supercritical fluid-based decellularized
sciatic nerve scaffolds exhibited a favorable microenvironment
for neuronal cell growth and Schwann cell proliferation in
tissues.
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