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Abstract: Few efforts have been made regarding the optimization of porcine small intestinal sub-
mucosa (SIS) to improve its biocompatibility. This study aims to evaluate the effect of SIS degassing
on the promotion of cell attachment and wound healing. The degassed SIS was evaluated in vitro
and in vivo, compared with the nondegassed SIS control. In the cell sheet reattachment model, the
reattached cell sheet coverage was significantly higher in the degassed SIS group than in the
nondegassed group. Cell sheet viability was also significantly higher in the SIS group than in the
control group. In vivo studies showed that the tracheal defect repaired by the degassed SIS patch

Citation: Nguyen-Kieu, V.-N.; showed enhanced healing and reductions in fibrosis and luminal stenosis compared to the
Chen, Y.-C.; Dang, L.H,; Tseng, H.; nondegassed SIS control group, with the thickness of the transplanted grafts in the degassed SIS
Hung, S.-H. Degassing a group significantly lower than those in the control group (346.82 + 28.02 um vs. 771.29 + 20.41 um,
Decellularized Scaffold Enhances p <0.05). Degassing the SIS mesh significantly promoted cell sheet attachment and wound healing
Wound Healing and Reduces by reducing luminal fibrosis and stenosis compared to the nondegassed control SIS. The results

Fibrosis during Tracheal Defect suggest that the degassing processing might be a simple and effective way to improve the biocom-
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small intestinal submucosa (SIS) [1-4]. SIS mesh is composed primarily of extracellular

matrix (ECM) without cellular contents and thus can be widely used for soft tissue repair
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organ prolapse [8]; and chronic poor healing wounds such as diabetic foot ulcers [9] and
stage III or IV pressure ulcers [10]. Moreover, SIS has been used for focal tissue repair in
the eardrum [1] and heart valves [11] and for bone augmentation in animal studies [12].
However, the outcomes remain uncertain in several fields in which SIS is used [8,11]. For
instance, one retrospective study using SIS in the repair of pelvic organ prolapse revealed
the relatively high complication rates (56%) after the operations, leading to the suggestion
of little benefit of SIS graft in prolapse surgery [8]. Another study in the pediatric congen-
ital aortic valve repair found a shorter time interval to reintervention and significantly
higher odds ratio of the occurrence of moderate aortic regurgitation or stenosis when us-
ing SIS compared to the use of autologous pericardium [11]. While SIS holds the potential
to promote constructive remodeling at site-appropriate functional tissue [13], whether this
material needs to be pretreated or surface-modified before site-specific implantation to
increase clinical efficacy warrants more investigation.

In tissue engineering, a degassing process is usually adopted to remove cellular con-
tents from an ECM-based scaffold or the air bubbles inside a porous material. Two studies
reported that decellularization of porcine tracheal scaffolds using a combined vacuum-
enzyme/detergent protocol significantly decreased the fabrication time to 9 days com-
pared to 3-8 weeks without vacuum assistance [14,15]. Another study pointed out the
benefit of applying vacuum pressure to increase the penetration of collagen into a poly-L-
lactic acid (PLA) scaffold, in which the resultant PLA-collagen composite scaffold showed
improved water adsorption and degradation [16].

Currently, degassing processes, or vacuum-assisted methods, are often used to
shorten the preparation time and eliminate residual cellular contents in tissue engineering
[17-19]. Luo et al. showed that the efficiency of decellularization in heart valves treated
under vacuum was enhanced, and the elasticity and tensile strength after the decellulari-
zation process remained uncompromised [17]. Furthermore, another study demonstrated
that the preparation of decellularized tracheal scaffolds with vacuum assistance and opti-
mal DNase I concentration could achieve good effects of decellularization within only two
days [19]. In comparison to other previously reported methods of surface modification in
SIS such as functional group bonding, protein adsorption, mineral coating, or topography
and formatting modifications [20], the relatively simple and practicable degassing process
might hold potential in increasing the efficiency of SIS in tracheal luminal wound healing.
The study by Negishi et al. [16] presented a method to overcome the difficulty of incorpo-
rating the heat-sensitive natural polymer collagen into a PLA scaffold by using a vacuum
pressure impregnation method. This encouraged us to consider whether the process of
degassing would enhance cellular adhesion and proliferation and therefore enhance the
biocompatibility and clinical effectiveness of SIS.

This study aims to evaluate the efficacy of degassed SIS on the promotion of cell at-
tachment and wound healing and the reduction of fibrosis in an in vitro cell sheet reat-
tachment model and an in vivo tracheal patch defect repair model.

2. Materials and Methods

The study flow diagram is shown in Figure 1A. In brief, degassed SIS was subjected
to an in vitro cell attachment ability test with an NIH-3T3 cell sheet. Following the in vitro
evaluation, degassed SIS was evaluated for its ability to facilitate wound healing and re-
duce fibrosis in a rabbit trachea patch repair model.
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Figure 1. Flow diagram of the research design (A). Schematic diagram of the vacuum system (B).

2.1. SIS Mesh Preparation and Degassing
2.1.1. SIS Mesh Preparation

DynaMatrix Plus produced by Cook Biotech Incorporated (1425 Innovation Place,
West Lafayette, IN 47906, USA) was used in this study. DynaMatrix Plus is specifically
designed to serve as a bioactive soft tissue regeneration product for augmentation proce-
dures. The qualified pig’s small intestinal submucosa (SIS) was harvested and fabricated
into an extracellular membrane. The natural composition of matrix molecules such as col-
lagen (types I, IlI, and IV), glycosaminoglycans (hyaluronic acid, chondroitin sulfates A
and B, heparin, and heparan sulfate), proteoglycans, growth factors (FGF-2, TGF-), and
fibronectin were retained in the SIS derivation process. After purchase, the sterilized SIS
scaffolds were cut into smaller pieces (10 mm x 10 mm) and divided into two groups and
treated with or without degassing.

2.1.2. Degassing of the SIS Scaffold

A custom-designed vacuum system with a covering cup, medical pump, flexible
tubes, and cell culture dishes was used in the degassing process in this study (Figure 1B).
First, all devices were sterilized with 75% alcohol and UV irradiation for 15 min. Six pieces
of SIS material were placed into a 100 mm culture dish (diameter 100 mm, surface area
56.7 cm?). Then, 2 mL of fresh DMEM (Gibco, Life Technologies Corporation, 3175 Staley
Rd., Grand Island, NY 14072, USA) containing 10% fetal bovine serum (EDM Millipore
Corp., 290 Concord Rd, Billerica, MA 01821-3405, USA) and 1% penicillin-streptomycin
(Gibco, USA) were added to the 100 mm culture dishes. Next, the cup (diameter 45 mm,
surface area 15.9 cm?) was placed on the 100 mm culture dish, and the contour of the cup
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was pressed down slightly to the surface of the 100 mm culture dish. A specific DOW
CORNING high vacuum grease (DOW CORNING Corporation, Midland, MI 48686-0994,
USA) was used between the contour of the cup and the surface of the 100 mm culture dish.
A sterilized flexible tube was used to connect the valve of cup to a standard medical port-
able suction machine (SPARMAX, Taipei 110, Taiwan) located outside of the hood. The
input operating vacuum was set to 650 mm Hg, and the output airflow was set to 20 LPM
(liters per min) over 20 min.

2.2. Cell Sheet Fabrication
2.2.1. Preparation of the Cell Culture Inserts

According to our previous publication, we used porous polyethylene terephthalate
(PET) membranes for chemical surface modification [21,22]. Solutions one and two were
prepared by dissolving 0.125 M hyaluronic acid (Kewpie, Japan) in 0.25 M boric acid
buffer and EDC/NHS/cystamine (ACROS Organics, Belgium) in 0.25 M boric acid buffer.
The final solution (three) was prepared by pouring solution one into solution two for two
hours of reaction. Then, a 6-well culture insert with a porous PET membrane (pore size:
430 nm, pore density: 5.63 x 10¢/cm?, thickness: 12.5 pm) (ANT Technology, Taiwan) was
preactivated with low-pressure plasma (PDC-002-HP, Harrick Plasma, USA) at 500 mTorr
for 45 min under a carbon dioxide atmosphere. After immersing the PET culture insert in
0.25 M EDC/NHS in 0.25 M boric acid buffer at pH 6.0 and 4 °C for 2 hours, the insert was
mixed with an equal volume of solution. Continuous shaking was then performed for 4
hours. The culture inserts containing HA-modified porous HA-PET with a disulfide bond
were gently washed with water and kept dry overnight. Finally, the inserts were sterilized
with ethylene oxide gas for future use in culture.

2.2.2. Cell Sheet Culture

In our previous attempts (unpublished data), we found that nasal epithelial primary
cell cultures differ significantly from other cell lines in their ability to attach. Therefore, in
our current study, instead of a direct cell seeding model, a cell sheet detachment and re-
attachment model was used to reveal the effectiveness of degassing the SIS surface as in
living healing conditions; the tissue and the SIS interact through surface-to-surface con-
tact. The surface reattachment ability might more accurately reveal the effectiveness of
degassing the SIS in promoting tissue healing instead of seeding individual cells on the
SIS surface. The NIH/3T3 cell line was chosen based on its rapidly growing property and
is relatively stable in creating a condition similar to the cell sheet for reattachment com-
parison purposes.

The NIH/3T3 (mouse) fibroblast cells were purchased from the Bioresource Collec-
tion and Research Center, Hsinchu, Taiwan (BCRC no. 60008) and used in this study. A
monolayer of the cells was cultured in a 60 mm culture dish (AlphaPlus, Taiwan) in fresh
3T3 medium containing DMEM (Gibco, USA), 10% fetal bovine serum (EDM Millipore
Corp., MA 01821-3405, USA), and 1% penicillin—streptomycin (Gibco, USA). The medium
was replaced every 3 days, and the cells were maintained in an incubator at 37 °C with
5% CO..

When the density reached approximately 80% confluence, the 3T3 cells were de-
tached with 0.25% trypsin-EDTA (Gibco, USA). Then, the obtained cells were seeded on
the cell culture inserts (surface area 3.5 cm2/insert) at a density of 5 x 105 cells/insert in
fresh 3T3 medium.

After 10 days of culture, the 3T3 cell sheets were harvested from the inserts by adding
5 mL of reducing agent solution, a mixture of 0.279 g of L-cysteine in 0.5 mL of 1 N NaOH
and 29.5 mL of PBS.

2.2.3. NIH/3T3 Cell Sheet Reattachment to the Scaffold
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The degassed scaffolds were placed into a new 6-well culture plate. Then, medical
tweezers were used to move the harvested cell sheets to the 6-well culture plate. Initially,
a few volumes of medium were added to the 6-well culture plate. The 3T3 cell sheets re-
attached to scaffolds were incubated in the incubator (+37 °C, 5% CQO:) for one hour, and
then more medium was gently added for two weeks of further culture.

The nondegassed scaffolds, as the control group, underwent a similar procedure.

2.3. In Vitro Evaluation of Degassed SIS Mesh Cell Sheet Attachment
2.3.1. Reattached Cell Sheet Surface Analysis

After the incubation period, the old medium was removed, and the reattached 3T3
cell sheets were washed twice from the SIS surface. The cell sheet scaffolds underwent the
shaking test and the rinsing test. First, the cell sheet scaffolds were shaken by a shaking
machine for 10 min at 100 rpm. Then, they were held by medical tweezers, inclined 45
degrees to the surface of the culture plate, and rinsed under PBS solution flow five times.
After rinsing, the cell sheet scaffolds were placed into another 6-well plate culture.

2.3.2. Reattached Cell Sheet MTT Assay

First, 200 pL of MTT reagent (MedChemExpress Co., Ltd., 1 Deer Park Dr, Suite Q,
Monmouth Junction, NJ 08852, USA) (final concentration of 0.5 mg/mL) was added to
each well containing the reattached SIS cell sheet material, and the plate was placed in an
incubator (+37 °C, 5% CQOz). After four hours, the MTT solution was removed. Purple crys-
tals were observed on the surface of the SIS material. A standard light was used to take
photos of the attached SIS cell sheet. Then, the attachment areas were analyzed by the
image processing software Image]J (version 1.43u) developed by the National Institutes of
Health (USA). The color threshold was set to accurately capture the purple area of the
MTT-stained attached cell sheet without picking up any signals in the control group
(group without the cell sheet).

Next, 200 pL of DMSO solution was added to each well. After that, the plates were
incubated in the incubator for 10 min (+37 °C, 5% COz). It was verified that the purple
formazan crystals had been completely solubilized, and the absorbance of each sample
was measured spectrophotometrically at 570 nm by a Tecan Spark™ 10 M multimode
microplate ELISA reader.

2.3.3. H&E Staining

For histological analysis, the reattached cell sheet samples were fixed in a 10% neutral
buffered formalin solution in PBS (pH 7.4) at room temperature for 20 min, washed with
PBS 3 times, dehydrated in graded alcohol, embedded in paraffin (Merck, Darmstadt, Ger-
many), and sectioned at 5 um. Adjacent sections were stained with hematoxylin and eosin
(H&E) (Sigma, USA) and observed under a microscope (OLYMPUS BX53, Japan).

2.4. In Vivo Evaluation of the Degassed SIS Mesh in a Trachea Patch Repair Model
2.4.1. Ethics Statement and Animal Use

The following animal handling procedure was reviewed and approved by the Insti-
tutional Animal Care and Use Committee of Taipei Medical University (approval no.
LAC-2020-0173). Ten 9-month-old male New Zealand white rabbits (supplied by Bio-
LASCO Taiwan Co., Ltd., Taipei City, Taiwan) with body weights between 3 kg and 3.5
kg were included in this study. The rabbits were housed individually under standard con-
ditions (22-24 °C, exposed to cycles consisting of 12 h of light and 12 h of dark, and al-
lowed free access to food and water). Six hours before anesthesia, the rabbits were pro-
vided a light meal, but water was provided ad libitum. Prior to surgery, the rabbits were
weighed and then intramuscularly injected with 0.1 mL/kg Zoletil, which contains 50
mg/mL tiletamine and 50 mg/mL zolazepam (Zoletil® 100; Virbac, Carros, France) and 0.4
mL/kg xylazine (*Rompun 20 mg/mL; Bayer HealthCare, LLC, Animal Health Division,
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Shawnee Mission, KS 66201, USA) to induce short-term anesthesia. Rabbits were intu-
bated and constantly monitored during the course of anesthesia for level of consciousness
and any signs of discomfort. Removal of the intubation tube was attempted when the an-
imal regained consciousness and began rejecting the tracheal tube. All reasonable actions
were taken to minimize suffering throughout the operation. Rabbits were euthanized at
either the end of the experiments or when a humane endpoint was reached, whichever
came first. Humane endpoints for all experiments were defined as 20% acute weight loss
or clinical signs consistent with severe dyspnea, altered mentation, or anorexia.

2.4.2. Patch Model

After assessing the capacity of the degassed SIS mesh to promote cell adhesion and
proliferation, we then applied the degassed SIS mesh to reconstruct tracheal defects. The
patch defect model was constructed in 10 rabbits that were able to adequately before the
investigation. After the trachea was accessible, the ventral portion, which had a semicy-
lindrical shape and measured approximately 0.7 cm x 0.7 cm, was excised. On five rabbits,
a degassed SIS mesh patch of the same size as the wound was sutured in place using a
nonabsorbable surgical suture (Prolene® 6-0; ETHICON, LLC., San Lorenzo, Puerto Rico
00754-0982, USA) to reconstruct the defect. The muscle was closed with two sutures
(Vicryl® 4-0; ETHICON, USA), followed by S.C. skin closure (Nylon® 4-0; ETHICON,
USA) Five other rabbits underwent the same procedure, but the original SIS mesh was
sutured in place of the defect as the control group.

2.4.3. Histological Analysis

After administering Zoletil (Zoletil® 100; Virbac, Carros, France) intramuscularly to
induce general anesthesia, euthanasia was carried out using carbon dioxide gas. After
that, the transplanted section was promptly removed together with the host tracheal struc-
tures for gross and histological analyses. The explanted specimens were dissected to re-
move all surrounding tissues to expose the cartilage tube structure. Subsequently, the
samples were fixed for 24 h in a 10% neutral buffered formalin solution in PBS (pH 7.4) at
room temperature, rinsed with distilled water, dehydrated in graded alcohol, and embed-
ded in paraffin. Paraffin blocks were cut into 4 um sections and stained with a hematoxy-
lin-eosin staining solution (Sigma—-Aldrich, MI, USA). Using a light microscope (Axi-
oskop; Carl Zeiss, Oberkochen, Germany) at 100x magnification, microscopic quantifica-
tion was performed by one researcher blinded to the experimental groups. The thickness
of the tracheal wall at the implanted defect was measured.

2.5. Statistical Analysis

Image] software (National Institute of Health, New York, NY, USA) was used to
measure the thickness of each implanted graft. Statistical analyses were carried out using
Prism version 5 (GraphPad Software, CA, USA). Differences in the thicknesses of the mu-
cosal layers of the grafted patches with and without cell sheet application were assessed
by unpaired Student’s t test. A p value < 0.05 was considered significant and noted as p <
0.05 (*), p <0.001 (***), and p <0.0001 (****).

3. Results

3.1. In Vitro Evaluation of the Ability of the Degassed SIS Mesh Cell Sheet to Attach

Upon analysis of the MTT-stained reattached cell sheet images, the percentage of the
area of the reattached cell sheets in the degassed group was 34.57 + 11.8%, which was
significantly higher than the 16.72 + 3.8% in the nontreated group (p < 0.05) (Figure 2).
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Figure 2. Reattachment surface area analysis of the degassed SIS mesh. The area of reattached cell
sheets in the degassed group was 34.57 + 11.8%, which was significantly higher than that in the
nontreated group (16.72 + 3.8%, * p < 0.05).

The degassed group had more live reattached cell sheets than the untreated group.
The absorbance values of the samples were calculated and analyzed using the independ-
ent t test. The optical density (OD) detected by the ELISA reader in the degassed group
was 0.363 = 0.116, which was significantly higher than the 0.228 + 0.072 of the nontreated
group (**p <0.001) (Figure 3).
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Figure 3. Viability of the reattached cells in the degassed SIS mesh. The optical density (OD) meas-
ured by the ELISA reader in the degassed group was 0.363 + 0.116, which was significantly higher
than that in the nontreated group (0.228 + 0.072, *** p <0.001).

The HE-stained specimens showed that the fabricated scaffolds consisting of cell
sheets that had reattached during vacuum treatment could adhere to the surface of the SIS
since no voids were observed between the two layers (Figure 4).
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Figure 4. Histological comparison of the cell sheet reattached to the degassed SIS mesh. The cell
sheet that reattached to the degassed SIS adhered to the surface very well. (A) No voids were ob-
served between the two layers compare to the nondegassed control (B).

3.2. In Vivo Evaluation of the Degassed SIS Mesh in a Trachea Patch Repair Model

No animals died during the surgical procedure. The surviving rabbits did not exhibit
any clinical symptoms of respiratory difficulty, and euthanasia was performed in time. As
the implanted site is deep in the tracheal lumen, we found it difficult to observe the pro-
gress of the thickness of the implanted scaffold continuously. Instead, the thickness of the
implanted graft of the two groups at the time of two months postoperation was compared.
At two months postoperation, histological assessment showed that the areas that were
transplanted with the graft in both experimental groups had an intact epithelium. How-
ever, the tracheal defect repaired by the degassed SIS patch showed enhanced healing and
reductions in fibrosis and luminal stenosis compared to the nondegassed control group.
In the control group, we observed dense fibrosis, high neovascularization in the subepi-
thelial layer, and a large amount of fibrosis formation at the contact site where the SIS
mesh had been implanted (Figure 5). Conversely, the degassed SIS patch showed better
incorporation into the transplanted site, with less lymphocyte infiltration and less fibrosis
formation. As a result, there was a significant reduction in the thickness of the degassed
SIS transplanted graft compared with the nondegassed SIS graft (346.82 + 28.02 pm vs.
771.29 +20.41 pm, respectively; p < 0.05) (Figure 6).

Figure 5. In vivo evaluation of the degassed SIS mesh in a trachea patch repair model: (A) H&E
staining: the nondegassed control group showed dense fibrosis with high neovascularization (black
arrow). (B) H&E staining: the DSA-treated experimental group showed significant epithelial regen-
eration (white arrow) and less fibrosis formation around the transplanted sheet (yellow arrow).
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Figure 6. Image analysis of the measured thickness of the mucosal layer of each implanted graft.
There was a significant reduction in the thickness of the transplanted degassed SIS mesh graft com-
pared with and the nondegassed SIS mesh (346.82 + 28.02 um vs. 771.29 + 20.41 pum, respectively;
% p <0.0001).

The results from the transplanted graft study showed that the issues of fibrosis and
stenosis improved dramatically in the experimental group. Consequently, degassing
treatment appeared to enhance the incorporation of the SIS mesh into the host tissue.

4. Discussion

In this study, we demonstrated that degassing SIS promotes cell sheet attachment in
vitro. In a rabbit trachea patch repair model, the trachea defect repaired with the degassed
SIS patch showed enhanced healing and reductions in fibrosis and luminal stenosis com-
pared to the nondegassed control group. Our current study demonstrated the importance
and benefits of degassing SIS, which has not been addressed in the literature previously.

SIS has been applied for more than two decades, as Clark et al. reported the use of
intestine submucosa to repair the abdominal walls of dogs [6]. A later study confirmed
that these bioscaffold materials functioned well to repair large ventral abdominal wall
defects, and there was no evidence of local infection or other local detrimental pathology
to any of the graft materials at any time point [23]. The short-term and long-term results
from human studies were also satisfactory, even when used in contaminated or poten-
tially contaminated surgical fields [24]. However, studies have also demonstrated that in
some cases, especially in critically ill patients, the SIS mesh must be removed due to infec-
tion or reoperation [25]. In Clark’s study, the SIS bioscaffold showed more polymorpho-
nuclear leukocytes in the SIS group at the 1-week time point than those in the other, non-
SIS scaffold material groups, which raises concern for more significant foreign body reac-
tions [6]. SIS has also been used for tracheal reconstruction in some studies. Gubbels et al.
showed that SIS could be completely mucosalized, integrate into the surrounding tissues,
produce minimal granulation, and support cartilage neoplasia using a vascularized peri-
chondrial flap [26]. Bergonse et al. self-treated the submucosa of the small intestines of
pigs for SIS implantation into rabbit tracheal defects with dimensions of 6mm x 8 mm (48
mm?) [27]. As described by the authors, after treatment, the acellular SIS was composed
of collagen, elastin, glycoproteins, glycosaminoglycans, proteoglycans, and matricellular
proteins, which is similar to the composition of the SIS graft we used in this experiment.
The authors indicated that SIS facilitated neovascularization, epithelial remodeling, and
immature chondrogenesis. However, the SIS alone could not ameliorate tracheal stenosis
[27]. A promising way to increase the biocompatibility of SIS for various applications is to
incorporate stem cells. Du et al. (2012) used monolayered mesenchymal stem cells (MSCs)
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combined with SIS to maintain airway patency, and the results were promising [28]. Nev-
ertheless, the isolating and cultivating MSCs from adipose tissue to obtain the correctly
differentiated cell has not always been sustainable and has not produced the desired re-
sults due to the decreased telomerase activity at higher cell passages. Even more im-
portantly, long-term culture might lead to an increase in the probability of malignant
transformation [29]. Alternatively, SIS can be modified to enhance cell attachment, and
with increased cell attachment and migration, better healing and fibrosis reduction effects
can be expected. Additionally, the SIS might be preattached to a respiratory epithelium
cell sheet layer from the airway that can be easily harvested and cultured, such as a pa-
tient’s nose. Our previous study demonstrated the feasibility of fabricating an intact and
transplantable cell sheet cultured from autologous rabbit nasal epithelial cells [21]. These
nasal epithelial cell sheets appear to be functional and fully transplantable, which might
serve as an ideal component in the abovementioned SIS scaffold applications to limit ste-
nosis and preserve tracheal patency after transplantation.

To achieve the improved outcome mentioned above, the cytocompatibility of the SIS
materials must be enhanced. Coating the surface with biocompatible substances such as
collagen or hyaluronic acid is a commonly used protocol [30]. Surface modification with
plasma can also be utilized to show significant improvement [31-33]. Nevertheless, none
of these methods practically solves the problem that all of the current clinically available
SISs are supplied in a dried form for storage at room temperature for a reasonable period
of time. Inevitably, the prepared SIS is composed of dry ECM fibers with interlaced small
air pockets that are initially filled with tissue fluid before being manufactured. Limited
studies have addressed the impact of these SIS air pockets on wound healing. The degas-
sing process, which is frequently used to eliminate microbubbles in meshes for many ap-
plications, is seldom addressed [34]. In a study by McKenna et al. on the fabrication of a
dermal tissue engineering scaffold, degassing the scaffold (PLGA + E.C. solution) was
found to be essential and the degassing process produced a morphology that was more
consistent, increasing the suitability of the scaffold to support the growth of keratinocytes
as well as promote skin tissue regeneration [35]. In contrast, in their study, the degassing
process was emphasized to take place during the mesh manufacturing phase; we focused
on applying the degassing process after manufacture. Using degassing protocols in a post-
production phase would allow physicians to further enhance the treatment effectiveness
of a stock commercial product, which is essentially more clinically favorable. Whether
degassing is performed during the pre- or postproduction phase, these studies demon-
strated the importance of degassing and removing the dead space in the bioscaffold to
increase the bioavailability of the material.

In our in vitro shaking/rinsing test, we observed better adhesion of the cell sheet on
the SIS surface in the treated group. It should be noted that in our study, instead of using
a direct cell seeding model, a cell sheet detachment and reattachment model was used to
reveal the effectiveness of degassing the SIS surface. With direct seeding, the viability of
the cells on the SIS varies significantly according to different cell types (unpublished data).
We realized that under these conditions, we would actually be testing the survivability of
the individual cells seeded on the SIS surface instead of testing the ability of the SIS surface
to attach to the tissue. Therefore, the in vitro cell sheet reattachment model was chosen to
more closely mimic physiological conditions, as SIS is typically placed in contact with liv-
ing tissues in the clinic.

The benefits of degassing are also demonstrated in our in vivo study. Unlike in our
previous study, where a nasal epithelial cell sheet was used as the scaffold lining in a
tracheal patch defect model, in this study, pure SIS was used to repair the defect without
any epithelial lining [21]. This allowed us to directly evaluate the effect of SIS degassing
on tracheal defect reconstruction. Without the cell coverage provided by the inner lining,
the tracheal wall defect was expected to undergo a primary healing process, in which the
ability of the cells to attach and migrate would be directly reflected by the degree of heal-
ing, stenosis, and fibrosis. As expected, the animal defects repaired with the degassed SIS
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showed decreased degrees of stenosis and fibrosis at the healing site, implying that the
degassing process effectively increased the primary healing ability. Nevertheless, the ex-
tent of fibrosis remained significant. Although the experimental animals will not experi-
ence mortality in this trachea wall patch defect model, if a segmental replacement or even
transplantation is desired, the extent of stenosis/fibrosis reduced by the degassing process
might not be sufficient to produce a favorable clinical outcome. Thus, utilizing the epithe-
lial lining might be necessary for segmental replacements to prevent fatal stenosis [36].
Under these circumstances, efficient attachment of the cell sheet lining to the reconstruc-
tion scaffold will be necessary. As it has already been made commercially available and
approved for use in humans, SIS might be one of the most readily available scaffolds in
clinical practice. If the SIS can be preattached to the epithelial lining sheet, this hybrid
scaffold—cell sheet might serve as an ideal transplant material for tissue repair, as SIS de-
livers mechanical strength for handling during surgery and the functional epithelial cell
sheet lining provides functional coverage of the defect surface.

To achieve this notion, protocols intended to minimize the time needed for cell sheet
adhesion as well as maximize the ratio of cell sheet adhesion onto the surface of the SIS
scaffold are necessary. Using continuous negative pressure to remove the gas inside the
scaffold and pulling the culture medium to fill the tiny pores on the surface of the SIS
material entirely may help each part of the cell sheet have optimal exposure to nutrients,
and the cell sheet may attach more quickly and firmly to the scaffold.

While the use of tissue-engineered hybrid “scaffolded” cell sheets might still take
some time to be achieved, the effect of degassing revealed in this study can actually be
used in clinical practice at the current stage. As degassing can be performed easily through
negative pressure treatment, it is not difficult to perform in the operating room by simply
applying the surgical suction system to an air-sealed chamber.

It is possible to optimize the surface of SIS materials by degassing and simply incor-
porating peripheral blood to enhance biocompatibility in vivo. In 2019, Sofu et al. used a
chitosan-glycerol phosphate/blood implant (BST-CarGel®) mixed with peripheral blood
that resulted in clinical and radiographic outcomes similar to those of a hyaluronic-acid-
based cell-free scaffold for the treatment of focal osteochondral lesions of the knee joint
[37]. Here, we recommend that physicians use a simple protocol by applying surgical suc-
tion in connection with a sterilized cup. The SIS can be placed in a sterilized dish and
mixed with the blood gathered during the surgical procedure, and then the dish can be
placed in a sterilized bag or chamber and connected to the surgical suction system, which
would easily degas the SIS and allow the peripheral blood to fill the air pockets within it.
We observed dramatic SIS softening after 15-30 min of degassing treatment. Microscopi-
cally, the red blood cells were observed to be interlaced with the SIS interfiber spaces after
degassing (Figure 7A). Then, when the blood was poured on the SIS surface, the red blood
cells aggregated on only the SIS surface and did not penetrate the SIS matrix even after
immersion for more than 30 min (Figure 7B).

Figure 7. Demonstrations of SIS degassing with blood. (A) Microscopically, the red blood cells be-
come interlaced with the SIS interfiber spaces after degassing. (B) When blood was poured on the
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SIS surface, the red blood cells aggregated on only the SIS surface and did not penetrate the SIS
matrix after immersion for more than 30 min.

This study has several limitations. First, a patch tracheal defect repair model was
used, and a relatively small defect that was below the fatal threshold was created and
repaired. Thus, this study did not fully mimic the clinical conditions of tracheal implanta-
tion. Although degassing might have some positive impacts on partial tracheal repair,
degassing would be of less clinical value if this protocol cannot be applied in circumfer-
ential segmental repair or transplantation. Our next step will be to test the degassing pro-
tocol in a whole tracheal segmental transplantation model to evaluate the true effective-
ness of this degassing procedure. Additional evaluations of respiratory dynamics should
also be considered. Second, while the removal of the air pockets in the SIS seems to be the
critical feature of this study, it is difficult to observe cell-to-surface contact behavior con-
secutively in real time, as the SIS is a nontransparent material with a specific thickness,
making it difficult to observe by light microscopy. A noncytotoxic alternative to scanning
electron microscopy must be used to more clearly demonstrate that the air pockets become
obstacles to the living cells when the cells are trying to attach, migrate, and proliferate.

Third, the pressure and pretreatment time needed to remove a substantial number of
air bubbles inside the SIS material to facilitate the adhesion and proliferation of the res-
piratory epithelial cell sheets were not precisely determined. The degassing time of ap-
proximately 30 min in our current protocol seemed to be acceptable to maintain a func-
tional cell sheet, but optimization is worth further investigation.

Last, the potential of developing a wound infection after degassing the SIS should
always be kept in mind, because after removing the air bubbles from the materials, the
bioavailable spaces created can be used by microorganisms. Thus, whether this degassing
process causes a higher tendency to develop subsequent infection needs to be further ex-
plored, mainly since SIS is intended to be used in contaminated surgical fields. In our
study, we have observed no signs of inflammation or infection under H&E staining. How-
ever, an additional check of inflammatory markers such as the cytokines might help iden-
tify the concerns mentioned above.

Despite these limitations, we believe that the degassing process, which helps to re-
move air bubbles from inside a porous material, plays a pivotal role in increasing cell-
material adhesion and biocompatibility and thus might be a vital component for the clin-
ical applications of SIS. SIS was approved by the FDA a long time ago, which makes it
easy to purchase and to apply in humans. Most importantly, the degassing process can be
easily performed in almost all operation rooms as long as a suction device is available.
Surgeons might consider immersing the SIS in clean body fluid or saline under negative
pressure for a short period of time before being applied to the desired surgical field. The
increased biocompatibility gained by using this simple treatment might significantly en-
hance the effectiveness of SIS without the need for complicated, time-consuming modifi-
cations.

5. Conclusions

In conclusion, degassing the SIS mesh significantly promoted cell sheet attachment
in vitro. In the tracheal patch repair model, degassed SIS significantly promoted wound
healing by reducing luminal fibrosis and stenosis compared to the nondegassed control
mesh. These results suggest that degassing the SIS might be a simple and effective way to
improve its biocompatibility.

6. Patents
Tseng How has patent #US9,546,349 B2 licensed to Taipei Medical University.

Author Contributions: Conceptualization, H.T. and S.-H.H.; investigation, N.-K.V.-N., Y.-C.C., and
L.H.D.; writing—original draft preparation, N.-K.V.-N., Y.-C.C., and L.H.D.; writing —review and



J. Funct. Biomater. 2023, 14, 147 13 of 14

editing, all the authors; supervision, H.T. and S.-H.H.; funding acquisition, H.T. and S.-H.H. All
authors have read and agreed to the published version of the manuscript.

Funding: This research received funding from TMU Wan Fang Hospital research grant (no. 112-wf-
eva-25) and National Science and Technology Council grant (no. 111-2222-E-038 -003 -MY2).

Institutional Review Board Statement: The study was conducted according to the guidelines of the
Declaration of Helsinki, and approved by the Taipei Medical University, Institutional Animal Car-
eand Use Committee (Approval No. LAC-2021-0177, approval date 4 May 2021) (16) (PDF) Partial
Decellularized Scaffold Combined with Autologous Nasal Epithelial Cell Sheet for Tracheal Tissue
Engineering. Available from: https://www.researchgate.net/publication/354865661_Partial_Decel-
lularized_Scaffold_Combined_with_Autologous_Nasal_Epithelial_Cell_Sheet_for_Tracheal_Tis-
sue_Engineering [accessed Mar 04 2023].

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. Ding, Y.,; Zhang, X.; Zhang, Y.; Shen, F.; Ding, J.; Hua, K. Cervicovaginal reconstruction with small intestinal submucosa graft
in congenital cervicovaginal atresia: A report of 38 cases. Eur. ]. Obstet. Gynecol. Reprod. Biol. 2021, 267, 49-55.

2. Guevara, C.G;; Suarez, M.C.; Raymo, A.; Ransford, G.A.; Nassau, D.E.; Alam, A.; Labbie, A.S.; Castellan, M.A.; Gosalbez, R.
Small Intestinal Submucosa for corporeal body grafting in patients with proximal hypospadias and severe chordee: Long term
follow-up assessing erectile function and genital self-perception. J. Pediatr. Urol. 2022, 18, 758.e751-758.e757.

3.  Kobayashi, H.; Imai, Y.; Hirao, T.; Nakao, K.; Kajinaka, H.; Kishi, K. Histopathological Analysis of Decellularized Porcine Small
Intestinal Submucosa after Treatment of Skin Ulcer. Plastic and Reconstructive Surgery Global Open 2021, 9.

4.  Pollaers, K,; Bumbak, P.; Kuthubutheen, J. Outcomes following tympanoplasty surgery using porcine-derived small intestinal
submucosa. J. Laryngol. Otol. 2022, 136, 304-308.

5. Shi, L.; Ronfard, V. Biochemical and biomechanical characterization of porcine small intestinal submucosa (SIS): A mini review.
Int. |. Burn. Trauma 2013, 3, 173.

6. Clarke, KM,; Lantz, G.C;; Salisbury, S.K.; Badylak, S.F.; Hiles, M.C.; Voytik, S.L. Intestine submucosa and polypropylene mesh
for abdominal wall repair in dogs. J. Surg. Res. 1996, 60, 107-114.

7. Casarin, M,; Fortunato, T.M.; Imran, S.; Todesco, M.; Sandrin, D.; Borile, G.; Toniolo, I.; Marchesan, M.; Gerosa, G.; Bagno, A.
Porcine Small Intestinal Submucosa (SIS) as a Suitable scaffold for the creation of a tissue-engineered urinary conduit: Decellu-
larization, biomechanical and biocompatibility characterization using new approaches. Int. ]. Mol. Sci. 2022, 23, 2826.

8.  Alexandridis, V.; Teleman, P.; Rudnicki, M. Efficacy and safety of pelvic organ prolapse surgery with porcine small intestinal
submucosa graft implantation. Eur. ]. Obstet. Gynecol. Reprod. Biol. 2021, 267, 18-22.

9. Niezgoda, J.A.; Van Gils, C.C,; Frykberg, R.G.; Hodde, ].P.; Group, O.D.U.S. Randomized clinical trial comparing OASIS Wound
Matrix to Regranex Gel for diabetic ulcers. Adv. Ski. Wound Care 2005, 18, 258-266.

10. Brown-Etris, M.; Milne, C.T.; Hodde, J.P. An extracellular matrix graft (Oasis® wound matrix) for treating full-thickness pres-
sure ulcers: A randomized clinical trial. . Tissue Viability 2019, 28, 21-26.

11. Sengupta, A.; Beroukhim, R.; Baird, C.W.; Del Nido, P.J.; Geva, T.; Gauvreau, K.; Marcus, E.; Sanders, S.P.; Nathan, M. Outcomes
of repair of congenital aortic valve lesions using autologous pericardium vs porcine intestinal submucosa. J. Am. Coll. Cardiol.
2022, 80, 1060-1068.

12. Wang, S;; Wu, W,; Liu, Y.; Wang, X,; Tang, L.; You, P.; Han, J; Li, B.; Zhang, Y.; Wang, M. Bone augmentation of peri-implant
dehiscence defects using multilaminated small intestinal submucosa as a barrier membrane: An experimental study in dogs.
BioMed Res. Int. 2019, 2019, 8962730

13.  Fujii, M.; Tanaka, R. Porcine Small Intestinal Submucosa Alters the Biochemical Properties of Wound Healing: A Narrative
Review. Biomedicines 2022, 10, 2213.

14. Butler, C.R.;; Hynds, R.E,; Crowley, C.; Gowers, K.H.; Partington, L.; Hamilton, N.J.; Carvalho, C.; Platé, M.; Samuel, E.R.; Burns,
A.]. Vacuum-assisted decellularization: An accelerated protocol to generate tissue-engineered human tracheal scaffolds. Bio-
materials 2017, 124, 95-105.

15. Lange, P.; Greco, K.; Partington, L.; Carvalho, C.; Oliani, S.; Birchall, M.; Sibbons, P.; Lowdell, M.; Ansari, T. Pilot study of a
novel vacuum-assisted method for decellularization of tracheae for clinical tissue engineering applications. J. Tissue Eng. Regen.
Med. 2017, 11, 800-811.

16. Negishi, J.; Funamoto, S.; Hashimoto, Y.; Yanagisawa, K. PLA-collagen composite scaffold fabrication by vacuum pressure
impregnation. Tissue Eng. Part C: Methods 2019, 25, 742-747.

17. Luo, Y.; Ma, L. Bioprosthetic heart valves with reduced immunogenic residuals using vacuum-assisted decellularization treat-
ment. Biomed. Mater. 2020, 15, 065012.

18.  Shi, Q.; Chen, Y.; Li, M; Zhang, T.; Ding, S.; Xu, Y.; Hu, J.; Chen, C.; Lu, H. Designing a novel vacuum aspiration system to

decellularize large-size enthesis with preservation of physicochemical and biological properties. Ann. Transl. Med. 2020, 8, 1364.



J. Funct. Biomater. 2023, 14, 147 14 of 14

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Wang, Z.; Sun, F; Lu, Y.; Zhang, B.; Zhang, G.; Shi, H. Rapid preparation method for preparing tracheal decellularized scaffolds:
Vacuum assistance and optimization of DNase I. ACS Omega 2021, 6, 10637-10644.

Zhao, P.; Li, X,; Fang, Q.; Wang, F.; Ao, Q.; Wang, X,; Tian, X.; Tong, H.; Bai, S.; Fan, J. Surface modification of small intestine
submucosa in tissue engineering. Regen Biomater 2020, 7, 339-348.

Dang, L.H.; Hung, S.-H.; Tseng, Y.; Quang, L.X; Le, N.T.N.; Fang, C.-L.; Tseng, H. Partial decellularized scaffold combined with
autologous nasal epithelial cell sheet for tracheal tissue engineering. Int. J. Mol. Sci. 2021, 22, 10322.

Tseng, H.; Tsai, J.-K.; Ou, K.-L.; Chen, P.-N. Supports for cell culture and cell sheet detachment and methods for cell sheet detachment;
Taipei Medical University TMU: Taipei 110, Taiwan, 2017.

Badylak, S.; Kokini, K.; Tullius, B.; Simmons-Byrd, A.; Morff, R. Morphologic study of small intestinal submucosa as a body
wall repair device. J. Surg. Res. 2002, 103, 190-202.

Franklin, M.E.; Trevifio, ].M.; Portillo, G.; Vela, I; Glass, J.L.; Gonzalez, ].J. The use of porcine small intestinal submucosa as a
prosthetic material for laparoscopic hernia repair in infected and potentially contaminated fields: Long-term follow-up. Surg.
Endosc. 2008, 22, 1941-1946.

Helton, W.S,; Fisichella, P.M.; Berger, R.; Horgan, S.; Espat, N.J.; Abcarian, H. Short-term outcomes with small intestinal sub-
mucosa for ventral abdominal hernia. Arch. Surg. 2005, 140, 549-562.

Gubbels, S.P.; Richardson, M.; Trune, D.; Bascom, D.A.; Wax, M.K. Tracheal reconstruction with porcine small intestine submu-
cosa in a rabbit model. Otolaryngol. —Head Neck Surg. 2006, 134, 1028-1035.

Bergonse Neto, N.; Jorge, L.F.; Francisco, ].C.; Erbano, B.O.; Barboza, B.E.G.; Da Silva, L.L.G.; Olandoski, M.; De Carvalho,
K.A.T.; Moreira, L.F.P.; Faria Neto, ].R. Regeneration of tracheal tissue in partial defects using porcine small intestinal submu-
cosa. Stem Cells Int. 2018, 2018, 5102630.

Du, X.F.; Kwon, S.K,; Song, ].-].; Cho, C.G.; Park, S.-W. Tracheal reconstruction by mesenchymal stem cells with small intestine
submucosa in rabbits. Int. |. Pediatr. Otorhinolaryngol. 2012, 76, 345-351.

Musiat-Wysocka, A.; Kot, M.; Majka, M. The pros and cons of mesenchymal stem cell-based therapies. Cell Transplant. 2019, 28,
801-812.

Joo, H,; Park, J.; Sutthiwanjampa, C.; Kim, H.; Bae, T.; Kim, W.; Choi, J.; Kim, M.; Kang, S.; Park, H. Surface coating with hyalu-
ronic acid-gelatin-crosslinked hydrogel on gelatin-conjugated poly (dimethylsiloxane) for implantable medical device-induced
fibrosis. Pharmaceutics 2021, 13, 269.

Akdogan, E.; Sirin, H.T. Plasma surface modification strategies for the preparation of antibacterial biomaterials: A review of the
recent literature. Mater. Sci. Eng. C 2021, 131, 112474.

Jacobs, T.; Morent, R.; De Geyter, N.; Dubruel, P.; Leys, C. Plasma surface modification of biomedical polymers: Influence on
cell-material interaction. Plasma Chem. Plasma Process. 2012, 32, 1039-1073.

Lu, T.; Qiao, Y.; Liu, X. Surface modification of biomaterials using plasma immersion ion implantation and deposition. Interface
Focus 2012, 2, 325-336.

Yohe, S.T.; Freedman, J.D.; Falde, E.J.; Colson, Y.L.; Grinstaff, M.W. A mechanistic study of wetting superhydrophobic porous
3D meshes. Adv. Funct. Mater. 2013, 23, 3628-3637.

McKenna, E.; Klein, T.].; Doran, M.R.; Futrega, K. Integration of an ultra-strong poly (lactic-co-glycolic acid)(PLGA) knitted
mesh into a thermally induced phase separation (TIPS) PLGA porous structure to yield a thin biphasic scaffold suitable for
dermal tissue engineering. Biofabrication 2019, 12, 015015.

Dang, L.H.; Tseng, Y.; Tseng, H.; Hung, S.-H. Partial decellularization for segmental tracheal scaffold tissue engineering: A
preliminary study in rabbits. Biomolecules 2021, 11, 866.

Sofu, H.; Camurcu, Y.; Ucpunar, H.; Ozcan, S.; Yurten, H.; Sahin, V. Clinical and radiographic outcomes of chitosan-glycerol
phosphate/blood implant are similar with hyaluronic acid-based cell-free scaffold in the treatment of focal osteochondral lesions
of the knee joint. Knee Surg. Sport. Traumatol. Arthrosc. 2019, 27, 773-781.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual au-
thor(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.



