Indian Journal of Surgery (August 2023) 85(4):748-757
https://doi.org/10.1007/512262-022-03542-w

ORIGINAL ARTICLE q

Check for
updates

The Use of Acellular Matrices Obtained by the Esophagus, Intestine,
and Trachea for Esophageal Wall Repair: an Experimental Study
on a Rat Model

Esra Ozcakir' @ - Fatih Celik?*® - Sabire Guler*® - Zehra Avci*® - Mete Kaya'

Received: 28 February 2022 / Accepted: 5 August 2022 / Published online: 11 August 2022
© Association of Surgeons of India 2022

Abstract

This study aimed to evaluate the procurement, efficacy, and applications of different acellular matrices (AMs) on rat esophagi.
Sixteen rats were used. Following tissue harvesting from donor rats, AMs were obtained by detergent-enzymatic treatment
(DET) from the esophagus, jejunum, and trachea. Fifteen rats were allocated into groups defined by implemented AM types:
esophageal (EAM), intestinal (IAM), and tracheal (TAM). According to groups, 5 X 5 mm esophageal wall defect repair was
performed with AMs. Samples were examined for hyperemia, edema, inflammatory cells, and neovascularization by scoring.
The existence of muscle cells was investigated with immunohistochemical assessment. The procurement of AM in vitro and
its implementation on the damaged esophageal wall was achieved successfully. There was a significant difference between
groups regarding hyperemia, inflammatory cells, and neovascularization (p < 0.05). Hyperemia and cell infiltration were
higher, and neovascularization was poorer in TAM than in others (p < 0.05). The neovascularization was significantly higher
in the EAM group (p <0.05). Increased edema was detected in the IAM group than others, albeit with no significant dif-
ference. Staining with Masson’s trichrome and desmin antibodies, showing increased inflammatory response on the matrix
site, was not detected to regenerate muscle cells. Our DET approaches provided that AMs with potential for regeneration
have been obtained from different tissues. Grafting by TAM caused higher grades of inflammation with poor angiogenesis
and existing chondrocytes. Decreased inflammatory response of EAM was thought to be due to the native tissue-derived
matrix. These results suggest that promoting self-regeneration with native tissue-derived AM can be improved and more
convenient in damaged tissue repair.
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Introduction reconstruction is a significant challenge that requires additional

supplementation for optimal repair [1-3]. Currently, esopha-
Reconstruction of esophageal lesions represents a burden to  geal replacement procedures are performed as surgical inter-
children and pediatric surgeons. Unlike the rest of the gas-  position of either jejunal/colonic grafts or gastric pull-ups [4,
trointestinal (GI) tract, the esophagus has little redundancy  5]. Even though these conventional surgical techniques have
[1]. Therefore, the lack of autologous tissue for esophageal  been efficient, they are associated with a high incidence of
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morbidity and complications [4, 6], necessitating novel alter-
natives for esophageal substitution.

Recent decades have presented implications for tissue
engineering in esophageal repair as promising alternative
strategies proceeding on two primary subjects: cell-seeding
and scaffolds [4, 5, 7-9]; cell-seeded scaffolds and acellu-
lar matrix (AM) are the two constituents approved for tis-
sue engineering. AM serves as a framework to repopulate
host cells, and the AM derived from the decellularization
of native tissues has been recently suggested as the optimal
scaffold choice [1, 10, 11].

Several esophageal tissue repair studies have been car-
ried out with various AMs of esophagus-origin and other
tissues such as the small intestinal and gastric mucosae and
dura mater [1, 9, 12-15]. However, no previous study has
addressed the efficiency of tracheal AM regarding the esoph-
ageal tissue. Furthermore, although some studies have been
conducted on AMs derived from different organs, no study
has investigated the efficacy of three simultaneously used
naturally-derived AMs in esophageal tissue repair. Thus, our
study aimed to (i) obtain suitable and standardized decellu-
larized matrices from the esophagus, intestine, and trachea,
(ii) evaluate the homogenous and heterogeneous matrices’
histological compositions, together with their compatibilities
with the esophageal wall, (iii) assess the early clinical out-
comes of tissue regeneration after implementation of AMs
in a rat esophagus model with an intact mucosa and partially
excised muscle layer.

Material and Methods

The Committee for Institutional Animal Care and Use in
Uludag University, Bursa, Turkey, approved all the proce-
dures (decision # 2021-03/12, date: 16.03.2021), and the
study was conducted following the principles outlined in the
Declaration of Helsinki.

Animal Model

Except for one donor subject, 15 Wistar albino rats weighing
between 200 and 250 g were randomly assigned into three
groups. The esophageal patch repair (EPR) procedure was
performed by an esophageal AM (EAM) in the EAM group
(EAMG) (n=5), an intestinal AM (IAM) in the IAM group
(IAMG) (n=5), and a tracheal AM (TAM) in the TAM
group (TAMG) (n=5). The rats were fed orally with liquid
nutrition and water.

Tissue Procurement for the Source of Acellular
Matrix

Under general anesthesia, the esophageal, tracheal, and
small intestinal tissues were harvested from the donor rat

following a midline incision extending from the cervical
region to the abdomen (Fig. 1). The tissue samples were
cut 1-3 cm in length and trimmed of excess mesentery tis-
sue. Then they were kept in phosphate buffer saline (PBS)
solution with antibiotics (penicillin 100 U/ml, streptomycin
100 pg/ml, and amphotericin-B 0.25 pg/ml) at+4 °C until
the experimental procedure.

Decellularization Procedures

Detergent-enzymatic treatment (DET) was performed as
described previously [5, 16, 17]. First, the samples were
washed thoroughly with deionized water at+4 °C for 24 h.
Tissues were then perfused with 4% sodium deoxycholate
(SDC) containing 1% Triton X-100 at room temperature
for 4 h. Next, tissues were treated with 2000 kU DNase-I
(Roche) for the esophagus and intestine and 50 kU DNase-
I (Roche) for trachea in 1 M NaCl at room temperature for
24 h to remove the cellular components from the matrix, as
previously described in the literature [5, 16, 17]. In addi-
tion, the tracheal AMs were rinsed with ddH,O at+4 °C for
41 h [17]. Subsequently, AMs were kept in the PBS solu-
tion containing 5% antibiotic and antimycotic at+4 °C until
implantation. The protocol’s all stages were performed on
the shaker. The detergent extraction steps are summarized in
Table 1. The macroscopic views of AMs are shown in Fig. 2.

Histological Examination of Acellular Matrices

The samples were fixed in 10% neutral-buffered formalin
for 24 h. The fixed tissues were embedded in paraffin wax
and sectioned in 3-pm thickness. The sections were stained
with hematoxylin—eosin (HE) to evaluate decellulariza-
tion efficiency in the pre-implanted matrices (Fig. 2). All
slides were observed via light microscopy (CX-41 Olympus,
Model U-D03).

Surgical Procedure

Anesthetized animals were shaved and cleaned with a pov-
idone-iodine solution. All surgical procedures were per-
formed under the guidance of light microscopy. The mus-
cular layer of the esophageal wall was partially excised, as
previously reported [18]; a portion of the esophageal mus-
cle 5X5 mm in size was excised to establish an esophageal
wall defect with intact mucosa. The acellular matrices in
accordance with each group were patched into the created
defects, and they were fixed with interrupted 8—0 polypro-
pylene (Prolene, 2775G, Ethicon, USA) sutures (Fig. 3). No
antibiotics or analgesia were applied to rats after surgery.
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Fig. 1 Macroscopic appear-
ance of harvested tissues from
subjects

Table 1 The decellularization procedures of sample tissues

The steps of the Source organs
detergent-enzymatic -
treatment protocol Esophagus Trachea Intestine
Rinse Deionized water Deionized water Deionized water
(4°C,24h) (4°C,72h) (4°C,24h)
Cell extraction 1% Triton X-100 in 4% SDC, RT, 4 h 1% Triton X-100 in 4% SDC, RT,4 h 1% Triton X-100 in 4% SDC, RT, 4 h
Removing of nuclear contents DNase I, 2000 kU in 1 M NaCl, RT, DNase I, 50 kU in 1 M NaCl, RT,3h DNase I, 2000 kU in 1 M NaCl, RT,
3h 3h
Rinse - ddH,0,4 °C, 41 h -
Store up PBS solution (containing 5% antibiotic, antimycotic solution)

PBS phosphate buffered saline, RT room temperature, SDC sodium deoxycholate
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Fig.2 Macroscopic view of the decellularized esophageal matrix
(a), acellular jejunal matrix (b), and acellular tracheal matrix (¢). HE
staining showed that the DET led to efficient decellularization since

Histological Evaluation of the Specimens

Rats were euthanized on the 21st post-grafting day. Tissue
samples were collected for histologic analysis, fixed in for-
malin, embedded, sectioned, stained with HE to evaluate
inflammatory cells, and stained with Masson’s trichrome

no remaining cells were observed in the decellularized tissues (esoph-
agi, b; jejunum, d; and trachea, f), preserved tracheal chondrocytes (f)

(MT) to indicate the implanted AM;s area and histoarchi-
tecture of esophageal layers. Blind observers examined the
slides. The degrees of hyperemia, edema, and vasculariza-
tion were scored in a semi-quantitative manner (O: no stain-
ing; 1 +:<25% inflammatory cells positive; 2 +: 26-75%
inflammatory cells positive; 3+ :>75% inflammatory cells
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Fig.3 The experiment procedure: identification of the rat’s abdomi-
nal esophagus (a), resected area on esophagus with intact mucosa (b),
implanted acellular matrix on the anterior esophageal wall (c), macro-

positive), and the staining intensity was interpreted as none,
low, moderate or high.

The immunohistochemical (IHC) staining by the strepta-
vidin-peroxidase (HRP/DAB) method with antibody desmin
(Thermo Scientific, PA1-37,556, USA; dilution 1:300) was
used to visualize the muscle cells and collagen fibers. The
positive and negative outcomes were included.

Statistical Analysis

The results were presented as the median (mini-
mum-maximum) values or frequency and percentage. The
Kruskal-Wallis test was used to compare groups, and the
Bonferroni test was the test for multiple comparisons. A
p-value less of than 0.05 was considered statistically sig-
nificant. Statistical analyses were performed with IBM SPSS
Statistics for Windows Ver. 23.0 (IBM Corp., Armonk, NY;
released 2015).

Results

The AMs were successfully obtained from different tis-
sues by DET (Fig. 2a, c, and e). The HE-stained sections
of decellularized esophagus, trachea, and intestine showed

Fig.4 Macroscopic evaluation of integration for implemented AMs
to the esophagus; the overlying layer was well-integrated with the
native esophagus without borderline hypertrophy in EAM (a); there
was excellent regeneration with minimal hypertrophy in IAM (b);
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scopic view of esophageal repair at the third week of experiment (d),
bullet symbol, esophagus

the absence of cell nuclei and muscle fibers, indicating that
no intact cells remained within the obtained AMs (Fig. 2b,
d, and e).

One week after EPR, two of the 15 rats were lost, and
the remaining 13 survived. Macroscopically, all esophagi
had a typically repaired morphologic appearance with no
stenosis, dilatation, and graft detachment (Fig. 4a—c). Three
weeks after AM placement, regenerated tissues were inte-
grated with the suture materials and patch surfaces, and no
hyperplastic changes were observed in the proximal and
distal parts of the grafts, except in the TAM group (Fig. 4c).

Light microscopic examination of luminal sections
revealed that all AM grafts were located on the intact
mucosa, within the muscular layer’s cleft, covered with
connective tissue cells and apparent neovascularization
(Fig. 5a—c). Histologic examination of the EPR areas showed
regenerated connective tissues on the AM sites. In addition,
reactive host responses were identified in the surroundings
of AMs, including giant inflammatory cells, edema, and
neovascularization with no pathologic alterations. Also,
the existing chondrocytes in the heterogeneous matrix were
observed to cause an increased polymorphonuclear cell
count.

Histological examination of the HE-stained AMs
revealed hyperemia, edema, connective tissue formation,

and the TAM surface showed increased inflammation, deleted wound
margin, hypertrophy, and severe adhesion that did not allow removal
of liver tissue (c). Bullet symbol, implanted acellular matrices; filled
pentagon, adhesive liver tissue
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Luminal Section

Desmin

Fig.5 HE staining demonstrated increased inflammatory cell infiltra-
tion (bullet symbol), neovascularization (filled star), and suture mate-
rial (section sign) around the matrices. There was minimal inflam-
matory cell infiltration in EAM, while it considerably increased in
TAM (HE x40 original magnification). MT staining identified AMs
and esophageal layers in all sections (g, h, j). There was homoge-
neous connective tissue regeneration on the EAM surfaces (g), less
regenerated connective tissue with predominant edema in IAM (h),
and heterogeneous least connective tissue on account of chondrocytes

and polymorphonuclear cell infiltrations on the grafted
areas. In particular, giant cells were found more promi-
nently with connective tissue morphology around the
suture material, different than the others (Fig. 5d-f).
Also, HE staining revealed increased neovascularization
on EAMG compared to the others (Fig. 5d).

MT staining revealed that the connective tissues on
the graft materials were prominently blue-stained in all
groups. In addition, while MT staining showed the regen-
erated connective tissues in EAMG and IAMG, it also
indicated chondrocytes, expressing less connective tissue
in TAMs’ regenerated surfaces (Fig. 5g, h, and j).

IHC staining revealed preserved matrix components and
no muscle cells on the matrix surface. The IHC staining
for desmin did not show the esophageal muscular layer’s
regeneration at all matrix graft sites 3 weeks after the
implantation (Fig. 5k, m, and o). There was no muscle cell
on regenerated matrix tissue in all groups. The margins
of the native esophageal muscle layer could be observed
around the defect in all groups; however, it was promi-
nently thickened in TAMG (Fig. 5k—m).

on TAM surface (f) (MT x40 original magnification). Immunohisto-
chemical staining (anti-desmin antibody) clearly showed esophageal
muscle layers around the matrices (k, m, o; desminx40 original
magnification). No muscle cell was observed on any matrices (I, n,
p desminx 100 original magnification). HE, hematoxylin eosin stain-
ing; MT, Masson’s tricrome staining; L, esophageal lumen; section
sign suture material; filled triangle, muscle layer; filled star, vascu-
larization; bullet, giant cell, polimorph nuclei infiltration; filled penta-
gon, adhesive liver tissue

The statistical scoring results of the inflammation com-
ponents (hyperemia, edema, inflammatory cell infiltration,
and neovascularization) are summarized in Table 2. The
statistical comparisons between the groups reveal p-values
of 0.012, 0.781, 0.040, and 0.011 for hyperemia, inflam-
matory cell, edema, and neovascularization, respectively)
(Table 2). Thus, there were significant differences among
the three groups regarding hyperemia, inflammatory cells,
and neovascularization (p <0.05).

The hyperemia score and the inflammatory cellular infil-
tration were lower, whereas the neovascularization score was
the highest in the EAMG (Table 2). Both median values of
the hyperemia score and the polymorphonuclear cell infiltra-
tion were significantly higher in TAMG than in others (2.50
and 3.00, respectively) (Table 2). Even though enhanced
edema was identified at histopathological assessment in two
subjects with implanted IAM, there were no statistically
significant differences among the groups regarding edema
(p>0.05).

The groups’ pairwise comparisons are presented in
Table 3. The median values of hyperemia, inflammatory
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Table 2 The statistical analysis of histopathological scoring in the groups

The components of the inflamma- Acellular matrix groups p-value*
tory process - . -

EAM mean (min—max) IAM mean (min-max) TAM mean (min—-max)
Hyperemia 0.00 (0.00-1.00) 1.00 (0.00-1.00) 2.50 (2.00-3.00) 0.012
Edema 2.00 (2.00-3.00) 3.00 (2.00-3.00) 3.00 (2.00-3.00) 0.781
Inflammatory cell infiltration 1.00 (1.00-1.00) 3.00 (1.00-3.00) 3.00 (2.00-3.00) 0.040
Neovascularization 3.00 (3.00-3.00) 1.00 (0.00-2.00) 0.50 (0.00-1.00) 0.011

Bold font is used for statistically significant correlations

Min minimum, max maximum. EAM esophageal acellular matrix, JAM intestine acellular matrix, TAM tracheal acellular matrix

“Kruskal-Wallis test

Table 3 Pairwise group comparisons of the inflammation compo-
nents in histopathological assessment

p-value*

EAM-IAM EAM-TAM IAM-TAM

Hyperemia 1.000 0.015 0.060
Edema 1.000 1.000 1.000
Inflammatory cell infiltration 0.221 0.040 1.000
Neovascularization 0.066 0.013 1.000

Bold italic font is used for statistically significant correlations

EAM esophageal acellular matrix, /AM intestine acellular matrix,
TAM tracheal acellular matrix

“Bonferroni test

cell infiltration, and neovascularization score in EAMG
and JAMG were quite close, and there were no statistically
significant differences between the two groups (p =1.00,
p=0.272, and p =0.066, respectively) (Table 3).

Pairwise comparisons of EAMG versus TAMG
revealed statistically significant differences regard-
ing total inflammatory scores in implanted matri-
ces (p=0.015, p=0.040, and p =0.013, respectively)
(Table 3). On the other hand, pairwise comparisons
revealed no statistically significant differences between
EAMG and IAMG and between IAMG and TAMG in
(Table 3). The histopathological scoring results are shown
as a boxplot graph (Fig. 6).

Discussion

This study evaluated the possibility of obtaining in vitro
implantable AMs, composed of homologous and heter-
ologous tissues, and the outcomes of their patching to
the esophagus in a rat model. To our knowledge, this is
the first study with a simultaneous assessment of various
AMs used for EPR in a rat model.

@ Springer

Acellular Matrices in General

Several studies have pointed out that the AMs can stimulate
the ingrowth of host cells, vascular networks, matrix forma-
tion, and tissue-specific macro and micro-architecture [1, 5,
10, 19, 20]. Likewise, in our study, the histologic analysis
of EPR sites in all groups provided evidence of integration
processes. In addition, increased neovascularization was
observed 3 weeks after EPR in AMs in our study, suggest-
ing the presence of constructive matrix remodeling process
rather than a scar tissue or foreign body response, as in
Okuyama et al.’s study about the patch esophagoplasty [6].

Many studies have revealed promising results with seeded
matrix, stem cell niche, and differentiated cells to regener-
ate the muscular layer of the esophagus in tissue engineer-
ing. Overall, these studies have emphasized that AM grafts
without cell seeding had no potential to develop muscle cell
regeneration [8, 10, 21, 22]. Although mentioned studies have
demonstrated muscular proliferation on grafted sites, our
study was conducted without cell cultures on AMs, and no

desmin positive cells were observed on implanted AM sites.

Esophageal Acellular Matrix

Our study showed homogeneous connective tissue and less
inflammatory process in the EAM than in the other AMs.
Although the inflammation events in all AM groups were
similar, only the EAM group provided statistically signifi-
cant results [4, 8, 10, 21, 23]. The studies with EAM pub-
lished in the medical literature confirmed regenerative tis-
sue development, improved vascularization, and increased
inflammatory process, similar to our study [10, 21, 22, 24].
In addition, Bhrany et al. reported an effective decellulari-
zation procedure for the EAM and defined the EAM as a
usable graft that keeps in collagen, a basement membrane
for restoring, maintaining, or improving esophageal func-
tion [25]. However, their study’s rat-derived EAMs were
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Fig.6 Four box plots demonstrate the differences between EAM, IAM, and TAM groups, according to the scoring of inflammatory patterns (a:
hyperemia; b: edema; c: inflammatory cell infiltration; d: neovascularization)

introduced into subcutaneous pockets of the rats, not into
esophageal tissue. In our study, we patched the EAM only
to the muscular layer of the rat esophagus.

Intestinal Acellular Matrix

Lopes et al. used IAM grafts to repair esophageal defects on
the rat model’s cervical and abdominal segments [26]. They
reported that invasion of patches by migrating mononuclear
inflammatory cells, mainly lymphocytes, and neovasculari-
zation were identified in the early postoperative course. They
concluded that the graft sites were remodeled into host-like
tissues and functioned well [26]. In another published study,
Catry et al. reported no muscle regeneration in the absence
of seeded mesenchymal stem cells and emphasized that the
cell-seeded IAM model is vital for muscle regeneration [21].
In the present study, mild inflammation and edema were
observed with increased fibroblast and neovascular ingrowth
around the IAM on the third week after grafting. In addition,
no muscle cell was encountered along with the patch. These

findings represented similar properties of IAM integration
to Lopes et al.’s and Catry et al.’s studies [21, 26].

Tracheal Acellular Matrix

Preliminary studies in animal models have shown that main-
tenance of the TAM depends partially on the chondrocytes,
which play essential roles in synthesizing and secreting car-
tilage matrices and collagen fibers [27-29]. The presence
of an intense proteoglycan—collagen matrix and absence
of vascularization would protect chondrocytes from host
antigens. Although Liu et al. concluded that tracheal grafts
treated with DET could be used in immunosuppressant-free
allotransplantation in 2000, no further study has supported
the use of TAM for regeneration of the esophagus to date
[30]. Our study confirmed the efficacy of the procedure,
despite the existing chondrocytes, increased inflammatory
response, less vascularization, and heterogeneous connec-
tive tissue regeneration. We believe that the expectation to
provide an intact esophageal lumen with a reinforced wall
by chondrocytes needs to be studied further.
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Limitation of the Study

This study’s primary limitation was the lack of ultrastruc-
tural analysis. The other limitations were our experiment’s
short duration and its relatively small number of animals.
In addition, the absence of another experimental group with
entirely damaged esophageal wall layers did not enable fur-
ther comparisons.

Conclusions

The DET to obtain AM provided scaffolding for mucosal sup-
port and repair of esophageal wall avoiding fistula and histo-
logical regeneration in experimental animals. Further research
is required to enhance this model in larger numbers of animals
and more prominent defects in the esophageal wall.
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