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Characterization of silver nanoparticle-modified decellularized rat esophagus for
esophageal tissue engineering: Structural properties and biocompatibility
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Decellularized esophageal matrices are ideal scaffolds for esophageal tissue engineering. Unfortunately, in order to
improve transplantation possibilities, they require modification to reduce their degradation rate and immunogenicity.
To date, no modifying agent has been approved to overcome these limitations. The objective of this study was to evaluate
the ability of silver nanoparticles (AgNPs) to improve the structural stability and biocompatibility of decellularized rat
esophagi. AgNPs have the advantage over currently used agents in that they bind with collagen fibers in a highly ordered
manner, via non-covalent binding mechanisms forming multiple binding sites, while other agents provide only two-
point connections between collagen molecules. Rat esophagi were decellularized, loaded with 5 mg/mL of AgNPs
(100 nm), and then treated with an immobilization-complex buffer composed of ethyl carbodiimide hydrochloride and
N-hydroxysuccinimide (EDC/NHS). Then, they were evaluated in terms of ultra-structural morphology, water uptake,
in vitro resistance to enzymatic and thermal degradation, indentation strength, in vitro anti-calcification, cyto-
compatibility with rat bone marrow derived stromal cells (rat-BMSCs), angiogenic properties, and in vivo biocompati-
bility, and compared to scaffolds modified using glutaraldehyde and EDC/NHS complex buffer alone. AgNP-modified
scaffolds showed an improved ultrastructure, good water uptake, and considerable resistance against in vitro degra-
dation and indentation, and a high resistance against in vitro calcification. Moreover, they were cytocompatible for
allogeneic rat-BMSCs. Additionally, AgNPs did not alter the angiogenic properties of the modified scaffolds and
decreased host immune responses after their subcutaneous implantation. The structural properties and biocompati-
bility of decellularized esophageal matrices could be improved by conjugation with AgNPs.
� 2019, The Society for Biotechnology, Japan. All rights reserved.
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Esophageal disorders, including congenital defects, traumatic
injuries and cancers, are complicated by lack of regeneration and
scarification, and so are associated with high mortalities. Tissue-
engineered gastrointestinal tract scaffolds are promising means
for reconstructing a variety of esophageal defects. However,
selecting appropriate scaffolds remains challenging as such scaf-
folds should provide a functional native-mimic tissue, and lack the
tendency to degrade quickly or to calcify after grafting, in order to
be suitable for esophageal tissue reconstruction (1e3). Despite
decellularized full-thickness esophagus being recognized as the
most suitable scaffold for regeneration of injured esophagus, it has
the similar limitations to those found in other collagenous tissues,
including rapid biodegradation and immunogenicity (4e6).
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Glutaraldehyde is the oldest and most common crosslinking
agent used to overcome the above-mentioned limitations, but un-
fortunately, it may detrimental alter the turnover process of the
scaffolds’ collagenous materials. Although the disadvantages of
glutaraldehyde may be avoided using genipin, a natural cross-
linking agent, its complex extraction process, high cost, and the
blue coloration induced in treated tissues are major limitations for
genipin’s wider application (7,8).

Recently, researchers attempted to modify various decellular-
ized scaffolds with different nanomaterials to improve the struc-
tural and functional properties of their various decellularized
scaffolds (9e12). One of the most interesting nanoparticles used in
various fields are silver nanoparticles (AgNPs); recently, they have
attracted increasing attention. AgNPs have a broad range of
biomedical applications mainly owing to their anti-bacterial and
anti-inflammatory activities (13e18). Moreover, they have unique
properties which allow for multiple site attachments; they bind
with collagenous material in a highly ordered manner through
electrostatic and/or hydrophobic interactions (14,19). Our team has
succeeded in conjugating AgNPs with decellularized porcine livers
in an attempt to overcome the limitations of previous crosslinking
All rights reserved.
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methods (18). The aim of this study was to evaluate the ability of
AgNPs (100 nm) to improve the structural stability and biocom-
patibility of decellularized rat esophagus.
MATERIALS AND METHODS

Harvesting and decellularization of rat esophagi Esophagi were harvested
from 8-week-old male SpragueeDawley rats, and the lumens perfused with 1x PBS
for 30 min (5 ml/min), which was followed by perfusion with a 0.1% solution of
sodium dodecyl sulfate (SDS) for 6 h (5 ml/min). Then, they were washed with
PBS for 2 h (5 ml/min).

Gross and microscopic examinations, and scanning electron microscope
imaging The transparency of the decellularized esophagi was evaluated by
gross examination with the naked eye. Histological examination was performed
using hematoxylin and eosin (H&E) staining on paraffinized sections from decellu-
larized esophagi to evaluate cellular removal and to examine the structural integrity
of the decellularized scaffolds in comparisonwith the native ones. Additionally, 4,6-
diamidino-2-phenylindole (DAPI) staining was performed to confirm the complete
removal of cells. Imaging under a scanning electron microscope (SEM) (KBSI,
Chuncheon Center, Seoul, South Korea) was also performed to confirm the
complete removal of cells and the preservation of the extracellular matrix (ECM)
ultrastructure.

Quantification of DNA Total DNA was extracted using a G-spin Total DNA
Extraction Kit (iNtRON Biotechnology, Seoul, Korea) according the manufacturer’s
instructions. The genomic DNA content was then evaluated via agarose gel elec-
trophoresis, using a 100 bp DNA ladder, and a Nanodrop spectrophotometer ND-
1000 (PeqLab, Erlangen, Germany).

Biochemical analyses Collagen and sulfated glycosaminoglycans (sGAG)
were measured using Sircol and Blyscan assay kits (Biocolor Ltd, Carrickfergus, UK),
respectively, according to the manufacturer’s instructions.

Immunofluorescent staining To confirm the presence of different ECM
proteins in decellularized tissues such as collagen I, fibronectin, and laminin, poly-
clonal rabbit anti-collagen I (ab34710, Abcam, Cambridge, UK), polyclonal rabbit
anti-fibronectin (ab2413, Abcam), and polyclonal rabbit anti-laminin (ab11575,
Abcam) antibodies were used as primary antibodies. Goat anti-rabbit IgG (Alexa
flour 647, ab150079, Abcam) was used as the secondary antibody. Their
expressions were visualized using a fluorescence microscope (Olympus, Tokyo,
Japan).

Modification of decellularized esophageal scaffolds Decellularized
esophagi were cut into circular segments with a length of 3 mm, and then immersed
with shaking for 4 h at 37�C in different solutions of: (i) 100 nm AgNPs (730777,
SigmaeAldrich, St. Louis, MO, USA) (5 mg/mL) (AgNP group); (ii) 0.625%
glutaraldehyde (Glut group); (iii) 0.6% ethyl carbodiimide hydrochloride (EDC)/
0.36% N-hydroxysuccinimide (NHS) complex in 1.06% 2-(N-morpholino)
ethanesulfonic acid (MES) buffer (EDC/NHS group); and (iv) ultra-pure water as a
control (decellularized unmodified or DL group). Next, the esophageal segments
from the AgNP group were rinsed in PBS and immersed in an immobilization
buffer consisting of the EDC/NHS complex in MES buffer for 30 min to immobilize
the loaded nanoparticles. Then, the segments from all groups were rinsed in PBS
for 48 h.

Ultrastructural analysis SEM imaging was performed to evaluate the
structural improvements in the different modified scaffolds, in comparisonwith the
unmodified decellularized scaffolds.

Swelling ratio A swelling test was performed according to the procedure
of Yan et al. (20). Air-dried segments from different groups (n ¼ 3 for each) were
weighed (W0) and then immersed for 3 h in PBS at room temperature. After
removal of excess water, the wet segments were weighed (W1) again, and their
swelling ratio calculated as the wet weight increase to the initial dry weight
(W1- W0/W0).

In vitro collagenase resistance The resistance of esophageal segments from
the different experimental groups to collagenase digestion was evaluated by
ninhydrin assay and Sircol Collagen Assay. Briefly, dry esophageal segments (n ¼ 6
for each group) were immersed in 0.1 M TriseHCl containing 50 mM calcium
chloride and incubated at 37�C for 30 min. They were then treated with 0.1 M
TriseHCl containing 50 units of collagenase type I (Worthington Biochemical Co.,
Lakewood, NJ, USA) and incubated with shaking at 37�C for 12 h. The samples
were treated with 0.25 M of ethylenediaminetetraacetic acid (EDTA, MediaTech
Inc., Manassas, VA, USA) on ice to stop digestion. The amino acids released after
in vitro biodegradation from the segments representing the different groups were
visualized by ninhydrin reaction. Briefly, lysates of degraded segments from the
different groups were centrifuged, after which the supernatants were hydrolyzed
(6 N HCl, 110�C). Ninhydrin solution (Sigma Aldrich, St. Louis, MO, USA) was then
added and the mixtures were heated for 30 min at 100�C. The optical densities
(ODs) of the mixtures from the different groups were measured using a UV-vis
spectrophotometer at a wavelength of 570 nm and evaluated semi-quantitatively
by dividing the values of the ODs of the mixtures from the different treated
groups by those from the DL group. Additionally, to detect the amount of the
collagen remaining in the segments after in vitro biodegradation, the insoluble
collagen content was estimated using a Sircol collagen assay kit (Biocolor,
Carrickfergus, UK), according to the manufacturer’s instructions and evaluated by
dividing the values of the different treated groups by those from the DL group.

Thermal degradation The denaturation temperature was estimated using a
differential scanning calorimeter (Q2000 DSC, TA Instruments, New Castle, DE, USA)
to evaluate the improvements in the physicochemical properties or thermal sta-
bilities of the decellularized esophagi from the different crosslinking groups (4,21).
Samples from the different groups (n ¼ 3 for each group) were heated from 0�C to
110�C at a rate of 5�C perminute in a nitrogen atmosphere. The point of denaturation
was determined using the heat flow/temperature curve.

Indentation strengths The indentation test for the scaffolds from the
different groups was performed using the CT3 Texture analyzer (Brookfield Engi-
neering Laboratories, Middleboro, MA, USA) (22e24). Then, the indentation
strengths were evaluated by dividing the values of the different treated groups by
those from the DL group.

In vitro anti-calcification properties Alizarin Red S (ARS) staining assay
was used to evaluate the in vitro anti-calcification properties of the scaffolds from
the different groups after their incubation in simulated body fluid, which has ion
concentrations similar to those of the normal blood plasma (25e27). Equally
weighted samples (n ¼ 3 for each group) were incubated in simulated body
fluid with agitation for 7 days at 37�C. The samples were then washed with
deionized water, immersed in Alizarin Red S for 30 min, and washed again with
deionized water. Next, they were immersed in 50% acetic acid to extract the
bound stain. The final pH of the different solubilized stains (pH ¼ 4.1) was
adjusted using sodium hydroxide (1 M). Lastly, their absorbances at 550 nm
were measured using a UV spectrophotometer.

In vitro cytocompatibility Extraction-MTT assay was performed to test the
cytocompatibility of scaffolds from the different groups using rat bone marrow
mesenchymal stem cells (rat BM-MSCs). Conditioned medium from the different
groups was obtained by incubating the scaffolds in DMEM (0.2 mg/ml) for 3 days
at 37�C. The effects of the different conditioned media on the viability of pre-
cultured bone marrow rat mesenchymal stem cells (passage No. 3), isolated
according to the method of Zhang and Chan (28), were evaluated quantitatively
using an extraction-MTT assay (Sigma Aldrich) after adding 10% FBS and 1%
penicillin. Normal media and dimethyl sulfoxide (DMSO) were used as negative
and positive controls, respectively. OD values of MTT formazan at 570 nm of the
DL and different modified groups were divided by that of the negative control
group to calculate the percentage of cell viability.

Angiogenic properties Scratch-induced directional wounding migration
assay was performed to test whether the modification of the decellularized
esophageal scaffold in the different groups alters their angiogenic properties (29).
EA.hy 926 endothelial cells were cultivated in 12-well gelatin-precoated plates in
DMEM until the confluence of cells reached 90%. Next, scratches (one scratch per
well) were made using a cell scraper, after which the cells were imaged, and their
widths were calculated (T0). Then, the wells were washed thrice with PBS,
followed by the addition of the conditioned media from the different groups
(that were prepared as mentioned previously for the extraction-MTT assay).
Finally, the scratched defects were imaged, and their widths were calculated
(TA) after 2 days to estimate the wound confluence %. Normal DMEM was used
as a control.

In vivo biocompatibility All procedures were performed in accordance with
the ethical and scientific guidelines of the Institutional Animal Care and Use Com-
mittee (IACUC) of Kangwon National University, South Korea. Native, non-modified
decellularized, and the various modified decellularized esophageal segments were
sterilized by immersing and shaking in 0.1% peracetic acid (PAA; Sigma Aldrich)
for 2 h, followed by washing with PBS for 48 h. Thirty ICR male mice (4 weeks
old) were anesthetized, a small incision made down the back of the animals, and
then a dorsal subcutaneous pouch was created by blunt dissection. An esophageal
segment was implanted into this pouch, oriented away from the suture site, and
the wound was sutured. Animals were euthanized at 7 and 21 days post-
implantation (PI).

Different groups were evaluated by H&E staining to qualitatively evaluate local
inflammatory responses against their segments, and quantitatively by counting
neutrophils and lymphocytes within five histological fields (400 x) per animal of the
different groups at 7 and 21 days PI. Additionally, immunofluorescent (IF) staining
was performed in order to detect macrophage phenotypes (M1: proinflammatory
and M2: anti-inflammatory) at 7 and 21 days PI using an anti-CD68 antibody (Alexa
Fluor 405, cat. no. ab199571, Abcam) as a pan-macrophage (MV) marker, an anti-
CCR7 antibody (Alexa Fluor 555, cat. no. ab207018, Abcam) as an M1 marker, and
an anti-CD206 antibody (Alexa Fluor 594, cat. no. 141726, BioLegend, San Diego, CA,
USA) as an M2 marker. M1/M2 ratios were calculated using Image J software.

Evaluation silver nanoparticle retention on esophageal
scaffolds Esophageal segments from the AgNP group (n ¼ 3) were immersed
in sterile ultrapure water (5 mL) and incubated at 37�C for 7 days with agitation.
After centrifugation, the UV-vis absorption of 2mL of the supernatant wasmeasured
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in a range of 350e850 nm twice per day (every 12 h). The withdrawn volume was
replaced with an equal amount of fresh ultrapure water after each measurement.
Esophageal segments from the EDC/NHS group and ultrapure water were used as
the blank and control samples, respectively.

Statistical analyses DNA quantities and results from the biochemical ana-
lyses of native and decellularized esophagi were analyzed statistically using the
Student’s t-test, while univariate analysis of variance (ANOVA)with Tukey’s honestly
significant difference (HSD) post hoc multiple comparison test was performed to
evaluate differences between the different modified groups. All tests were per-
formed using statistical software (IBM SPSS version 21).

RESULTS

Characterization of decellularized esophageal scaffolds As
shown in Fig. 1AeH, decellularized esophagi displayed white
translucent coloration. The complete removal of cells and
maintenance of the native structure was observed with H&E
staining, and confirmed with DAPI staining, which showed
absence of nuclear content in decellularized esophagi. Moreover,
SEM imaging confirmed the well-preserved condition of the ECM
structure in decellularized esophagi, which was comparable to
that of native esophagi. No DNA fragments (markers of cell
remnants) were detected in the decellularized tissues via DNA gel
electrophoreses (Fig. 1I). In addition, DNA quantification showed
that DNA content within the decellularized esophagi was
decreased significantly (P ¼0.0004) (Fig. 1J). Following
biochemical analyses, there was no significant difference (P ¼
0.0757) between the collagen contents of the native and
decellularized esophagi (Fig. 1K). The sGAG content decreased
significantly (P ¼ 0.0377) in decellularized esophagi compared
with that in native slices (Fig. 1L). In addition, IF staining
confirmed retention of different ECM proteins in decellularized
tissue scaffolds (Fig. 1M).

Evaluation of the modifying effects of different agents on
the decellularized esophagi Evaluation with SEM imaging
showed that the ultrastructure of the submucosal layer of the
different modified esophagi revealed structural improvements in
comparison to the decellularized esophagi. Compared to the sam-
ples from the Glut group, in which the pore spaces between the
collagen fibers were markedly decreased, the samples from the
AgNP group showed the binding of collagen fibers without exten-
sive alterations of the pore areas. Moreover, samples from the AgNP
group displayed amore regular binding of collagen fibers compared
to the case for the EDC/NHS group. Additionally, the nanoparticles
did not aggregate with each other to a large extent (Fig. 2A).

With regards towater uptake, the swelling ratios of the different
modified groups were significantly lower (P< 0.05) than that of the
DL group; however, the AgNP group showed a significantly higher
swelling ratio compared to both the Glut and EDC/NHS groups (P <

0.05) (Fig. 2B).
With regards to the in vitro resistance of the different modified

scaffolds to collagenase, as determined by means of the ninhydrin
assay, the mean ratio of ODs of samples from the AgNP group was
significantly higher than that in case of the Glut group (P < 0.05).
The EDC/NHS group showed the highest percentage of mean ratio
of ODs when compared to the case for the other modified groups (P
< 0.05) (Fig. 2C). Moreover, the ratio of the remaining collagen
content of the Glut group was significantly higher than that of the
AgNP group (P < 0.05). The ratio of samples from the EDC/NHS
group was the lowest among all the modified groups (P < 0.05)
(Fig. 2D).

With regards to the thermal degradation and indentation re-
sults, the samples in the Glut group showed the highest mean
values among all groups (P < 0.05), while those in the AgNP group
showed the second highest values, with significant differences
compared to the DL and EDC/NHS groups (P < 0.05) (Fig. 2E,F).
With regards to the anti-calcification properties, as shown in
Fig. 2G, among all groups, the samples from the AgNP group
showed the lowest mean value of the absorbances of the Alizarin
Red S staining (P < 0.05). The samples from the Glut group showed
a significantly highermean value of the absorbances (P< 0.05) than
that of samples from the DL group, which showed no significant
difference (P� 0.05) compared with the values of samples from the
EDC/NHS group.

Evaluation of in vitro cytocompatibility using rat BM-
MSCs In the extraction-MTT assay, no significant differences (P
� 0.05) in the viability of rat BM-MSCs were detected between
the different groups, with the exception of the Glut group, which
showed a significant decrease (P < 0.05) in the cell viability
(Fig. 2H).

Evaluation of the angiogenic properties for each type of
modification As shown in Fig. 3, compared to the DL group, in
both the EDC/NHS and AgNP group, no deleterious effects on the
scratch-induced migration of the endothelial cells (P � 0.05) were
observed, while in the Glut group, significant alterations of the
migration and proliferation of the endothelial cells (P < 0.05)
were observed.

Evaluation of the in vivo biocompatibility of the different
modified scaffolds As shown in Fig. 4A under H&E staining,
the native group exhibited an intense host immune response,
while the other groups showed only mild host responses at 7 and
21 days PI. The scaffolds from the AgNP group showed the lowest
number of infiltrated inflammatory cells at both 7 and 21 days PI,
with significant differences (P < 0.05) only at 7 days PI. Other
modified groups were not significantly different when compared
to one another (P � 0.05) (Fig. 4B).

From IF staining of macrophages (M1 and M2) at days 7 and 21
PI, the native group showed significantly higher mean M1/M2 ra-
tios at both times of examination when compared with other
groups (P < 0.05). Among the unmodified and modified decellu-
larized scaffold groups, significantly higher mean M1/M2 ratios
were observed in the Glut group (P < 0.05), whereas the AgNP
group showed the lowest ratios, but with no significant differences
compared to the ratios from the DL and EDC/NHS groups at both 7
and 21 days after implantation (P � 0.05) (Fig. 5).

Evaluation of silver nanoparticles retention on esophageal
scaffolds No characteristic AgNP peak was detected by means
of UV-vis spectrophotometry over the course of one week in the
collected ultrapure water supernatants used to immerse the
esophageal segments from the AgNP group (data not shown).

DISCUSSION

Reducing the limitations associated with decellularized esoph-
ageal scaffolds is important for increasing their clinical usefulness
in transplantation. Our hypothesis in this study is that loading
decellularized rat esophageal scaffolds with AgNPs may improve
their structural stability and biocompatibility, principally because
the ability of AgNPs to bind to collagen fibers, in combination with
their anti-inflammatory effects, improves collagen fiber stability,
and reduces host immune responses against decellularized natural
tissue-derived scaffolds. To the best of our knowledge, this is the
first study to use nanoparticles to modify the structural and
biocompatibility properties of decellularized esophageal scaffolds.

Chemical composition of the AgNPs In the current study,
we used citrate-stabilized AgNPs without amine functionalization.
This is because the functionalization process may cause the
nanoparticles to aggregate, which alters their homogeneous
distribution within the scaffolds (30). The binding mechanism of
citrate-stabilized AgNPs depends on their ability to physically



FIG. 1. Characterization of decellularized esophageal scaffolds. (A, B) Appearances of rat esophagi before and after decellularization; decellularized esophagi were transparent. (C, D)
H&E staining showing the complete removal of cells and maintenance of the native structure in decellularized tissues, scale bar: 100 mm. (E, F) DAPI (4,6-diamidino-2-phenylindole)
staining confirming cell-removal after decellularization, scale bar: 100 mm. (G, H) SEM images confirming the preservation of ECM structure in decellularized tissues), scale bar:
100 mm. (I) Agarose gel electrophoresis of the extracted DNA showing the absence of DNA in the decellularized group. (J) Graph showing significant decrease in amount of DNA after
decellularization (***P ¼ 0.0004). (K, L) Graphs showing non-significant (ns) decrease in collagen (P ¼ 0.0757), and significant decrease in sulfated glycosaminoglycan (sGAG)
(*P ¼0.0377) after decellularization. (M) Immunofluorescent staining of collagen I, fibronectin, and laminin in the decellularized tissue compared to the native tissue, scale bar:
50 mm.
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FIG. 2. The different beneficial effects and cytocompatibility of different decellularized esophageal scaffold modification. (A) Representative SEM images showing structural im-
provements in the sub-mucosal layer of the different modified esophagi in comparison with the decellularized esophagi, scale bar: 200 nm. (B) Graph showing swelling ratios [wet
weight increase (W1-W0) to the initial dry weight (W0)] of decellularized and modified scaffold groups. The AgNP group revealed a higher swelling ratio compared with both the
Glut and EDC/NHS groups. (C, D) Graphs showing the evaluation of in vitro collagenase-mediated biodegradation by quantifying ninhydrin reaction percentages, and ratios of
insoluble collagen content for the different modified groups with respect to the decellularized group. (E) Graph showing the evaluation of thermal degradation based on the
denaturation temperatures of samples from different groups. (F) Graph showing the ratios of indentation strengths of the samples from different groups. (G) Graph showing the
absorbance of samples from each group following alizarin red S staining; these absorbance values determine the in vitro anti-calcification properties. (H) Graph showing cell
viability percentage of rat BM-MSCs using an indirect MTT (3-[4,5-dimethyl (thiazol-2-yl)-3,5-diphenyl] tetrazolium bromide) assay. The mean � SD values in the same graph that
are indicated with different small letters (a, b, c, d) are significantly different from each other (P < 0.05).
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bind to the hydrophobic areas in the scaffolds and/or form
hydrogen bonds. Moreover, the nanoparticles were immobilized
using the coupling reagent EDC/NHS, which improves the
physical binding of AgNPs to the loaded scaffolds via the
formation of stable amide bonds between the amine and the
carboxyl functional groups of the scaffolds (12,14,19).

Decellularization protocol efficacy Results from our decel-
lularization process demonstrated that complete decellularization
was achieved without massive damage to the native-mimic
structure of the decellularized tissues. Similar good
decellularization efficacy for the esophagus was reported using
different protocols in previous studies (4,31).

Ultra-structural morphology of the modified esophageal
scaffolds After modifying the decellularized esophagi with
glutaraldehyde, EDC/NHS, or AgNPs, results of SEM imaging of the
different esophagi showed structural improvements of collagen
fibers within the submucosal layer. Moreover, samples from the
AgNP group displayed more regular coiled collagen fibers
compared to the EDC/NHS group, and without the negative effects
on pore spaces, like the case in the Glut group. This may be due to
the unique properties of nanoparticles and their very large surface
areas, which allow them to increase the coiling of collagen fibers
without adversely affecting the porosity of the connected fibers
(18,32,33).
Swelling test results for the modified esophageal
scaffolds Results of the swelling test, which reflect porosities
of the different modified esophageal scaffolds (34), showed that
while all modifications decreased the swelling ratios, the AgNP
group showed the highest swelling ratio, and the Glut group, the
lowest. The high ability of water uptake seen in case of samples
from the AgNP group may be due to the ability of AgNPs to bind
with water via electrostatic interactions in watery environments
and/or increase the scaffold surface network area, which in turn,
increases the hydrophilic properties of the scaffold (35,36). In
addition, the treatment of the AgNP-loaded scaffolds with EDC/
NHS was performed for a short time for the immobilization of the
nanoparticles. Therefore, this treatment method did not affect the
porosity of the esophagus scaffolds in the AgNP group.

Structural properties of the modified esophageal
scaffolds In the current study, the samples in the Glut group
were the best in terms of increased resistance to in vitro enzymatic
biodegradation, thermal degradation, and indentation following by
those in the AgNP group; the differences between the two groups
were significant. This is may be due to the fact that the in vitro
collagenase biodegradation assay may depend mainly on collagen
stability, and glutaraldehyde induced the crosslinking of collagen
more than that of other ECM components such as elastin and gly-
coproteins, due to the abundant presence of free amine groups in



FIG. 3. The angiogenic properties of the different modified esophageal scaffolds. (A)
Representative phase contrast images of the scratch wound assay showing the
migration of EA.hy926 endothelial cells over the scraped areas in the different groups,
scale bar: 200 mm. (B) Graph showing the quantitative analysis of the scratch wound
assay by calculating the wound confluence percentages. Mean � SD values in the same
graph that are indicated with different small letters (a, b, c) are significantly different
from each other (P < 0.05).
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collagen and the lack of such groups in elastin and other proteins
(6). In addition to the fact that enzyme biodegradation is more
vigorous in vitro than in the in vivo environment, the in vivo
condition is dependent on many other factors, mainly including
the intensity of the host immune response, which alters the
biodegradation process due to the effect of the collagenase
secreted by inflammatory cells (18,37). With regards to this
aspect, the fact that the highest values of thermal stability and
indentation strength were observed in samples from the Glut
group may be due to the effects of the hardness and low water
contents of the Glut-modified scaffolds; these factors may have
contributed towards increasing the mean values of these
parameters.

The hardness and hydrophobic properties of the Glut-modified
scaffolds are undesirable properties, as they may limit the chance
of their successful transplantation (38e40). In any case, we can say
that a considerable increase in the structural stability of the
decellularized esophageal scaffolds and their resistance to degra-
dation could be achieved using AgNPs (13,18,41e43). These results
differ slightly from our results in porcine livers (18). In this previous
study, the AgNPs increased the structural stability of porcine liver
materials, but demonstrated an ability similar to that of glutaral-
dehyde with regards to increasing the resistance of the materials to
collagenase degradation. This finding may be explained by the
structural differences between the two organs.

In vitro anti-calcification properties of the modified
esophageal scaffolds With regards to the results of the anal-
ysis of in vitro anti-calcification properties, the scaffolds from the
AgNP group showed the best resistance against mineral
deposition and calcification; the in vitro calcification resistance of
samples from the other groups was lower. This may be due to the
high hydrophilicity of the AgNP-modified scaffolds, which
decreases the tendency of mineral deposition, and the unspecific
stability of the different ECM components including elastin
during the incubation period. On the contrary, the high
calcification tendency of the samples in the Glut group may be
due to several reasons: (i) their hydrophobic properties may lead
to the trapping of more minerals, (ii) presence of free aldehydes
may lead to calcium binding, and (iii) lack of elastin stability. On
the other hand, the suggested cause of calcification in the
scaffolds from the DL and EDC/NHS groups is their weak
structure, which spontaneously affects the elastin integrity,
thereby enhancing the calcification (26,27,44,45).

Cytocompatibility of the modified esophageal scaffolds As
the one of the most important characteristics of any modifying
agent is that it be non-cytotoxic, cytocompatibility of the different
modified esophagi was evaluated by means of an extraction-MTT
assay using rat BM-MSCs, as this cell type is one that could be
used for recellularization of the esophageal scaffolds. The results
showed that the cellular viability was significantly decreased in
the Glut group, while both EDC/NHS and AgNP groups did not
display any toxic effects on cellular viability. This finding testified
to the good cytocompatibility afforded by large AgNPs at a
concentration of 5 mg/mL on modified esophageal scaffolds, and is
in agreement with previous studies that investigated the
cytocompatibility of AgNPs of similar size and concentration in
human-derived stem cells (46,47).

Angiogenic properties of the modified esophageal
scaffolds Samples from all groups in the study, except the Glut
group, supported the in vitro migration and proliferation of endo-
thelial cells in the in vitro scratch model. This may be because of the
inhibitory effects of the aldehydes released from the
glutaraldehyde-modified scaffolds (48); however, with regards to
angiogenic properties, AgNPs have dual effects depending on
their size and concentration. AgNPs with a size of 100 nm and at
a concentration of 5 mg/ml have no cytotoxic effects on
endothelial cells (18,49).



FIG. 4. Host immune reactions against scaffolds of the different groups: (A) Representative H&E staining images showing the inflammatory reactions surrounding implanted
scaffolds (I and S, implanted and surrounding tissues, respectively) from different groups at 7 and 21 days post implantation (PI). The native group exhibited an intense host immune
response, while the other groups showed only mild host responses, scale bar: 100 mm. (B) Graphs showing the mean � SD values of different inflammatory cells at 7 and 21 days PI
that were counted for five histological fields (400X) in the areas surrounding scaffolds in different groups. Different black and grey letters (a, b, c) indicate significant differences (P <

0.05) between the different groups at 7 and 21 days PI, respectively.
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In vivo subcutaneous implantation of the modified
esophageal scaffolds We did not comprehensively examine
the biodegradation of different implanted scaffolds, because (i)
with the exception of the native and DL groups, significant in vivo
changes in modified implanted tissues are difficult to find, unlike
the case for the in vitro aggressive digestion process, and (ii) our
focus was mainly on the host immune response that affects the
regeneration process of the recellularized transplantable mate-
rials (37). In the microscopic examination of the different
modified implanted scaffolds, the samples from the AgNP group
showed the most promising results in terms of biocompatibility.
Although the samples from all groups, except the native
samples, showed reduced immune host responses, those in the
AgNP group showed the lowest number of inflammatory cells at
7 and 21 days PI, compared to the other modified scaffold
groups, with significant differences only at 7 days PI. This
finding revealed that the biocompatibility of the scaffolds in the
AgNP group may be improved due to the ability of the AgNPs to
suppress the production of inflammatory cytokines such as the
different pro-inflammatory interleukins, tumor necrosis factor,
and interferon gamma, and scavenge free radicals (50e52).
Subsequently, the host immune response decreased, and the
immunogenicity of the AgNP-loaded esophageal scaffolds was
suppressed. Therefore, the durability of the transplanted
esophageal scaffold could potentially be increased in the low
inflammatory environment, allowing the scaffolds to maintain
their integrity until the recellularized cells build their own new
scaffold materials.

With regards to the macrophage phenotype, which gives an
impression about the acceptance or rejection of the transplanted
implants, the M1/M2 ratios of the samples in the Glut group
were altered compared to those of all the unmodified and
modified decellularized groups; the samples from the Glut
group showed mixed M1/M2 responses, especially at the early
stage of implantation. This is maybe due to the cytotoxic effects
of glutaraldehyde, which may lead to the increase of the
proinflammatory cytokine levels, thereby causing an increase in
the number of M1 macrophages (53). Such an alteration was not
observed in case of samples from the other modified groups,
which showed higher M2 expression, indicating better
biocompatibility (54).

Taking the above findings into account, our study concluded
that the conjugation of AgNPs into decellularized esophageal
scaffolds improves the morphology of their collagen fibers, allows
for good porosity, increases their resistance to degradation,
indentation, and calcification, and improves their in vivo biocom-
patibility. This novel method of tissue modification has the po-
tential to open new doors in the generation of highly-
biocompatible esophageal scaffolds for esophageal tissue
engineering.



FIG. 5. Polarization of macrophages in the different groups: (A, B) Representative immunofluorescent images showing the polarization of macrophages in the different groups at 7
and 21 days post implantation (PI), scale bar: 50 mm. (C) Graphs showing means � SD values of M1/M2 ratios in the different groups at 7 and 21 days PI. The Glut group showed the
highest ratios among the unmodified decellularized and modified groups and the differences were significant. No significant differences among DL, EDC/NHS and AgNP groups were
found. Mean � SD values with different letters (a, b, c) are significantly different from each other (P < 0.05).
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