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Abstract

Introduction

Though xenogeneic acellular scaffolds are frequently used for surgical reconstruction,
knowledge of their mechanical properties is lacking. This study compared the mechanical,
histological and ultrastructural properties of various native and acellular specimens.

Materials and Methods

Porcine esophagi, ureters and skin were tested mechanically in a native or acellular condi-
tion, focusing on the elastic modulus, ultimate tensile stress and maximum strain. The test-
ing protocol for soft tissues was standardized, including the adaption of the tissue’s water
content and partial plastination to minimize material slippage as well as templates for
normed sample dimensions and precise cross-section measurements. The native and acel-
lular tissues were compared at the microscopic and ultrastructural level with a focus on type
| collagens.

Results

Increased elastic modulus and ultimate tensile stress values were quantified in acellular
esophagi and ureters compared to the native condition. In contrast, these values were
strongly decreased in the skin after acellularization. Acellularization-related decreases in
maximum strain were found in all tissues. Type | collagens were well-preserved in these
samples; however, clotting and a loss of cross-linking type | collagens was observed
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ultrastructurally. Elastins and fibronectins were preserved in the esophagi and ureters. A
loss of the epidermal layer and decreased fibronectin content was present in the skin.

Discussion

Acellularization induces changes in the tensile properties of soft tissues. Some of these
changes appear to be organ specific. Loss of cross-linking type | collagen may indicate
increased mechanical strength due to decreasing transverse forces acting upon the scaf-
folds, whereas fibronectin loss may be related to decreased load-bearing capacity. Poten-
tially, the alterations in tissue mechanics are linked to organ function and to the interplay of
cells and the extracellular matrix, which is different in hollow organs when compared to skin.

Introduction

Surgical reconstruction following soft tissue injuries includes a variety of techniques which also
use materials of biological origin [1,2]. Some issues are related to the application of biological
tissues, including their availability—especially if these tissues originate from human donors.
Another important aspect is the antigenicity induced by the donor tissue. One approach to
solve this issue is to use hetero- or xenogeneic tissues further processed to acellular scaffolds
[3-8]. Acellular scaffolds have reduced antigenicity [9] and provide a matrix exclusively con-
sisting of extracellular matrix (ECM), which likely facilitates the processes of healing and bioin-
tegration [10].

Acellular scaffolds are frequently used in cardiac and vascular surgery [11-13], and in soft
tissue repair of muscles, tendons and ligaments [14-17]. Also, scaffolds are used for plastic sur-
gery following nerve injury [18] and tumors of the genitourinary tract [19-21]. In other studies,
the biointegration processes of acellular implants were determined [7,21,22]. However, though
the scaffolds are frequently applied, there is a lack of data characterizing them mechanically
and comparing the acellular to the native condition, which may to some extent reflect tissue
mechanics after integration into the host. Given this lack of mechanical data examined porcine
esophagus, ureter and skin samples mechanically in both the native and the acellular condition,
complementing histological and in-vivo studies of Koch et al. [21,22].

In previous studies we established and optimized a protocol to standardize the mechanical
testing procedure of soft tissues, including partial plastination of the samples’ ends [23-26] and
adjustment of the samples’ water content [25]. In the given study, we further optimized the
protocol concerning sample dimensions. This approach aimed at easing the identification of
the failure location. We applied this protocol to obtain mechanical properties of esophagus,
ureter and skin samples and to compare these data at the microscopic and ultrastructural level.
The following hypotheses were addressed:

1. Tensile properties of native or acellular porcine samples are different in esophagi, ureters
and skin.

2. Acellularization causes changes in the tensile properties of esophagi, ureters and skin, as
compared to the native condition.

3. Changes in the tensile behavior of acellular scaffolds are accompanied by morphological
alterations in the scaffolds.
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Materials and Methods

The tissues were obtained from four to seven month-old pigs post mortem following experi-
ments approved by the Landesdirektion Sachsen animal welfare committee (TVV 38/12). Each
specimen was prepared in a native and anatomically unfixed condition under constant moist-
ening, precooled at 3°C and subsequently shock frozen at -85°C. The specimens were obtained
within 24 hours or less to minimize potential effects of autolysis. 19 esophagi, 19 ureters and
six skin specimens were obtained. A graphical summary of the experimental protocol is
depicted in Fig 1.

Mechanical testing group: The esophagus and ureter specimens were further subdivided
lengthwise cranial-caudally into two samples, resulting in 19 matched pairs of 2 samples each.
The skin specimens were divided in 30 samples. One of each pair of samples were subjected to
the acellularization procedure. The native counterparts remained frozen.

Osmotic stress group: Additionally, 258 small-scale samples were obtained from the con-
tra-lateral side of each of the same individuals for determining the water content and establish-
ing an osmotic stress protocol.

Acellularization procedure

The acellularization procedure was carried out according to [21,22]. To remove the cellular
components the specimens were submerged in sodium dodecyl sulphate (SDS) for seven days
in case of the esophagi and ureters and for 28 days in case of the skin specimens. Following
this, the samples were rinsed 7 days in distilled water and shock frozen.

Osmotic stress protocol for adjusting the water content of the samples

The osmotic stress technique was applied as shown previously. [25]. Small parts of the native
specimens of each tissue were used to determine the water content in the native condition.
Seven native and seven acellular samples each were submerged in a tris-phosphate-buffered
polyethylengylcol (PEG) solution at concentrations of 2.0, 2.5 and 3.0 wt-% for 1, 2, 4, 8, 11
and 24 hours. Each specimen dialysed (Carl Roth GmbH + Co. KG, Karlsruhe, Germany;
molecular weight cut off = 6-8 kDa). Afterwards, their water content was determined using
lyophilization.

Sample plastination and mechanical testing

Both ends of the samples of the mechanical testing group were partially plastinated [23,25,26].
The central native or acellular parts of the samples were mounted between two templates to
standardize their initial measurement sample length to 50 mm. Following this, the samples’
water content was osmotically adapted for 24 hours to the respective native value of each tissue.
For this purpose, 2.5-wt% PEG solutions were used for the esophagi and ureters and three-wt%
PEG solutions for the skin.

For standardized tensile testing, the samples’ width was sectioned using a template adapted
from the German standard DIN 50125 [27]. The geometry of the template was adapted to the
width of the three tissues as shown in Fig 2. The samples were clamped in a uniaxial testing
machine (Typ 5566A, Instron, Norwood, MA, USA) and ten preconditioning cycles were
applied to each sample with the following parameters: crosshead velocity v = 20 mm/min, min-
imum and maximum strain 0% to 5% of the initial length. In a next step, the cross-sectional
areas were casted (VPS Hydro 380, Henry Schein Medical GmbH, Hamburg, Germany and
REF 2112, Voco GmbH, Cuxhaven, Germany). Following this, a speckle pattern was sprayed
onto each sample for digital image correlation. Then the tensile tests were performed with
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Porcine scaffolds

19 esophagus, 19 ureter and 6 skin samples

I

Native Osmotic stress Acellular
condition protocol condition
19 esophagus samples, 2.5 wt% PEG esophagus 19 esophagus samples,
19 ureter samples and ureter (Fig. 3A,B) 19 ureter samples
15 skin samples 3.0 wt% PEG skin (Fig. 3C) 15 skin samples

Uniaxial tensile testing with combined digital image
correlation

Specimen cross-sections (Fig. 4A),
Ultimate force, elastic modulus (Fig. 4B),
Ultimate tensile stress (Fig. 4C),
Maximum strain (Fig. 4D)

Histology and immunohistochemistry
H&E (Fig. 5),
Type | collagen (Fig. 6),
Elastin (Fig. 7),
Fibronectin (Fig. 8)

Ultrastructural analyses

Scanning electron microscopy (Figs. 9-12)
Transmission electron microscopy (Fig. 13)

Fig 1. Flow chart summarizing the experimental protocol.

doi:10.1371/journal.pone.0151223.g001
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Fig 2. Template adapted from the DIN 50125 with standardized dimensions for the esophagus, ureter
and skin samples.

doi:10.1371/journal.pone.0151223.g002

v =20 mm/min and a strain corresponding to material failure, as indicated by a force-level
decrease of at least 30% of the respective maximum value. The local stress-stain data were
recorded using a digital image correlation system (Limess Mefitechnik und Software GmbH,
Krefeld, Germany). The sample data were only evaluated from the respective experiment if
they met all of the following inclusion criteria:

1. Material failure inside the region of parallel measuring length.
2. No macroscopically visible material slippage.

3. Sufficient data from digital image correlation for the determination of stress-strain-curves.

Histology and immunohistochemistry

The samples from the mechanical testing group with the template were fixed in paraformalde-
hyde, paraffin-embedded and sectioned at 5 um (Fig 1). Hematoxylin-eosin (HE) staining was
carried out as reported previously [25]. For immunohistochemical staining, deparaffinized tis-
sue sections were incubated with 1:100-diluted collagen I, elastin (both Acris Antibodies, Her-
ford, Germany) or fibronectin (Dianova, Berlin, Germany) antibodies. Primary antibody
binding was detected with the Envision DAB kit (DAKO Deutschland GmbH, Hamburg,
Germany).

Ultrastructural analyses

Tissue samples of 5 to 10 mm® were prepared from native and acellular esophagus and ureters
(both from the muscularis propria) and from the skin samples (subepidermal region), as indi-
cated in Fig 1. The samples were immediately fixed in 3% glutaraldehyde/0.1 M phosphate
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buffer (pH = 7.4) and then washed in distilled water. The samples used for scanning electron
microscopy (SEM) were dehydrated, followed by the critical point drying process (CPD-030,
Bal-Tec AG, Liechtenstein). SEM was carried out using a JSM-6700F field emission microscope
(JEOL Ltd., Tokyo, Japan) at magnifications between 1000x and 50,000x.

The samples for transmission electron microscopy (TEM) were washed in 0.1 M cacodylate
buffer, post-fixed in 1% osmium tetroxide for 1 hour, again washed in distilled water, and
dehydrated and infiltrated in ascending ethanol series, propylene oxide and resin. Semi-thin
sections (1 pm) were used for orientation before ultrathin sections were cut and collected on
copper slot grits. The samples were contrasted with uranyl acetate and lead citrate. A Philips
CM100 BioTWIN (Philips/FEI Corporation, Eindhoven, The Netherlands) equipped with a
MegaView III digital camera (Olympus Soft Imaging Solutions GmbH, Miinster, Germany)
was used to obtain TEM images at magnifications between 9700x and 66,000x.

Data processing and statistical analysis

The casts of the cross-sections were scanned with a resolution of 1200 dpi (Perfection
7V750Pro, Seiko Epson Corporation, Suwa, Japan) and calculated using Measure 2.1d (DatInf
GmbH, Tiibingen, Germany). To determine the local stress and strain data during mechanical
testing, the ISTRA 4D software (VRS 4.4.1.354, Dantec Dynamics, Ulm, Germany) was used.
Elastic modulus, ultimate tensile stress and maximum strain (strain at ultimate tensile stress)
was calculated using MATLAB 2011 (Mathworks, Natick, MA, USA). SPSS 20.0 software
(IBM, IL, USA) and Excel 2013 (Microsoft Corporation, Redmond, WA, USA) were used to
evaluate the data. Following the Kolmogorov-Smirnov test to determine normal distribution,
comparison of the native to the acellular condition of the specimens was performed with the
Wilcoxon-Signed-Ranks tested or the paired Student's T-test. For a comparison between the
different tissues, the ANOVA test with post-hoc analyses was applied. P values of 5% or less
were considered as statistically significant. All values were presented in mean values + standard
deviations.

Results
Native water content was different for esophagus, ureter and skin

The initial water content of the tissues was: 80.8 £ 0.9% for the esophagus, 56.4 + 7.3% for the
ureter and 67.5 + 3.1% for the skin. In order to adjust the water content of the native and the
acellular samples to an average value in the native condition, 2.5-wt% PEG solutions were used
for the ureters and esophagi, whereas 3.0-wt% were used for the skin. The osmotic protocols
are given in Fig 3.

Evaluation of esophagus, ureter and skin tensile data

Stress-strain data of 10/19 native and 8/19 acellular esophagi, 12/19 native and 14/19 acellular
ureters were considered valid. The excluded samples failed to meet a speckle pattern sufficient
for strain analysis throughout testing. 7/15 native and 10/15 acellular skin samples were con-
sidered valid. In the excluded skin samples, material slippage occurred and/or an insufficient
speckle pattern hampered data acquisition.

Cross sections decreased to a different extent after acellularization

The cross sections of the native esophagi were significantly higher than those of the acelluar
esophagi with mean values of 8.2 + 2.0 mm® and 3.7 + 1.1 mm? (p = 0.002; Fig 4; Table 1),
respectively. The ureters showed the same trend on a non-significant level (p = 0.111) with
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Fig 3. Osmotic stress protocol with different polyethylengylcol (PEG) concentrations for 3A)
esophagus 3B) ureter 3C) skin samples.

doi:10.1371/journal.pone.0151223.g003
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Fig 4. Boxplot from esophagus, ureter and skin samples in the native and acellular condition 4A) cross section 4B) elastic modulus 4C) ultimate
tensile stress 4D) maximum strain.

doi:10.1371/journal.pone.0151223.g004

1.3 + 0.7 mm? in the native condition and 0.9 + 0.4 mm? in the acellular condition. The behav-
ior of the skin was similar with 12.4 + 3.3 mm? in the native condition and 11.7 + 1.6 mm? in
the acellular condition.

Ultimate force increased in acellular esophagus samples but decreased
in skin samples

Ultimate force values were 23.9 + 2.0 N for the native esophagi and 45.5 + 5.0 N for the
acellular esophagi. The ureters showed no change with 9.3 + 1.4 N in the nativeand 8.7 + 1.9 N
in the acellular condition. In contrast, the skin samples were more resilient in the native

than in the acellular condition with ultimate forces of 163.3 +24.2 N and 21.6 £ 0.9 N,
respectively.
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Table 1. Mean and standard deviation with the p value for the comparison native versus acellular condition.

Cross section [mm?]

Mw

Esophagus

native 8.23

acellular 3.67

p value 0.002
Ureter

native 1.34

acellular 0.91

p value 0.111
Skin

native 12.41

acellular 11.73

p value 0.484

doi:10.1371/journal.pone.0151223.t001

Elastic modulus [N/

Maximum strain [%]

Ultimate tensile

mm?] stress [N/mm?]
SD Mw SD Mw SD Mw SD
0.66 16.1 7.08 24.65 7.93 2.9 0.99
0.44 73.22 30.89 30.09 2.49 12.38 4.51
0.002 0.104 <0.001
0.66 61.46 24.2 17.24 5.29 6.91 2.15
0.44 73.21 40.46 16.98 3.87 9.52 4.29
0.517 0.882 0.255
3.29 62.56 52.26 24.24 1.99 13.16 7.36
1.57 12.83 7.87 23.83 2.53 1.84 0.55
0.052 0.841 0.009

Increased elastic moduli were observed in acellular esophagi and
ureters but decreasing values were found in acellular skin samples

The esophagus specimens were significantly less stiff in the native condition compared to the
acellular, with mean elastic moduli of 16.1 £+ 7.1 MPa and 73.2 £ 30.9 MPa, respectively

(p = 0.002; Fig 4; Table 1). The elastic moduli of the ureter samples were similar in the native
than in the acellular condition with 61.5 + 24.2 MPa and 73.2 + 40.5 MPa, respectively. The
elastic modulus tended to be higher in the native than in the acellular skin samples with

62.6 £ 52.3 MPa and 12.8 + 7.9 MPa, respectively (p = 0.052). Comparison of the elastic moduli
between the native esophagi and ureters yielded significantly lower values in the esophagus
compared to the ureter and skin samples (p < 0.02; Table 2). In the acellular samples, the skin
was significantly less stiff than the ureters and the skin (p < 0.002).

Ultimate tensile stress values increased in acellular esophagi and
ureters but strongly decreased in skin samples
In the esophagi, ultimate tensile stress increased significantly with 2.9 + 1.0 MPa and 12.4 + 4.5

MPa in the native compared to the acellular condition (p < 0.001, Fig 4; Table 1). In the ureters
6.9 2.2 MPa and 9.5 + 4.3 MPa were determined for the native and acellular samples,

Table 2. P value for the comparison between the different tissues.

P value

Elastic modulus
native
acellular

Maximum strain
native
acellular

Ultimate tensile stress
native
acellular

doi:10.1371/journal.pone.0151223.1002

Ureter vs. esophagus Ureter vs. skin Esophagus vs. skin
0.008 1 0.02
1 <0.001 0.002
<0.001 0.022 0.157
<0.001 0.007 0.042
0.960 0.011 <0.001
0.316 <0.001 <0.001
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respectively. An extended decrease in ultimate tensile stress was observed in the skin samples
with native values of 13.2 + 7.4 MPa and acellular values of 1.8 + 0.6 MPa (p = 0.009). Native
skin yielded higher ultimate tensile stress values compared to the esophagi and ureters

(p < 0.011), whereas acellular skin yielded lower ultimate tensile stress values (p < 0.001)
when compared to the esophagus and ureters (Table 2).

Maximum strain differed between the tissues but not between the native
and acellular condition

Slight and non-significant decreases of maximum strain were observed in esophagus and skin
samples. In contrast, maximum strain values increased in the acellular ureters (Fig 4; Table 1).
Comparison of the tissues in the native condition yielded lower values of the ureters compared
to the esophagus and skin samples (p < 0.022; Table 2). In the acellular condition, higher maxi-
mum strain values were found in the esophagus compared to the skin samples and in the skin
compared to the ureter samples (p < 0.042).

Histology and immunohistochemistry indicated cell removal and intact
ECM

In the HE-stained sections of all samples the tissue layers remained anatomically intact before
and after acellularization. Distinct mucosal, submucosal and muscular layers were observed in
the native esophagus (Fig 5A) and ureter samples (Fig 5C). The acellular esophagus (Fig 5B)
and ureter samples (Fig 5D) showed wide gaps between the collagen matrix, especially in the
tunica muscularis. The native skin samples showed a distinct stratum corneum, granulosum,
mucosum and germinativum (Fig 5E). Cells were observed at varying numbers in the respec-
tive layers. The acellular skin samples showed no stratum corneum and no signs of cellular
structures in the respective layers (Fig 5F). Thinning was observed in all samples following
acellularization, being most pronounced in the esophagi.

Type I collagen was found throughout the native and acellular esophagus, ureter and skin
samples (Fig 6). Overall, collagen was more condensed in the acellular compared to the native
samples, especially in the tunica muscularis of the esophagi (Fig 6B) and ureters (Fig 6D) as
well as the subepidermal regions of the cutis (Fig 6F). In the esophagi and ureters, elastic fibers
were observed especially in the submucosal region, the tunica muscularis and to some extent
also in the adventitia and in blood vessels (Fig 7A-7D). The skin samples showed low quanti-
ties of elastic fibers, mostly in the vessels and dermal perivascular regions (Fig 7E and 7F). Sim-
ilarly, fibronectin was present throughout the native and acellular esophagi and ureters (Fig
8A-8D), mainly located in the mucosal and muscular layers. The skin revealed lower contents
of fibronectin, mostly situated in the epidermis and to a lesser extent in the dermis (Fig 8E).
Acellularization of the skin was accompanied by a marked fibronectin washout in the dermis
(Fig 8F).

Electron microscopy revealed clotted type | collagens and loss of cross-
linking fibers but intact collagen fibril structure

In SEM, type I collagen fibers were found in high density (Fig 9). In the native esophagi, no
major direction of fiber alignment could be observed (Fig 9A). Acellularization caused clotting
of the collagen network (Fig 9B), which becomes more evident on the fibrillar level, accompa-
nied by the loss of cross-linking fibers (Fig 10A and 10B). Similar observations were seen in
tunica muscularis of the ureters (Figs 9C, 9D, 10C and 10D) and the skin (Fig 9E and 9F).
Here, clotting appeared to be more pronounced (Fig 10E and 10F). Fiber and fibril directions
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Fig 5. Hematoxylin-eosin stained-samples of 5A) native esophagus 5B) acellular esophagus 5C) native ureter 5D) acellular ureter 5E) native skin
5F) acellular skin. In spite of the removal of the cellular structures the respective tissue layers remained intact structurally. A marked thinning was observed
in the tunica media of the esophagi and some thinning in the ureters. In the acellular skin samples the epidermis was completely removed. Black rectangles
indicate the regions where samples for electron microscopy were obtained (also refer to Figs 9 to 13). Scale bar: 300 um (5A,B), 100 um (5C,D), 300 um (5E,
F).

doi:10.1371/journal.pone.0151223.9005
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Fig 6. Anti-type | collagen staining of 6A) native esophagus 6B) acellular esophagus 6C) native ureter 6D) acellular ureter 6E) native skin 6F)
acellular skin. Collagens were observed throughout the native and acellular scaffolds but appeared to be more condensed in the latter, especially in the
tunica muscularis (6B,D) and in the subepidermal regions (6F). Scale bar 100 um.

doi:10.1371/journal.pone.0151223.g006
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Fig 7. Anti-elastin staining of 7A) native esophagus 7B) acellular esophagus 7C) native ureter 7D) acellular ureter 7E) native skin 7F) acellular skin.
Elastic fibers were observed in the submucosal regions, the tunica muscularis, to some extent in the adventitia and in blood vessels (7A-D). The skin
samples showed low quantities of elastic fibers, mostly in the vessels and dermal perivascular regions (Fig 7E,F). Scale bar 100 pm.

doi:10.1371/journal.pone.0151223.g007
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Fig 8. Anti-fibronectin staining of 8A) native esophagus 8B) acellular esophagus 8C) native ureter 8D) acellular ureter 8E) native skin 8F) acellular
skin. Fibronectins were found throughout the ureters in the native (8A,C) and the acellular condition (8B,D), especially in the muscosal and muscular layers.
A marked fibronectin washout was observed in the acellular (8F) compared to the native skin (8E) samples, especially in the dermal regions. Scale bar

100 pm.

doi:10.1371/journal.pone.0151223.9008
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Fig 9. Scanning electron microscopy of 9A) native esophagus 9B) acellular esophagus 9C) native ureter 9D) acellular ureter 9E) native skin 9F)
acellular skin. Type | collagens appeared remain largely intact in the 1000x magnification without noticeable major direction in the tunica muscularis of the
esophagi and the ureters but in the dermal skin layer. Scale bar 10 pm.

doi:10.1371/journal.pone.0151223.g009
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Fig 10. Scanning electron microscopy of 10A) native esophagus 10B) acellular esophagus 10C) native ureter 10D) acellular ureter 10E) native skin
10F) acellular skin. In the higher 10,000x magnification type | collagen clotting was observed (interrupted circles) accompanied by a loss of cross-linking
collagens. Scale bar 1 pm.

doi:10.1371/journal.pone.0151223.9010
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were clearly distinguishable especially in the dermal regions (Figs 10E, 10F and 11). Emptied
hair follicles and adjacent root sheaths were seen in the subepidermal layers of the skin (Fig
12). Here, the surrounding tissues appeared to be loosened.

TEM confirmed that the collagen fibrils remained intact in both native and acellular sam-
ples (Fig 13). Fibril diameters were smaller in the esophagi and ureters compared to the skin.
The characteristic 67-nm band was observed in both native and acellular samples (Fig 13),
indicating structurally intact fibrils. No marked collagen fibril breakage was observed (Fig 11).

Fig 11. Scanning electron microscopy of the dermal areas of 11A) native skin 11B) acellular skin.
Intact fibrils were observed at the 50,000x-magnification with the collagen-characteristic D-period at a 67-nm
distance (white arrows), resembling the findings from transmission electron microscopy. Scale bar 150 nm.

doi:10.1371/journal.pone.0151223.g011
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Fig 12. An emptied hair follicle root sheath is depicted in the subepidermal region of porcine skin. The
surrounding tissue appears to be loosened and may be indicative of notching effects in skin samples. Scale
bar 5 pm (1000x magnification).

doi:10.1371/journal.pone.0151223.9012

Discussion

Optimized test protocols facilitated direct comparison of the tensile
properties of various soft tissues in native and the acellular conditions
One major aim of this study was to further optimize a setup for uniaxial tensile testing of soft

tissues [23,25,26]. For this purpose, an osmotic stress protocol was established for each of the
tissue types to adjust their water content close to the native situation. Furthermore, the
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Fig 13. Transmission electron microscopy of 13A-D esophagi (tunica muscularis), 13E-H ureters (tunica muscularis), 13I-L skin (dermis) with
focus on type | collagens. Left column (13A,C,E,G,1,K): native condition, right column (13B,D,F,H,J,L): acellular condition. Intact collagen fibers and fibrils
were observed throughout the native and acellular scaffolds with the collagen-characteristic D-period at a 67-nm distance. Scale bar 1250 nm (13A,B,E,F,I,J;
magnification 9700x) and 200 nm (13C,D,G,H,K,L; magnification 66,000x).

doi:10.1371/journal.pone.0151223.9013
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samples’ ends were plastinated partially to minimize material slippage occurring during the
tensile experiments [26] before the samples’ water content was adjusted for each group based
on the osmotic stress protocol. Additionally, the sample dimensions were standardized in
length and width during and after the plastination, using a template adapted from the German
standard DIN 50125 [27]. Uniaxial tensile data were obtained from all samples using the same
test parameters.

Additionally, samples’ cross sections were casted after preconditioning and before the ten-
sile testing to further minimize the error introduced by different sample thickness. Finally, the
native and acellular samples were compared successfully. Though a few samples were excluded
from further evaluation because of the strict to inclusion criteria, this approach allowed for
meaningful and comparable results.

Reduced cross-sections indicated different cell quantities in the soft
tissues

Acellularization-related reductions in the samples’ cross-sections varied depending on the ori-
gin of the tissues. In the esophagus samples, the significant reduction of 55% of the cross-sec-
tion indicated that a vast majority of the tissue consists mainly of cells and only to a minority
of ECM. This finding was confirmed by histology, where the different smooth muscle layers
could hardly be differentiated in the acellular condition. In ureter samples the reduction of the
cross section reached 32%, which was in line with the smaller dimensions of the samples and
smooth muscle layers compared to the esophagus. In the skin, the reduction only reached 5%,
demonstrating the it is a ECM-rich tissue.

Acellularization increased elastic moduli and ultimate tensile stress in
hollow organs, but decreased these values in skin

Acellularization induced increased elastic modulus and ultimate tensile stress values of hollow
organs such as the esophagus and ureter. This may partially be attributed to the reductions in
the samples cross sections in the acellular esophagi and ureters but also to the removal of mus-
cle cells, which potentially have lower elastic moduli and ultimate tensile stress values in a non-
contracted state compared to the ECM. However, the observed increase in the ultimate force
values of the esophagus samples indicates that additional phenomena will likely be responsible
for the increased load-bearing capacity following acellularization. These findings may likely be
related to the ECM, although the total collagen, elastin and fibronectin contents appeared to be
constant, as indicated by immunohistochemistry in previous experiments [21,22]. Collagen
fibril structure remained intact. These findings are in line with our previous data on the nano-
structural properties of human iliotibial tract collagens, using '>C CP MAS NMR [28].

From a functional point of view, the ECM serves as a backbone for the muscle cells forming
the outer shape of the organs. The peristaltic function of these organs is guaranteed by contrac-
tile elements such as actin-myosin chains and which are a part of the intracellular matrix.
Given the extensive networking between the muscle cells and the ECM, transverse forces
occurring in the tensile experiments may weaken the composite structure in the native condi-
tion. Since the cells were largely removed, transverse forces may have largely been minimized
to the effect of higher elastic moduli and ultimate tensile stress values in the acellular samples
of esophagus and ureter. We observed ultrastructural evidence for altered collagen geometry in
acellular esophagi and ureters. Collagen was clotted, accompanied by the loss of cross-linking
fibers, potentially with a similar effect on decreasing transverse forces and increasing load-
bearing capacity. This proposed reduction of transverse forces related to loss of cells and
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collagen crosslinking might be more pronounced in the acellular esophagi compared to the
acellular ureters due to the relatively large tunica muscularis.

In contrast, the acellular skin samples yielded largely decreased elastic moduli and ultimate
tensile stress values, accompanied by vast decreases in ultimate force. The tensile data are in
line with previously published data on acellular skin [29]. Given the mechanical function of the
skin to resist forces from various directions, the ECM might be regarded as a main mechanical
actor of this organ. The dense network of elastins and collagens is interrupted by hair follicles
and excretory ducts of sebaceous and sweat glands. Here, the primary function of cells may be
production of ECM rather than primarily acting as a mechanical stabilizer. We suggest three
reasons for the decreased load-bearing capacity of skin following acellularization. First, due to
the acellularization procedure, the stratum corneum was completely removed, decreasing
mechanical strength. Second, the removal of the hair follicles may have caused the potential
weakening of the skin. In the native condition, the follicles filled spaces as incompressible ele-
ments. In the acellular condition, the SDS washed out the follicles, which left behind cavities,
which may cause notch effects in the uniaxial tensile experiments, further weakening the skin.
We found ultrastructural evidence supporting this theory with loosened collagen networks sur-
rounding the emptied follicles, but intact collagen fibrils. Third, the loss of proteoglycans with
adjacent fibronectin may have caused inferior tensile properties. Fibronectin is a binding pro-
tein of the formed ECM fraction. Proteoglycans are well-known to be altered by SDS [4,30]. In
our given setup, skin acellularization needed 28 days, but only 7 days for the esophagus and
ureter specimens. This comparably long time frame may have facilitated the proteoglycan
washout, lowering mechanical strength.

Acellularization-related changes in maximum strain were minute for esophagi, ureters and
skin. This finding indicates that the passive properties of the respective cells hardly influence
the tensile properties of the tissues in terms of mechanical strain. Thus, the tensile mechanical
properties were altered tissue-dependently, to a varying extent and differently for the different
tissues, indicating that the influence of the cellular components and/or the chemicals used for
acellularization is different. Hypothesis 1, claiming that tensile properties of native or acellular
porcine samples are different in esophagi, ureters and skin, can therefore be accepted.

Clinical implications

Acellular scaffolds are frequently used for the surgical reconstruction of tendon, ligament or
other soft tissue injuries [1,4,15,31-35]. Vascular and cardiac surgery is another field of appli-
cation [4,36-38]. Another potential application would be the surgical reconstruction of the
esophagus following burns. Additionally, esophageal tumors or tumors of genitourinary tract
are potential sites of application. The main advantage of acellular scaffolds is their reduced
antigenicity due to the partial or complete absence of cellular proteins [30]. Short repopulation
rates were shown elsewhere for the esophagus [22] and ureters [21]. However, the acellulariza-
tion might be accompanied by altered mechanical properties and a potential weakening of the
scaffolds, which are intended to be implanted [4,39]. The same is true for repopulated scaffolds,
in which degradation processes were found following implantation [15,39]. Our direct compar-
ison of native versus acellular tissue also indicated that alterations in the mechanical properties
may not only be caused by degradation of ECM in the scaffolds, but also by the load-altering
properties of cells.

An in-depth knowledge on scaffold behavior is of interest not only for orthotopic but also
for heterotopic implantations. Inter comparison of the esophagus, ureter and skin samples
showed that each of the tissues had different mechanical properties in both the native and acel-
luar condition. Especially the decrease in the elastic modulus and ultimate tensile stress of skin
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samples is an indicator of the difference in behavior of the esophagi and ureters. Hypothesis 2,
claiming that acellularization causes changes in the tensile properties of esophagi, ureters and
skin, as compared to the native condition, can therefore also be accepted. Consequently, from a
biomechanical point of view, acellular esophagus and ureter samples may be recommended as
scaffolds for the orthotopic surgical reconstruction or replacement. This is not the case for acel-
lular skin scaffolds treated with SDS, if the dermal scaffolds are likely to be subjected to signifi-
cant mechanical loads.

The third hypothesis, stating that changes in the tensile properties of acellular scaffolds are
accompanied by morphological alteration in the scaffolds, can likewise be accepted. Beyond
extensive cell removal, we observed collagen clotting and loss of cross-linking collagen fibers in
acellular esophagus and ureter samples causing increased mechanical tensile strength. Vice
versa, we found a fibronectin removal in acellular skin samples having decreased mechanical
strength.

Limitations

First, only a limited number of suitable samples was available for the study, which was partially
related to our strict inclusion criteria. Second, using SDS resulted in a different duration of acel-
lularization to the effect that degradation may have influenced the values to a different extent.
Third, the effects of cross linking scaffolds by various chemicals have not been investigated in
this study. Further experiments would help substantiate the effects of different acellularization
protocols on the effectiveness and the mechanical properties not only in vitro as in our study,
but also in vivo in long-term experiments.
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