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ABSTRACT: Increasing the biocompatibility of some biological implants through tissue engineering is important for 
regenerative medicine, which recently has a rapid development dynamic. In this study we used tree different washing 
protocols, respectively with Sodium Lauryl Sulfate (SLS), with Sodium Deoxycholate (SD), and with saline (Sa) to 
achieve partial decellularization of 2-3mm thick cross-sections through Wistar rat hearts. Pieces of the heart tissue 
were either histologically analyzed to evaluate the decellularization processes or implanted for 5 days on 9-day-old 
chick embryo chorioallantoic membrane (CAM) and then histologically analyzed to evaluate CAM-implant interactions. 
Histological analysis of SLS or SD washed tissues showed different microscopic features of the decellularization 
processes, SLS-washing leading to the formation of a completely decellularized ECM layer at the periphery of the heart 
tissue. Both detergents induced changes in the spatial arrangement of collagen fibers of the heart tissue. Histological 
analysis of the CAM implants shoved that the peripheral zone with complete decellularization induced by SLS increased 
the biocompatibility of heart tissue implants by favoring neovascularization and cell migration. These results suggested 
that the biocompatibility of the heart tissue implant can be modulated by the appropriate use of a SLS-based 
decellularization protocol. 
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Introduction 
Increasing the biocompatibility of biological 

implants through tissue engineering is important 
for regenerative medicine, which has recently had 
a rapid development dynamic, since the 
reconstruction of some tissues and organs by 
repopulating decellularized ECM scaffolds with 
stem cells was successful [1]. 

Tissues and organs decellularization were 
used for ECM isolation by cellular lysis, 
solubilization and cellular components removal; 
to achieve these goals, a wide variety of chemical, 
physical, enzymatic or a combination of those 
methods were used [1,2]. 

The most widely used methods includes 
sequences of hypo and hyperosmolar shocks to 
induce cell lysis, enzymatic proteolysis, and 
dissolution and removal of cellular material using 
either an ionic detergent such as SLS [3-5] and 
SD [6], or non-ionic deter-gent like Triton X-100 
[7].  

The decellularization process is obtained by 
use of chemical baths, by fall pressure or pulsatile 
centrifugal pump perfusion [8-10], or by direct 
tissue-penetration capability of the supercritical 
fluids, using carbon dioxide at a pressure of 
15 MPa and a temperature of 37°C [11]. 

Various organs have been successfully 
decellularized to obtain biologic scaffolds with 
potential in tissue engineering [12]. 

The first organs decellularized were the ones 
with a less complex architecture such as skin for 
the treatment of burn victims [13], cornea used in 
reconstructive surgery [14], heart valves with 
applications in the surgical treatment of valvular 
disease [15] or the urinary bladder [16] with 
many uses including tympanic surgery [17], 
esophageal reconstruction [18], tracheal plasty 
[19], or larynx surgery [20]. 

As the process was perfected, it expanded into 
liver decellularization [21,22], whole heart 
[23,24], kidney [25] or pancreas [26] 
decellularization. 

The first decellularized heart scaffold was 
obtained in 2008 [23] using a perfusion-based 
method, and since then cardiac tissue has 
remained one of the most intensively studied 
organs subjected to the decellularization process 
[27]. 

A common approach was the use of detergent-
based protocols, and of these the most studied 
were SLS, SD, and Triton X-100 [28]. 

SLS breaks non-covalent bonds, solubilizes 
cell membranes and is effective in removing 
nuclear materials [29], but alters the 
microstructure and biomechanical integrity of 
the ECM, affecting the ECM matrisome by 
removing fibronectin, glycosamino-glycans and 
proteoglycans [29-31]. 
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Residual SDS from the decellularized matrix 
is difficult to remove, and through its cytotoxic 
effect can affect recellularization [27]. 

SD solubilizes cell membranes but is less 
effective in removing nuclear materials [32]. 

At the same time, it alters less the 
proteoglycan and collagen content of the ECM, 
which can favor recellularization [32,33]. 

The CAM begins to form from day 3 of the 
chick embryo development following a process 
of adhesion between the allantoic mesoderm and 
the chorionic mesoderm. 

As a result, the CAM will have a chorionic 
epithelial layer, a mesodermal layer and an 
allantoic epithelial layer in its structure [34,35]. 

Due to the rich vascular network of the  
meso-dermal layer [35], CAM has proven to be a 
powerful and widely used tool in the study of 
angiogenesis, tumor growth and migration, or for 
evaluation of the biological properties of some 
nanocomposites [36-38]. 

CAM has been used in tissue engineering for 
several decades, being used not only for testing 
the angiogenic potential of the constructed 
material but also for testing its biocompatibility 
[39-42]. 

Tissues-engineered materials can be used to 
replace damaged or missing tissues. 

In vivo, the lack of rapid revascularization can 
lead to the destruction of the implanted material 
[40]. 

The biochemical and structural information 
preserved by the natural ECM can activate the 
cellular functions involved in tissue regeneration, 
which makes decellularized ECM one of the most 
used biomaterials in the clinic [43]. 

Decellularized ECM can lead to increased 
vascularization of the implants, can act as an 
optimal environment for cells sustenance, 
proliferation, and distribution and can be used to 
increase the bioavailability of tissues in 
regenerative medicine [44]. 

Therefore, the generation of a decellularized 
ECM layer on the surface of an implant can be 
considered when improving its biological 
properties is the desired goal. 

Starting from these observations, we 
considered that the presence of a decellularized 
ECM layer at the periphery of an implant can 
improve its integration in the host tissue and 
therefore increase its biocompatibility. 

In this study we used some decellularization 
protocols based on a single detergent, namely SD 
and SLS, to partially decellularize fragments of 
rat heart tissue. 

These fragments were implanted on 9-day-old 
CAM for 5 days, and then were analyzed 
histologically to evaluate the processes of their 
revascularization and repopulation with cells 
from the mesoderm layer of the CAM. 

Materials and Methods 
Animals 

The experimental protocol on animals was 
first approved by the Committee of Ethics and 
Scientific Deontology of the University of 
Medicine and Pharmacy of Craiova 
(139/20.12.2019). 

Hearts harvested from 9 ten-week-old male 
Wistar rats were used for the decellularization 
procedures. 

Under general anesthesia with Ketamine 
(100mg/Kg) and Xylazine (10mg/Kg) a median 
thoraco-abdominal incision was made to access 
the superior and inferior vena cava and thoracic 
aorta. 

After dissection of the great vessels at the base 
of the heart, the arteries of the aortic arch 
(brachiocephalic trunk, left common carotid and 
left subclavian arteries) and the superior vena 
cava were ligated and sectioned, and the inferior 
vena cava, in the suprahepatic portion, and the 
thoracic aorta, in thoracic portion, were 
cannulated with an 18G needle. 

Normal saline serum was infused on the 
cannula inserted in the inferior vena cava for 
30 minutes, to obtain exsanguination of the 
cardio-pulmonary complex. 

The cardio-pulmonary complex was 
harvested, washed abundantly with saline, and 
then the aorta was infused for 60 minutes with 
saline at a hydro-static pressure of 100cm H2O. 

Next, 2-3mm thick cross-sections through 
ventricles were made and placed in plastic tissue 
embedding cassettes, which were attached to a 
gentle vertical shaking system. 

Decellularization protocols 
The washing protocols with SLS, SD or Sa 

were applied in parallel, with identical 
development times. 

Hypoosmotic shock was initially produced by 
washing for 60 minutes the sections with distilled 
water and then with phosphate-buffered saline 
solution (PBS) for another 60 minutes. 

Next, the heart cross-sections were placed for 
18 hours in Sa (n=3), 2% SLS (n=3), respectively 
2% SD (n=3). 

Finally, the heart cross-sections were washed 
with PBS for 120 minutes. 
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The processed heart cross-sections were 
sectioned symmetrically. 

One-half of the cross-section was fixed (48h) 
in 10% neutral buffered formalin and used for 
histological analysis. 

The other half was cut into 2-3mm pieces 
(n=5) that were implanted on the 9-day-old CAM. 

The CAM assays 
White fertilized Leghorn eggs were used to 

obtain 9-day-old CAM. 
They were incubated at 37.5°C and 70% 

humidity, being rotated 2 times/day. 
After 3 days the eggs were examined with an 

ovoscope to identify and mark on the shell the site 
of embryo development and the air chamber. 

The shell was sterilized with a swab soaked in 
70% alcohol. 

Using an 18G syringe, 3.5-4ml of albumen 
were extracted from the pole opposite the air 
chamber. 

The site of embryo was covered with 1.5cm 
square patch of scotch tape and a round window 
with a diameter of 1cm was made with a scissors. 

After checking the viability of the embryos, 
the windows were covered with tape and the eggs 
were re-incubated until day 9, when the CAM is 
sufficiently developed to allow the implantation 
of heart tissue xenografts. 

The 2-3mm pieces of processed heart tissue 
(n=3 for each heart cross-section) were 
implanted, by applying to the surface of the 
CAM, after gentle abrasion of the implantation 
site beforehand. 

On the 14th day of development, the 
implanted fragments were harvested with the 
surrounding CAM and fixed (48h) in 10% neutral 
buffered formalin for histological analysis. 

Histological analyses 
Formalin fixed heart tissues and harvested 

CAM implants were processed using standard 
histological methods for paraffin embedding, 
sectioning at 7µm thickness, staining with H&E 
and Azan trichrome, and examined under light 
microscopy for morphological and morphometric 
evaluation. 

The relative area of the CAM vessels in the 
implant area was determined by reporting the 
values obtained by measuring the area of visible 
vessels on the lower side of the CAM in the 
implant area and the area occupied by the implant 
on the CAM, using the Image-Pro Plus image 
processing and analysis software. 

Statistical Analysis 
The results are presented as mean±standard 

deviation, and data were compared using a  
one-way ANOVA with Tukey’s post hoc analysis 
having set the significance level at 0.05. 

For data analysis SPSS version 16 (SPSS, Inc., 
Chicago, IL, USA) was used. 

Results 
Histological analyses of the 
decellularization heart cross-sections 

The macroscopic examination of the  
cardio-pulmonary complexes revealed a good 
removal of blood from the myocardial tissue, 
after retrograde perfusion of the heart for one 
hour with saline solution at a pressure of 100cm 
H2O (Figure 1a,b). 

The analysis of the cross-sectional surfaces 
through the ventricles before and after 
performing the washing protocol with SD 
(Figure 1c), SLS (Figure 1d) or Sa (Figure 1e) 
showed a reduction of their areas by 
47.34±1.08%, 54.71±2.02%, respectively 
2.16±0.21% (Figure 2k). 

H&E and trichrome Azan staining did not 
identify any remaining nuclear material in the 
heart cross-sections, after washing for 18 hours 
with 2% SD (Figure 2a-d) or SLS (Figure 2e-h). 

Histology of the SD-washed heart 
cross-sections 

A first aspect highlighted by the light 
microscope analysis was the presence of thick 
corkscrew-like collagen bands visible on the 
entire surface of the cross-section through the 
heart (Figure 2a-c). 

SD washing has been associated, in addition 
to the absence of basophilic material in the H&E 
staining (Figure 2d), with muscle cell lysis that 
was more advanced in the peripheral area of the 
heart tissue. 

In this area, the muscle fibers are no longer 
identifiable, and the corkscrew-shaped collagen 
bands had an irregular orientation (Figure 2b). 

The central area of the heart tissue piece 
showed less obvious cell lysis, and at its level the 
identification of muscle fiber bundles was still 
possible. 

In this area, the corkscrew-like collagen bands 
had a regular arrangement, being parallel to the 
bundles of muscle fibers (Figure 2c). 
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Figure 1. The cardio-pulmonary complexes before (a) and after (b) retrograde Sa per-fusion 

for 60 minutes at a pressure of 100cm H2O. Macroscopic features of the ventricular cross-sections before 
and after the washing protocols with SD (c), SLS (d) or Sa (e) were applied. 

 

Histology of the SLS-washed heart 
cross-sections 

The histological analysis of the SLS-washed 
heart tissue pieces highlighted a peripheral area 
with completely decellularized ECM in which all 
the cell lysis material was removed, and the 
collagen fibers formed an irregular 
three-dimensional network in which the 

corkscrew-shaped collagen fibers were no longer 
clearly identified (Figure 2e,f). 

This is separated by a narrow band 
of advanced cell lysis from the central zone, 
where the bundles of muscle fibers could be 
individualized, and among them the corkscrew-
shaped collagen bands could still be identified 
(Figure 2g). 
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Figure 2. Histologically appearance of the heart cross-sections after the washing protocols with SD (a-d), 
SLS (e-h) or Sa (i,j) were applied. Variations of the heart cross-section surface areas induced by washing 

protocols (k). Black arrows point to corkscrew-shaped collagen bands. Bare=500µm (a,e,i); 50µm (b-d,f-h), 
and 20µm (j). Azan trichromic (a-c,e-g,i,j) and H&E (d,h) staining. 

 

Histology of the Sa-washed heart cross-
sections 

In these heart tissue pieces, rare areas with 
incipient cell lysis were identified in which thick 
bands of collagen that outlined corkscrew shapes 
could be highlighted between the bundles of 
muscle fibers. 

The nuclear component was not influenced by 
this washing protocol (Figure 2i,j). 

CAM assay 
The implantation of the heart decellularized 

pieces (Figure 3a) on the 9-day-old CAM 

(Figure 4b) was followed by the specific pattern 
development of the underlying CAM vessels. 

The measurement of the underlying CAM 
vessels areas showed a statistical difference 
between the three types of implants (Figure 3c), 
the vessels having a relative area of 35.81±2.17 
in the case of the implants washed with Sa, 
22.48±3.08 for those washed with SD, and 
18.66±1.89 for those washed with SLS (p<0.05, 
ANOVA with post-hoc Tukey test). 

Vessels with spoke-wheel pattern were 
identified in the CAM thickness around the Sa or 
SD washed implants (Figure 3d,f). 
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Figure 3. Partially decellularized heart tissue fragments (a) implanted on the 9-day-old CAM (b). 

Variations of the relative area of the vessels of the CAM which supports the bottom face of the implant (c) 
(*p<0.05; **p<0.01). The macroscopic features of the CAM vessels in the implant areas 5 days 

after the application of heart tissue fragments washed with S (d), SLS (e) or Sa (f) (bottom faces  
of the harvested and formalin fixed CAM-implant complexes). Bar=1mm. 

 

Histological analyses of the Sa-washed 
heart tissue implants 

The histological analysis highlighted a rich 
inflammatory infiltrate with numerous 
heterophiles in the heart tissue implant area 
adjacent to the CAM-implant interface. 

These heterophiles entered the thickness of the 
heart tissue implant among the bundles of muscle 

fibers and blocked the CAM mesenchymal cells 
migration into the implant (Figure 4a,b). 

The microscopic examination also showed a 
thick CAM and the presence of numerous vessels 
near the CAM-implant interface (Figure 4b). 

No CAM vessels were identified to enter the 
heart tissue implant. 
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Figure 4. Histological features of the Sa-washed (a, b) and SD-washed (c-e) heart tis-sue implants 

(white stars) 5 days after implantation on CAM (black stars). Inflammatory infiltrates were marked with black 
arrows, cells migrated from the mesenchymal layer of the CAM with black arrowheads, and CAM vessels with 

white arrowheads. Bare=500µm (a,c), 20µm (b,d) and 10µm (e). H&E (a-d) and Azan trichromic (e) staining. 

 

Histological analyses of the SD-washed 
heart tissue implants 

The histological analysis highlighted clusters 
of mesenchymal cells that invaded the heart tissue 
implant near the CAM-implant interface  
(Figure 4c,d), some migrating for short distances 
among the bundles of partially decellularized 
muscle fibers (Figure 4e). 

The invasion of the mesenchymal cells of the 
CAM occurred only at the periphery of the heart 
tissue implant, in the areas with advanced 
decellularization. 

No inflammatory infiltrate was identified 
around the CAM-implant interface. 

The CAM under the implant showed an 
increased density of the mesenchymal cellular 
component (Figure 4d). 

Histological analyses of the SLS-washed 
heart tissue implants 

The histological analysis showed the 
integration of the completely decellularized 
peripheral area of the SLS-washed heart tissue 
implant into the CAM thickness. (Figure 5a,b). 

This area repopulated by CAM mesenchymal 
cells was characterized by the presence of 
numerous neo vessels and the absence of 
inflammatory infiltrate near the CAM-implant 
interface (Figure 5c). 

Neo vessels and mesenchymal cells, some 
with the fibroblastic-like appearance, were 
observed among the bands of partially 
decellularized muscle fibers of the implant. 

The border between the completely 
decellularized peripheral area and the partially 
decellularized central area of the implant was 
marked in some places by the presence of an 
inflammatory infiltrate (Figure 5b,f). 
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Figure 5. Histological features of the SLS-washed heart tissue implant 5 days after implantation on CAM 

(black stars). Inflammatory infiltrates with numerous heterophiles were marked with black arrows, 
mesenchymal cells of CAM with black arrowheads, and CAM vessels with white arrowheads. 
Bare=500µm (a,b), 20µm (c,d) and 10µm (e,f). H&E (b,e,f) and Azan trichromic (a,c,d) staining. 

 

Discussion 
Cardiac muscle has a complex structure 

optimized for lifelong pumping function which is 
difficult to replicate in vitro [45]. 

Collagen, fibronectin, and elastin are the main 
components of cardiac ECM, which ensure the 
durability, strength, and flexibility of the heart 
[46]. 

Recently, the development of single ionic 
detergent-based protocols for cardiac tissue 
decellularization has been especially studied 
because they are cheap, quick, and can produce 
the lysis of cell membranes with the removal of 
cellular components and nuclear materials 
[27,28,47]. 

At the same time, a series of undesirable 
effects of these detergents have been reported, 
represented by the alteration of the ECM matrisol 
and the persistence of the detergent in the ECM, 
with the impeding of the recellularization process 
[29,48]. 

These effects have been reported especially in 
the case of the use of SLS, which modifies the 3D 

conformation of the ECM by removing 
fibronectin, glycosaminoglycans, proteoglycans, 
ECM regulators, and by altering the collagen 
structure [30]. 

Our histological analysis showed that even in 
the case of incomplete decellularization of the 
heart cross-sections, both washing protocols for 
18 hours with 2% SLS or 2% SD had the effect of 
altering the ECM spatial arrangement, manifested 
by changing the area of the heart cross-sections 
and the morphological features of the collagen 
fibers (with the formation of corkscrew-like 
bands of collagen) (Figure 1, Figure 3). 

These ECM changes were more advanced in 
the case of SLS washed heart cross-sections, in 
which thick cork-screw-shaped collagen bands 
were fragmented and disappeared in the 
peripheral area, with complete decellularization 
of the ECM (Figure 2f). 

Therefore, keeping the ECM's spatial 
disposition unchanged cannot be a viable option 
when using SLS or SD based decellularization 
protocols. 
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To keep the collagen structure of the ECM as 
intact as possible, multiple detergent-based 
protocols must be used [49]. 

On the other hand, short-term washing with 
2% SLS proved to be an acceptable method when 
the goal is to generate a layer of completely 
decellularized ECM on the surface of an implant. 

Although it altered the three-dimensional 
structure of collagen and produced muscle cell 
lysis, the washing protocol with 2% SD is not 
suitable for this purpose. 

CAM has had multiple uses in tissue 
engineering research proving to be a suitable tool 
for the analysis of angiogenesis and 
neovascularization of ECM scaffolds due to the 
ability of mesenchymal vessels to form new 
plexuses in the vicinity of the chorionic layer 
between days eight and fourteen of ontogenesis 
[36]. 

Although the chick embryo is naturally in a 
stage of immunodeficiency until the 18th day of 
development, heterophils, which are analogues of 
mammalian neutrophils, and macrophages can be 
observed inside the chick circulation from the 4th 
day of development [38]. 

As a result, the CAM assay allows, in addition 
to evaluating the revascularization process, an 
evaluation of the inflammatory reaction induced 
by the partially decellularized heart tissue 
implant. In our study, heart tissue implants had 
different effects on the vessels of the underlying 
CAM (Figure 3d,e,f). 

The surface of the vessels visible on the lower 
side of the CAM showed an inverse variation 
with the degree of decellularization of the 
implant, having lower values for the implants 
washed with SLS and higher values for those 
washed with Sa (Figure 2). 

Although the vascularity of the underlying 
CAM was richer, no vessels were identified 
within the heart tissue implants subjected to the 
Sa or SD washing protocols. 

On the other hand, numerous neovessels 
originating in the CAM vessels were observed 
crossing the CAM-implant interface to 
revascularize the completely decellularized ECM 
of the SLS washed heart tissue implant. 

These vessels filled with chicken red blood 
cells formed a rich network among the collagen 
fibers of the ECM, from where they passed 
further to the central area of the implant through 
the spaces between the fascicles of incompletely 
decellularized muscle fibers (Figure 5c,e). 

Any implanted material causes a chronic 
inflammatory immune response that persists until 
the implanted material is removed or degraded 

and that constitutes a daunting challenge for the 
clinical use of biomaterials [50]. 

The angiogenic activity and inflammatory 
response of CAM are influenced by the chemical 
composition and architecture of the bioimplant 
[40], and our study showed that the heart tissue 
implant washed with Sa induced both 
angiogenesis and the inflammatory response of 
the CAM, which is a normal response of the 
CAM to a foreign body [51]. 

Interesting is the fact that the partially 
decellularized ECM layer at the periphery of the 
SD washed heart tissue implant seems to block 
the CAM inflammatory response and reduces the 
angiogenic action of the implant. 

Lack of inflammatory reaction at the 
CAM-implant interface and its presence at the 
periphery of the partially decellularized area of 
the SDS-washed heart tissue implant can be 
attributed to the detergent, knowing that SDS 
residues are difficult to remove from the tissues 
and cause an inflammatory reaction [42]. 

Differences were also noted after analyzing 
the CAM mesenchymal cells migration in the 
three types of grafts. 

Due to the abundance of the inflammatory 
infiltrate at the CAM-implant interface CAM 
mesenchymal cells invasion was absent in heart 
tissue implants subjected to the Sa washing 
protocol. 

The implants subjected to the SD washing 
protocol had at the CAM-implant interface small 
superficial areas invaded by the CAM 
mesenchymal cells, which in turn presented a 
slight increase in cellularity in the area 
corresponding to the implant. 

The completely decellularized ECM layer at 
the periphery of the implants subjected to the SLS 
washing protocol were completely invaded by the 
CAM mesenchymal cells. 

Also, these cells were identified migrating 
among the bundles of partially decellularized 
muscle fibers in the central area of the implant. 

It should be noted that these mesenchymal 
cells showed changes in shape, acquiring a 
fibroblastic appearance (Figure 5d). 

These results showed that the peripheral layer 
of decellularized ECM allowed the integration of 
this area of the implant into the CAM structure 
and, moreover, favored the migration of vessels 
and mesenchymal cells of the CAM in the central, 
partially decellularized area of the implant. 

The washing protocol with SLS proved to be 
superior to that based on SD when covering the 
implant with a layer of completely decellularized 
ECM is the desired goal. 
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Complementary studies are needed to 
optimize the concentration, washing time and 
removal of detergent traces from the implant. 

The evaluation of the inflammatory reaction 
on the CAM assay is limited by the immaturity of 
the immune system of the chick embryo until the 
18th day of ontogenesis [44], so additional 
studies on mammalian models must be performed 
to confirm the results highlighted by this study. 

Conclusions 
The results of this study showed that by 

engineering a peripheral layer of completely 
decellularized ECM, an improvement in the 
integration of the heart tissue implant into the 
CAM was obtained by stimulating 
neovascularization and cell migration and 
suggested the possibility of modulating the 
biocompatibility of implants by the appropriate 
use of a SLS-based decellularization protocols. 
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