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Abstract To develop decellularized heart valve scaffold from porcine for heart valve regeneration. Porcine heart valves

were decellularized with unique optimized approach by using 1% sodium dodecyl sulfate solution and 5% dimethyl

sulfoxide for the first time. Effect of decellularization process on scaffold were characterized by hematoxylin–eosin, 40,6-
diamidino-2-phenylindole, Masson’s trichrome, alcian blue staining and scanning electron microscopy for extracellular

matrix (ECM) analysis in scaffold. The results showed that developed protocol for decellularization of heart valve scaffold

shown complete removal of all cellular components, without changing the properties of ECM. The developed protocol was

successfully used for heart valve ECM scaffolds development from porcine. The developed protocol seems to be promising

solution for the heart valve tissue engineering application.
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1 Introduction

The loss or failure of cardiac tissue is one of the most

devastating and costly problem in human health care sys-

tem. The regenerative capacity of human heart valves is

greatly compromised during pathological condition [1–3].

Heart valve replacement is found the only option for

today’s line of treatment [4]. Approximately 290,000 heart

valve replacements are performed worldwide per year and

the number of patients requiring heart valve replacement is

expected to triple by the year 2050 [5]. The shortage of

organs for transplantation is an important medical and

social problem because transplantation is often the best

therapeutic option for end-stage organ failure [6]. The

availability of transplantable donor organs is a constant

challenge for transplant surgeon to fulfill the overgrowing

demand of transplant every year. Importantly transplant

related mortality and morbidity is very high observed in

patients [7]. A current therapeutic option available are

mechanical and bio prosthetic heart valves replacement [8].

Mechanical heart value have disadvantage like life-long

anticoagulation therapy is necessary which is associated

with a substantial risk of spontaneous bleeding and

embolism [9]. Bio prosthetic heart valves suffer from

premature degeneration and calcification. This resulted in

clinical needs for a substitute in current graft material to

replace diseased heart valves.

Tissue engineered heart valves may represent an inter-

esting alternative to current prostheses because of their

rapid cellular repopulation, tissue remodeling, and there-

with self-repair capacity [3]. Thus, tissue engineering

offers the great potential of providing heart valves that can

be used to replace diseased and damaged native heart

valves [10]. In tissue engineering field there are three

important components which are cells, scaffolds and
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growth factors to generate tissues for functional replace-

ment of damaged or diseased organs upon transplantation

[11]. The scaffolds act like natural extracellular matrix

(ECM) and supports cell attachment, proliferation, and

differentiation [10, 12, 13].

Dimethyl sulfoxide (DMSO) is a small organic molecule

containing a hydrophilic sulfoxide group and two

hydrophobic methyl groups, which makes it an amphiphilic

compound. Several previous studies have reported the

ability of DMSO to act as a free radical scavenges which

gives it antioxidant properties. In addition, it has been

clinically used in the treatment of several pathologies and

also proposed for the treatment of Alzheimer’s disease

[14]. DMSO prevents intracellular ice formation, recom-

mended for cellular tissues [15], scaffold cryopreservation,

which prevents the tissue damage. DMSO also has property

of penetration through cell membrane and able to carry

other drugs to cross cell membranes barrier [16]. Till date

various decellularization techniques are used extensively in

an effort to suppress the immunogenic potential and

preservation of ECM of biological matrices. Efficiency of

cell removal, as well as preservation of the matrix integrity,

is highly dependent on the decellularization method used

[17]. Among different methods used non-enzymatic

detergent-based methods like use of SDS (sodium dodecyl

sulphate) had shown effective cell removal and maintain-

ing matrix integrity when compared with decellularization

with other more aggressive agents. But at the same time it

has a disruptive effect on ECM [18]. Taking this into

consideration, the present research proposes the use of

unique blend of DMSO as an antioxidant agent along with

SDS detergent in custom designed bioreactor for more

optimized decellularization without harming the ECM. The

bioreactor was made from acrylate material which can be

autoclaved which is round in shape in which heart valves

fixed into it [19]. The assembly is small, lightweight and

can be sterilized by using ethylene oxide. The main benefit

of the bioreactor is a uniform fluid flow of detergent which

brings effective decellularization process [20, 21].

2 Materials and methods

2.1 Porcine heart valves preparation

20 porcine hearts of 6-month-old pigs collected from

slaughterhouse. Heart was dissected and from each heart,

aortic valves were dissected and freed from adherent fat

and myocardium (Fig. 1A, B). All dissected heart valves

rinsed in 70% alcohol followed by normal saline contain-

ing antibiotics solution [100 lg/ml streptomycin (Abbott

Healthcare), 100 U/ml penicillin (Alembic Pharmaceuti-

cals Ltd), and 2.5 lg/ml Ampholyn (Lyka Labs Ltd)] and

stored in freezer at -40 �C until further use.

2.2 Bioreactor assembly

Custom made flow bioreactor system designed for decel-

lularized porcine heart valve (Fig. 2). Flow bioreactor was

assembled using transparent acrylic material with translu-

cent and transparent silicon tube of OD-12 mm, ID-10 mm

and OD-10 mm, ID-8 mm respectively using peristaltic

pump (SAGE Instrument, USA). Decellularization was

carried out 1% SDS (Sisco Research Laboratory Pvt Ltd)

for 6 h followed by 5% DMSO (Fisher Scientific) solution

for 6 h. For each cycle of decellularization done by freshly

prepared reagents. Decellularization process was checked

by biopsy after completion of each cycle. Samples were

fixed in 10% neutral buffered formalin, dehydrated in an

ascending alcohol grades and embedded in paraffin.

Paraffin blocks were cut into serial sections of 4 lm
thickness.

2.3 Decellularization

This method was performed using SDS (Sodium Dodecyl

Sulfate) and DMSO with the help of custom made biore-

actor. Samples were treated with 1% SDS for 6 h followed

by 5% DMSO for 6 h in custom made bioreactor. After

12 h sample were transferred into D/W and stored in deep

freezer overnight. It was thawed next morning at room

temperature and cycle was repeated again. Many cycles

were repeated to achieve complete decellularization of

sample.

2.4 Decellularized scaffolds characterization

2.4.1 HE staining

Standard histological staining with Hematoxylin and Eosin

can serve as a first line of inspection to determine if nuclear

structures can be observed.

2.4.2 DAPI

DNA quantification of the scaffolds showed that decellular

agent we used caused markedly greater removal of the

DNA compared with native DNA in control heart valve.

Inspection for the presence of DNA can be performed by

staining the specimen with DAPI (Molecular Probes,

Oregon, USA) which are fluorescent molecule.
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2.4.3 Masson’s trichome

Masson’s trichrome stain used to differentiate collagen and

smooth muscle in tumors, and the increase of collagen in

disease such as cirrhosis. Routine stain for liver and kidney

biopsies. As the name implies, three dyes are employed

selectively staining muscle, collagen fibers, fibrin, and

erythrocytes. The general rule in tri chrome staining is that

the less porous tissue are colored by the smallest dye

molecules; Whenever a dye of large molecular size is able

to penetrate; it will always do so at the expense of the

smaller molecule.

2.4.4 Alcian-blue pH 1.0

Alcian blue staining technique [22] is widely used among

developmental biologist to observe the hydrated and vis-

cose matrix of the extracellular glycoproteins usually have

bound a large number of glycosaminoglycans (GAGs).

2.4.5 Scanning electron microscopy (SEM)

SEM was performed on cross sections of scaffolds to

investigate morphology and porosity. Scanning Electron

Microscope (SEM) was done using JEOL JSM. 6360

scanning Electron Microscope model, to image the lumen

of the decellularized and rinsed porcine heart valves sam-

ples acquired in Department of Physics, Shivaji University,

Kolhapur. After dehydration, the porcine heart valve

specimen was fixed to the stage using double sided tape.

The height of the sample stage 25 need to be adjusted with

sample preparation tool before placement of the vessel

specimen and stage into the SEM. Proper height adjustment

was important to make sure the stage and sample cleared

the ceiling of the sample feed and was high enough for the

SEM to bring an image of the vessel surface into focus.

Several sets of images were taken of each sample at the

scales of 96000.

2.4.6 DNA quantification

At native condition and after decellularization the total

amount of DNA was quantified using UV spectropho-

tometer (UV-1800 UV–Vis Spectrophotometer) at 260 nm.

Sample of native and decellularization blood vessels by all

four methods were collected at concentration of 1 mg/ml

and freeze at -20 �C. After 15 min all samples were

crushed with mortar pestle and of D/W was added to it.

From above prepared DNA solution 40 ll of solution was

taken using Hamilton syringe in 4 ml cuvette to which

3.96 ml of D/W was added. At most care was taken to

ensure that solution is air bubble free. Solution was let to

stand for 10 min to ensure the complete diffusion of DNA

throughout the solution. This represents a 1:100 dilution of

Fig. 1 A Bioreactor assembly and B custom made flow bioreactor system designed for decellularized porcine heart valve

Fig. 2 Native porcine heart valve
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the standards and DNA samples. The spectrometer was set

at 260 nm and reading was noted down.

2.4.7 Biocompatibility study

Zero h fertilized black leghorn chicken eggs (Gallus gallus)

were obtained from local hatchery and cleaned with 70%

alcohol. Fertilized chicken eggs were incubated at 37 �C and

80% humidified atmosphere in an incubator. Humidity was

monitored regularly by using hygrometer Fertilized eggs

were randomly divided into two groups—the control group

and experimental groups, and then incubated at 38 �C and

55–65% humidity with automatic rotation in the incubation

system. On day 4 of the incubation, a window was opened in

the eggs in sterile condition, part of the shell was removed,

and to which the tissue engineered scaffold were placed on

chorioallantoic membrane (CAM) area. The window was

covered by sterile paraffin film and returned to the incubator.

On day 8, the eggs were opened the chick embryos were

observed. Photographs were taken of CAM of control and

experimental. Implanted tissue were removed and collected

in 10% neutral buffered formalin. The adjacent CAM is also

harvested and kept in 10% neutral buffered formalin for

fixation. Both were further processed for hematoxylin eosine

staining (HE).

3 Results

3.1 Flow bioreactor

Flow perfusion of 1% SDS for 6 h followed by 5% DMSO

for 6 h subjected over several cycles. Exposing porcine

heart valves to SDS and DMSO with shear stresses in flow

bioreactor has been shown to enhance uniform decellular-

ization process which was confirmed by HE and DAPI

staining after each cycle.

3.2 HE staining

Porcine pulmonary, aortic valves were decellularized by

detergent sodium dodecyl sulfate (SDS), dimethyl sul-

foxide (DMSO) treatment for 50 cycles. This was moni-

tored by HE staining with hematoxylin and eosin of

porcine heart valves which was done after every 10 cycle

to keep track of cell removal as shown in Fig. 2. Decel-

lularization efficacy imaging of the H&E stained sections

showed a reduction in visible nuclei as decellularization

cycle progress. This estimated that complete decellular-

ization was achieved by 50th cycle of decellularization

method as shown in Fig. 3.

Fig. 3 Porcine pulmonary

valve A control and B–
F decellularized checked by HE

staining (209). H&E stained

sections showed a reduction in

visible nuclei as

decellularization cycle progress
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3.3 DAPI staining

Scaffolds showing a reduction in DNA and completely

remove as decellularization cycle progress. With DAPI the

process of decellularization was cross checked after 50th

cycle which was a nuclear stain which confirmed the cell

removal that finally proved complete decellularization at

50th cycle of method as shown in Fig. 4.

3.4 Masson’s trichrome stain

Masson’s trichrome staining revealed collagen in decellu-

larized heart valve and compared native vessels. Results

were promising and appreciable amount of collagen and

remain unchanged seen in treated heart valve as shown in

Fig. 5.

3.5 Alcian-blue pH 1.0

AB staining showed presence of glycosaminoglycans

(GAGs) in decellularized heart valve. AB staining

demonstrated no obvious disruption to the overall histo-

architecture following treatment as shown in Fig. 6.

Cycle 20 C

Control A

Cycle 30  D

Cycle 50 FCycle 40 E

Cycle 10 BFig. 4 Decellularized process

confirmed by A control and B–
F DAPI staining (209).

Scaffolds showing a reduction

in DNA and completely remove

as decellularization cycle

progress

Fig. 5 Decellularized porcine heart valve after 50th cycle stained for

Masson’s trichrome staining revealed collagen in decellularized heart

valve
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3.6 DNA quantification

DNA contents in control and decellularized porcine valve

compared by DNA quantification. Decellularized valve

showed minimal DNA content compared to control.

Graphical representation of DNA estimation shown in

Fig. 7.

3.7 SEM analysis

Scanning electron microscopy of scaffold showing the 3-D

network of ECM overall morphology (magnification,

96000) in Fig. 8.

3.8 Biocompability study

In order to confirm the biocompatibility of the engineered

scaffold the chick chorioallantoic membrane (CAM) model

was used. Figure 9A represents the CAM area of control

and (B) CAM area of decellularized heart valve scaffold

grafted at day 4 and visualized at day 8. Figure 9C, D

represents the H&E staining of CAM area of control (C),

experimental (D) and harvested tissue from the CAM.

4 Discussion

This study was designed to generate decellularized porcine

heart valves using flow bioreactor assembly. The extra-

cellular matrix in scaffold represents a good substrate in

terms of biochemical properties able to drive cell adhesion,

proliferation and differentiation; moreover, decellularized

scaffolds usually shows good biomechanical properties

[23]. The rationale for use of the detergents in the present

decellularization protocols was based on the decellular-

ization agent’s effectiveness and destabilization of ECM.

Detergents that are strongly ionic or hydrophobic or zwit-

terionic are commonly used and may be effective against

one or two of the protein–protein interactions or/protein–

lipid interactions but not all. Therefore, a mixture of

detergents will be required for efficient removal of cellular

material from the grafts. The use of SDS in our initial

experiments did not give satisfactory results; we therefore

decided to try other chemicals and choose DMSO, which is

a very common organic solvent used for dissolving lipo-

philic substances. At the same time, DMSO is known to be

cytotoxic at high concentration. We therefore combined the

actions of DMSO together with SDS to achieve a gentle

and efficient decellularization process. As per our best of

knowledge we report for the first time the use of DMSO for

decellularization of heart wall. We found that treatment

with DMSO ? SDS successfully preserved the three-di-

mensional architecture and native matrix composition of

the tissue. Cell removal and ECM properties of decellu-

larized porcine heart valves were investigated and com-

pared to native tissue. The process showed good results; no

residual cells were observed in HE staining and this con-

dition was confirmed by DAPI analysis where no lasting

nuclei were marked. Furthermore, the HE staining revealed

Fig. 7 Graphical representation of DNA estimation showed minimal

DNA content in decellularized heart valve compared to control

Fig. 8 Scanning electron microscopy (magnification, 60009) of

scaffold showing the 3-D network of ECM overall morphology

Fig. 6 AB staining pH 1.0 showed presence of glycosaminoglycan’s

(GAGs) after 50th cycle
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a well maintained structure of the valve with preserved and

organized laminae. The residual DNA content after

decellularization was far low from the quantity found in

native tissue; by now it is unclear whether this few residual

DNA could elicit or not an adverse response from the host

and indeed many commercial products with positive clin-

ical outcomes contain remnant DNA and it seem unlikely

that residual fragments could play a role in any host

response [14]. It is very interesting to note that the low

levels residual DNA confirms the removal of antigenicity

which is very essential criteria for successful decellular-

ization process. SEM analysis reported a preserved ECM of

valve leaflet without evidence of any damaged area. This

reserved basal layer is very important for tissue remodeling

in the valve field since this avoids the promotion of early

thrombi and the molecular signaling of the ECM can pro-

mote the re-endothelialization [24, 25]. The present

methods enable to preserve basal layer and may facilitate

the process of recellularization. In addition to this the last

aspect takes even more importance when considering the

possibility of naked implants (decellularized scaffold

implanted without cell seeding) as suggested by Dahl et al.

[26]; investigating whether a prior to grafting endothelial

seeding is necessary or not becomes intriguing in the

presence of a single rich surface like the decellularized one.

A proper characterization of the decellularized leaflet,

considering the however, the loss of the cellular component

could introduce some alteration in the ECM and its inter-

actions, which could have undesirable impact on cell

adhesion, cell proliferation and there differentiation. The

biocompability study of prepared scaffold is revealed in

Fig. 9A, B clearly suggests the grafted scaffold had no

toxic effect and normal angiogenesis pattern is seen with

compared to control. The H&E staining reveals (Fig. 9C,

D) the uniform nuclear and cytoplasm structure with no

observed necrosis. Figure 9E. The H&E staining of trans-

planted tissue harvested from CAM area shows normal

recruitment of cells. This clearly reveals the biocompabil-

ity of the scaffold. Figure 10 represent the final decellu-

larized valve scaffold by using combination of antioxidant

and detergent agents. The complete removal of cellular and

Fig. 10 Decellularized porcine heart valve designed by novel

approach by using combination of antioxidant and detergent agents

Fig. 9 Biocompatibility study of heart valve scaffold in chick

chorioallantoic membrane (CAM). A The CAM area of control and

B CAM area of decellularized heart valve scaffold grafted at day 4

and visualized at day 8. B Clearly suggests the grafted scaffold had no

toxic effect and normal angiogenesis pattern is seen with compared to

control. C, D The H& E staining of CAM area of control C and

experimental D. The H& E staining reveals the uniform nuclear and

cytoplasm structure with no observed necrosis. E The H& E staining

of transplanted tissue harvested from CAM area shows normal

recruitment of cells. This clearly reveals the biocompability of the

scaffold
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nuclear matter provides a promising substrate for recellu-

larization process. This method reaches a key importance

in the heart valves replacement field where few clinical

substitutes are available. The aim of this work was to assess

the outcome on porcine heart valves decellularization

protocol by using SDS and DMSO combination for the first

time and proving efficacy. The combination facilitates

complete removal of cells uniformly within all layers of the

tissue. Results of Masson’s trichrome staining, GAGs

staining, and SEM analysis showed optimum native ECM

retention. Thus proposed method successfully demonstrates

the use of SDS in combination of DMSO for complete cell

removal, and preserved ECM structure and holds a huge

potential in heart valve tissue engineering application and

transplantation.
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