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Sterilization using electrolyzed water highly retains the 
biological properties in tissue-engineered porcine liver 
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Purpose: The aims of this study were to investigate the effects of sterilization with peracetic acid 

(PAA) and ethanol on the biological activity of porcine liver scaffolds and to develop a new technique 

for sterilization using slightly acidic electrolyzed water (SAEW). 

Methods: Decellularization of liver slices was performed using 0.1% sodium-dodecyl-sulfate, then 

evaluated by histological and polymerase chain reaction analyses. Decellularized slices were treated 

with either PAA or ethanol or SAEW, and then DNA content was quantified. We determined steriliza-

tion efficiency by culturing scaffolds in culture medium and on blood agar. We next analyzed the 

glycosaminoglycan and collagen contents of the scaffolds. Finally, we tested the cytotoxicity of the 

scaffolds as well as the effects of sterilization on host cell attachment and proliferation. 

Results: Complete cell and antigenic epitopes removal emphasized the decellularization efficiency. 

PAA and SAEW treatments achieved the highest efficiency of sterilization compared to that of the 

ethanol treated scaffolds, and were able to remove a considerable fraction of DNA from decellular-

ized livers. The retained glycosaminoglycan content decreased in all treatments in the following order: 

SAEW, ethanol, and PAA. Ethanol caused a significant loss in collagen content compared to the other 

groups. A cytotoxicity evaluation revealed that all scaffolds were nontoxic. SAEW-treated scaffolds 

supported cell attachment and proliferation at a significantly higher rate than other groups. 

Conclusions: These data suggest that SAEW is highly efficient for sterilizing scaffolds and allowed the 

scaffolds to retain their bioactivity in addition to its high efficiency for cell remnant removal.
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INTRODUCTION

The incidence of hepatitis B virus-related end-stage liver 

disease and hepatocellular carcinoma is extremely high 

in Asia, particularly in eastern and southeastern areas (1). 

About 30 million people in the United States have liver 

disorders, with approximately 27,000 deaths reported per 

year due to liver disease (2). Liver transplantation is the 
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which contains free chlorine and hypochlorous acid, is 

effective for disinfecting surgical equipment and treating 

wounds. SAEW is easily generated by electrolysis of a so-

lution containing hydrochloric acid and sodium chloride 

in a chamber without a membrane (18, 19). Therefore, we 

investigated the effect of sterilization on the structure and 

biological properties of scaffolds.

MATERIALS AND METHODS

Liver harvest and decellularization

All procedures were approved by our Institutional Animal 

Care and Use Committee (Kangwon National University, 

Korea). Porcine livers were collected from mixed breed 

adult pigs weighing 40 kg to 50 kg directly after slaughter-

ing and evisceration. Harvested liver lobes were separated  

and trimmed into several thin slices of size 2.5 × 1.5 × 

0.2:0.3 cm with a weight of 5 g per slice. The slices were 

washed twice in phosphate buffered solution (PBS) con-

taining heparin (Chungwae Pharma Co., Seoul, Korea) 

in a concentration of 500 IU/l for 1 h using a shaker at a 

speed of 120 rpm at 4°C. The slices were decellularized 

using 0.1% sodium dodecyl sulfate (SDS, Sigma-Aldrich, 

St. Louis, MO, USA) at 4°C for 72 h on a shaker. The de-

cellularization solutions were changed every 8 h. Finally, all 

slices were rinsed three times in PBS for 2 h each to flush 

the residual SDS from the ECM. 

Sterilization treatment

Scaffolds were treated with either 70% ethanol solution 

(Daejung Chemicals and Metals, Seoul, Korea), 0.1% per-

acetic acid solution (Sigma-Aldrich, St Louis, MO, USA), 

or SAEW. Scaffolds in the control group were treated with 

PBS. Sterilization was performed using these agents for 

2 h as suggested by other studies. The sterilizing agents 

were changed every 15 min, followed by eight washes with 

PBS for 15 min each time (8, 14, 20). 

Preparation of SAEW 

SAEW (pH, 6.2-6.4), with an oxidation reduction potential 

(ORP) of 780-797 mV and available chlorine concentration 

of 24 mg/l, was produced by electrolysis of 6% HCl and  

2 M NaCl in a chamber without a membrane at 12 A  

gold standard for treating patients with severe hepatic fail-

ure. However, the shortage of donors limits its application 

and has led to a dramatic increase in the number of pa-

tients wait listed for liver transplantation (3). 

Many studies have reported that scaffolds mimic the bio-

logical properties of the native extracellular matrix (ECM) 

(4). Indeed, scaffolds have been prepared and applied in 

the fields of tissue engineering and regenerative medicine. 

Scaffolds are composed of a sophisticated assembly of 

proteins, glycosaminoglycans (GAGs), and growth factors. 

A scaffold represents the ideal microenvironment and can 

be seeded with cells to facilitate their migration, prolifera-

tion, and differentiation (5). 

Animal-originating scaffolds must undergo treatment to 

minimize or eliminate the host immune response and to 

avoid zoonotic disease transmission after in vivo implanta-

tion in recipients (6, 7). Many agents have been used for 

sterilization; however, each has disadvantages that may 

adversely affect ECM properties, rendering it unfit for trans-

plantation (8-10). Preserving GAGs, collagen, and growth 

factors in their natural state is highly desirable because of 

their critical role in the maintenance of scaffold bioactivity 

(11, 12). Many researchers have attempted to determine 

the relationship between the DNA content of scaffolds 

and the host immune response (13). They suggested that  

xenogenic DNA within scaffold materials plays a role in 

the inflammatory and tissue remodeling responses after 

implantation; therefore, DNA must be effectively removed 

from tissues and organs (14). Primary porcine hepatocytes 

provide a valuable tool for different research strategies and 

clinical applications. However, the utility of cultured hepa-

tocytes is hindered by many difficulties in obtaining popu-

lations of primary cells, which cannot be expanded in vitro 

because of a limited life span. Even the availability of por-

cine hepatocytes cell lines is still limited (15). Fibroblast is 

commonly used for biocompatibility evaluation of different 

extracellular matrices obtained from tissues such as liver, 

urinary bladder (8), heart (16), intestine (7) and pericardium 

(17). For these reasons, in this study we used porcine fibro-

blasts to check the effect of sterilization on the behavior of 

cells in terms of attachment, growth, and proliferation.

The present study reports on the effects of two agents 

commonly used for scaffold sterilization and their effect on 

the biological properties of porcine liver ECM. The treat-

ments included 0.1% peracetic acid and 70% ethanol. 

We also established a new technique to sterilize scaffolds  

using slightly acidic electrolyzed water (SAEW). SAEW, 
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using an electrolysis device as described by Cao et al (18). 

SAEW was placed into tightly sealed sterile bottles and  

directly used after preparation.

Morphological evaluation 

Native and decellularized livers were fixed, paraffin embed-

ded, and sectioned according to standard protocols. Then, 

samples were cut into 4 µm sections and stained with he-

matoxylin and eosin (H&E) to evaluate the efficiency of our 

decellularization protocol in preserving the tissue architec-

ture and removing the cellular components. To confirm the 

removal of nuclear materials, sections were also stained by 

DAPI staining (Vector Laboratories, Burlingame, CA, USA).

DNA extraction and polymerase chain reaction 
(PCR) analysis

DNA was extracted from lyophilized samples of native, 

treated, and untreated decellularized livers using the 

DNeasy Blood and Tissue Kit (Qiagen, Hilden, Germany). 

Five milligrams of lyophilized samples was digested with 

proteinase K buffer at 56°C on a hot plate for 24 h. The 

digest was treated with AE buffer and ethanol. DNA was 

eluted using AE buffer and centrifuged at 6000 rpm for  

4 min. The concentration of extracted DNA from each sam-

ple was measured with a NanoDrop spectrophotometer 

ND-1000 (PeqLab, Erlangen, Germany). Equal amounts of 

extracted DNA were separated on a 1% agarose gel con-

taining 0.5% ethidium bromide and visualized with ultravio-

let transillumination (G:BOX F3, Syngene, Cambridge, UK)  

using a reference 100-base pair DNA ladder (GeneRuler, 

Fermentas, Burlington, ON, Canada) to determine residual 

DNA fragment size. To validate the effectiveness of the 

decellularization procedure in elimination of the porcine 

DNA sequences encoding immunogenic and pathogenic 

antigens, 50 ng of genomic DNA extracted from decellu-

larized livers was used for PCR analysis by TProfessional 

standard 96 gradient machine (Biometra, Goettingen,  

Germany). The sequences of primers used are summa-

rized in Table I. Thermal cycler conditions for amplification 

were the following: 94°C for 3 min, followed by 34 cycles 

of 94°C for 30 s, annealing temperature for 30 s and 72°C 

for 45 s, and a final extension at 72°C for 10 min. PCR 

products were analyzed on 1% agarose gel stained with 

ethidium bromide. 

TABLE I - PRIMERS USED FOR PCR ANALYSIS

Primer Importance Primer sequence Annealing 

temperature

Product size  

(bp)

1,3 α gal Responsible for hyperacute rejection after  

xenotransplantation (1)

F: 5’-GCTCCACCTGGCAGTCATAG-3’

R: 5’-GTCCTGGAGGATTCCCTTGA-3’

54.95 361

SLA-2 Plays a role in acute rejection (2) F: 5’-GTCACCTTGAGGTGCTGGG-3’

R: 5’-TGGCAGGTGTAGCTCTGCTC-3’

55.04 185

SLA-DRA Plays a role in acute rejection (2) F: 5’-CGAGAAGAGGTGGCAAGACA-3’

R: 5’-GTCCTGGAGGATTCCCTTGA-3’

54.5 220

pvWF Responsible for thrombosis problems after  

xenotransplantation (3)

F: 5’-GCC CCT TTG CAG GAG AAG AT-3’

R: 5’-ATA CAG CCC TTT GCT GGC AT-3’

60.03 375

PERV Possible risk infection after  

xenotransplantation (4)

F: 5’-CTACCCCGAGATTGAGGAGC-3’

R: 5’-GGGGGATGGTTAGTTTTCCA-3’

54.9 317

b-actin cell remnant marker (5) F: 5’-TCC CTG GAG AAG AGC TAC G-3’

R: 5’-TGT TGG CGT AGA GGT CCT TC-3’

60.5 280

1, 3 gal = alpha 1, 3 galactosyltransferase; SLA-2 = swine leukocyte antigen 2 = SLA-DRA swine leukocyte antigen DR alpha; PERV = porcine endogenous retrovirus-
gag; pvWF = porcine von Willebrand factor; ß-actin = beta actin; F = forward; R = reverse.
(1)  Puga Yung GL, Li Y, Borsig L, et al. Complete absence of the alphaGal xenoantigen and isoglobotrihexosylceramide in alpha 1,3 galactosyltransferase knock-out 

pigs. Xenotransplantation. 2012;19(3):196-206.
(2)  Park KM, Park SM, Yang SR, Hong SH, Woo HM. Preparation of immunogen-reduced and biocompatible extracellular matrices from porcine liver. J Biosci Bioeng. 

2013;115(2):207-215.
(3) Lin CC, Cooper DKC, Dorling A. Coagulation dysregulation as a barrier to xenotransplantation in the primate. Transpl Immunol. 2009;21(2):75-80.
(4)  Ota T, Taketani S, Iwai S, et al. Novel Method of Decellularization of Porcine Valves Using Polyethylene Glycol and Gamma Irradiation. Ann Thorac Surg. 

2007;83(4):1501-1507.
(5) Petersen TH, Calle EA, Zhao L, et al. Tissue-engineered lungs for in vivo implantation. Science. 2010;329(5991):538-541. 
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Sterility testing 

Sterility efficiency was evaluated by incubating the sterilized 

scaffolds in Dulbecco’s Modified Eagle’s Medium (DMEM; 

Invitrogen, Carlsbad, CA, USA) supplemented with 10% fe-

tal bovine serum (FBS; Hyclone, Logan, UT, USA) at 37°C 

and on Columbia blood agar (Fluka Chemie, Zurich, Swit-

zerland) for 96 h as described by Shearer et al (21). Samples 

were checked periodically for signs of infection, as indicated 

by any discoloration or turbidity of the media or growth on  

Columbia blood agar. Native liver, untreated, and PBS-

treated scaffolds were used as positive controls, whereas 

medium without scaffolds was used as the negative control. 

GAG quantification

GAG content in native liver and in untreated and treated 

scaffolds was determined using a dimethyl methylene blue  

dye-binding assay kit (Blyscan, Biocolor, Carrickfergus 

County Antrim, UK), according to the manufacturer’s in-

structions. In brief, 5 mg of lyophilized sample was homog-

enized and solubilized. A 100 µL aliquot from each sample 

lysate was added to 1 mL of dimethyl methylene blue and 

agitated on a shaker at 25°C for 30 min. Solutions were then 

centrifuged at 10,000 × g for 10 min to collect the GAG-

dye complex, and the supernatants were discarded. The 

remaining pellet was suspended in 1 mL of the provided 

dissociation reagent, and absorbance was read at 655 nm.

Collagen quantification

Total collagen levels in native liver, and decellularized 

and sterilized scaffolds were determined using a Sircol 

collagen dye-binding assay kit (Biocolor, Carrickfergus, 

County Antrim, UK), according to the manufacturer’s 

instructions. Briefly, 5 mg of lyophilized sample was  

homogenized, and total acid pepsin-soluble collagen was 

obtained after incubation in 0.5 M acetic acid containing 

0.1 mg/ml pepsin. A 100 µL aliquot of acid neutralizing re-

agent was added to the acid-pepsin extract, followed by 

cold isolation and concentration reagent. The tubes were 

centrifuged after an overnight incubation at 4°C. Then,  

1 mL Sircol dye reagent was added to the pellet and in-

cubated at 25°C for 30 min. After centrifugation, the pellet 

was washed with acid-salt wash reagent and suspended 

in 1 mL of alkaline reagent, and absorbance was read at a 

wavelength of 540 nm.

Cell attachment assay (in vitro direct  
contact assay)

Small discs of liver scaffolds that had been treated with dif-

ferent sterilizing agents were placed into a 96-well plate and 

evaluated for their ability to support the attachment and vi-

ability of porcine fibroblasts (passage 4). Fibroblasts were 

harvested from tissue culture dishes, counted, and resus-

pended in complete DMEM containing 10% FBS. Aliquots 

of 100 µL containing 5 × 104 cells were added to each scaf-

fold. The plate was incubated at 37°C in 5% CO
2
 for 3 h to 

allow the fibroblasts to attach. The scaffold substrates were 

transferred to another plate after 3 h, so the cells that had 

attached to the scaffold would remain undisturbed. Then, 

the plate was incubated at 37°C in 5% CO
2
 for 12 h. Af-

ter 12 h, 10 µL of 5 mg/ml 3-[4,5-dimethylthiazol-2-yl]-2,5- 

diphenyltetrazolium bromide (MTT; Sigma-Aldrich, St Louis, 

MO, USA) was added to each well followed by a 4 h incuba-

tion at 37°C in 5% CO
2
. Then, the media were removed and 

200 µL dimethyl sulfoxide (DMSO) was added to each well 

to dissolve the formazan. After 10 min incubation, 100 µL 

solutions from respective substrate wells were pipetted into 

another 96-well plate. Thereafter, the absorbance was mea-

sured using a spectrophotometer with a test wavelength of 

570 nm and a reference wavelength of 630 nm to obtain the 

sample signal. Here, the results represent the percentage 

of seeded cells that attached to the scaffold substrate after  

3 h incubation and remained metabolically active.

We used DAPI (4’,6-diamidino-2-phenylindole; Sigma-

Aldrich, St Louis, MO, USA)-labeled porcine fibroblasts in 

the same manner for 16 h to confirm the results obtained 

from the in vitro direct contact assay. Then, the scaffolds 

were checked by phase-contrast fluorescence inverted 

microscopy (Olympus, Tokyo, Japan) to count the number 

of attached cells. DAPI-labeled cells were counted in two 

fields per well using Image J software (National Institutes 

of Health, Bethesda, MD, USA). 

In vitro cytotoxicity assessment using the  
extraction method

This test aimed to exclude any cytotoxic effect that 

might result from compounds leached from the scaf-

folds (22, 23). Serum-free DMEM cell culture medium was  

incubated overnight with each scaffold at a concentration of 

0.2 g/ml media at 37°C in a shaker at 70 rpm/min. Addition-

al DMEM without scaffolds and minced, powdered, latex 
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gloves were similarly processed to provide unconditioned 

negative and positive controls, respectively. Then, the scaf-

folds were removed and the medium was filtered through 

a 0.4 µm filter. Porcine skin fibroblasts were harvested, 

counted, and resuspended in complete DMEM. A total of 

0.1 × 104 cells were added to each well in 100 µL media. 

Samples were allowed to incubate at 37°C in 5% CO
2
 for  

24 h. The medium was aspirated, followed by the addition of 

conditioned or control medium after adding 10% FBS and 

1% penicillin-streptomycin (Gibco, Grand Island, NY, USA). 

The cell response against the extraction fluid was evaluated 

after incubating the plate for 24 h and 48 h. The culture me-

dium was changed after 24 h. At the end of the incubation, 

10 µL of MTT solution was added to each well followed by 

a 4 h incubation. The medium was aspirated, and 200 µL 

DMSO was added to each well to dissolve the formazan. 

Then the absorbance was recorded at a test wavelength of 

570 nm and a reference wavelength of 630 nm.

Ki-67 cell proliferation staining 

The objective of this test is to evaluate the ability of scaf-

folds to release soluble factors that stimulate cell prolifera-

tion (10, 12). Conditioned and control media were prepared 

as described for the previous cytotoxicity test. Porcine fi-

broblasts were cultured at a concentration of 0.5 × 104 on 

gelatin-coated 4-well plates for 24 h. Then, the medium 

was switched to conditioned or control medium. The me-

dium was changed every 24 h to offer the fibroblasts a 

continuous supply of soluble factors. The proliferation po-

tential of the soluble factors that eluted from the scaffolds 

was checked after incubation for 24 h and 48 h. Cells were 

immunostained using anti-Ki-67 antibody (Abcam, Cam-

bridge, UK). Texas Red goat anti-rabbit IgG (Invitrogen)  

was used as a secondary antibody. Nuclei were counter-

stained using a mounting medium containing DAPI. The 

percentage of Ki-67 positive cells was calculated in three 

fields as per the ratio of average positive Ki-67 cells rela-

tive to 250 DAPI-stained cells. 

Statistical analysis

Results are reported as mean ± standard deviation. A  

one-way analysis of variance followed by Tukey’s test was 

performed to determine significance differences in DNA, 

GAG, and collagen contents between treated and untreat-

ed decellularized liver samples. Tukey’s test was also used 

to analyze the results of cytotoxicity and Ki-67 assays. The 

results of the cell attachment and in vitro cytotoxicity as-

says are expressed as the percentage of the corresponding 

negative controls conducted within the same experiments. 

A two-tailed Student’s t-test was performed to assess dif-

ferences between the control and different groups for the 

cell attachment assay. A p value <0.05 was considered 

statistically significant.

RESULTS

Characterization of decellularized liver matrix

The slices were decellularized by agitating them with 0.1% 

SDS for 72 h at 4°C. As shown in (Figs. 1A and B), trans-

lucent white-colored slices, which retained the same gross 

shape of liver slices before decellularization, were generat-

ed. Histological evaluation showed hexagonal-shaped lob-

ules which were separated by connective tissue in addition 

to lack of cytoplasmic and nuclear staining in decellularized 

liver matrices (Figs. 1C and D). A lack of DAPI staining in 

scaffolds confirmed the absence of cells whereas abundant 

nuclei were observed in native livers (Figs. 1E and F). 

PCR analysis of DNA extracted from decellularized liver 

samples after SDS treatment revealed that our decellular-

ization protocol was efficient in removing of the antigenic 

and pathogenic epitopes (Fig. 1G) that include alpha 1,3 

galactosyltransferase (1,3 α gal), swine leukocyte antigen 

2 (SLA-2), swine leukocyte antigen DR alpha (SLA-DRA), 

porcine endogenous retrovirus-gag (PERV), porcine von 

Willebrand, and porcine beta actins (ß-actin). Therefore, 

these results suggested that the scaffolds generated were 

immunogen-reduced and can be applied for potential  

xenotransplantation.

SAEW removed a considerable fraction of  
immunogens from decellularized tissues

DNA is a cell remnant indicator; hence, we quantified 

the amount of DNA to evaluate the efficacy of the ster-

ilizing agents for removing these remnants. The amount 

of DNA in decellularized matrices was 42.5 ± 3.21 ng/mg 

dry weight ECM. The statistical analysis indicated that the 

DNA concentration in scaffolds treated with PAA or SAEW 

was significantly lower (2.9 ± 1.20 ng/mg dry weight ECM 

and 16.85 ± 2.84 ng/mg dry weight ECM, respectively)  
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compared to scaffolds treated with ethanol (25.7 ±  

3.63 ng/mg dry weight ECM ) or PBS (32.11 ± 2.88 ng/mg 

dry weight ECM) (Fig. 2A).

In other words, PAA revealed the highest efficiency for re-

moving cell remnants and removed approximately 93.13 ± 

2.82% of the DNA content from decellularized liver. SAEW 

was also efficient for removing DNA content (60.29 ± 6.68%) 

from decellularized liver. No significant difference was ob-

served between the DNA content in scaffolds treated with 

PBS or ethanol.

The fragment size of the isolated DNA was assessed using 

agarose gel electrophoresis. Both decellularized and steril-

ized scaffolds showed no DNA band, whereas the native 

liver showed a large band at >1000 bp (Fig. 2B). 

SAEW is a highly efficient sterilizer of liver  
scaffolds

Sterilization efficacy was evaluated qualitatively by the ab-

sence of signs of infection after a 96 h culture period in DMEM 

supplemented with 10% FBS and on Columbia blood agar 

medium. As shown in (Tab. I), neither discoloration of DMEM 

nor growth on blood agar was observed in treated scaffolds 

after 48 h incubation. After 60 h incubation, scaffolds treated 

with ethanol showed slight growth on blood agar, which in-

creased with time, and slight discoloration of the DMEM oc-

curred after 72 h of incubation. No growth on blood agar or 

discoloration of DMEM was observed in scaffolds treated 

with PAA or SAEW after 96 h of incubation. 

SAEW retains GAGs in the scaffolds 

A significant decrease in GAG content was observed in 

scaffolds treated with PAA (43 ± 0.80%) compared to that 

of native liver and 56 ± 1.04% compared to that of decel-

lularized liver (Fig. 2C). The amount of GAGs retained in 

scaffolds treated with PBS was 68.7 ± 0.320% compared 

to that in native liver, whereas it was 89.8 ± 0.418% com-

pared to that in decellularized liver. Scaffolds treated with 

SAEW showed significantly higher GAG content (53.3 ± 

0.83% and 69.6 ± 0.58%) compared that of native and de-

cellularized liver and scaffolds treated with ethanol, which 

contained 49.1 ± 1.47% and 64.16 ± 1.92% of the native 

and decellularized liver, respectively.

SAEW had no adverse effects on collagen 

The amount of collagen in the liver ECM after decellular-

ization and sterilization was estimated and compared to 

that in native liver. The results indicated no differences be-

tween scaffolds treated with PBS, SAEW, PAA, or decellu-

larized scaffolds where the amounts were 111.61 ± 2.44%,  

111.14 ± 2.19%, 110.37 ± 3.59%, and 113.11 ± 2.97% 

compared to those in native liver (Fig. 2D). In contrast, 

scaffolds treated with ethanol exhibited a significant loss 

in collagen, and the amount of collagen was 87.54 ± 

4.07% compared to that in native liver.

Fig. 1 - Gross appearance of the porcine liver slices subjected to 

decellularization by agitation. (A) Before decellularization, and  

(B) after decellularization (Scale bar = 10 mm). H&E staining of decel-

lularized porcine liver (D) showed no cytoplasmic or nuclear staining 

compared to native liver (C) as well as preserving of the honeycomb-

shaped connective tissue that outlines the removed hepatocytes 

(Scale bar = 100 µm). DAPI staining revealed absence of the nu-

clear materials in liver matrices (F), whereas nuclear materials were 

evident in native liver (E). (G) PCR analysis of decellularized liver 

samples showed that 1.3 α gal, SLA-2, SLA-DRA, pvWF, PERV, and 

ß-actin antigens were completely eliminated after decellularization.
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SAEW-treated scaffolds support  
cell attachment 

The effect of sterilization on host cell attachment was eval-

uated to determine whether the scaffolds were biologically 

active. Compared with fibroblasts exposed to media alone, 

64.86 ± 3.48% of seeded fibroblasts were attached to scaf-

folds treated with ethanol during the 3 h incubation period 

and remained viable for 16 h (Fig. 3A). Scaffolds treated 

with PAA and SAEW supported the attachment and viability 

Fig. 2 - (A) DNA quantification of un-

treated and treated decellularized liver 

scaffolds compared to native liver. All 

scaffolds after sterilization showed sig-

nificantly lower DNA content than those 

of untreated liver matrix. (B) Native  

liver showed a large amount of DNA 

on gel electrophoresis, whereas un-

treated and treated scaffolds did not. 

(C) Glycosaminoglycans (GAGs) in 

untreated and treated liver scaffolds. 

All scaffolds had significantly re-

duced GAG content after sterilization.  

(D) Collagen content was only sig-

nificantly reduced in scaffolds treat-

ed with ethanol and no significance 

difference was observed between 

scaffolds treated with slightly acidic 

electrolyzed water (SAEW), peracetic  

acid (PAA), or untreated. Bars with 

the same letter are not significant-

ly different. Error bars: ± standard  

deviation; n = 8, p<0.05.

Fig. 3 - (A) MTT cell attachment assay 

revealed the ability of slightly acidic 

electrolyzed water (SAEW)-treated 

scaffolds to support the attachment of 

seeded porcine fibroblasts at a signifi-

cantly higher percentage than in other 

groups. (B) Cell attachment assay us-

ing DAPI-labeled porcine fibroblasts 

confirmed the ability of cells to adhere 

to SAEW-treated scaffolds in a higher 

number than that of other scaffolds. 

(Error bars: ± standard deviation; n = 8,  

*p<0.05, **p<0.01). (C) Attached DAPI-

stained fibroblasts on scaffolds treated 

by ethanol (a), peracetic acid (PAA) (b) 

and slightly acidic electrolyzed water 

(SAEW) (c). Scale bar = 50 µm.
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of 71.50 ± 1.95% and 76.65 ± 2.66% of the seeded fibro-

blasts, respectively.

An evaluation of the repopulated DAPI-labeled fibroblasts 

using phase-contrast fluorescence inverted microscopy 

confirmed the ability of SAEW-treated scaffolds to sup-

port cell adherence, and the number of cells was high-

er than scaffolds treated with PAA or ethanol (Figs. 3B  

and C).

Scaffolds treated with SAEW, ethanol, or PAA 
have no cytotoxic or growth inhibitory effects 
on cells 

The cytotoxic effect was distinct in the positive control, 

and cells were unable to proliferate, whereas cells grew 

and proliferated in the negative control (Fig. 4A). In con-

trast to the expected results, the extract prepared from 

scaffolds not only showed no growth inhibiting effect after  

24 h or 48 h, but cells also grew and proliferated at a signifi-

cantly higher rate. Scaffolds treated with SAEW showed the 

highest proliferation rate of 131.29 ± 5.49% and 141.46 ±  

4.78% compared to that of the negative control after 24 h 

and 48 h incubations, respectively. Scaffolds treated with 

PAA demonstrated a high proliferation rate of 119.18 ± 5.6 

and 127.43 ± 6.88% compared to that of scaffolds treated 

with ethanol, which showed proliferation rates of 109.22 ± 

5.58% and 113.95 ± 6.67% compared to that of the con-

trol after 24 h and 48 h of incubation. 

SAEW-treated scaffolds release soluble factors 
that stimulate cell proliferation

The percentage of Ki-67 expressing cells was significantly 

higher in fibroblasts cultured in conditioned media pre-

pared from SAEW-treated scaffolds for 24 h (37.6 ± 1.45%) 

or 48 h (70.2 ± 1.33%) (Figs. 4B-D). No significant differ-

ence was observed between conditioned media prepared 

from the ethanol- and PAA-treated scaffolds. Additionally, 

the ethanol-treated scaffolds were not different from the 

control group.

Fig. 4 - (A) Cytotoxicity assay by 

extract method. This assay was per-

formed over 48 h and demonstrated 

that all extracts prepared from scaf-

folds were biocompatible, nontoxic, 

and did not inhibit growth of porcine 

fibroblasts. Results were analyzed 

relative to the negative control. Cells 

were unable to proliferate in the posi-

tive control. (B, C) Immunofluores-

cence staining for the Ki-67 nuclear 

antigen in porcine fibroblasts after  

24 h and 48 h of incubation, respec-

tively. DAPI was used as a counter-

stain for the same field (a, d, g, j). 

Ki67-staining (red) (b, e, h, k). Merge 

images of DAPI and Ki-67 (c, f, i, l). 

Scale bar = 100 µm. (D). Culturing of 

fibroblasts using conditioned media 

prepared from peracetic acid (PAA) 

or slightly acidic electrolyzed water 

(SAEW) showed a significantly high-

er percentage of proliferating cells, 

whereas no significant difference 

was observed between conditioned 

media prepared from ethanol-treated 

scaffolds and the control group. Bars 

with the same letter are not signifi-

cantly different, p<0.05. Error bars: ±  

standard deviation; n = 6 for each 

group.
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DISCUSSION

Tissue-engineered liver bio-scaffolds must be sterilized 

to meet clinical application requirements (6). However, 

no direct comparison of different sterilization protocols 

for natural decellularized scaffolds has been reported. 

Therefore, our goal was to determine the ideal steriliza-

tion technique that has minimal damage to the structural 

components of scaffolds and can minimize the DNA con-

tent of scaffolds.

Presence of xenogeneic cells within a biologic scaffold is 

already known to play a critical role in induction of recipi-

ents’ immune system. Therefore, it is necessary to remove 

the intracellular components and antigenic epitopes for 

generation of animal-originated scaffolds for further human 

use. Previous studies concerning porcine heart valves and 

liver matrices have shown that successful decellulariza-

tion should be accompanied by removal of antigenic and 

pathogenic epitopes (24, 25). Similar to these studies, our 

decellularization protocol was efficient in removing of α gal 

and SLA epitopes that were involved in hyperacute and 

acute rejection. Matrices were also depleted from PERV 

that has been identified as a possible infection risk after 

xenotransplantation (24). Interestingly, porcine vWF was 

also eliminated in our study. According to previous studies, 

vWF was considered responsible for xenograft dysfunction 

and rejection because of its capability to bind xenoreactive 

antibodies and aggregate primate platelets (26). Subse-

quently, generation of tissues or organs that lack this gene 

will aid in reduction of the coagulation problems associ-

ated with xenotransplantation. 

These small-sized scaffolds need to be sterilized for further 

diverse applications such as stem cell differentiation and 

migration and in vitro drug screening studies. Ethanol has 

a strong bactericidal effect against Gram-positive, Gram-

negative, and acid-fast bacteria as well as lipophilic virus-

es. Ethanol has been classified as a disinfectant instead of 

a sterilizing agent because of its inability to destroy hydro-

philic viruses or bacterial spores at concentrations of 60% 

to 80% (27). This may be why growth occurred on blood 

agar and the DMEM discolored in scaffolds treated with 

70% ethanol. 

The results of our study demonstrate that PAA was highly 

efficient at removing the cellular material from the thin ECM 

and was able to sterilize it. The ECM retained 56% of the 

GAG content in decellularized liver following PAA treat-

ment. These results are consistent with previous studies 

which reported the oxidative destructive effects of PAA on 

glycosaminoglycans (7). The proliferation assay revealed 

that PAA treatment preserved the function of many soluble 

factors that are resident in the ECM. Moreover, PAA did 

not appear to have any adverse effect on collagen and the 

subsequent mechanical behavior of the scaffolds. 

Electrolyzed water has strong antimicrobial and antifungal 

activity (28). Researchers have also demonstrated that it 

has antiviral activity on blood borne pathogenic viruses 

including hepatitis B virus, hepatitis C virus, and human 

immunodeficiency virus. It is unclear whether pH, chlorine 

compounds, ORP, or a combination of these factors are 

responsible for the disinfecting effect of SAEW (29). Park 

et al suggested that the low pH of electrolyzed water leads 

to reduced bacterial growth and makes the bacterial cells 

more sensitive to active chlorine by increasing the influx 

of hypochlorus acid (HOCl) (30). Other researchers have 

suggested that this activity is due to its high ORP (31, 32). 

We developed a new sterilization method using SAEW 

after optimizing the duration required for sterilization. We 

checked the efficiency of sterilization after 30 min, 60 min, 

90 min, and 120 min and changed the SAEW every 15 min, 

as many researchers have reported that electrolyzed wa-

ter can lose its activity with time (30, 33). Treatment of the 

scaffolds for 90 min revealed high efficiency sterilization; 

however, we used 120 min treatment for further experi-

ments to ensure sterilization efficiency. Scaffolds sterilized 

with SAEW retained 69.6% of their GAG content in decel-

lularized liver and the SAEW appeared not to have a sig-

nificant effect on collagen of decellularized liver. Scaffolds 

treated with SAEW were able to support the attachment 

of 76.64% of the seeded fibroblasts and retained the im-

portant soluble factors needed for host cell proliferation. 

To our knowledge, this is the first report to suggest the 

sterilization of scaffolds by SAEW.

The ECM contains different mixtures of GAGs that bind to 

growth factors and cytokines protecting them from dena-

turation (34). These growth factors and cytokines such as 

basic fibroblast growth factor aid in cell attachment, mi-

gration, proliferation, and differentiation. GAGs promote 

water retention due to their high concentration of nega-

tive charges and hydrophilicity, and contribute to the gel 

properties of the ECM (35, 36). Hence, retention of GAGs 

in decellularized materials was considered important for 

maintaining biological activity. We suggest that the higher 

amount of GAGs in SAEW-treated scaffolds resulted in 

the higher attachment percentage. Although the amount 
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of GAGs retained in the ethanol-treated scaffolds was  

significantly higher than that of the PAA-treated scaffolds, 

the percentage of cell attachment was higher in the PAA-

treated scaffolds. A reasonable explanation is the loss of 

collagen as observed in our study or changes that oc-

curred in the surface topology as suggested by other stud-

ies after treatment with ethanol (6, 21).

Concern about the cytocompatability of sterilized liver 

scaffolds is critical to exclude the presence of any toxic re-

agents within scaffolds which can affect the interactions of 

the scaffold with the transplanted cells (12). An unexpect-

ed finding is that extracts prepared from scaffolds dem-

onstrated no cytotoxic effect on fibroblasts and facilitated 

proliferation. This may have resulted from the release of 

soluble factors from scaffolds into the conditioned medi-

um. These factors were not studied in our work. To confirm 

the ability of the extract to stimulate proliferation, parallel 

experiments were performed using Ki-67 and suggested 

that the extracts prepared from PAA and SAEW-treated 

scaffolds induced fibroblast proliferation. The proliferation 

rate of fibroblasts on scaffolds treated with ethanol was 

significantly lower than that in the other groups. The direct 

effect of ethanol on growth-stimulated cell proliferation has 

been studied and it has been demonstrated that ethanol 

targets growth factors that regulate cell proliferation and 

survival (37, 38). We established a new test based on the 

iodoform reaction to exclude the presence of residual 

ethanol within the scaffolds in the cell proliferation assay 

(unpublished data). In this test, ethanol reacts with iodine 

solution in the presence of sodium hydroxide solution to 

form a yellow solid, tri-iodomethane, called iodoform (39). 

This experiment showed the absence of ethanol residues 

on conditioned media prepared from ethanol-treated scaf-

folds. Subsequently, the only other possibility was the abil-

ity of ethanol to react with these factors and change or 

modulate their activity. This explanation is consistent with 

previous studies that suggested retention of ECM compo-

nents does not necessarily mean that they are retained in 

a form that can interact with cells and induce cell activities 

(7). Based on a literature review about the similarities be-

tween fibroblasts and hepatocytes concerning attachment 

and spreading, we expect similar behavior for hepatocytes 

on sterilized scaffolds (40, 41). 

We quantified the collagen content within scaffolds due to 

its role of preserving ECM strength and cell adhesion. Our 

results demonstrated that the collagen content in decel-

lularized liver was higher than the content in native liver,  

suggesting the removal of cellular proteins from decellular-

ized tissue (42). Ethanol appeared to have adverse effects 

on collagen, which we suspect affected cell attachment.

Xenogenic DNA within scaffolds materials has been sug-

gested to be responsible for the adverse immune and tis-

sue remodeling responses in recipients. Previous studies 

suggested that the amount of retained DNA in scaffolds 

should be less than 50 ng/mg dry weight ECM to avoid 

adverse host responses (14, 18). In the present study, DNA 

quantification revealed the ability of PAA and SAEW to re-

move most of the DNA and cell remnants. This loss of DNA 

and cell remnants suggests a decrease in immunogenicity 

of the scaffold materials and subsequently facilitates scaf-

fold remodeling after in vivo implantation. 

The results presented in this paper support that decellu-

larized matrices provide seeded cells with a network of 

biological fibers facilitating cell attachment in addition to 

bioactive molecules that promote cell attachment, growth, 

and proliferation. These characteristics, which most syn-

thetic scaffolds lack, makes these biological scaffolds pref-

erable for tissue engineering and drug screening purposes 

compared to synthetic scaffolds. Future studies would be 

directed for clinical application of sterilized whole porcine 

liver scaffolds for development of a transplantable bioengi-

neered liver for further transplantation in humans. 

We conclude that ethanol, which is commonly used to 

sterilize naturally derived scaffolds, causes structural 

damage to scaffolds in addition to reducing cell attach-

ment and proliferation. More importantly, our findings 

indicate the inability of ethanol to completely sterilize 

the scaffolds. Furthermore, PAA can be used to sterilize 

scaffolds for transplantation purposes and facilitate cell 

attachment and proliferation. SAEW showed excellent 

cytocompatability and the highest capacity to retain the 

important components of ECM. Therefore, we suggest 

that SAEW should be used to sterilize scaffolds for tissue 

engineering purposes.

ABBREVIATIONS

SAEW = slightly acidic electrolyzed water 

ECM = extracellular matrix 

PAA = peracetic acid 

PBS = phosphate buffered saline 

GAGs = glycosaminoglycans

ORP = oxidation reduction potential 
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H&E = hematoxylin and eosin

DAPI  = 4’,6-diamidino-2-phenylindole

MTT  =  3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl  

tetrazolium bromide

DMSO = dimethyl sulfoxide 
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