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Decellularization of native tissues is a promising technique with numerous applications in tissue engineering
and regenerative medicine. However, there are various limitations of currently available decellularization
methods, such as alteration of extracellular matrix mechanics and restricted use on certain tissues. This study
was conducted to explore the effect of serum on the decellularization of various types of tissues. Fetal bovine
serum–containing cell culture medium endothelial growth media-2 removed DNA but not cellular b-actin from
human umbilical artery after detergent treatment, without compromising the tissue mechanical strength as-
sessed by burst pressure. In addition, the effect of serum-containing endothelial growth media-2 on DNA
removal was replicated in other types of tissues such as tissue-engineered vessels and myocardium. Other types
of serum, including human serum, were also shown to remove DNA from detergent-pretreated tissues. In
conclusion, we describe a novel utilization of serum that may have broad applications in tissue decellularization.

Introduction

Decellularization of tissues and organs for tissue
engineering and regenerative medicine has been widely

applied to blood vessels,1–5 heart valves,6–10 hearts,11 liv-
ers,12,13 urinary bladders,13–15 small intestines,13,16,17 dermis,18

muscles,19,20 tendons, and ligaments.21,22 Decellularization of
naturally derived tissues reduces their immunogenicity,23–27

rendering them more favorable for allogenic or xenogenic
uses. The extracellular matrix retained in the decellularized
tissues can be used as a bio-scaffold for tissue reconstruc-
tion.28–30 For example, decellularized biomaterials can be
seeded with various types of cells to generate functional tis-
sues,1–3,11,31,32 and have the potential for repair, growth, and
remodeling in vivo.16,32–34

The standard of a good decellularization methodology is a
combination of complete removal of cellular and nuclear
materials for decreased immunogenicity, while minimizing
tissue disruption to retain native extracellular matrix struc-
ture, with maximal maintenance of mechanical properties for
in vivo functionality. A large number of decellularization
methods have been reported, which include the utilization of
a variety of physical, chemical, and enzymatic approaches to
allow the initial lysis of cell and nuclear membranes, the
subsequent solubilization of cytoplasmic and nuclear mate-
rial, and the final removal of all cellular remnants.35 How-
ever, many of these decellularization approaches require

chemically harsh conditions such as high salt,4,7,22,36 appli-
cation of proteolytic enzymes or nucleases,1,4,6,9,10,37 and
extreme pH,2,31,36 which affect the mechanical integrity of
decellularized tissues4,9,36–38 and their ability for recellu-
larization.21 In addition, remnants of such materials may
remain in decellularized tissues, and induce a severe in-
flammatory response upon implantation into a recipient.35

Further, the efficiency of decellularization depends heavily
on the original properties of tissue, making it difficult to
guarantee a successful decellularization using a single method
if applied to many tissues or types of tissues.

Serum, most commonly fetal bovine serum (FBS), has been
used widely in cell and tissue culture. Serum is rich in
growth factors and other components that are essential for
cell attachment, growth, and proliferation. Many cellular
and tissue-based products, such as Carticel (Genzyme,
Cambridge, MA), Epicel (Genzyme), Dermagraft (Advanced
BioHealing, Westport, CT), and TransCyte (Smith & Ne-
phew, Pinetown, South Africa), incorporate the culture of
cells in the presence of FBS. These cellular and tissue-based
therapeutic products are used for various clinical applica-
tions including skin repair and cartilage reconstruction. On
the other hand, although less remarked, serum is known to
contain serum nucleases that may play a role in DNA=RNA
degradation. Thus, protection of therapeutic DNA from
degradation by serum nucleases has become an important
factor while designing gene delivery vehicles.39 Previously,
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we have shown that DNA appeared as a diffuse smear in
the human umbilical arteries after their incubation with 3-
[(3-Cholamidopropyl)dimethylammonio]-1-propanesulfonate
(CHAPS) and sodium dodecyl sulfate (SDS) buffers.40 As
application of exogenous ribonuclease=deoxyribonuclease
has been reported in the decellularization of various tis-
sues,1,4,6,9,10,37 these results suggest that the serum compo-
nent in endothelial growth media-2 (EGM-2) might play a
role in removing DNA from the detergent-treated tissues.

In this study, we describe the unique utilization of serum
to modify the detergent-based decellularization approach.
The effects of EGM-2 on the decellularization of different
types of tissues and on tissue mechanical properties were
determined. Studies were also performed to examine the
effects of using different concentrations of FBS, FBS in dif-
ferent buffers, and serum from other sources on DNA re-
moval. Our results confirm the hypothesis that serum could
be used as a novel method with wide application in tissue
decellularization.

Materials and Methods

This study was conducted in accordance with the institu-
tional guideline at Yale University. All animal care complied
with the Guide for the Care and Use of Laboratory Animals.
Human tissue was obtained using protocols approved by the
Yale University Human Investigation Committee.

Isolation of human umbilical arteries and rat hearts

Human umbilical cords (anonymized) were obtained from
Yale-New Haven Children’s Hospital (New Haven, CT) and
transported to the laboratories on ice within 24 h after har-
vesting. Under sterile conditions, umbilical arteries were
dissected from the cords as described previously40 and cut
into 5 cm segments. The segments were flushed with phos-
phate-buffered saline (PBS, pH 7.4; Invitrogen, Carlsbad, CA),
and stored in PBS containing 1% (v=v) penicillin=streptomy-
tomycin (Pen=Strep) (Invitrogen) at 48C. Rat hearts were
isolated from 3-month-old 300 g Fischer F344 rats (Charles
River Laboratories, Boston, MA) after flushing with PBS to
remove the blood. Isolated hearts were then cut into four
pieces along the longitudinal and circumferential directions of
the heart and stored in PBS containing 1% Pen=Strep at 48C.

Engineering of vessels

Tissue-engineered porcine arteries were created as previ-
ously described.41 Briefly, five million porcine carotid smooth
muscle cells were seeded onto a tubular polyglycolic acid
mesh (3 mm in diameter and 8 mm in length; Concordia
Medical, Coventry, RI) around a silicone tube and cultured in
a bioreactor connected to a peristaltic pump at 5% CO2 and
378C. The culture medium is the same as described previ-
ously.42 Engineered vessels were harvested from bioreactors
after 8 weeks of culture and rinsed two to three times with PBS
to remove traces of culture medium. Within half an hour of
isolation, tissues were either used for immediate analysis or
subjected to decellularization.

Decellularization of human umbilical arteries

Umbilical arteries were decellularized by a modified
detergent-based method that included incubation in CHAPS

and SDS buffers.4,43 Briefly, vessel segments were incubated
in CHAPS buffer (8 mM CHAPS, 1 M NaCl, and 25 mM
ethylenediaminetetraacetic acid (EDTA), in PBS) for 22 h,
washed briefly with PBS, and incubated for another 22 h
with SDS buffer (1.8 mM SDS, 1 M NaCl, and 25 mM EDTA
in PBS) followed by a 2-day wash with PBS to completely
remove the detergent. Finally, umbilical arteries were incu-
bated in EGM-2 for 48 h followed by brief PBS rinses. EGM-2
is an endothelial cell basal medium (EBM; Lonza, Walkers-
ville, MD) containing 12% (v=v) FBS (Hyclone, Logan, UT)
and 1% Pen=Strep, and supplemented with the components
from EGM-2 Single Quots (Lonza) that include hydrocorti-
sone, growth factors (human fibroblast growth factor-B,
vascular endothelial growth factor, R3-insulin-like growth
factor-1, and human epidermal growth factor), ascorbic acid,
and heparin. All decellularization steps were carried out at
378C with agitation under sterile conditions. Decellularized
vessels were stored in PBS containing 1% Pen=Strep at 48C
for up to 2 weeks. Alternatively, vessels were flash-frozen
and stored at �808C for up to 4 weeks for later DNA and
protein analysis.

To determine which component in EGM-2 might play a
central role in DNA removal, in some studies, after the
treatment with CHAPS and SDS buffers, umbilical artery
segments were incubated for 48 h in EGM-2 in the absence
of FBS or one of the components from EGM-2 Single Quots.
In other studies, to determine whether the effect on DNA
removal was FBS dose-dependent and was confined to FBS,
CHAPS and SDS buffer-treated vessels were incubated for
48 h in EBM containing various concentrations of FBS or
other types of serum. In some other studies, to determine
whether DNA removal depends on EBM, vessels were
treated with CHAPS and SDS buffers for 22 h, respectively,
followed by incubation for 48 h in EBM, Dulbecco’s modi-
fied Eagle’s medium (DMEM), PBS, or saline (0.9% (w=v)
NaCl) containing 12% FBS. Finally, in studies to determine
whether incubation with SDS buffer can be eliminated from
the decellularization procedure, umbilical arteries were in-
cubated in CHAPS and SDS buffers for 14 h, respectively,
or 22 h, respectively, or were subjected to CHAPS buffer
alone for 14 or 22 h, before further 2-day incubation in
EGM-2.

Decellularization of engineered
vessels and rat heart tissues

Porcine engineered arteries were incubated in CHAPS
and SDS buffers for 1 h, respectively, followed by incubation
in EGM-2 for 48 h. Rat heart tissues were treated with
CHAPS and SDS buffers for 22 h, respectively, before ad-
ditional treatment in EGM-2 for 48 h. All decellularization
steps were carried out at 378C with agitation under sterile
conditions.

Histological analysis

Fresh and decellularized tissue samples were fixed in 10%
(v=v) neutral-buffered formalin for 1 h, embedded in paraf-
fin, cut into 5-mm sections, and stained with hematoxylin
and eosin (H&E) for nuclear material. Images were obtained
using a Axiovert 200M microscope (Zeiss, Thornwood, NY)
equipped with AxioCam HR with software AxioVision Re-
lease 4.5.

174 GUI ET AL.



Immunohistochemical analysis

Paraffin-embedded sections were immunostained for
major histocompatibility complex (MHC) Class I molecules
using methods described previously.40 Briefly, after sections
were deparaffinized, rehydrated, and blocked, rabbit anti-
human MHC Class I antibody (Santa Cruz Biotechnology,
Santa Cruz, CA) was applied to sections at 1:50 dilution,
followed by biotinylated goat anti-mouse IgG (1:200; Vector
Laboratories, Burlingame, CA). Bound antibodies were de-
tected using an avidin-biotin-peroxidase complex system
(Vector Laboratories), and the color was viewed after in-
cubation with NovaRed peroxidase substrate (Vector La-
boratories). Slides were counterstained with hematoxylin,
dehydrated, and mounted.

DNA quantification

DNA contents in tissue samples were determined fluoro-
metrically using the PicoGreen assay, as described previously.40

Samples were digested in a papain solution44 and incubated
with Quant-iT� PicoGreen� dsDNA reagent (Molecular
Probes, Eugene, OR). Using a fluorometer, the fluorescence
was measured at an excitation wavelength of 485 nm and an
emission wavelength of 530 nm. Bacteriophage l DNA (In-
vitrogen) was used as a standard.

SDS-PAGE and immunoblotting

Proteins were extracted from homogenized frozen tissue
samples in lysis buffer (50 mM Tris-HCl, pH 7.4, 150 mM
NaCl, 1% [v=v] Triton X-100, 0.5% [w=v] sodium deox-
ycholate, and 0.1% [w=v] SDS) containing freshly added pro-
teinase inhibitors (Sigma-Aldrich, St. Louis, MO). The
protein concentration was determined using the Bradford
protein assay (Bio-Rad Laboratories, Hercules, CA). Samples
were prepared for SDS-Polyacrylamide gel electrophoresis
(PAGE) by boiling 30mg of proteins in SDS sample buffer
containing 2% b-mercaptoethanol (final concentration) for
5 min. SDS-PAGE and immunoblotting was performed sim-
ilarly as previously described.45 Briefly, proteins were sepa-
rated by electrophoresis, transferred to polyvinylidene
difluoride (PVDF) membrane (Bio-Rad), and immunoblotted
with mouse monoclonal antibody to b-actin (1:2500; Sigma-
Aldrich), followed by horseradish peroxidase–conjugated
goat anti-mouse secondary antibody. Blots were developed
using enhanced chemiluminescence (Pierce Biotechnology,
Rockford, IL).

Mechanical analysis

The mechanical properties of umbilical arteries were de-
termined by pressurizing a vessel segment (2–3 cm in length)
attached to a flow system with PBS until failure, as described
previously.4 PBS was injected into the flow system at incre-
ments of 50 mm Hg pressure until bursting of the vessel
occurred. The outer diameter at each pressure was recorded
by a CCD camera (Canon XL1 Digital Video Recorder,
Canon, Lake Success, NY).

Statistics

Data are expressed as mean or mean� standard deviation.
Statistical significance was determined by one-way analysis

of variance (ANOVA). Difference ( p value) <0.05 was con-
sidered significant.

Results

Effects of EGM-2 on tissue decellularization
and its mechanical properties

Decellularization efficiency was examined histologically
and by DNA quantification, as well as by immunoblotting
for b-actin or by immunostaining for MHC antigens. In-
cubation of freshly isolated human umbilical arteries with
CHAPS and SDS buffers caused the nuclear staining to ap-
pear as a diffuse smear in the vessel wall (Fig. 1), similar to
previous reports.40 A further incubation for 48 h in EGM-2
completely removed the nuclear material as indicated by
both H&E staining and by DNA quantification (Fig. 1C, D).
These data suggested that EGM-2 or its components might
play an important role in achieving an efficient decellular-
ization, as assessed by removal of cellular DNA.

Staining with Masson’s trichrome indicates that the ex-
tracellular matrix collagen was well preserved in the umbili-
cal arteries that were treated with detergents and EGM-2.40 It
has been shown that the decellularization approach utilizing
CHAPS and SDS buffers has a minimal effect on vessel burst
pressures.4 To verify that an additional incubation in EGM-2
will have no impact on vessel mechanics, the maximum
burst pressures of CHAPS and SDS buffer–treated umbilical
arteries were compared before and after EGM-2 treatment.
No significant decrease in the maximum burst pressure was
observed after the treatment of umbilical arteries with
CHAPS and SDS buffers (Fig. 2). In addition, umbilical ar-
teries treated with additional EGM-2 incubation had similar
maximum burst pressure as compared to those treated with
only CHAPS and SDS buffers (Fig. 2). These results show
that, while exposure to EGM-2 efficiently removed cellular
DNA, it did not impact extracellular matrix mechanics in the
decellularized tissue.

To determine whether the observation of removal of DNA
by FBS-containing EGM-2 is limited to human umbilical ar-
teries, we decellularized several other tissues and exposed
these tissues to EGM-2 as well. Tissue-engineered porcine
arteries41,46 were treated with CHAPS and SDS buffers each
for 1 h, followed by EGM-2 incubation for 48 h. The diffuse
nuclear material in the vessel wall that was observed after
incubation with CHAPS and SDS buffers (Fig. 3B) was
completely removed after EGM-2 treatment (Fig. 3C). Simi-
larly, in rat heart tissue, the DNA material was almost absent
after EGM-2 treatment (Fig. 3F, and DNA quantification,
data not shown). These data suggest that EGM-2, which
contains FBS as well as multiple other components, might
provide a novel and easy means for quantitative decellular-
ization of various types of tissues.

EGM-2 removes DNA but not cellular b-actin

SDS is an ionic detergent that tends to disrupt native tissue
structure35 and has been shown to inhibit recellularization
because of its toxicity or damaging effects on extracellular
matrix.6,21 Because ionic detergents damage collagenous
extracellular matrix, it is desirable to limit the duration of
tissue exposure to SDS buffer and other detergents during
decellularization.
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To determine whether incubation with SDS buffer might
be eliminated completely from the decellularization proce-
dure by treatment with EGM-2, human umbilical arteries
were treated with CHAPS buffer alone, followed by incu-
bation in EGM-2. Vessels treated with both CHAPS and SDS
buffers were used as controls. H&E staining indicates that
the intact nuclear staining found in the untreated umbilical

arteries (Fig. 4I) appeared as a diffuse smear after treat-
ment with CHAPS buffer for either 22 or 14 h (Fig. 4C, D),
similar to what was seen in tissues treated with both
CHAPS and SDS buffers (Fig. 4A, B). After incubation with
EGM-2, the nuclear smear disappeared from all of the tissues
(Fig. 4E–H). Quantification of DNA residue in the tissues
confirmed the nearly complete removal of DNA from all

FIG. 1. (A–C) H&E staining of human umbilical arteries before treatment (A, fresh), after incubation with 3-[(3-Cholami-
dopropyl)dimethylammonio]-1-propanesulfonate (CHAPS) and sodium dodecyl sulfate (SDS) buffers for 22 h, respectively
(B, CHAPS=SDS), and after further incubation with endothelial growth media-2 (EGM-2) for 48 h (C, CHAPS=SDS=EGM-2).
Scale bar is 50mm and applies to all panels. (D) Average DNA per dry weight of human umbilical arteries from three
independent experiments. Data are presented as mean� standard deviation (s.d.). Color images available online at
www.liebertonline.com=ten.

FIG. 2. Average burst strength for human
umbilical arteries before treatment (fresh),
after incubation with CHAPS and SDS buffers
(CHAPS=SDS), and after further incubation
with EGM-2 (CHAPS=SDS=EGM-2). Data are
presented as mean� s.d. from three inde-
pendent experiments. No significant differ-
ence was found among three groups.
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EGM-2-treated umbilical arteries, and no significant differ-
ence was found among these EGM-2 groups (Fig. 5A).
Therefore, it appears that the EGM-2 incubation step im-
proved the efficiency of DNA removal regardless of which
detergent was employed for initial treatment.

To further determine the effect of EGM-2 on decellu-
larization efficiency, proteins were extracted from tissues
and examined with immunoblotting for b-actin. b-Actin was
chosen as a sensitive measure of removal of cytoplasmic
material, because it is an extremely abundant protein

expressed in many types of cells.47 As shown in Figure 5,
b-actin was completely absent from tissues that were treated
with CHAPS and SDS buffers for 22 h, respectively, with or
without the EGM-2 step. The amount of b-actin was also
found to be decreased in umbilical arteries treated with
CHAPS buffer compared to the fresh, nondecellularized
tissue (Fig. 5B, C). However, there was still a significant
amount of b-actin remaining in the tissue treated with
CHAPS buffer alone, in the absence or presence of additional
EGM-2 incubation (Fig. 5). This shows that it is primarily the

FIG. 3. H&E staining of porcine engineered arteries (A–C) and rat heart tissues (D–F) before treatment (A, D), after
incubation with CHAPS and SDS buffers (B, E), and after further incubation with EGM-2 (C, F). Scale bar is 50mm and applies
to all panels. Color images available online at www.liebertonline.com=ten.

FIG. 4. H&E staining of human umbilical arteries treated with CHAPS and SDS
buffers for 22 h (A, E) or 14 h (B, F), respectively; or with only CHAPS buffer for 22 h (C,
G) or 14 h (D, H), before (A–D) and after (E–H) further EGM-2 incubation. Also shown is
freshly isolated umbilical artery (I). Scale bar is 50mm and applies to all panels.
Color images available online at www.liebertonline.com=ten.
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detergent incubation steps that remove cytoplasmic proteins
from these tissues, while exposure to EGM-2 seems to affect
primarily nuclear DNA. On the other hand, MHC Class I
staining was absent in all the treated tissues (Fig. 6), indi-
cating that staining for this protein is a less sensitive means
of quantifying extent of cellular removal than either DNA
assay or immunoblotting for b-actin.

Effect of serum in DNA removal

EGM-2 consists of an EBM that is supplemented with 12%
FBS and several other components, including growth factors
and heparin. To determine whether it is serum or the other
components in EGM-2 that plays a central role in DNA re-
moval, detergent-treated umbilical artery segments were in-
cubated with EGM-2 in the absence of either FBS or one of the
supplemental components from EGM-2 Single Quots. Inter-
estingly, removing FBS from the EGM-2 formulation com-
pletely eliminated its effect on DNA removal (Fig. 7). In
contrast, only a very slight change in DNA removal was ob-
served under conditions wherein any of the other components
were eliminated from the EGM-2 formulation (Fig. 7). On the
other hand, incubation with EBM in the presence of 12% FBS
removed DNA from the detergent-treated vessels similarly as

EGM-2 did (Fig. 8). The reason FBS has been used at 12% for
decellularization is that the EGM-2 used for culturing HU-
VECs contains 12% FBS.40 However, EBM containing as low
as 2.5% FBS was found to be sufficient to remove all DNA
from the tissue (Figs. 9 and 11). EBM incubation alone did not
change the appearance of nuclear material or the amount of
DNA residue in CHAPS and SDS buffer-treated tissue (Fig. 8).
These results suggest that FBS plays a major role in DNA
removal that is observed with EGM-2 incubation.

To determine whether the effect of FBS on DNA removal
is dependent upon EBM, CHAPS and SDS buffer-treated
umbilical arteries were also incubated with 12% FBS in sev-
eral other solutions, including DMEM, PBS, and saline. DNA
was almost completely removed from all groups (Fig. 10),
suggesting that DNA removal by FBS is independent of the
buffer system.

In addition to FBS, human serum as low as 2.5% was also
able to completely remove DNA from the detergent-treated
vessels (Fig. 11). In comparison, porcine serum was less
effective in removing DNA, although an extensive amount of
DNA was also removed with 12% porcine serum (Fig. 11).
These data suggest that the effect of serum on DNA removal
is not limited to FBS but that the efficiency varies among
different types of serum.

FIG. 5. (A) Quantification of DNA per dry
weight of human umbilical arteries treated as
described in the legends to Figure 4. Data are
presented as mean� s.d. from three indepen-
dent experiments. (B) b-Actin staining of hu-
man umbilical arteries treated as described in
(A). Lanes are labeled as follows: 1, freshly
isolated umbilical artery; 2 and 3, CHAPS and
SDS buffers for 22 h, respectively; 4 and 5,
CHAPS and SDS buffers for 14 h, respectively; 6
and 7, CHAPS buffer for 22 h; 8 and 9, CHAPS
buffer for 14 h. Lanes 2, 4, 6, and 7, No EGM-2;
lanes 3, 5, 7, and 9, after EGM-2 for 48 h. (C)
Quantification of relative b-actin shown in (B).
The amount in lane 9 was set as 100%.
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Discussion

Decellularization of naturally derived tissues is a tissue
engineering approach that has gained success in many ap-
plications.35,48 Complete decellularization, including the re-
moval of cell membrane antigen epitopes, residual DNA,
and damage-associated molecular pattern molecules, is crit-
ical to decrease tissue immunogenicity for use in xenogenic
or allogenic transplantation.48,49 Herein, we reported a novel
use of serum during a detergent-based decellularization
procedure. Our studies showed that treating human um-
bilical arteries with CHAPS and SDS buffers resulted in
the diffusion of nuclear material within the vessel wall,
which was removed after additional incubation with serum-
containing solutions, such as EGM-2. EGM-2 incubation did
not affect tissue mechanical properties, and was successful in
removing DNA from other types of tissues, such as rat hearts

and tissue-engineered porcine vessels, suggesting the broad
applicability of these findings.

Although the presence of cell membrane antigens and
soluble proteins in the tissue plays a key role in eliciting im-
mune response for allogenic=xenogenic transplantation,48–50

previous studies have indicated that residual DNA could
similarly induce adverse immune response,51 suggesting the
importance of removing DNA remnants from decellularized
tissues as well. In a recent report by Gilbert et al., the authors
have shown that various amounts of DNA were retained in
several commercially available biomaterials.52 In some cases,
retained DNA can be quite extensive, potentially increasing
risk of transmission of xenopathogens. In addition, some tis-
sue engineering approaches utilize cells that are genetically
engineered.53,54 Quantitative removal of the DNA from tis-
sues engineered from such cells will decrease risk of trans-
mission of transgenes to the host. Human telomerase is an

FIG. 7. Average amount of DNA per dry
weight of human umbilical arteries treated
with CHAPS and SDS buffers (A), followed
by EGM-2 (B) or EGM-2 in the absence of fetal
bovine serum (FBS) (C), hydrocortisone (D),
human fibroblast growth factor-B (E), vascu-
lar endothelial growth factor (F), R3-insulin-
like growth factor-1 (G), ascorbic acid (H),
human epidermal growth factor (I), or hepa-
rin (J). Data are presented as mean values
from two independent experiments.

FIG. 6. Staining for MHC Class I molecules in human umbilical arteries treated
as described in the legend to Figure 4. Sections were counterstained with
hematoxylin. Scale bar is 50mm and applies to all panels. Color images available
online at www.liebertonline.com=ten.
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example of one such transgene that enhances engineered
tissue formation, but is activated in most cancer cells,55 and
hence its removal from engineered tissues would be very
important before implantation. Thus, our finding that serum-
containing solutions such as EGM-2 quantitatively remove
DNA is very useful for developing biomaterials without DNA
contamination.

Using various approaches, we have shown that serum
might be the primary component in EGM-2 that plays the
role in DNA removal from detergent-treated tissues. Serum
is an essential component for tissue and cell culture. How-
ever, its effect on enhancing tissue decellularization has
never been reported, hence the novelty of our findings.
In our studies, we found that a simple incubation in se-

FIG. 8. (A–D) H&E staining of human umbilical arteries treated with CHAPS and SDS buffers for 22 h, respectively (A),
followed by further incubation in endothelial cell basal medium (EBM) (B), EGM-2 (C), or EBM containing 12% FBS (D) for
48 h. Scale bar is 50mm and applies to all panels. (E) Quantification of DNA per dry weight of human umbilical arteries
shown in (A–D). Color images available online at www.liebertonline.com=ten.
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rum (FBS and human serum) as low as 2.5% effected the
removal of DNA material from tissues after detergent
treatment. Compared to other decellularization approaches
where exogenous ribonuclease=deoxyribonuclease have
been used,1,4,6,9,10,37 utilization of serum not only dramati-
cally cuts the cost of decellularization, but also eliminates the
step of removing nuclease remnants from decellularized
tissues. The application of nonhuman serum FBS during
decellularization to prepare therapeutic products might raise
concerns on potential xenogenic rejection responses and
possible disease transmission. However, the U.S. Food and
Drug Administration (FDA) has approved various cellular
and tissue-based products that are developed by culturing
cells in FBS-containing culture media. Alternatively, we have
shown that efficient DNA removal can be achieved by hu-
man serum at as low as 2.5%, allowing the decellularization
to be possibly conducted using a patient’s own serum. In
addition, based upon extensive clinical data obtained from
transfusion of blood plasma,56 we anticipate that allo-
genic human serum could also be used for decellularization
without triggering subsequent immune responses in allo-
genic recipients. However, one limitation of using serum
during decellularization is that the remnants of serum,
particularly albumin but also immunoglobulins, in the acel-

lular tissues could trigger some mild response in the recipi-
ent. Future studies should be performed to determine the
amount of serum protein residua in the final decellularized
products.

Limiting the duration of decellularization can significantly
improve cost efficiency and help retain original tissue me-
chanics by decreasing total time of exposure to harsh che-
mical conditions. In our studies to determine whether EGM-2
was also able to remove DNA from tissues with minimal
detergent treatment, umbilical arteries were incubated with
decreasing time in CHAPS and SDS buffers or with CHAPS
buffer alone before a further incubation in EGM-2. Our
results showed that EGM-2 incubation allowed an almost
complete DNA removal from all detergent-treated tissues
regardless of the duration and extent of detergent treatment.
However, we observed no additional removal of cellular
proteins from detergent-treated tissues by EGM-2 incuba-
tion. These results suggest that the role of serum-containing
EGM-2 in decellularization is primarily DNA removal and
the prerequisite is the lysis of cellular=nuclear membrane.
Further studies could be performed to determine whether
the serum nuclease activity in EGM-2 plays the key role in
DNA removal by inhibiting the nuclease activity such as
through heat inactivation.

FIG. 9. Effects of FBS concentration on DNA
removal from human umbilical arteries trea-
ted with CHAPS and SDS buffers. Data are
presented as mean values from two inde-
pendent experiments.

FIG. 10. Average amount of DNA per dry
weight of human umbilical arteries before
treatment (fresh), after incubation with
CHAPS and SDS buffers (CHAPS=SDS), and
after further treatment in EBM, DMEM, PBS,
or saline in the presence of 12% (v=v)
FBS. Data are presented as mean values
from two independent experiments. PBS,
phosphate-buffered saline.
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While many decellularization techniques have been devel-
oped and published elsewhere, the information on decel-
lularization efficiency was mainly gained from histological
analysis with H&E staining and sometimes with DNA
quantification.4,14,25,31,33,57 Detection of remaining soluble
proteins, as well as MHC, has also been used for verification
of decellularization.8,36 As our data indicated, an absence of
b-actin from umbilical arteries treated with CHAPS and SDS
buffers for 22 h, respectively, was nonetheless associated
with significant amount of DNA materials retained in the
tissue before EGM-2 incubation. Similarly, in tissues almost
completely free of DNA (CHAPS buffer for 22 h or 14 h, with
EGM-2 incubation), there were still abundant protein rem-
nants despite the absence of MHC staining in these tissues.
These results suggest that immunoblotting with b-actin
provides a more sensitive method for determination of de-
cellularization efficiency. In addition, these studies point out
that removal of DNA and cytoplasmic proteins are highly
decoupled: it is possible to quantitatively remove either one
without removing the other. Hence, it is likely necessary to
quantify both DNA and protein remnants using various
detection methods to confirm the complete decellularization
of tissues.

To summarize, this study describes a modified detergent-
based decellularization method with the novel use of serum
for DNA removal. This decellularization approach is easy
and efficient, and has wide application in the decellulariza-
tion of various tissues or types of tissues. In addition, we
show the importance of using different approaches com-
bined to confirm a complete decellularization.
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