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Magnesium Presence Prevents Removal of Antigenic
Nuclear-Associated Proteins from Bovine Pericardium
for Heart Valve Engineering

Ailsa J. Dalgliesh, BS,1,2 Zhi Zhao Liu, BS, PhD,1 and Leigh G. Griffiths, VetMB, PhD, MRCVS1,2

Current heart valve prostheses are associated with significant complications, including aggressive immune
response, limited valve life expectancy, and inability to grow in juvenile patients. Animal derived ‘‘tissue’’
valves undergo glutaraldehyde fixation to mask tissue antigenicity; however, chronic immunological responses
and associated calcification still commonly occur. A heart valve formed from an unfixed bovine pericardium
(BP) extracellular matrix (ECM) scaffold, in which antigenic burden has been eliminated or significantly
reduced, has potential to overcome deficiencies of current bioprostheses. Decellularization and antigen removal
methods frequently use sequential solutions extrapolated from analytical chemistry approaches to promote
solubility and removal of tissue components from resultant ECM scaffolds. However, the extent to which such
prefractionation strategies may inhibit removal of antigenic tissue components has not been explored. We
hypothesize that presence of magnesium in prefractionation steps causes DNA precipitation and reduces re-
moval of nuclear-associated antigenic proteins. Keeping all variables consistent bar the addition or absence of
magnesium (2 mM magnesium chloride hexahydrate), residual BP ECM scaffold antigenicity and removed
antigenicity were assessed, along with residual and removed DNA content, ECM morphology, scaffold com-
position, and recellularization potential. Furthermore, we used proteomic methods to determine the mechanism
by which magnesium presence or absence affects scaffold residual antigenicity. This study demonstrates that
absence of magnesium from antigen removal solutions enhances solubility and subsequent removal of antigenic
nuclear-associated proteins from BP. We therefore conclude that the primary mechanism of action for mag-
nesium removal during antigen removal processes is avoidance of DNA precipitation, facilitating solubilization
and removal of nuclear-associated antigenic proteins. Future studies are necessary to further facilitate solubility
and removal of nuclear-associated antigenic proteins from xenogeneic ECM scaffolds, in addition to an in vivo
assessing of the material.

Keywords: antigen removal, xenogeneic scaffold, decellularization, extracellular matrix, heart valve, tissue
engineering

Introduction

Approximately 2.5% of the population suffers from
valvular heart disease, and 100,000 heart valve re-

placements are performed annually in the United States.1,2

The National Heart, Lung, and Blood Institute recognizes
that current bioprosthetic heart valve replacements are far
from ideal due to chronic immune response, limited valve
life expectancy, and inability of the prosthesis to grow in
juvenile patients.3

Native extracellular matrix (ECM) architecture of xeno-
geneic tissues, such as bovine pericardium (BP), provides

appropriate structure/function properties and an ECM niche
environment which is potentially ideal for cell differentia-
tion and proliferation.4–7 However, antigenic components of
xenogeneic tissues represent the critical barrier to increasing
use of unfixed biomaterials in clinical practice.8–10 A heart
valve formed from an unfixed BP ECM scaffold, where
antigenic burden has been eliminated or significantly re-
duced, has potential to overcome deficiencies of current
bioprostheses.11–15

Previous attempts at production of unfixed ECM scaf-
folds largely utilize decellularization approaches focus-
ing on cellular removal.11,16 Decellularization approaches
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assume that xenoantigens are exclusively cellular in origin,
and therefore, absence of cellular elements equates to re-
moval of antigenic components.17, 18 However, assumptions
of the decellularization approach have recently been ques-
tioned due to identification of noncellular antigenic com-
ponents and demonstration of persistence of both known
and unknown antigenic components in acellular ECM scaf-
folds.8,11,18 Consequently, several groups have suggested
assessment of residual antigenicity as a specific outcome
measure in development of unfixed xenogeneic ECM
scaffolds.8,11,16,19–22

Decellularization and antigen removal methods fre-
quently extrapolate protein chemistry and analytical pro-
teomic approaches of solubilizing and promoting removal of
undesirable tissue components to produce unfixed xenoge-
neic ECM scaffolds.23 In doing so, reported ECM scaffold
generation processes have utilized a wide range of deter-
gents (e.g., sodium dodecyl sulfate [SDS], Triton X-100,
sodium deoxycholate, amidosulfobetaine 14 [ASB-14]),
enzymes (e.g., trypsin, DNase, and RNase), buffers (e.g.,
phosphate- or tris-buffered saline), chelating agents (e.g.,
EDTA), or salts (e.g., NaCl, MgCl2) previously used in
analytical applications.12,24–30 The diversity and complexity
of antigenic protein solubilization profiles make it unlikely
that a single solution is capable of solubilizing and removing
all antigens within a tissue. Consequently, stepwise appli-
cation of solutions designed to maximize solubilization and
removal of antigenic proteins based on shared physio-
chemical properties may be necessary. However, the ques-
tion remains as to whether all analytical protein chemistry
mechanisms have a positive effect on removal of antigenic
proteins from intact tissues, or whether some approaches
may actually result in detrimental effects on ultimate ma-
terial antigenicity?

Magnesium presence has been extensively used in ana-
lytical chemistry applications as a prefractionation method,
designed to reduce sample complexity, avoid nucleic acid
contamination, and, thereby, increase protein solubility dur-
ing protein extraction.31–34 Coprecipitation of proteins during
such initial steps of prefractionation may result in inability
to achieve protein resolubilization for later analyses.35,36

The potential for magnesium to precipitate and reduce the
removal of antigenic proteins in previously published de-
cellularization or antigen removal protocols has not been
investigated.8,30,37 The process of coprecipitation is not
limited to magnesium, but can also be achieved using other
divalent cations, such as calcium, which may be problematic
in tissues with large intracellular calcium stores.31,32 In
addition to precipitating DNA, magnesium catalyzes the
oxidation of thiol residues and, therefore, produces both
intra- and intermolecular disulfide bonds.38–42 Consequently,
presence of magnesium or other divalent cations during an-
tigen removal processes has potential to induce protein pre-
cipitation either directly through thiol residue oxidation or
indirectly through coprecipitation with DNA, limiting re-
moval of such antigens in later solubilization steps.

We hypothesize that absence of magnesium during step-
wise antigen removal will enhance protein solubility and
subsequent removal of antigenic proteins from BP, while
maintaining native ECM structural integrity, composition,
and recellularization capacity. This study determines: (1) the
effect of magnesium presence or absence during hydrophilic

solubilization and/or lipophilic solubilization steps on re-
sidual antigenicity of BP ECM scaffolds following antigen
removal (BP-AR), (2) the mechanism by which presence or
absence of magnesium results in differential removal of
protein and DNA from BP-AR ECM scaffolds, (3) whether
nuclear-associated proteins that precipitate due to magne-
sium presence during prefractionation steps are available for
later removal, and (4) the effect of presence or absence of
magnesium on resultant scaffold structure and recellular-
ization capacity.

Materials and Methods

Unless stated otherwise, all chemicals were purchased
from Sigma-Aldrich (St. Louis, MO). Tissue harvest and
anti-native BP serum production methods are located in the
Supplementary data (Supplementary Data are available
online at www.liebertpub.com/tea).

Antigen removal

All removal steps were performed in 2 mL of solution at
4�C, 125 g and changed twice daily, unless otherwise stated.
Previously frozen BP strips (see Antigen removal section)
were thawed and cut into 0.2 g intact pieces (approximately
1.0 · 1.5 cm). Pieces were incubated in hydrophile solubi-
lizing solution (HSS) for 48 h (100 mM DTT, 100 mM KCl,
0.5 mM Pefabloc, 1% (v/v) AAS, 10 mM Tris-HCl (pH 8.0),
in the presence or absence of 2 mM MgCl2–6H2O) followed
by 48 h of incubation in lipophile solubilizing solution
(LSS) (1% (w/v) amidosulfobetaine-14 in HSS in presence
or absence of 2 mM MgCl2–6H2O) at RT.

Each piece of BP had an anatomical control that only
underwent 1 min of incubation in HSS and LSS. Subse-
quently, all samples (treatment and anatomical) underwent
24 h of nuclease digestion (nuclease digest) (2.5 Kunitz
units/mL DNAse I, 7.5 Kunitz units/mL RNAse A, 1% (v/v)
AAS, 150 mM NaCl, 5 mM MgCl2–6H2O, and 10 mM tris-
HCl (pH 7.6)) and 48 h of Tris-buffered saline (TBS)
washout (0.5 mM Pefabloc and 1% [v/v] AAS and 10%
[v/v] tris-buffered saline). All antigen removal supernatants
were retained and stored at -80�C. BP-AR scaffolds were
stored in DMEM with 15% (v/v) DMSO at -80�C. All
antigen removal experiments were conducted with n = 12
experimental replicates per group, with the three groups
designated as: AR1/1 (presence of 2 mM MgCl2–6H2O in
both HSS and LSS), AR1/2 (presence of 2 mM MgCl2–6H2O
in only HSS), and AR2/2 (absence of 2 mM MgCl2–6H2O
from both HSS and LSS).

Protein extraction

BP-AR scaffolds (see Antigen removal section) under-
went manual mincing and were incubated in standard ex-
traction solution (10 mM tris–HCl (pH 8.0), 1 mM DTT,
2 mM MgCl2–6H2O, 10 mM KCl, and 0.5 mM Pefabloc)
containing 0.1% (w/v) sodium dodecyl sulfate (SDS) (Bio-
Rad, Hercules, CA) at 1000 rpm, 4�C for 1 h. Following
centrifugation at 17,000 g, 4�C for 30 min supernatant was
recovered and designated as Residual Hydrophile Protein
Extract. The remaining pellet was washed twice and then
incubated in standard extraction solution containing 1% (w/v)
SDS at 1400 rpm, 4�C for 1 h. Following centrifugation,
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supernatant was recovered and designated as Residual Li-
pophile Protein Extract. All extracts were stored at -80�C.8

One-dimensional electrophoresis and western blot

Equal volumes of residual hydrophile protein extract,
residual lipophile protein extract (see DNA content analy-
sis section), HSS, LSS, nuclease digest, and TBS washout
(see Protein extraction section) were assessed using one-
dimensional electrophoresis and western blot.8 All blots
were probed with anti-native BP serum (1:100 dilution) and
assessed specifically for IgG positivity using peroxidase-
conjugated mouse anti-rabbit secondary antibody (1:5000
dilution; Jackson ImmunoResearch, West Grove, PA).

Residual antigenicity for hydrophile protein extracts
(hydrophiles) and lipophile protein extracts (lipophiles) was
quantified using band intensity and densitometry. Residual
hydrophile or lipophile antigenicity was calculated as per-
centage of initial antigenicity (anatomic control) remaining
in each BP-AR scaffold. Antigen content of HSS, LSS,
nuclease digest, and TBS washout solutions (antigens removed
from BP-AR scaffolds) was quantified using band intensity
and densitometry in Relative fluorescence units (RFU).

DNA content analysis

DNA content of native BP, BP-AR scaffolds, HSS, LSS,
nuclease digest, and TBS washout was quantified using
Quant-iT PicoGreen Assay Kit (Invitrogen, Paisley, PA).
For BP-AR scaffold analysis, Miltex 3 mm biopsy punches
(Integra, Plainsboro, NJ) were taken (wet weight *5 mg)
and digested in papain solution (99.6 mL phosphate buffer
(0.032 M monobasic potassium phosphate and 0.071 M diba-
sic potassium phosphate), 0.46 mL papain (Sigma P-3125,
27.8 mg/mL), and 0.0816 g N-acetyl-L-cysteine, and 0.1901 g
EDTA) for 18 h at 60�C. Solutions were cooled for 30 min at
RT and 25mL of sample added with 75mL tris-EDTA buffer
(10 mM Tris-HCl (pH 8.0) and 1 mM EDTA) and 100mL
PicoGreen Reagent (in DMSO) in opaque 96-well plates.

Plates were incubated at RT and 125 rpm for 5 min before
fluorescent detection at 480/520 nm. HSS, LSS, nuclease
digest, and TBS washout were assessed similarly, but
without initial papain digestion (n = 12 for all groups).

Proteomic analysis

Samples (n = 12 per antigen removal step) were pooled in
pairs (final n = 6) to generate sufficient volume for analysis.
Nuclease digest and TBS washout samples were concen-
trated for 1 h and 3 h, respectively, at 4�C, 7500 g using
Amicon Ultra-4 Centrifugal Filter Devices (Millipore,
Billerica, PA). Nuclease digest and TBS washout samples
were precipitated with nine volumes of 100% ethanol and
incubated for 1 h at -20�C. Samples were centrifuged at
15,000 g for 15 min at 4�C, and pellets were stored at -80�C
for 24 h and then resuspended in 6 M urea/50 mM ammo-
nium bicarbonate. Following proteolytic digestion using a
1:25 ratio of Lys-C/Trypsin (Promega, Madison, WI) and
protein, samples were diluted in 1 M urea overnight at 37�C.

Before analysis, samples were concentrated and desalted
with C18 resin (MacroSpin Column; Nest Group, South-
borough, MA) and subject to liquid chromatography–mass
spectrometry on a Exactive Plus Orbitrap Mass Spectro-

meter (Thermo Scientific, Waltham, MA) in conjunction
with an EASY-nLC II nano UHPLC and Proxeon nanospray
source. Tandem mass spectra were extracted and charge
state deconvoluted with Proteome Discoverer 1.4 (Thermo
Scientific) and searched using X! Tandem (The GPM,
thegpm.org; version CYCLONE 2013.02.01.1), as well as
cRAP database of common laboratory contaminants and an
equal number of reverse protein sequences.

Samples were uploaded into Scaffold 4 Proteomics
Software, and repeating proteins and protein domains were
disregarded. Protein identifications were accepted with
greater than 99% probability and replicates containing an
average of two or more spectral counts. Effect of magne-
sium presence or absence was assessed under each of fol-
lowing four categories: (1) Nuclear-associated antigens, (2)
Histones, (3) Nuclear-associated proteins according to
Genotype Ordering from NCBI protein database, and (4)
total protein removal. Spectral sampling assessed average
fold changes, with relative abundance orders of magnitude
of two or greater taken to be statistically significant.43,44

Histology

Three millimeters biopsy punches from native and BP-
AR scaffolds (n = 6 per group) were subjected to formalin-
fixation and paraffin embedding followed by Hematoxylin
and Eosin (H&E) staining for ECM morphology and nu-
clei visualization. Verhoeff van Gieson staining (VVG) and
Picro-Sirius Red (PSR) staining were utilized for assess-
ment of elastin and collagen organization, respectively.
Birefringence quantification was performed throughout the
full thickness of the tissue (from the serous parietal surface
to the fibrous adventitial surface of the pericardium). Bi-
refringence was calculated using limit-to-threshold within
ImageJ to determine the percent area of collagen alignment.
All images were taken at 200· and 400· magnification us-
ing Nikon Eclipse Ni-E microscope (Nikon, Melville, NY).

Recellularization capacity

All hMSC experiments were performed in accordance
with guidelines outlined by the Institutional Stem Cell Re-
search Oversight committee.45 Discs of native and BP-AR
scaffolds were generated using 5 mm biopsy punches (Acu-
derm, Inc., Fort Lauderdale, FL). Discs were washed for 24 h
at 125 rpm and 4�C in D20 media (500 mL of DMEM with
high glucose (Hyclone Laboratories, South Logan, UT),
1% (v/v) L-glutamine, 1% (v/v) penicillin-streptomycin
(10,000 U/mL), and 20% (v/v) fetal bovine serum (Atlanta
Biologicals, Lawrenceville, GA)). Discs were transferred to
1.7 mL Eppendorf tubes (n = 7 BP-AR and n = 4 native BP),
seeded with 1 · 105 enhanced green fluorescent protein hu-
man mesenchymal stem cells (eGFP-hMSCs P4-P7), and
cultured in 250 mL D20 media at 37�C, 5% CO2 for 24 h.

Scaffolds were transferred to 96-well plates and incubated
in 250mL D20 media at 37�C, 5% CO2. Cell morphology
was subjectively tracked throughout passaging, plating,
and seeding using fluorescent inverted microscopy (Nikon
TS100; Nikon, Melville, NY). Following 3 days of static
culture, scaffolds were imaged using fluorescent micro-
scopy (Leica DMI6000 B; Leica Company, Buffalo Grove,
IL). Percent recellularization was calculated using ImageJ
software and limit-to-threshold to determine the percent area

MAGNESIUM PRESENCE NEGATIVELY IMPACTS ANTIGEN REMOVAL 611



of eGFP labeled cells on each scaffold following cell
seeding.

Statistical analysis

All data are expressed as mean – standard deviation and
were analyzed using one-way analysis of variance with
Tukey HSD post hoc test and statistical significance defined
at p < 0.05.

For proteomic analysis, individual nuclear-associated
proteins with a fold change of two or greater histones and
nuclear-associated antigens were analyzed using one-way
analysis of variance with Tukey HSD post hoc test and
statistical significance defined at p < 0.05.

Results

Residual ECM scaffold antigenicity following
antigen removal

Residual hydrophile antigenicity. No significant differ-
ence in residual hydrophile antigenicity was found among
AR2/2 (35.22% – 20.94%), AR1/2 (35.60% – 28.00%), and
AR1/1 (36.60% – 15.09%) scaffolds ( p = 0.9877, n = 6 per
group) (Fig. 1A, B).

Residual lipophile antigenicity. Absence of magnesium
significantly decreased residual lipophile antigenicity of
AR2/2 scaffolds (36.35% – 13.21%) compared to AR1/1

scaffolds (58.86% – 23.99%, p = 0.04979). Residual lipo-
phile antigenicity of AR1/2 scaffolds (50.81% – 25.96%)
did not significantly differ from either AR2/2 or AR1/1

( p = 0.2492 and p = 0.6407, respectively, n = 6 per group)
(Fig. 1C, D).

Assessment of antigens removed from BP-AR
during each antigen removal step

No statistical difference was found in the number of
hydrophilic antigens (RFU) removed during the HSS step
among AR2/2 (10099.51 – 1172.71), AR1/2 (9338.11 –
1086.35), and AR1/1 (9323.71 – 1197.47) ( p = 0.431, n = 6
per group).

No statistical difference was found in the number of
lipophilic antigens removed during the LSS step among
AR2/2 (13007.90 – 9439.43), AR1/2 (10488.41 – 8955.90),
and AR1/1 (14547.85 – 10915.70) ( p = 0.774, n = 6 per group).

AR2/2 (14949.61 – 1306.02) and AR1/2 (14936.83 –
1907.74) significantly increased antigen removal during the
nuclease digestion step compared to AR1/1 (13156.66 –

FIG. 1. Residual hydrophile and
lipophile antigenicity of bovine
pericardium following antigen
removal in the presence or absence
of magnesium in solubilizing
solutions. Residual hydrophile
antigenicity does not change in
response to presence or absence of
magnesium (A). Representative
western blot demonstrating that all
treatment groups result in equal
percentage reduction of antigenic-
ity compared to their respective
controls (B). Absence of magne-
sium from both hydrophile and
lipophile solubilizing solutions
results in a statistically significant
reduction in residual lipophile
antigenicity (C). Representative
western blot demonstrating that
compared to AR1/1, AR2/2 treat-
ment group results in a greater
percentage reduction of antigenicity
compared to respective control (D).
*Signifies p < 0.05, L = Ladder,
T = Treated group, and C = Control
group (n = 12 per group). n.s. sig-
nifies no significant differences
between groups.
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1736.36) ( p = 0.0335 and p = 0.0350, respectively, n = 12 per
group) (Fig. 2A, B).

AR2/2 (14652.51 – 1823.57) significantly increased an-
tigen removal during the TBS washout step compared
to AR1/1 (12820.25 – 1593.78, p = 0.0340) (Fig. 2C, D).
There was no difference in removal of antigens during the
TBS washout step between AR1/2 (14229.52 – 1706.44)
and AR1/1 ( p = 0.1237) or AR2/2 ( p = 0.8180) (n = 12 per
group).

Scaffold DNA content

No significant difference in residual DNA was found
between BP-AR scaffolds, regardless of presence or absence
of magnesium before nuclease digestion (AR2/2, AR1/2,
and AR1/1). However, all three groups demonstrated
>97% removal of DNA compared to anatomical controls
(1.25 – 0.08 mg/mg DNA, p < 0.0001) (Fig. 3). AR2/2 had
the greatest reduction in DNA, (0.03 – 0.03 mg/mg), fol-
lowed by AR1/1 (0.04 – 0.03 mg/mg), and finally AR1/2

(0.08 – 0.1 mg/mg) (n = 12 per group) (Fig. 3).

Removed supernatant DNA content

Presence or absence of magnesium in the HSS and LSS
did not result in a significant difference in the amount of
DNA removed during the nuclease digestion step. AR2/2

nuclease digest contained 0.38 – 0.10 mg of DNA/mg of

FIG. 2. Antigens removed from
scaffolds during sequential and
differential solubilization steps of
antigen removal. Absence of mag-
nesium from hydrophile solubiliz-
ing solution alone (AR1/2) and
hydrophile and lipophile solubiliz-
ing solutions (AR2/2) results in
statistically significant increase in
removal of antigens during the
nuclease digestion step (A). Rep-
resentative western blot demon-
strating increase in antigens
removed in absence of magnesium
(B). Absence of magnesium from
both hydrophile and lipophile sol-
ubilizing solutions (AR2/2) results
in statistically significant increase
in antigens removed in the TBS
washout step (C). Representative
western blot demonstrating in-
crease in antigens removed in ab-
sence of magnesium (D). *Signifies
p < 0.05, L = Ladder, T = Treated
group, and C = Control group
(n = 12 per group). TBS, tris-
buffered saline.

FIG. 3. Residual DNA content of native bovine pericar-
dium compared to bovine pericardium following antigen
removal in the presence or absence of magnesium. Presence
or absence of magnesium during antigen removal did not
alter scaffold residual DNA content. However, compared to
anatomical control, antigen removed scaffolds demonstrated
a greater than 97% reduction in residual DNA content.
****Signifies p < 0.0001 (n = 12 per group).
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tissue, whereas AR1/2 and AR1/1 contained 0.37 – 0.12 mg/
mg and 0.40 – 0.12 mg/mg, respectively ( p = 0.820, n = 12
per group) (Fig. 4A).

No statistically significant difference in DNA was noted
in TBS washout when analyzed using a one-way ANOVA.
However, a trend was identified which indicated that ab-
sence of magnesium in both HSS and LSS results in a
greater amount of DNA removed during the TBS wash-
out step, which was significant between AR2/2 (0.89 –
0.11 mg of DNA/mg of tissue) and AR1/1 (0.76 – 0.15
mg/mg) using a Student t-test ( p = 0.0311) (n = 12 per group)
(Fig. 4B).

Proteomic analysis

Removal of nuclear-associated antigens glyceraldehyde-
3-phosphate dehydrogenase (GAPDH) and elongation fac-
tor 1-alpha 1 (EF1a1) during the nuclease digestion step was
not significantly affected by presence or absence of magne-
sium ( p = 0.0952 and p = 0.5522, respectively).46–49 Con-
versely, during TBS washout step both antigens demonstrated

statistically greater removal in the absence of magnesium
(94.67 – 9.97 and 35.5 – 4.42 spectra, respectively) compared to
its presence (69.17 – 17.60 and 15.2 – 3.90 spectra, respectively)
( p = 0.0418 and p = 0.0095, respectively) (n = 6 per group).

Histones were examined as a depiction of nuclear-associated
protein solubilization during antigen removal. Of the 12 his-
tones removed from BP-AR scaffolds during the nuclear di-
gestion step, 9 demonstrated increased removal in AR1/1

although only 1 (Histone H3.3) was statistically significantly
increased ( p = 0.0498) (Supplementary Fig. S1A). Of the 15
histones removed during TBS washout, 11 had increased
removal in AR2/2, 9 of which were statistically signifi-
cantly increased compared to AR1/1 ( p < 0.05) (Fig. 5B).

Nuclease digest and TBS washout solutions shared 29
nuclear-associated proteins, with 9 unique proteins removed
during nuclease digestion step and 39 unique proteins
removed during TBS washout (Fig. 5A). Of the nuclear-
associated proteins removed during nuclease digest of AR2/2,
11 proteins had increased removal, three of which had >2-
fold increase. Conversely, 26 nuclear-associated proteins had
increased removal in nuclease digest AR1/1, 7 of which had
>2-fold increase in spectral counts, yet only 2 (Major Vault
Protein and an uncharacterized protein, p < 0.005 and
p < 0.05, respectively) were statistically significant (Supple-
mentary Fig. S1B). Four additional proteins unique to AR1/1

were also present.
Overwhelmingly though, 61 of the nuclear-associated

proteins removed in TBS washout step had greater removal
in AR2/2, 22 of which had >2-fold increase in spectral
counts and 17 of those demonstrated a statistically signifi-
cant ( p < 0.025) increase in spectral counts. In addition to
the 22 nuclear-associated proteins with >2-fold increase, 12
proteins were completely unique to AR2/2. Seven nuclear-
associated proteins in TBS washout step had a greater
number of spectra in AR1/1, three of which had >2-fold
increase in spectral counts and one of those (DKC1 protein,
p < 0.005) was statistically relevant (Fig. 5C).

When examining the distribution of proteins as a whole
from the study, 188 proteins were removed in nuclease di-
gest, 37 of which were completely unique to nuclease alone.
Conversely, 259 proteins were removed in TBS washout,
108 of which were unique solely to TBS (Fig. 5A).

Histology

No qualitative differences in ECM morphology were ob-
served between the three groups (AR2/2, AR1/2, AR1/1) and
native BP on H&E sections. However, all three groups fol-
lowing antigen removal exhibited almost complete elimination
of nuclei or nuclear remnants compared to native BP (Fig. 6A).

In VVG-stained sections, both collagen and elastin con-
tent and organization were grossly maintained between the
three antigen removed groups (AR2/2, AR1/2, AR1/1) and
native BP (Fig. 6A).

In PSR-stained sections no difference in collagen content
or organization was observed between the three antigen
removed groups and native BP (Fig. 6A). Collagen align-
ment was not statistically significantly different between
native BP (40.48% – 2.87%) and the three antigen removed
groups (AR1/1 38.29% – 7.19%, AR1/2 40.99% – 1.62%,
AR2/2 39.11 – 2.46; p > 0.05) (Fig. 6B) (n = 6 per group,
n = 5 for native BP).

FIG. 4. DNA content removed from scaffolds during
nuclease digestion (NUC) and Tris-buffered saline (TBS)
washout steps. DNA removal during nuclease digestion was
unaltered by presence or absence of magnesium (A). A trend
toward progressively increasing DNA removal during TBS
washout was evident in the absence of magnesium compared
to its presence (B), although this finding failed to reach sta-
tistical significance (n = 12 per group). * signifies p < 0.05.
n.s. signifies no significant differences between groups.

614 DALGLIESH ET AL.



F
IG

.
5
.

E
ff

ec
t

o
f

m
ag

n
es

iu
m

p
re

se
n
ce

o
r

ab
se

n
ce

o
n

p
ro

te
in

re
m

o
v
al

d
u
ri

n
g

n
u
cl

ea
se

d
ig

es
ti

o
n

an
d

T
B

S
w

as
h
o
u
t

st
ep

s.
N

u
cl

ea
r-

as
so

ci
at

ed
p
ro

te
in

re
m

o
v
al

is
g

re
at

er
d
u
ri

n
g

T
B

S
w

as
h
o
u
t

th
an

d
u
ri

n
g

n
u
cl

ea
se

d
ig

es
ti

o
n

(A
i)

.
T

o
ta

l
p
ro

te
in

re
m

o
v
al

is
g
re

at
er

d
u
ri

n
g

T
B

S
w

as
h
o
u
t

th
an

d
u
ri

n
g

n
u
cl

ea
se

d
ig

es
ti

o
n

(A
ii

).
A

b
se

n
ce

o
f

m
ag

n
es

iu
m

in
cr

ea
se

d
b
o
th

h
is

to
n
e

(B
)

an
d

n
u
cl

ea
r-

as
so

ci
at

ed
p
ro

te
in

(C
)

re
m

o
v
al

d
u
ri

n
g

T
B

S
w

as
h
o
u
t.

R
es

u
lt

s
p
lo

tt
ed

in
L

o
g

[1
0
]

sc
al

e.
*
*
*
*
si

g
n
ifi

es
p

<
0
.0

0
0
1
,

*
*
*
si

g
n
ifi

es
p

<
0
.0

0
5
,

*
*
si

g
n
ifi

es
p

<
0
.0

1
5
,

an
d

*
si

g
n
ifi

es
p

<
0
.0

5
(n

=
6

p
er

g
ro

u
p
).

615



Recellularization capacity

There were no observed changes in hMSC morphology or
recellularization capacity ( p = 0.9113, (Fig. 7B) between the
three groups compared to native BP. All scaffolds exhibited
cellular confluency and similar cell morphology (n = 7 for
AR2/2, AR1/2, AR1/1 and n = 4 for native BP) (Fig. 7A).

Discussion

This study demonstrates that proteomic methods of pre-
fractionation through presence of magnesium in antigen
removal solutions reduce efficiency of antigen removal from
BP, although mechanism is predominantly due to DNA
precipitation (Fig. 8). This study specifically establishes

FIG. 6. Gross histological morphology of native and antigen removed bovine pericardium in presence or absence of magne-
sium. Preservation of histological ECM morphology and marked reduction in residual nuclei are evident in H&E staining
compared to native tissue. Verhoeff van Gieson (VVG) staining demonstrates preservation of collagen and elastin structure
following antigen removal. Collagen structure was unchanged in PSR stained samples. PSR birefringence indicated no change in
type I (thick fibers, yellow-orange) and type III (thin fibers, green) collagen (A). Quantification of birefringence demonstrates no
change in collagen alignment between native and antigen removed BP (B). (n = 6 per antigen removed group, n = 5 per native
group). Polarized light scale bar represents 100mm, otherwise scale bar represents 50mm. BP, bovine pericardium; ECM,
extracellular matrix; H&E, hematoxylin and eosin; PSR, Picro-Sirius Red. n.s. signifies no significant differences between groups.

FIG. 7. Recellularization capacity of native and antigen removed bovine pericardium in the presence or absence of mag-
nesium. hMSC morphology was unchanged following seeding on either native BP or BP-AR scaffolds (A). No significant
difference in recellularization capacity, assessed by percent area of scaffolds positive for eGFP labeled hMSCs, was present
between groups (B). (n = 7 per antigen removed group, n = 4 per native group). Scale bar represents 100mm. eGFP, enhanced
green fluorescent protein; hMSC, human mesenchymal stem cell. n.s. signifies no significant differences between groups.
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that: (1) absence of magnesium in both hydrophile and
lipophile steps of antigen removal significantly reduces re-
sidual lipophilic antigen content of BP-AR ECM scaf-
folds. (2) This reduction in antigenicity is achieved due
to increased removal of nuclear-associated antigenic pro-
teins during the nuclease digestion and washout steps. (3)
Nuclear-associated proteins that precipitate due to magne-
sium presence are unavailable for later removal. (4) BP
ECM scaffolds generated in absence of magnesium ex-
hibit native ECM structure, collagen organization, and re-
cellularization potential.

NHLBI xenotransplantation working group identified
material antigenicity as the principle barrier to expanding
use of xenogeneic tissues in clinical practice.3 Conse-
quently, reduction or elimination of biomaterial antigenicity
is the stated goal in production of xenogeneic ECM scaf-
folds for heart valve tissue engineering. Both in vitro and
in vivo studies have exhibited that assessment of xenogeneic
scaffold cellularity is poorly predictive of in vivo recipient
host immune response. Indeed, Kasimir et al. indicated that
insufficient removal of xenogeneic tissue antigens in de-
cellularized SynerGraft porcine aortic valve precipitated a
catastrophic recipient graft-specific immune response.11,20,22

Recent studies have demonstrated that specific assessment
of ECM scaffold antigen content more strongly corre-
lates with recipient graft-specific adaptive immune re-
sponses.11,20,22,50 In this study we demonstrate that absence
of magnesium increased removal of lipophilic antigens by
38.2% compared to presence of magnesium (Fig. 1C, D),
while presence or absence of magnesium made no differ-

ence in removal of hydrophilic antigens (Fig. 1A, D). To
determine at what step the reduction in lipophile antige-
nicity occurred, supernatants of all four steps in antigen
removal were examined. Statistically significantly increased
removal of lipophilic antigens was identified in both nu-
clease digestion and TBS washout steps in absence of
magnesium (Fig. 2A–D). Furthermore, proteomic analysis
confirmed statistically significantly increased removal of
two nuclear-associated antigens (GADPH and EF1a1) dur-
ing TBS washout (26.9% and 57.2% increase in removal,
respectively) (Fig. 5C).46,51 Although both antigens are
known to also reside in the cytoplasm, their increased re-
moval following nuclease digestion supports the conclusion
that presence or absence of magnesium alters availability of
the nuclear-associated fraction of each antigen for later re-
moval.48,52–56 Currently, the threshold below which anti-
genicity must be reduced to avoid recipient graft-specific
immune responses remains unknown. Consequently, future
in vivo studies are necessary to ascertain the effects of de-
creased lipophile antigenicity due to absence of magnesium
on recipient graft-specific immune response. In summary,
due to its ability to increase removal of lipophilic antigens, a
BP-AR scaffold generated in absence of magnesium has
potential as a clinically relevant biomaterial.

Maintaining solubility of antigenic components is critical
to achieving their removal from xenogeneic tissues during
decellularization or antigen removal processes. Two possi-
ble mechanisms exist which could explain the effect of
magnesium on residual lipophile antigenicity: (1) Magne-
sium causes coprecipitation of DNA through electrostatic

FIG. 8. Proposed mechanism for effects of magnesium on nuclear-associated protein precipitation and subsequent re-
moval from bovine pericardium. Magnesium presence before nuclease digestion causes greater DNA precipitation, and
antigenic nuclear-associated proteins are unavailable for subsequent removal. Magnesium absence before nuclease digestion
avoids DNA precipitation and, thereby, promotes antigenic nuclear-associated protein removal.
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interactions resulting from counterion condensation (for
weak affinity), or binding to a specific site and production of
a hydrophobic complex (for strong affinity).31 (2) Magne-
sium causes the catalyst of thiol oxidation and formation of
protein precipitation through development of inter- and in-
tramolecular disulfide bonds.40–42 Regardless of underlying
mechanism, resolubilization efficiency following protein
precipitation is frequently less than 100%.35,36 Conse-
quently, allowing precipitation of antigenic components
during decellularization/antigen removal processes would
be expected to increase residual ECM scaffold antigenicity.
The differential effect of magnesium absence on lipophile
residual antigenicity supports magnesium-induced DNA
precipitation as the predominant mechanism for this bene-
ficial effect, since thiol oxidation would be expected to af-
fect both hydrophilic and lipophilic proteins equally.
Although the remaining DNA content in BP-AR was too
small to see a significant difference between groups (Fig. 3),
the increased removal of DNA in the absence of magnesium
during TBS washout (Fig. 4B) supports avoidance of DNA
precipitation, especially given the greater volume of protein
removal during TBS washout (Fig. 5A). To further confirm
this mechanism, proteins removed during nuclease digestion
and TBS washout steps underwent liquid chromatography–
mass spectrometry to ascertain specific changes in nuclear-
associated protein removal.57 Histone removal as a marker
of DNA precipitation was overwhelmingly increased in the
absence of magnesium during TBS washout (Fig. 5B), with
60% of identified histones demonstrating statistically in-
creased removal in the absence of magnesium compared to
its presence. Other nuclear-associated proteins compiled us-
ing NCBI Gene Ontology were also compared and showed
remarkably similar data to histones. Absence of magnesium
resulted in statistically increased removal of 68% of identified
nuclear-associated proteins (Fig. 5C). These proteomic data
further support the proposed mechanism of action that mag-
nesium presence results in precipitation of nuclear-associated
proteins, which cannot be resolubilized for later removal.
More so, precipitation of DNA can occur through a multitude
of divalent cations. One such cation is calcium, which has a
slightly higher efficiency curve in prefractionation than
magnesium.31 This has implications for calcium-rich tis-
sues, like cardiac muscle, that have endogenous calcium
stores which may lead to DNA precipitation during ECM
matrix scaffold production.31,58,59 Future studies are needed
to ascertain whether other divalent cations inhibit antigen
removal by a similar mechanism as that of magnesium.
Furthermore, the potential additive benefits of heavy metal
chelators (e.g., EDTA) on scaffold residual antigenicity also
require further investigation in a tissue-specific manner.60,61

The current findings demonstrate that absence of magne-
sium before nuclear digestion prevents DNA precipitation
and, thereby, maintains DNA-associated protein solubility
for later removal.

An ideal antigen removal method would decrease scaffold
antigenicity, while preserving the structure and recellular-
ization capacity of the resultant ECM scaffold.11,16,19–22

Previously published data indicated no change in the gross
morphological appearance of BP-AR scaffolds in the pres-
ence of magnesium.8,18 Conversely, Tsuchiya et al. noted
detrimental effects of changes in pH during rat lung decel-
lularization, leading to altered ECM structure, morphology,

recellularization, and host response toward the ECM scaf-
fold.62 Their findings included a significant decrease in total
collagen content at pH 10 and above, as well as signifi-
cant removal of laminin, fibronectin, and elastin. Similarly,
Poornejad et al. noted that depending on the decellulariza-
tion method, deleterious effects on cell viability and pro-
liferation, collagenous fiber networks, glycosaminoglycans,
fibroblast growth factor content, and overall ECM structure
could be identified.63 In this study, despite the marked re-
duction in residual nuclei and DNA content, no change in
ECM scaffold structure was found between BP-AR scaf-
folds and native tissue, regardless of magnesium presence or
absence (Fig. 6A). Quantitatively there was no significant
change in collagen type I and III (yellow/red and green
birefringence, respectively), which is important since these
are the two most prominent structural proteins in native BP,
comprising approximately 80–90% the biomaterial’s dry
weight (Fig. 6B).64–66 The immunomodulatory properties of
human mesenchymal stem cells (hMSCs) may be beneficial
to modulate residual recipient graft-specific immune re-
sponses toward xenogeneic ECM scaffolds.67–70 Conse-
quently, we utilized hMSC as a potentially important cell
type for scaffold repopulation studies. Previously reported
xenogeneic ECM scaffold generation studies have reported
variable recellularization efficiency depending on decellu-
larization method used.62,63 In the current study, no change
in recellularization capacity of BP-AR scaffolds generated
in the absence of magnesium was found compared to native
BP (Fig. 7A, B). Although recellularization of native BP is
not an essential parameter for a transplant biomaterial, the
fact that cellular repopulation and migration is unaltered
compared to native BP demonstrates that: (1) the resultant
scaffold is nontoxic to repopulating cells, (2) and scaffold
structural preservation results in conservancy of hMSC
elongated cellular morphology and binding capacity. De-
spite these promising results, further in vivo studies are
necessary to determine the effect of hMSC repopulation on
recipient immune and regenerative response toward BP-AR
scaffolds. The combination of decreased antigen removal,
retained ECM properties, and recellularization capacity suggests
that scaffolds made in the absence of magnesium have po-
tential application as a biomaterial for heart valve prostheses.

Conclusions

In this study, we demonstrate that direct application of
analytical proteomic approaches cannot be directly trans-
lated to ECM scaffold production. Consequently, special
consideration of the effect of each component within the
solution is required in development of antigen removal
strategies derived from proteomics in ECM scaffold gener-
ation. Mechanistically, the presence of magnesium, and
potentially other cations, in antigen removal solutions
results in increased DNA precipitation and, subsequently,
increased precipitation of antigenic nuclear-associated pro-
teins. Based on the results of this study, we conclude that
absence of magnesium significantly reduced resultant ECM
scaffold antigenicity, while maintaining matrix structure and
compatibility with cellular repopulation. Therefore BP-AR
ECM scaffolds generated in the absence of magnesium may
represent a potentially ideal biomaterial for future heart
valve prostheses.
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