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Decellularization Detergents As Methodological Variables
in Mass Spectrometry of Stromal Matrices

Giulia Remaggi,1 Fulvio Barbaro,2 Giusy Di Conza,2 Giovanna Trevisi,3 Carlo Bergonzi,1

Roberto Toni,2,4 and Lisa Elviri1

Collagens, elastin, fibrillin, decorin, and laminin are key constituents of the extracellular matrix and basement
membrane of mammalian organs. Thus, changes in their quantities may influence the mechanochemical regula-
tion of resident cells. Since maintenance of a native stromal composition is a requirement for three-dimensional
(3D) matrix-based recellularization techniques in tissue engineering, we studied the influence of the decellu-
larization detergents on these proteins in porcine kidney, liver, pancreas, and skin. Using a quick thawing/quick
microwave-assisted decellularization protocol and two different detergents, sodium dodecyl sulfate (SDS) vs
Triton X-100 (TX100), at identical concentration, variations in matrix conservation of stromal proteins were
detected by liquid chromatography–mass spectrometry coupled to light and scanning electron microscopies, in
dependence on each detergent. In all organs tested except pancreas, collagens were retained to a statistically
significant level using the TX100-based protocol. In contrast fibrillin, elastin (except in kidney), and decorin
(only in liver) were better preserved with the SDS-dependent protocol. Irrespective of the detergent used,
laminin always remained at an irrelevant level. Our results prompt attention to the type of detergent in organ
decellularization, suggesting that its choice may influence morphoregulatory inputs peculiar to the type of 3D
bioartificial mammalian organ to be reconstructed.
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Impact Statement

Simple change of the protocol’s main detergent leads to a very substantial difference in the panel of the stromal proteins
detected by qualitative and semiquantitative mass spectrometry in acellular porcine matrices. This remarkable methodo-
logical variable promises to yield proteomic reference panels in a number of different species-specific acellular matrices
allowing for selective retainment of peculiar mechanochemical inputs, to differently address the development of the seeded
cells in relation to the type of organ to be bioartificially reconstructed.
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Introduction

In mammals fibrous and nonfibrous proteins, proteo-
glycans and glycosaminoglycans contribute to the for-

mation of the interstitial and basement membrane (BM)
extracellular matrix (ECM) or stromal matrix (SM) of their
organs.1 The SM plays a key role in regulating development,
growth, and function of resident cells through mechano-
chemical interactions2,3 whose those mediated by collagens,
elastin, fibrillin, decorin, and laminin are of fundamental
importance. Indeed, fibrillary collagens provide the primary
three-dimensional (3D) ECM scaffold to each tissue/organ
ensuring its 3D stability, resistance to deformation, and
plasticity.4

Similarly, elastin contributes to ECM resilience and
elasticity using as a template the glycoprotein fibrillin, the
latter acting as a sheath to the developing central core of
amorphous elastin fibers.5,6 In contrast, the proteoglycan
decorin resides in the interstitial ECM where it functions
as a bridge between the microfibrillar interstitial proteins
and membrane receptors/adhesion molecules such as integ-
rins to stabilize cells in their 3D matrix environment, and
prevent their neoplastic transformation.7 Similarly, lami-
nin is a trimeric protein of the BM that anchors the SM
to the cells, and controls cell differentiation including that
of stem cells leaving their niche during regeneration
processes.8

Collectively, the ECM molecules give rise to a 3D
microfibrillar network that provides an informational back-
bone for cells, an essential requirement for tissue engi-
neering approaches based on decellularized stromal matrices
eventually recellularized to give rise to functional bioarti-
fical organs.3,9,10 However, in the context of the decellu-
larization methodologies, a very critical step resides in the
chemical treatment used to remove cytoplasmic and nuclear
material without adversely affecting composition, biological
activity, and 3D macroscopic and microscopic architecture
of the ECM.2,3,11–14

A number of chemical treatments have been proposed1,15

among which the detergents sodium dodecyl sulfate (SDS)
and Triton X-100 (TX100) have gained widespread accep-
tance despite their cytotoxicity. In fact efficient removal
of chemicals from the SM becomes mandatory to favor
adequate recellularization of the intact 3D stroma. There-
fore, choice of washing steps like those based on microwave
irradiation may account for reliable cleaning of the 3D SM
within a limited procedural time.16

Finally accurate quantification of collagens, elastin,
fibrillin, decorin, and laminin of the SM is very desirable to
gain insights into how different amounts of specific ECM
proteins act as a guide to induce in vitro/ex situ 3D self-
assembly of seeded cells during recellularization.17,18 To
this aim, a number of different liquid chromatography/mass
spectrometry (LC-MS/MS) techniques have been success-
fully used to quantify ECM proteins.19–23

Therefore, starting from the same thawing-based/
microwave-assisted protocol, we have studied the effect
of an SDS-dependent treatment with respect to a TX100-
dependent treatment on the LC-MS/MS detection of
collagens, elastin, fibrillin, decorin, and laminin in the
decellularized SM of porcine kidney, liver, pancreas, and
skin.

Methods

Reagents

SDS was from Lisapharma S.p.A (Como, Italy). TX100,
sodium hydroxide (NaOH), ethylene diammino tetraacetic
acid (EDTA), 2-propanol and Tris-HCl, trypsin (p.n. T1426),
pepstatin A, proteinase K (p.n. P2308), iodoacetamide
(IAA), dithiotreitol (DTT), HEPES, trifluoroacetic acid
(TFA), bovine serum albumin (BSA), and dimethyl sulf-
oxide (DMSO) were all purchased from Sigma-Aldrich�

(Darmstadt, Germany). Protein assay dye reagent concen-
trate was from Bio-Rad. LC-grade water, acetic acid, aceto-
nitrile, analytical reagent grade formic acid (FA), urea, and
ammonium bicarbonate (ABC) were purchased from Carlo
Erba (Milan, Italy).

Porcine tissues

Fresh porcine tissues were taken from a slaughterhouse, cut
into pieces of appropriate size, and stored at -20�C until use.

Microwave-assisted decellularization

Tissues were let to quickly thaw at room temperature
(RT), sliced into 2 mm thick pieces, washed for 3 h in dis-
tilled water, and immersed in either Solution 1 (Sol 1) made
with SDS (1%, w/v)—NaOH (0.05%, v/v) or Solution 2 (Sol
2) made with TX100 (1%, v/v) NaOH (0.05%, v/v). All
solutions were kept at 37�C. Then, using a microwave oven
(Sharp�), tissues were treated as given in Table 1.

Before immersion in the decellularization solutions (Sol 1
or Sol 2), skin was pretreated by incubation in a 70% solution
of 2-propanol and microwaved with 20 pulses of 5 s each
pulse. Finally, all samples were rinsed in distilled water for
4 h, and subjected to 560 W microwave pulses (10 pulses, 5 s
each; dwell time: 1 min) until complete detergent removal.

Light microscopy

Decellularized matrices and quickly RT-thawed control
tissues were fixed by immersion in 4% paraformaldehyde–
phosphate buffered saline (PBS) for 24 h at 4�C, paraffin em-
bedded, cut at the microtome (8mm sections), stained with
hematoxylin-eosin (HE), and analyzed using a Zeiss Axiophot
light microscope under differential interference contrast (No-
marsky optic), and an AxioVision 4.8 image analysis software.

Scanning electron microscopy

Decellularized matrices were fixed in glutaraldehyde 2.5%–
cacodylate sodium buffer 0.1 M overnight at 4�C, and rinsed

Table 1. Scheme of the Number of Microwave

Pulses Performed for Each Tissue

Tissue

Sol 1—SDS Sol 2—TX100

No. of pulsesa

Kidney 100 190
Liver 200 200
Pancreas 150 130
Skin 180 220

Microwave power 560 W.
aPulse duration: 5 s; dwell time: 1 min.
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in PBS (0.1 M, pH 7.4). Two different though complemen-
tary scanning electron microscopy (SEM) modalities were
used, in dependence on the type of decellularization (i.e.,
type of detergent used):

- with Sol 1, samples were dehydrated in graded series of
ethanol, and subjected to critical point drying (Balzers)
in a 100% ethanol/liquid CO2 exchange system. Dried
samples were mounted on aluminum stubs, metallized
(Balzers apparatus) with a gold film, and observed with
a Philips SEM 501.

- with Sol 2, samples were subjected to freeze drying for
24 h using a Christ Alpha 2-4 LSC plus freeze dryer.
Dried samples were mounted on aluminum stubs,
metallized (Balzers apparatus) with a gold film, and
observed with a Zeiss Gemini SEM.

For each sample, both the surface and cross-section were
studied. Representative images were analyzed using an
ImageJ software (NIH, Bethesda, MD), and random measu-
rements of putative blood vessel and corpuscular annexa were
taken.

Analysis of the residual DNA content

Decellularized matrices and quickly RT-thawed control
tissues were weighted and digested in 1 mL of lysis solution
(LS) at 56�C for 48 h. The LS was composed of 1 mg/mL
proteinase K in 50 mM Tris-HCl pH 7.6 and a protease
inhibitor cocktail, made with 1 mM EDTA +1 mM IAA
+10 mg/mL Pepstatin A diluted in DMSO. For DNA measu-
rements, the CyQUANT� Cell Proliferation Assay kit (C7026;
Invitrogen) was used. A calibration curve was prepared in a
96-multiwell plate using 200mL serial dilutions (0, 62.5,
125, 250, 500, 1000 ng/mL) of the bacteriophage l DNA in
CyQUANT dye solution.

The latter was prepared by mixing the working buffer
with the CyQUANT GR dye 400 · supplied with the kit.
For analysis, 5 mL of each digested sample (intact control
and decellularized tissues) was dissolved in 195 mL of
CyQUANT dye solution, and three replicates were prepared
for each sample. Analyses of the calibration curve and sam-
ples were performed using a Victor 3V Multilabel Plate
Readers (Perkin Elmer) set at the Fluorescein protocol (485/
535 nm of wavelength—l). The calibration curve was
y = 2296 (–94) x + 135,974 (–44,000) with an R2 = 0.993. For
each sample, the amount of DNA was normalized to the
dilution factor and wet weight of the tissues and expressed
as ng DNA/mg wet tissue.

Protein extraction and sample preparation for mass
spectrometry analysis

One milligram wet weight of each decellularized sample
was solubilized in a solution of 8 M urea–10 mM HEPES,
immersed in an ultrasonic bath at 37�C for 3 h using a
Bransonic ultrasonic cleaner 2510E-DTH, and sonicated at
42 kHz to break aggregates and extract proteins. Buffer ex-
change was performed using 50 mM ABC in Amicon Ultra
0.5 mL centrifugal filters (Sigma-Aldrich) with a 3-kDa mo-
lecular weight cut-off. Ensuing protein extracts, then, were
assayed for protein dosage using the Bradford method, based
on adding 10mL of each sample to 500mL of a previously
diluted (1:5) Bradford reagent solution (absorbance = 595 nm).

Calibration curve was achieved using a BSA standard
(1 mg/mL) diluted to a range of 10–400mg/mL (y = 0.00108x;
R2 = 0.992). Subsequently, proteins were reduced using
10 mM DTT (30 min at 37� C), alkylated by 25 mM IAA
(30 min at RT in the dark), and the reaction was stopped
by adding 10 mM DTT (15 min at RT). All samples were
digested by incubation with trypsin (1:50 enzyme/substrate
ratio) at 37�C overnight and, the digestion was stopped with
1 mL of FA added to each sample. Finally, samples were
dried under nitrogen flow and reconstituted with 50 mL of a
water–acetonitrile–FA aqueous solution (49.95/49.95/0.1,
v/v). Each matrix sample was analyzed in triplicate.

LC-LIT-Orbitrap XL analysis

Tryptic separation of the digested proteins was carried out
by using an XB C18 AERIS PEPTIDE (150 · 2.1 mm, 5 mm)
column (Phenomenex, Torrance, CA) equipped with a pre-
filtering column. Eluting mixtures included solvents A (0.1%
aqueous FA, v/v) and B (0.05% FA, 100% acetonitrile, v/v)
delivered under gradient elution at the flow rate of 200mL/
min. Gradient was set as follows: 0 min 2% solvent B, 4 min
2% solvent B, 150 min 90% solvent B, 155 min 90% sol-
vent B, and 170 min 2% solvent B.

The mobile phase was delivered by a Dionex Ultimate
3000 chromatographic system (Dionex Corporation, San
José, CA) equipped with a 100-vial capacity sample tray.
The volume of the injected samples was 5 mL. Qualitative
protein analysis was obtained by mass spectrometry using
an LTQ linear ion trap-Orbitrap XL instrument (Thermo-
Scientific Corporation, San José, CA), equipped with ESI
(ionization electrospray source) interface and controlled by
Xcalibur software.

Optimized conditions of the interface were as follows:
ESI voltage 3 kV, capillary voltage 13 V, capillary temper-
ature 275� C, tube lens 100 V, sheath gas flow, auxiliary gas
flow, and sweep gas flow delivered at 40, 10, and 5 arbitrary
units, respectively. In the first scan event (full scan), the m/z
window was 200–2000 with a resolution of 30,000. The four
highest m/z ratios over threshold of 1000 counts were
selected for collision-induced dissociation in the ion trap,
with normalized collision energy of 35% in the collision cell.

LC-MS/MS SRM analysis

Relative quantitative analysis of SM proteins was carried
out by LC-selected reaction monitoring (SRM)-MS/MS
targeted analysis. Each SM tryptic solution was eluted by
using a C18 Gemini (250 · 2.00 mm, 3 mm) column (Phe-
nomenex) equipped with a C18 prefiltering column. An
elution system based on a solvent gradient (solution A: 0.1%
aqueous FA [v/v]/solution B: 0.08% FA in acetonitrile [v/v])
was delivered at 0.2 mL/min. The gradient elution program
was as that described in the previous section. The mobile
phase was delivered by the Agilent HP 1200 chromato-
graphic system (Agilent Technologies) equipped with a 100-
vial capacity sample tray.

Injection volume was 10mL. A QTRAP 4000 triple quadru-
pole mass spectrometer (ABSCIEX, Foster City, CA), equipped
with a pneumatically assisted ESI interface, was used. The
sheath gas (nitrogen, 99.999% purity) and the auxiliary gas
(nitrogen, 99.998% purity) were delivered at flow rates of 45
and 5 arbitrary units, respectively. Optimized conditions of the
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interface were as follows: ESI voltage 5.5 kV, capillary voltage
50 V, and capillary temperature 350�C. Experiments were
performed under positive ion-SRM conditions using nitrogen as
collision gas (pressure of 2.1 · 10-3 mbar) and a 20 ms-dual
time for each transition monitored.

Data analysis, bioinformatics, and quantitative
evaluation of ECM peptides

LC-LIT-Orbitrap XL data were processed using PEAKS
X+ software (Bioinformatics Solutions, Inc., Waterloo,
Canada) and Uniprot as protein database (www.uniprot.org,
protein sequence database; sus scrofa) setting trypsin as
digestion mode with three as maximum number of post-
translational modifications per peptide, no limit to possible
modifications and false discovery rate active. For SRM-
targeted analysis, in silico evaluation of protein sequences
was performed as follows: FASTA protein sequences were
obtained from Uniprot Porcine proteome database, and SRM
transitions for each protein were simulated by Skyline (v.
20.1; SCIEX, Redwood City, CA), setting trypsin as diges-
tion mode with no missed cleavage and carbamidomethy-
lation of cysteines as structural modification.

Uniqueness of candidate peptide sequences was assessed
by BLASTp tool (basic local alignment search tool; www
.ncbi.nml.nih.gov NCBI BLAST) search (algorithm: blastp;
ATRIX PA 30; GAP COASTS: existence 10, extension 1;
DATABASE: nonredundant protein sequences) from NCBI
(National Center for Biotechnology Information, Bethesda,
MA). LC-MS/MS SRM data were analyzed using the Ana-
lyst v 1.4 software, and integrations of the peak areas were
obtained by the MultiQuant program (version 2.1; ABSCIEX).

All samples were processed with the same extraction
protocol resulting in the final clean tryptic digests ready for
LC-MS/MS analysis. Relative quantitation of SM peptides
was achieved through normalization of data with respect to
total protein content measured for each sample by Bradford
analysis before enzymatic digestion and expressed as the
value of the area (intensity of ionic current or cps/min)
under each MS peak. This unit of measurement was reported
as ‘‘scientific notation’’ or E series.

Statistical analysis

Differences in ng DNA/mg wet weight between controls
and decellularization protocols were calculated after an ini-
tial estimate of the sample dry weight, based on the assump-
tion of a 60% decrease in the experimentally recorded
weight, as currently accepted. Then using a 2 · 2 chi squared
test, ng DNA/mg dry weight above or below a threshold
recommended as ideal for decellularization15 was compared.
In contrast, differences in the quantity of cumulated SM col-
lagens and proteins, and selective SM elastin, fibrillin,
decorin, and laminin sequences between decellularization
protocols were determined using one-way analysis of vari-
ance. All results were considered significant if p < 0.05.

Experiment

Both control and treated tissue samples were subjected to
the methods previously detailed.

Figure 1 shows that irrespective of the decellularization
protocol, all treated samples resulted devoid of visible cel-

lular material as opposed to control tissues retaining the
native parenchymal and vascular structure. In intact kidney,
renal glomerula were surrounded by convoluted tubules as
compared with the absence of any recognizable cellular
structure in decellularized matrices, consisting of a fibrous
stromal network. Similarly, in intact live, blood vessels were
surrounded by parenchymal trusses as compared with the
absence of any recognizable cellular structure in the decel-
lularized matrices, depicting the stromal scaffold of cellular
cords and vessels.

In control pancreas, cords of exocrine pancreatic cells
were well preserved as compared with decellularized
matrices, retaining the tissue stromal structure including that
of blood vessels. Finally, as in the control skin, the dermal
structures were readly recognized in decellularized tissues,
that exhibited a dermal fibrous structure and walls of blood
vessels.

Figure 2 shows the ultrastructural appearance of decellu-
larized tissue matrices. Irrespective of the decellularization
protocol applied and SEM technology used, all decellular-
ized tissues depicted a well-preserved 3D stromal architec-
ture devoid of any visible cellular residue, while retaining
stromal septa and spaces of presumptive vascular conduits
and corpuscular annexa. Indeed, in all types of matrix,
random linear measurements revealed open lumina (30–
200mm in diameter), anatomically compatible with either
small blood vessels and their curling up (kidney, liver,
pancreas) or cavities of annexa like hair follicles (skin).

Figure 3 shows that the majority of decellularized tis-
sues reached a statistically significant reduction in residual
DNA with respect to the already low level of DNA in
control tissues, the latter as an expected result of the quick
defrost of the frozen samples. Indeed, the thawing proce-
dure was per se able to favor abundant detachment of cells
by the SM, up to reduce tissue DNA below the ideal thresh-
old of 50 ng DNA/mg dry weight (corresponding to 41.5 ng
DNA/mg wet weight) in control kidney and pancreas. How-
ever, using the SDS-based protocol (Sol 1), a statistically
significant reduction of matrix DNA was achieved in kid-
ney, liver, and skin with respect to controls. In contrast,
using the TX100-based protocol (Sol 2), a statistically sig-
nificant reduction of matrix DNA was achieved in pancreas
and skin.

Supplementary Table S1 shows that using LC-LIT-
Orbitrap XL analysis, collagens types I–VI, XII, XIV and
laminin subunits alpha 5, beta 1, and beta 2 were readily
identified. Among different SM, a peculiar distribution of
these molecules was observed, variable in dependence on
the organ analyzed and within the same type of organ rela-
ted to the detergent used for decellularization. However,
irrespective of the decellularization detergent, sharing of
identical molecules between organs accounted for only 3.7%
of the total detected proteins, highlighting conservation
of the structural uniqueness of each SM with respect to its
native tissue.

Supplementary Table S2 highlights in bold the peptide
sequences tested using LC-MS/MS SRM analysis. Among
the numerous available, only those having the best charac-
terized chromatographic peaks were selected for quantifica-
tion and comparison between decellularization procedures.

Figure 4 shows that in all matrices except pancreas, a
higher statistically significant collagen retention was observed
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with Sol 2 as opposed to Sol 1. In contrast, Figure 5 shows
the semiquantitative cumulated results of all subunit/
isoforms of the stromal (SM) proteins, in all matrices. In
particular, a statistically significant higher amount of these
SM proteins was retained using Sol 1 as opposed to Sol 2.

Finally, Figure 6 shows that in all organ matrices, a sta-
tistically significant higher amount of fibrillin was retained
using Sol 1; similarly in liver, pancreas, and skin, also elas-
tin (isoforms X1–X26) was equally preserved at a higher
statistically significant level using Sol 1. However, only in
liver, decorin remained at a higher statistically significant
level using Sol 1. At variance, laminin (subunit alpha 5
isoforms X1 and X2) was never retained to either a statis-
tically significant level or even to a simply detectable level
in any of the tested matrices and irrespective of the protocol
used.

Discussion

Collagens and proteins/proteoglycans such as elastin, fi-
brillin, decorin, and laminin represent key ECM molecules
for 3D organ reconstruction in tissue engineering based on
recellularization of decellularized organ’s matrices with
stem cells/progenitors.24 Depending on the molecular
composition of the decellularized SM, different patterns of
cell self-assembly can be expected during ex situ organ re-
construction.25,26 In addition, the availability and quantity of
SM collagens depend on the decellularization procedure
and primarily by the chemical detergents used for cell
detachment/removal, as we have recently shown in decel-
lularized rat thyroid matrices.14

Therefore, based on a common and standard physical
approach for quick breaking of cell–matrix fibrous bonds

FIG. 1. Light microscopic evidence for removal of cellular debris in decellularized matrices: (A) control kidney (asterisk
shows a glomerulus), (B, C) decellularized kidney treated with Sol 1 (B) and Sol 2 (C). (D) Control liver, (E, F)
decellularized liver treated with Sol 1 (E) and Sol 2 (F); (G) control pancreas, (H, I) decellularized pancreas treated with
Sol 1 (H) and Sol 2 (I); (J) control skin, (K, L) decellularized skin treated with Sol 1 (K) and Sol 2 (L). Red size markers:
(A, C, D, H, I, J) = 150mm; (B, G) = 50 mm; (E, F, K, L) = 400mm. Each image refers to a prototypical tissue sample. bv,
blood vessels; Sol 1, Solution 1; Sol 2, Solution 2.
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and cleaning of the SM from cellular debris, we have focu-
sed on the role played by two different and widely used
chemical detergents (SDS and Triton-X) in influencing
availability and quantities of SM proteins in decellularized
3D matrices of pig. This, with the intent to provide SM
models suitable for 3D reconstruction of human organs for
transplantation replacement10 and to initiate a standardi-
zation of the decellularization method for eventual human
applications.

To this aim, we decided to use identical concentrations and
times of application of the detergent solutions. In this manner,
it has been possible to readily verify the effects of the deter-
gents on a number of structural parameters of the decellular-
ized matrices, potentially relevant for their recellularization.

Remarkably, both SDS- and TX100-based preparations
led to a light microscopic and ultrastructural evidence of

comparable and adequate preservation of the 3D SM fibrous
structures, and apparent removal of all cell nuclear material.
However, more detailed analysis of the residual DNA con-
tent revealed that only the skin matrix reached a satisfactory
DNA removal, that is, below the internationally accepted
threshold of 50 ng DNA/dry weight15 with either SDS or
TX100. Specifically, the ionic detergent SDS is ideal for
protein denaturation as opposed to the nonionic detergent
TX100 whose properties favor rupture of lipid–protein and
lipid–lipid interactions.27

Since pancreas has the highest lipid content with respect to
liver and kidney in both pig and man,28,29 it is presumed that
the highest efficiency of TX100 on the pancreatic matrix en-
sued from its more striking lipolytic action as opposed to SDS,
which proved to be more effective in tissues such as kidney
and liver harboring an abundant protein concentration.30

FIG. 2. SEM evidence for removal
of cellular debris in decellularized
matrices: (A) kidney cross section
treated with Solution 1—Sol 1;
(B) kidney cross section treated with
Sol 2; (C) liver cross section treated
with Sol 1; (D) liver surface treated
with Sol 2; (E) pancreas cross section
treated with Sol 1; (F) pancreas cross
section treated with Sol 2: (G) skin
surface treated with Sol 1; (H) skin
cross section treated with Sol 2. Size
markers: (A, C, E, G) = 100mm;
(B) = 25 mm; (D) = 15 mm; (F) = 25 mm;
(H) = 100 mm. Each image refers to a
prototypical tissue sample. SEM,
scanning electron microscopy.
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In addition, since nuclear lipids give rise to a ‘‘morpho-
functional shelter’’ to nucleic acids instrumental to DNA
translation and gene transcription,31 inadequate removal of
lipids from the nuclear compartment may have contributed
to an insufficient denaturation of the DNA helix, which
remained entrapped inside its natural lipid scaffold.32 At a
tissue level, these assumptions are confirmed by the ability
of both detergent solutions to yield a satisfactory DNA
removal from the skin matrix whose very rich lipid layer was
detached by pretreatment with a lipid solvent (2-propanol
70%).

The key role played by the detergents in the preparation
of each organ’s matrix was further confirmed by mass spec-
trometry analysis. In particular using TX100, collagen types
I–VI were better retained in liver, kidney, and skin, whereas
no differences were observed in pancreas as compared with
SDS. Collagen types I, II, III, and V play a key role in
ensuring tensile strength and 3D stability of the SM includ-

ing their 3D assembly with fibril-associated collagen types
XII and XIV.4 Differently, collagen type IV is a network-
forming collagen residing in the BM where it forms a retic-
ular network to promote cell attachment and connection to
other local proteins.33–35

Finally, collagen type VI is particularly abundant in paren-
chymal organs such as the kidney glomerulus, and involved
in both mechanical and cell growth-regulating activities.17

Therefore, we suggest that availability of these collagens
may play a critical role during 3D ex situ recellularization
of matrices requiring a specific 3D geometry for organ’s
strength. This is the case of in vivo liver, kidney, and skin
dealing with anatomical constraints and/or dynamic insults
as opposed to pancreas, which is physically protected in the
abdomen by the surrounding viscera.

As a consequence, a TX100-based decellularization pro-
tocol would ideally fit with the preparation of liver, kid-
ney, and skin 3D matrices. In the liver, then, this approach

FIG. 3. Distribution of residual nuclear
material (DNA) in decellularized matrices as
compared with quickly RT-thawed control
tissues. Each bar represents a single
representative tissue sample, thus no error
bar is depicted. *p < 0.05; NS, not
statistically significant; RT, room
temperature.

FIG. 4. Cumulated
distribution of collagens
types I–VI (including their
isoforms) in each decellular-
ized tissue using Sol 1 (SDS-
based protocol) versus Sol 2
(TX100-based protocol), as
determined by LC-MS/MS
SRM analysis. *p < 0.05;
data are the mean – SD of
three independent samples.
LC-MS/MS, liquid chroma-
tography/mass spectrometry;
SD, standard deviation; SDS,
sodium dodecyl sulfate;
TX100, Triton X-100.
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additionally favored high conservation of the interstitial
proteoglycan decorin, able to regulate endothelial cell auto-
phagy and cell proliferation,7 two functional properties
shared with collagen type IV33 to ensure structural stability
of the wide hepatic vascular field, as confirmed in recent
studies on mammalian liver and kidney.36–38

Differently, using SDS, a better conservation occurred
to all the identified elastin isoforms (except for kidney) and
fibrillin in all matrices tested. Elastin and its associated
protein fibrillin regulate elastic module and deformability
of the SM through mechanochemical interactions with a
number of extracellular glycoproteins to ensure adequate
tissue remodeling during organ’s regeneration.5,6 There-
fore, our results suggest that an SDS-based protocol would
ideally fit for the 3D ex situ recellularization of matrices
requiring an high deformability for in vivo organ’s activity

such as skin, but also viscera, enriched with arteries includ-
ing liver, kidney, and pancreas might equally benefit of it.

Finally, none of the two protocols tested was able to
retain the glycoprotein laminin (subunit alpha 5 isoforms X1
and X2) in any of the matrices studied. Laminin anchors the
BM to the SM, and promotes homing and survival of stem
cells in their local tissue niche,8 indeed, it has been found to
in vitro stimulate morphogenesis of pancreatic endocrine
islets from mouse pancreatic ductal cells in vitro,39 sug-
gesting that its loss in decellularized matrices might hamper
growth and differentiation of precursor cells during recellu-
larization. Thus, different and/or less aggressive decellulari-
zation approaches should ideally be developed to sufficiently
preserve laminin in all these matrix types, particularly if
recellularization is planned to occur using stem cells/pro-
genitors.

FIG. 5. Cumulated
distribution of stromal
proteins (including their
subunits/isoforms) elastin,
fibrillin, decorin, and laminin
in each decellularized tissue
using Sol 1 (SDS-based
protocol) versus Sol 2
(TX100-based protocol), as
determined by LC-MS/MS
SRM analysis. *p < 0.05;
data are the mean – SD of
three independent samples.

FIG. 6. Selective distribution of the stromal proteins elastin (isoforms X1–X26), fibrillin, decorin, and laminin (subunit
alpha 5 isoforms X1 and X2) in each decellularized tissue using Sol 1 (SDS-based protocol) versus Sol 2 (TX100-based
protocol), as determined by LC-MS/MS SRM analysis. *p < 0.05; data are the mean – SD of three independent samples,
except for laminin in liver and skin where it was found only in one single sample.
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In conclusion, our study has enlightened the very selec-
tive action of two widely used chemical detergents in tissue
decellularization, SDS and TX100. Starting from a common
tissue-breaking and similar washing steps through micro-
wave irradiation, we showed that relevant quantitative dif-
ferences occurred to key fibrous and nonfibrous extracellular
and/or basal membrane proteins of porcine liver, kidney,
pancreas, and skin in dependence on the detergent used.

Since pig matrices may find application in transplanta-
tion therapy as natural scaffolds for engineering of human
organs, and each detergent allows for saving selective mor-
phoregulatory and mechanochemical ECM patterns, hints
have been provided for optimized preparation of these 3D
matrices eventually to be used as tools for recellularization
of 3D bioartificial human organs.
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