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Organ decellularization is one of the most promising approaches of tissue engineering to overcome the shortage
of organs available for transplantation. However, there are key hurdles that still hinder its clinical application,
and the lack of hemocompatibility of decellularized materials is a central one. In this work, we demonstrate that
Custodiol (HTK solution), a common solution used in organ transplantation, increased the hemocompatibility of
acellular scaffolds obtained from rat livers. We showed that Custodiol inhibited ex vivo, in vitro, and in vivo blood
coagulation to such extent that allowed successful transplantation of whole-liver scaffolds into recipient animals.
Scaffolds previously perfused with Custodiol showed no signs of platelet aggregation and maintained in vitro and
in vivo cellular compatibility. Proteomic analysis revealed that proteins related to platelet aggregation were
reduced in Custodiol samples while control samples were enriched with thrombogenicity-related proteins. We
also identified distinct components that could potentially be involved with this anti-thrombogenic effect and thus
require further investigation. Therefore, Custodiol perfusion emerge as a promising strategy to reduce the
thrombogenicity of decellularized biomaterials and could benefit several applications of whole-organ tissue
engineering.

1. Introduction
Chronic liver diseases affect a large portion of the global population.
In recent years, the number of patients affected with liver-related dis
eases has increased, and probably liver cirrhosis will be among the most
important causes of death [1,2]. Currently, liver transplantation is the
only effective treatment for end-stage liver diseases. Still, this treatment
is limited by the shortage of organs and other problems, such as high cost
and lifelong immunosuppression [3]. In front of this scenery,

regenerative medicine and tissue engineering devised new strategies
that could overcome these critical problems [4]. A potential candidate is
the acellular liver scaffold (ALS) based on decellularized liver extracel
lular matrix (ECM) [5], which preserves the biomechanical properties,
architecture, and vascular spaces of the original organ [6]. These par
ticularities have been demonstrated for several organs such as the heart
[7], lung [8], kidney [9], placenta [10], and liver [11], as well in tissues
such as skin [12], intestinal mucosa [13], and heart valve [14]. Most of
these scaffolds can be transplanted in recipient animals, including mice
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[15], rats [16], and pigs [17]. However, even under anti-coagulation
administration, thrombus formation has been reported during trans
plantation steps [18–20]. As coagulation can be considered one of the
major challenges to obtaining functional bioengineered livers [24],
many works are now proposing strategies to reduce it. Endothelization
[21], layer-by-layer electrostatic heparin immobilization [22], anti
bodies conjugations [17], and other tools [23] are among the recently
proposed solutions. However, these strategies involve many technically
challenging steps, and long-term in vivo evaluation must be further
investigated to evaluate long-term hemocompatibility posttransplantation. Here, we provide a new strategy to improve the
hemocompatibility of ALS. In this study, we reported that the dilution of
blood with Custodiol (histidine-tryptophan-ketoglutarate - HTK solu
tion) reduces the thrombogenicity of ALS. Custodiol is a leading organ
storage solution composed of histidine, tryptophan, ketoglutarate,
mannitol, and a low concentration of several electrolytes (Table 1).
Since 1982 [25], Custodiol has been used as a cardioplegic solution in
cardiac surgery because of the low Na+ and high K+ concentration [26].
Furthermore, several works use Custodiol solution for kidney, pancreas,
lungs, and liver preservation before organ transplantation [27]. It has
been shown that Custodiol provides protection against cold ischemia by
reducing oxidative stress and alleviating inflammatory response to
reperfusion steps [25]. The effectiveness of graft preservation has been
previously demonstrated in experimental studies and retrospective
clinical studies, even when prolonged ischemic times occurred [28–30].
As a perfusion solution, Custodiol can fill the whole vascular bed and
efficiently promote organ rinsing, reproducing many blood properties.
[31] The proposed mechanism for preservation is based on the inacti
vation of cell metabolism due to the removal of sodium and calcium
from the intracellular environment in combination with the buffering of
the extracellular environment. Histidine and histidine chlorides lead to a
prolonged state of ischemic tolerability, while tryptophan provides
protection and balance to cell membranes besides increasing buffering
capacity. The alpha-ketoglutarate serves as a substrate for anaerobic
energy production during the ischemic induction period, and mannitol
works as an osmotic agent in the extracellular environment, avoiding
cellular edema [32]. In this work we evaluate whether Custodiol can
reduce the thrombogenicity of ALS. We performed ex vivo ALS blood
perfusion, coagulation assays, platelets aggregation assays, recellulari
zation, proteomic analysis, and in vivo transplantation to reach this aim
(Fig. 1). This is the first study reporting the antithrombogenic effect
provided by Custodiol perfusion on decellularized scaffolds. Since
optimal hemocompatibility is essential for the use of decellularized
scaffolds in vivo applications, our work contributes to the advancement
of organ engineering strategies based on decellularized tissues, a
promising strategy to increase the availability of organs in the future.

2. Materials and methods
2.1. Animals
All animal experiments and protocols were performed according to
the guidelines approved by the Animal Ethics Committee of Health
Science Center of Federal University of Rio de Janeiro, Brazil (076/18
and 097/20). Forty-eight male and female Wistar rats with ages ranging
from 8 to 12-week-old were used. The animals were randomly distrib
uted in two groups: liver donor rats (n = 24) and blood donor rats (n =
24). Animals were kept at a 12-hour light/darkness cycle, 25 ◦ C tem
perature, and 55 ± 5% humidity. During the experiment, the rats were
fed standard pellet and water ad libitum. Anesthesia was induced by
inhalation of 3–4% isoflurane (Isoforine®, Cristália, Brazil) and main
tained by inhalation of 1–2% isoflurane. All rats were given oxygen at a
dose of 0.3–0.5 L/min.
2.2. Liver procurement
The animals (n = 24) were heparinized with 100UI of heparin
(Hemofol®, Cristália, Brazil) 15 min before the surgical procedures.
Then, the donor rats were placed in a chamber for induction of anes
thesia with a mix of 2% isoflurane and oxygen (1–2 l/min). After the
installation of anesthesia, the abdominal wall was shaved and dis
infected with 70% alcohol. A transverse abdominal incision was made to
expose the xiphoid process, and the laparotomy was performed. The
small intestine was placed on the left side of the abdominal cavity to
expose the abdominal aorta, and the portal vein (PV) was isolated and
cannulated with the aid of a 24-gauge catheter (Angiocatch®, BD,
Brazil). After PV cannulation, 5 mL of Custodiol (Contatti Medical,
Brazil) solution was manually perfused in the liver. Subsequently,
inferior, and superior vena cava, bile duct, and other vessels connected
with the liver were cut off. Finally, the cardiac and falciform ligaments
and other liver attachments were separated, cut off, and the liver was
carefully excised and placed in a 60 mm sterile Petri dish.
2.3. Liver decellularization
Harvested rat graft livers (n = 24) were decellularized as previously
described [33]. Briefly, the liver was followed by cell-ECM detachment
using perfusion with water and 1% Triton X-100 (Sigma-Aldrich, USA)
solution through the portal vein for 2 h each solution. Subsequently, for
18–24 h, a 1% Sodium Dodecyl Sulfate (SDS) (Synth, Brazil) solution
was perfused until all cells were removed. Then, the livers were washed
with water for 2 days to eliminate residual detergents. After that, the
decellularized liver scaffold was perfused with 1% amphotericin b, 1%
penicillin, and streptomycin (Sigma-Aldrich, USA) for 1 h. The perfusion
was performed by a peristaltic pump (Masterflex Cole Parmer L/S,
Model 7522-20) by portal vein at the speed of 3 mL/min. After decel
lularization, acellular liver scaffolds (ALS) were used for ECM charac
terization (n = 3), ex vivo blood perfusion (n = 6), in vitro
recellularization (n = 3), in vivo transplantation (n = 6) and proteomics
analysis (n = 6).

Table 1
Composition of the plasma, PBS and Custodiol solution.

pH
Osmolarity
Na+
K+
Mg2+
Ca2+
Cl−
HPO4−
Ketoglutarate
Histidine
Mannitol
Tryptophan

Plasma (mmol/
L)

PBS (mmol/L)

Custodiol (HTK Solution)
(mmol/L)

7.35–7.4
275–300
(mOsm/L)
142
5
1.5
2.5
103
1
–
–
–
–

7.4
280–315
(mOsm/L)
159
2.7
–
–
139.7
12
–
–
–
–

7–7.2
310 (mOsm/L)

2.4. Histological analysis

15
10
4
0.015
50
0
1
198
30
2

Normal liver and ALS biopsies were formalin-fixed (4%) for 48 h,
paraffin-embedded, and sectioned (5 μm) for histological analysis (n =
3). To analyze the general morphology, sections were stained with he
matoxylin and eosin (H&E) (Merck, Brazil). To investigate the deposi
tion of intravascular red blood cells, sections were stained with Masson's
trichrome. The sections were analyzed, and the images were obtained
using Pannoramic MIDI II microscopic and scanner (3DHISTECH Ltd.,
Hungria).
2
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Fig. 1. Experimental design. Donor Wistar rats were submitted to surgical procedures to performed liver procurement. After obtention, liver grafts were decellu
larized with water, Triton X-100 and SDS to produced acellular liver scaffold (ALS). Then, the ALS were submitted to histological, ultrastructural and DNA analysis.
Ex vivo ALS blood perfusion diluted in Custodiol or in PBS were performed. Then, the blood samples were submitted to coagulation and platelet aggregation tests.
After Custodiol perfusion, in vivo heterotopic and orthotopic ALS transplantation were performed. Finally, ALS perfused with blood and Custodiol were submitted to
recellularization and proteomic analysis.

2.5. Scanning Electron Microscopy (SEM)

PBS 1× (at room temperature). The solutions were gently mixed three
times by inversion, and we performed ALS perfusion with 1) rat blood
diluted in Custodiol solution (1:4) (n = 3) and 2) rat blood diluted in PBS
1× (1:4) (n = 3). The ALS blood perfusion was performed using a
peristaltic pump (Masterflex Cole Parmer L/S, Model 7522–20) through
the portal vein at 3 mL/min for 1 h. After blood perfusion, in both cases,
ALS perfused with blood diluted in Custodiol or PBS samples were ob
tained and submitted to histological, ultrastructural, and proteomic
analysis.

The normal liver and ALS sections were washed three times with 0.2
M PBS (pH 7.2) (LGC Biotecnologia, Brazil) and fixed in 0.2 M sodium
cacodylate buffer (Electron Microscopy Science, USA) containing 2.5%
glutaraldehyde (Sigma-Aldrich, USA) at 4 ◦ C for 24 h prior to electron
microscopic observations. The specimens were washed three times in
sodium cacodylate buffer (pH 7.2) to remove the glutaraldehyde; they
were then dehydrated through an ascending alcohol series (30%, 50%,
70%, 90%, and 100%). The fragments were subsequently dried in a
critical point dryer (CPD2; Tousimis, Cambridge, MA, USA), coated with
gold in an ion-sputtering apparatus (Sputter Coater 108; Cressington,
Watford, UK), and observed using a scanning electron microscope (1450
VP, LEO Electron Microscopy Ltd., Clifton Road, UK). The images pro
duced were qualitatively analyzed.

2.8. ALS in vitro recellularization
After ALS perfusion with rat blood diluted in Custodiol, the ALS was
recellularized (n = 3). HepG2 cells were cultured in Dulbecco's Modified
Eagle Medium (DMEM) (LGC Biotecnologia, Brazil) culture medium
with 10% of fetal bovine serum (Gibco, USA). The ALS was perfused
with 3 × 107 HepG2 cells suspended in 10 mL of DMEM culture medium.
The cells were perfused through PV, and then the scaffold was submitted
to an in vitro perfusion culture chamber. The cannula inserted into the
PV of the recellularized graft was connected to a recirculation system
and continuously perfusion with 250 mL of culture medium for 7 days.
The perfusion culture chamber was connected a peristaltic pump
(Masterflex Cole Parmer L/S, Model 7522-20), and a flow rate of 3 mL/
min was used. The perfusion culture medium samples were collected
every other day to posterior albumin content measure.

2.6. DNA content analysis
DNA was isolated from 25 mg (dry tissue) of control and acellular
liver scaffold tissue (n = 3) and detected by DNeasy® Blood & Tissue Kit
(Qiagen, Germany). Then, the samples were read at NanoDrop 2000C
(Thermo Fisher Scientific, USA).
2.7. Ex vivo blood perfusion
The ALS was placed in a 60 mm Petri dish, and the PV catheter was
attached to a 016G pump tubing (Masterflex, USA). For blood harvest,
donor rats (n = 6) were previously heparinized (100UI), and 10 mL of
blood was collected through the superior vena cava and placed in 50 mL
tubes (Falcon, Brasil) containing 40 mL of Custodiol solution or 40 mL of

2.9. Recellularized ALS albumin production analysis
Albumin content in the recellularization medium was measured
using a rat albumin enzyme-linked immunosorbent assay (ELISA)
3
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quantification kit (Bethyl Laboratories, Montgomery, TX) according to
the manufacturer's instructions (n = 3).

Spring Bioscience, California, USA) for 1 h. After incubation with
streptavidin (SPD-060 - Spring Bioscience, USA) for 1 h, the reaction was
stopped with 3.3-diamino-benzidine (DAB) (SPD-060 - Spring Biosci
ence, California, USA). The sections were analyzed, and the images were
obtained using Pannoramic MIDI II microscopic and scanner (3DHIS
TECH Ltd., Hungria).

2.10. Clotting assays
The following clotting assays were performed according to the
manufacturer's specifications: activated partial thromboplastin time
(aPTT) (Biolab-Merieux AS, Rio de Janeiro, Brazil), thrombin time (TT)
(5NIH U/mL human thrombin; Diagnostica Stago, Asnières, France),
and prothrombin time (PT) with polybrene-free thromboplastin (Diag
nostica Stago).

2.14. Sample preparation for proteomics
ALS samples perfused with blood diluted in PBS (n = 3) or Custodiol
(n = 3) were frozen in liquid nitrogen and stored at − 80 ◦ C. After
thawing, proteins were extracted using a modified sequential extraction
method as described by Massey et al. [36] (Suppl. Fig. 1). See the sup
plementary material for a complete description. Modifications were
made to avoid precipitation steps, which can lead to ECM protein ag
gregation. Briefly, samples were washed five times with 1× PBS, 25 mM
EDTA, and a protease inhibitor cocktail (PI, Roche cOmplete) and
extracted with three different buffers in sequence: (I) 0.5 M NaCl, 10 mM
Tris-HCl, 25 mM EDTA, and 1× PI (II) 1% (w/v) sodium deoxycholate
(SDC), 25 mM EDTA, 50 mM ammonium bicarbonate, and 1× PI and
(III) 4 M guanidine HCl (GuHCl) and 50 mM sodium acetate, pH = 5.8.
The fraction extracted with buffer I was discarded as it contained mainly
blood. Protein concentration was measured using the Pierce™ BCA
(Thermo Fisher Scientific, USA), and the supernatants of each extraction
were reduced with 10 mM DTT at 60 ◦ C for 60 min and alkylated with
20 mM iodoacetamide at room temperature for 60 min. An aliquot
containing 100 μg of proteins was digested with trypsin (50:1,
Sequencing Grade Modified, Promega, USA) at 37 ◦ C for 16 h. The
digestion was stopped by adding 0.5% (v/v) trifluoroacetic acid and this
precipitated sodium deoxycholate, which was removed by partitioning
with ethyl acetate twice. Peptides were cleaned using in-house C18 stage
tips [37], dried in a rotary evaporator, and redissolved in 5% (v/v)
acetonitrile and 1% (v/v) formic acid to a final concentration of 0.25 μg/
μL. The peptide concentration was determined using the fluorometric
Qubit protein assay (Invitrogen, USA).

2.11. Platelet aggregation assays
Platelet-rich plasma (PRP) was obtained from rat blood using 3.2%
sodium citrate as an anticoagulant in a 1:10 proportion. Washed rats'
platelets, as well as isolated platelets, were prepared from PRP collected
on the same day of the experiment using a previously described protocol
[34], with minimal changes. Briefly, the blood with the addition of 10%
ACD (85 mM sodium citrate, 110 mM D-glucose, and 71 mM citric acid)
was centrifuged at 260 ×g for 20 min. The obtained PRP was treated
with 100 ηg/mL PGI2 and then centrifuged at 1100 ×g for 10 min to
recover the platelet pellet. The platelet pellet was resuspended once in a
mixture of 1:8.3 ACD and Tyrode buffer (129 mM NaCl, 20 mM HEPES,
12 mM NaHCO3, 2.9 mM KCl, 1 mM MgCl2 and 0.34 mM Na2HPO4, pH
7.3), plus 5 mM glucose. Upon additional centrifugation at 1100 ×g for
10 min, the platelet pellet was finally resuspended in Tyrode-Glucose
buffer without ACD. Analysis of platelet aggregation was performed in
a light transmission aggregometer from EasyAgreg, under constant
magnetic stirring at 37 ◦ C in glass cuvettes. Platelet samples left un
treated or preincubated with Custodiol were stimulated with different
agonists (4,4uL ADP 20 mM, 1uL Collagen 1 mg/mL and 5uL Thrombin
40 UI/mL) obtained from Chrono-Log (Chrono-Log Corp., PA, USA).
Acetylsalicylic acid (AAS) 4.8 mM was used as a positive control. All
experiments (n = 3) were performed in triplicate and data are expressed
as the mean. ± standard deviation. The extent of platelet aggregation
was continuously monitored for 10 min [35].

2.15. Liquid chromatography and mass spectrometry
Samples (8 μL) were injected in duplicate in an EASY-nLC 1000
(Thermo Fisher Scientific, USA) with a pre-column (2 cm length, 100 μm
I.D., packed in-house with ReproSil-Pur C18-AQ 5 μm resin – Dr. Maisch
GmbH HPLC) and a New Objective PicoFrit® Column (25 cm length, 75
μm I.D., packed in-house with ReproSil Gold 3 μm resin – Dr. Maisch
GmbH HPLC) at 250 nL/min using phase A (5% acetonitrile and 0.1%
FA) and phase B (95% acetonitrile and 0.1% FA). The elution had 90 min
and consisted of five steps: (I) 20 min gradient from 5% to 22% phase B,
(II) 40 min gradient from 22% to 35% phase B, (III) 10 min gradient
from 35% to 50% phase B, (IV) 10 min gradient from 50% to 95% phase
B, and (V) 10 min of isocratic elution at 95% phase B. The system was
coupled with a Q Exactive Plus Orbitrap mass spectrometer (Thermo
Fisher Scientific, USA). MS1 spectra were acquired in positive mode. The
top 20 most abundant ions were selected for fragmentation by CID, and
their MS2 spectra were obtained at 30 NCE, 10,000 signal threshold,
dynamic exclusion of 40 s, m/z 1.4 isolation width.

2.12. ALS in vivo transplantation
To evaluate antithrombotic effects of Custodiol during blood perfu
sion in vivo, ALS were first perfused with Custodiol (5 mL) and then were
transplanted heterotopically (n = 3) and orthotopically (n = 3) into a
heparinized (100UI) recipient Wistar rats as previously described [32].
To perform heterotopic transplantation, the ALS was connected by re
ceptor circulation post PV and renal artery (RA) and IVC and renal vein
(RV) end-to-end anastomosis. To perform orthotopic transplantation,
receptor animals were submitted to partial hepatectomy (10%) of me
dian lobe and subsequently ALS transplantation, after continuous suture
with 6–0 silk suture.
2.13. Immunohistochemistry analysis
For immunohistochemical analyses, following deparaffinization and
rehydration, sections were exposed to hydrogen peroxide (3%) diluted
in PBS. Excess peroxide was removed with PBS + Tween. Antigen
retrieval was achieved by immersing the slides in Tris-EDTA buffer (pH
9.0), followed by immersion in sodium citrate buffer (pH 6.0) in the
microwave (15 min for Tris-EDTA buffer and 8 min for citrate buffer).
The slides were then incubated in bovine serum albumin (3%) in PBS for
1 h to block non-specific antibody binding. Slides were then incubated
with primary antibody for Collagen I (ab6308; Abcam), Collagen III
(ab7778; Abcam), Collagen IV (ab19808; Abcam), Laminin (ab11575;
Abcam), Fibronectin (ab2413; Abcam) and Ki67 (M3064; Spring
Bioscience, USA), overnight at 4 ◦ C. The next day, the slides were
incubated with a biotin-conjugated secondary antibody (SPD-060 -

2.16. Data analysis
Mass spectra were interpreted using Sequest HT in Proteome
Discoverer (v2.4, Thermo Fisher Scientific, USA) and searched against a
Rattus norvegicus reference proteome from UniProt (downloaded in
August/2021) along with a database of common laboratory contami
nants. Trypsin was specified as the proteolytic enzyme, and the
following post-translational modifications were allowed: methionine
oxidation (fixed), proline oxidation (+15.995 Da), and lysine oxidation
(+15.995 Da). The false discovery rate was set at <1% at peptide level
and < 5% at the protein level. Only proteins identified in at least 2 of 3
4
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biological replicates were considered for further analysis, and only
proteins with quantitative values in all biological samples were
considered for quantitative analysis. For quantification, the Extracted
Ion Chromatogram approach was used, performing a relative quantifi
cation according to the peak area of the three most abundant distinct
peptides of each protein. Match between runs was used with a retention
time shift of 5 min. Enrichment analyses were done in DAVID (v6.8)
[38], PANTHER (v16.0) [39], and Metascape [40] using standard pa
rameters and the Rattus norvegicus genome as reference genome. Proteinprotein interaction networks were obtained in STRING (v11.5) [41]
using a high confidence (0.7) and edited using Cytoscape (v3.8) [42] for
better visualization and integration of fold-change and annotation data.

3. Results
3.1. Acellular liver scaffold obtention
Acellular liver scaffolds were obtained after liver rat decellulariza
tion with water, Triton X-100, and SDS detergents. After 18 h of decel
lularization, a translucent, white-colored liver scaffold was observed.
Furthermore, the ALS retained gross anatomical features of the native
liver (Fig. 2A), and the vascular tree was clearly visible (Fig. 2D).
Decellularization efficiently removed DNA from ALS (normal livers:
1813.8 ± 125.6 ng DNA/mg vs. ALS: 19.2 ± 8,03 ng/mg; P < 0.0001)
(Fig. 2G). H&E staining revealed the absence of nuclei and cyto
plasmatic components in ALS (Fig. 2E) in comparison with normal liver
tissue (Fig. 2B). SEM analysis of normal liver (Fig. 2C) and ALS
confirmed cell removal and ultrastructural components preservation in
ALS parenchyma (Fig. 2F). Immunohistochemistry analysis of extracel
lular matrix proteins, collagen I (Fig. 2H and I), III (Fig. 2J and K) and IV
(Fig. 2L and M), laminin (Fig. 2N and O) and fibronectin (Fig. 2P and Q)
indicated, in brown, that these proteins were retained post decellulari
zation process.

2.17. Statistical analysis
Statistical analysis was performed using GraphPad Prism 9 (Graph
Pad Software, La Jolla, CA, USA). Data are described as means ± stan
dard deviations (SD). The comparison between groups was performed
using a paired Student's t-test or one-way ANOVA with Tukey's multiple
comparisons test, and a value of p < 0.05 was used as a significance
threshold.

Fig. 2. Characterization of acellular liver scaffolds. Normal (A) and Acellular liver scaffold (D) obtained post decellularization process. H&E staining showed no
remaining nuclei or cytoplasm (E) in the scaffold in comparation with normal liver (B). Scale bars: 100 μm. Scanning electron microscopy (SEM) image of normal
liver (C) and acellular liver scaffold (F) showing the spaces previously occupied by hepatic parenchymal cells. The quantification of double-stranded DNA revelated
significant reduction in DNA as compared with normal livers (n = 3, Student t-test, p < 0.05) (G). Scale bars: 10 μm. Immunohistochemistry staining of ECM in
normal and acellular liver scaffold sections (H-Q): collagen I (H, I), collagen III (J, K), collagen IV (L, M), laminin (N, O) and fibronectin (P, Q). Scale bars: 100 μm.
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3.2. Custodiol solution avoid blood coagulation during ALS ex vivo
perfusion

with or without Custodiol, were incubated with three different platelets
agonists, and the aggregation process was continuously monitored on
the aggregometer. Custodiol, on average, inhibited platelet aggregation
in 26.8%, 62%, and 86.6% when thrombin, ADP, and collagen were used
as agonists, respectively (Fig. 4A). AAS was used as positive control in
these assays. Custodiol showed similar trends with AAS treatment to
ward inhibiting platelet aggregation when washed rat platelets were
stimulated with collagen. In addition, we observed that Custodiol was
significantly able in inhibiting platelet aggregation promoted by
collagen in comparison with thrombin (P = 0.0009) under experimental
conditions. No significant difference was observed in comparison with
ADP.
SEM micrographs revealed differences between ALS blood perfusion
without (Fig. 4B) and with Custodiol (Fig. 4C) solution. Examples of
SEM micrographs in 800×, 1500× and, 2000× show that platelets and
red blood cells adhered to and were differently distributed throughout
the ALS parenchyma. Whereas a filled ALS parenchyma was observed in
micrographs derived from PBS-diluted blood samples, and empty ALS
parenchyma was observed in Custodiol-diluted samples.

Rat blood was diluted in Custodiol or PBS solution and perfused in
ALS for 1 h through PV (see Supplementary Video 1). The blood diluted
in Custodiol filled the ALS in about 5 min. Initially, the blood filled the
intact portal vasculature, from the main portal vessels to the smaller
capillaries (Fig. 3A, B). After 5 min of perfusion, the whole ALS was
filled with blood (Fig. 3C). No clots were observed during blood diluted
in Custodiol perfusion (Fig. 3D). Furthermore, manipulation, stiffness,
and ALS shape were improved after perfusion with blood and Custodiol
solution (Fig. 3G, H). These results were evident when we compared ALS
perfusion with blood diluted in PBS (Fig. 3E). When the blood fills the
vasculature, we rapidly detected blood coagulation (see Supplementary
Material Fig. S1B, C and Supplementary Video 2). The clots formation
was sufficient to block perfusion and stop the blood flow. Because of
this, the perfusion took more time to fill whole ALS (2 h). In the end,
many clots were observed in the gross appearance of the ALS (Fig. 3F). In
addition, we detected that ALS perfused with PBS was heavier and
thicker than ALS perfused with Custodiol. H&E staining revealed
vascular structures of ALS perfused with PBS were occlude by throm
bosis after 1-h blood perfusion (Fig. 3J). Clots were detected for different
areas of ALS histology sections. Masson's trichrome staining revealed
ALS vessels' collagen fibrils stained by blue with a remarkable intra
vascular deposition of a large amount of red blood cells-stained red in
ALS tissue sections in the absence of Custodiol (Fig. 3L). Whereas no
thrombosis and clots were detected in ALS histology sections post Cus
todiol perfusion (Fig. 3I, K).

3.4. Comparative proteomic analysis of ALS perfused with and without
Custodiol
We identified a total of 901 proteins, 763 of which were present in 2
of 3 biological replicates in at least one condition. Most of the proteins
were identified in both PBS and Custodiol diluted samples, showing
considerable similarity between groups (Fig. 5A). When analyzing in
dividual fractions, less proteins were identified in SDC extracts from
control samples (Fig. 5B). From these, 95 proteins pertained to the
matrisome (the ECM proteome) [43] and represented around 12% of the
sample's protein abundance. A higher proportion of matrisome proteins
was found in GuHCl extracts from control samples. Several collagens

3.3. Custodiol inhibited platelets aggregation
To assess the effect of Custodiol on platelets, washed rat platelets,

Fig. 3. Ex vivo blood perfusion of acellular liver scaffolds. Acellular liver scaffold during perfusion with blood diluted in Custodiol (A,B,C) and after 1 h of perfusion
(D). Gross appearance of the acellular liver scaffold after 1 h of perfusion with blood diluted in PBS (E). Circles indicate clots areas. Image of clots area formed within
the acellular liver scaffold after blood diluted in PBS perfusion (F). Acellular liver scaffold shape before (G) and after (H) perfusion with blood diluited in Custodiol.
H&E staining of acellular liver scaffold perfused with blood + Custodiol (I) and blood + PBS (J). Histological analysis (H&E and Masson's trichrome, respectively)
shows no occlusion or clots in vascular structures of Custodiol group (I, K), whereas in PBS group were ocluded by thrombosis and a large amount of red blood cells
after 1 h of perfusion (J, L). Scale bars: 100 μm and 50 μm. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version
of this article.)
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Fig. 4. Platelet aggregation and ultrastructural analysis assays. Platelet aggregation assays induced by ADP, Collagen and Thrombin. Washed rat's platelets were
stimulated with ADP (20 mM), collagen (2 mg/mL) and thrombin (40 UI/mL) with or without Custodiol or AAS 4.8 mM (A). The extent of platelet aggregation was
continuously monitored for 10 min in the aggregometer and expressed as % inhibition of platelet aggregation (n = 3, One-way ANOVA with Tukey's multiple
comparisons test, ***p < 0.05). SEM micrographs of platelets and erythrocytes adhered to liver scaffold perfused with blood + Custodiol (B) or with blood + PBS.

were identified (I, II, III, IV, V, VI, XI, XII, XIV, and XVIII) and did not
differ significantly between samples. Overall, the SDC extracts were
relatively similar in PBS and Custodiol treated samples, while GuHCl
extracts exhibited more variation inside and among each condition
(Fig. 5C and D).
ALS samples perfused with blood diluted in Custodiol had 27 downregulated and 38 up-regulated proteins compared to PBS-diluted sam
ples (Fig. 6A). Among those, we highlight the downregulation of platelet
glycoprotein 1b (GP1b) and platelet glycoprotein 5 (GPV) and upregu
lation of LMW kininogen, alpha-2 antiplasmin, and fibulin-1. In
Custodiol-diluted samples, 72 proteins were significantly enriched in
SDC extracts while 29 were enriched in GuHCl extract (Fig. 6B). In
contrast, PBS-diluted samples had 34 SDC-enriched proteins and 110
GuHCl-enriched proteins (Fig. 6C). The complete list of identified pro
teins can be found in Supplementary Table 1. Enrichment analysis
highlighted several ontologies and pathways related to blood coagula
tion, platelet activation, and cell adhesion. These annotations were used
along with the fold-change to visualize these changes in the form of a
protein-protein interaction network (Fig. 6D).

quantified. The cumulative albumin production in recellularized liver
scaffold during 7-day culture was 106.9 ± 29.37 ng/mL (P = 0.0220)
(Fig. 7C).
3.6. Custodiol inhibited blood coagulation during in vivo transplantation
To evaluate antithrombotic effects of Custodiol during blood perfu
sion in vivo, ALS was first perfused with Custodiol (5 mL) and then
transplanted heterotopically in receptor Wistar rats (Fig. 8). The Cus
todiol avoided blood coagulation during heterotopic transplantation.
After anastomosis, the blood flowed continuously within the ALS. In few
minutes, the ALS acquired a red colour. No thrombus or clots were
detected during ASL blood circulation connections with the receptor rat
circulatory system. Two hours post-transplantation, the liver graft was
harvested, and histological analyses were realized. H&E staining
revealed the absence of thrombus throughout the liver graft parenchyma
and cell repopulation after transplantation (Fig. 8B, C). Ki67 staining
showed that the cells distributed into liver graft after transplantation
had proliferation capacity (Fig. 8D).
To evaluate long-term Custodiol in vivo cytocompatibility, the ALS
perfused with Custodiol was partially orthotopically transplanted in
receptor Wistar rats after median lobe resection (Fig. 8A). The liver graft
was harvest 30 days post-transplantation and submitted to histological
analysis. We observed whole liver graft recellularization and cell infil
tration after transplantation (Fig. 8E, F). ki67 staining analysis
confirmed cell proliferation ability of the cells distributed into liver graft
previously perfused with Custodiol (Fig. 8G). No thrombus or clots were
detected into liver graft parenchyma 30d after transplantation.

3.5. ALS perfused with Custodiol maintained in vitro cellular
compatibility
HepG2 cells were cultivated in vitro to evaluate the cytocompatibility
of Custodiol solution for 7 days (Fig. 7A). Histological evaluation
revealed that the cells were evenly distributed throughout the paren
chyma after 7 days of perfusion culture (Fig. 7B). To assess the metabolic
activity of recellularized liver scaffold, albumin production was
7
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Fig. 5. Proteomic characterization of ALS perfused with blood. Venn plot showing proteins identified in each condition and in at least 2 biological replicates along
with the list of exclusive proteins (A). Number of proteins identified in each condition and fraction subdivided into matrisome groups (B). Percentual contribution of
matrisome proteins to total protein abundance in each condition and fraction (C). Principal component analysis of individual technical replicates showing a clear
separation between each sample's fraction (D). Heatmap analysis evidencing general quantitative differences between samples (E). Proteins were clustered using
Euclidean method and protein abundances were normalized, scaled and the z-score is shown.

4. Discussion

thrombus formation are frequent and promote a lack of oxygen and
nutrient diffusion resulting in graft failure after transplantation [44]. In
this regard, we have used Custodiol (HTK solution), a leading organ
preservation and storage solution, to improve the hemocompatibility of
decellularized liver scaffolds. In this work, we produced acellular liver
scaffolds able to avoid platelets aggregation during in vivo and ex vivo
blood perfusion. Taking into account the currently available tools to
improve acellular liver scaffolds hemocompatibility [17] [21–22] [44],
Custodiol is an attractive solution because it is already employed in
clinical practice and has been used worldwide by surgeons and perfu
sionists to promote multiorgan preservation before and during organ
transplantation steps. Furthermore, Custodiol perfusion is a simple
procedure and does not require complex steps to organ preparation.
Despite these advantages, there is no mention of Custodiol use in the
context of tissue engineering.

Liver regenerative medicine is a powerful alternative to overcome
donor organ shortage limitations and chronic immunosuppression. In
this scenario, decellularized whole liver represents a concrete scaffold
able to be transplanted in recipient organisms to treat liver diseases,
including end-stage liver disease and acute liver failure. After complete
native organ decellularization, efficient protocols promote DNA remo
tion and acellular components preservation who are responsible for
mediating biological cues essential to cell attachment, proliferation, and
viability, promoting tissue homeostasis. Furthermore, a denude and
native tridimensional vascular network is also preserved into acellular
scaffolds after whole organ decellularization. Although several studies
have been transplanting decellularized liver as auxiliary support
through end-to-end or end-to-side anastomosis, problems involving
8
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Fig. 6. Quantitative analysis of the effects of Custodiol versus PBS dilution of blood in ALS. Volcano plot evidencing in red up- and downregulated proteins (foldchange of 1,5× (log2) and p < 0,05) in Custodiol treated samples (A). Quantitative analysis of up- and downregulated proteins in SDC and GuHCl extracts in the
control (B) and Custodiol (C) treated samples. Each protein is represented as a dot and proteins found only in one of the conditions were excluded. Protein-protein
interaction network highlighting key proteins found in our study (D). Proteins that differed significantly between groups were denoted as squares and their sizes
correlate with the degree of up- or downregulation, while unsignificant proteins with high fold-change (>1.5) are presented as hexagons and unsignificant proteins as
circles. Colors refers to the selected gene ontology terms. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version
of this article.)

Thrombogenicity is considered the main hurdle to successful decel
lularized organ transplantation, even when anti-coagulation steps are
applied. Coagulation starts as a response to an injury in the vessel's wall
that exposes the subendothelial extracellular matrix components in the
physiological context. These extracellular matrix components are
crucial to hemostasis and this process involve endothelial cells, platelets,
von Willebrand factor (VWF), and coagulation factors [45]. Since
decellularized organs are composed primarily of ECM and lack any
endothelial tissue, clot formation occurs rapidly when a decellularized
organ is connected to recipient vasculature. Platelets immediately

interact with collagen, fibronectin, and laminin through integrins,
leucine-rich glycoproteins (e.g., GPIb-IX-V complex), and other abun
dant adhesion proteins, promoting severe thrombosis [45–52]. Aiming
to solve this issue, we used acellular rat liver scaffolds to investigate the
effects of Custodiol solution in ex vivo, in vitro, and in vivo thrombus
formation. The dilution of blood in Custodiol prevented blood coagu
lation after rat blood sampling and during ALS blood perfusion using a
continuous perfusion system. Furthermore, this antithrombotic effect
was observed even after in vivo blood perfusion.
We successfully obtained acellular whole liver scaffolds from Wistar
9

M.L. Dias et al.

Materials Science & Engineering C xxx (xxxx) xxx

Fig. 7. In vitro cytocompatibility of Custodiol. Macroscopic appearance of liver scaffold previously perfused with blood + Custodiol followed by recellularization
with HepG2 cells for 7 days (A). H&E staining of liver scaffold recellularization with HepG2 cells for 7 days in minor and major magnification (B). Albumin secretion
and detection during liver scaffold recellularization with HepG2 cells (n = 3, Student t-test, p < 0.05) (C). Scale bars: 100 μm and 50 μm.

rats according to a protocol established by Dias et al. [33]. Our protocol
was based on continuous perfusion of ionic and mild nonionic detergents
and produced ALS with preserved structural and nonstructural extra
cellular matrix components in approximately 20 h. Initially published
bioengineering studies lead 72 h to obtain ALS [16]. For the first time,
before decellularization, the harvested rat liver was perfused through
the portal vein with Custodiol solution to avoid blood coagulation into
the graft vessels. Our decellularization protocol was able to remove
significant cell content (residual DNA was <20 ng/mg ECM dry weight)
while promoting ECM structure preservation following the minimal
criteria described by Crapo et al. [53]. In addition, the protocol also
generates ALS with a preserved native liver shape where evident
vasculature could be macroscopically visualized. In agreement with
these macroscopic observations, histological and SEM analysis
confirmed the successful decellularization and ALS obtention.
After these findings, we investigated the interplay between Custo
diol, blood, and the ALS ECM components. When we attempted to
perform ultrastructural analysis after acellular liver scaffold blood
perfusion, we found that Custodiol prevented the deposition of blood
cells including red blood cells and platelets in the ALS parenchyma. In
addition, we also observed that Custodiol was able to promote homo
geneous blood cells distribution. In contrast, a congested liver scaffold
was observed when the blood perfusion was made with blood diluted in
PBS. Interestingly, we also observed that Custodiol avoided erythrocyte
aggregation. It has been reported that erythrocytes play a significant
role in thrombus formation by exposition of phosphatidylserine that can
promote the generation of thrombin from prothrombin. This erythrocyte
aggregation push platelets establishing intercellular adhesion by
4–αIIbβ3 molecule originating three-dimensional aggregates [51]. Our
finding is in line with the observed by Du et al. [52] using an in vitro
perfusion system and suggests that Custodiol may attenuate capturing of
erythrocytes from the circulation by platelets.
Next, we developed a protocol to perform clotting and platelet ag
gregation assays and understand the macroscopic, microscopic, and

ultrastructural findings described above. A notable feature of the work
with platelets is its auto-activation and aggregation. Despite that, we
designed a protocol based on previous platelet studies [34–35] where we
obtained a percentage of aggregation above 60% for the control using a
light transmission aggregometer. Our initial results (data not shown)
revealed that Custodiol had no anticoagulant effect in typical in vitro
assays such as aPTT, PT, or TT using human or rat plasma. According to
Sang et al., the current plasma coagulation tests fail to give sufficient
insight between platelets and coagulation factors [45,49], since these
experiments are performed using poor platelet plasma. Using rat washed
platelet, we showed that Custodiol successfully inhibited platelet ag
gregation in the presence of collagen and reduced aggregation induced
by ADP. Furthermore, when thrombin was used as a platelet agonist, we
did not observe high inhibition rates. Given these results, we hypothe
sized that Custodiol antithrombotic effect could be due to an inhibition
of platelet activation and aggregation but not the coagulation cascade
[50]. Considering that collagen is the major component of decellularized
material such as ALS and a strong platelet aggregation agonist, we
figured that platelet adhesion to collagen could be somehow impaired.
Using a proteomic approach with a dedicated extraction of proteins
of low solubility, we found a higher proportion of insoluble proteins in
control samples, which correlates with more blood clots. While SDC
extracts (that should be enriched for intracellular proteins) were very
similar, GuHCl extracts, related to more insoluble proteins, markedly
differed between samples and conditions. We found 11 proteins related
to the regulation of blood coagulation and only LMW kininogen, a
protein known for its role in platelet aggregation inhibition [45], was
significantly altered when comparing Custodiol and PBS treated sam
ples. Prothrombin and Antithrombin-III, a protease inhibitor that acts on
several coagulation mediators were also found to be up regulated,
although the difference was not significant.
We also confirmed that proteins related to secondary hemostasis did
not differ significantly when comparing ALS samples perfused with
blood diluted in PBS or Custodiol. We then focused on proteins related to
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Fig. 8. In vivo hemocompatibility and cytocompatibility of Custodiol. Acellular liver scaffolds were previously perfused with Custodiol and then heterotopically and
orthotopically transplanted in recipient Wistar rats (A). Representative images of acellular liver scaffold with preserved and cannulated vessels (Portal Vein and
Inferior Vena Cava) and recipient vessels (Renal Artery and Renal Vein) in high magnification (10×). H&E staining of acellular liver scaffold perfused with blood +
Custodiol and heterotopically transplanted in Wistar rats. Histological analysis showed cell repopulation within the liver scaffold 2 h after transplantation in minor
(B) and major magnification (C). Ki67 staining showed that the proliferative cells were able to repopulate liver scaffold perfused with Custodiol (D). H&E staining of
acellular liver scaffolds perfused with blood + Custodiol and orthotopically transplanted in Wistar rats. Histological analysis showed whole recellularization within
the liver scaffold 30 days after transplantation in minor (E) and major magnification (F). Ki67 staining showed that the proliferative cells were able to repopulate
liver scaffold perfused with Custodiol (G). In both cases, no clots or thrombus post transplantation were detected. Scale bars: 100 μm (A, B, C, E) and 50 μm (D).

is very important for platelet activation since Ca2+ influx leads to
exocytosis of vesicles containing adhesion receptors [55]. Nevertheless,
the reduced Ca2+ concentration in Custodiol (in relation to plasma)
cannot alone explain the observed effects since PBS contains no Ca2+.
Roberts. D. et al. have shown that reduction of extracellular [Na+]
decrease collagen-induced activation of platelets, and this could better
explain Custodiol effects since it has low Na+ content [56]. Nevertheless,
the ionic hypothesis may also be insufficient to explain the observed
absence of thrombus formation in our ex vivo experiments and in-vivo
transplantation of ALS. Therefore, other mechanisms could be in place,
such as the binding of histidine, tryptophan, ketoglurate or mannitol to
collagen, VWF or platelet receptors which could inhibit platelet adhe
sion and activation.
Finally, we assessed the viability of Custodiol use in ALS in vitro and
in vivo recellularization. First, we tested Custodiol cytocompatibility
using a bioreactor perfusion system. Custodiol was able to sustain
HepG2 cell survival and functionality in recellularized liver scaffolds.
This is consistent with several reports demonstrating that Custodiol
promotes cell preservation, avoids cellular edema, decreases reactive
oxygen species, mitochondrial damage, improves myocardial and

early platelet adhesion. Collagen, VWF, and integrins showed slight
variation between samples, GP1b and GPV, components of the GP1b-IXV complex, were downregulated in Custodiol treated samples. Platelet
glycoprotein IX, although not downregulated, was found significantly
enriched in GuHCl extracts from control samples. This complex is
essential for platelet adhesion to collagen fibrils through interaction
with VFW [54] and its enrichment in control samples correlates with the
observed thrombogenicity. Platelet endothelial aggregation receptor 1
(Pear1) and Trem-like transcript 1 protein (Treml1), proteins related to
platelet aggregation, were downregulated. Other proteins related to
fibrin clot formation and lysis such as fibulin-1, alpha-2 antiplasmin and
carboxypeptidase B2 were also increased in Custodiol samples.
These results suggest that Custodiol may lead to a reduced platelet
adhesion to the ECM. Diluting the blood samples in PBS did not produce
anticoagulant effect for use in ex vivo and in vivo transplantation of ALS.
Custodiol, in contrast to PBS, has a very low Na+, PO4− , and Cl− content,
higher K+, Mg2+, and Ca2+ and achieves an adequate osmolarity using
high concentrations of histidine, tryptophan, ketoglutarate, and
mannitol (Table 1). The same is true when comparing Custodiol to
plasma, except for Ca2+, which is lower in Custodiol. Calcium signaling
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endothelial function during heart reperfusion and liver transplantation
[25] [57–59]. It is noteworthy to mention that recellularized liver
scaffolds can be perfused with Custodiol before transplantation steps.
Due to its lower viscosity, Custodiol may penetrate the hepatic micro
vasculature and stimulates recellularized graft functionality through
hepatocytes and cholangiocytes stimulation [58]. We also performed
auxiliary acellular liver scaffold transplantation, showing that Custodiol
solution efficiently allows in vivo blood perfusion after direct vascular
connections into the renal circulatory system of recipient rats by end-toend vessel anastomosis. Besides macroscopic observations, the micro
scopical analysis revealed the absence of thrombus in ALS parenchyma
and vessels after heterotopic transplantation. We also observed that the
antithrombotic effects of Custodiol remained after partial orthotopic
ALS transplantation. Consistent with the results of cytocompatibility in
vitro, Custodiol was also compatible with cell engraftment after these
two different models of ALS transplantation. In both models, we
observed that Custodiol did not impact liver scaffold recellularization.
Taken together, our findings provide insight into the hemocompatibility
of ALS, suggesting that pretreating scaffolds with Custodiol inhibit
platelet aggregation and reduce thrombus formation, allowing for its invivo transplantation and in vitro recellularization. Nevertheless, a
detailed explanation is still necessary to understand the exact mecha
nisms by which Custodiol reduces thrombus formation. Further studies
are necessary to clarify the antithrombotic effect of Custodiol.
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