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Preface to ”Bioengineering Liver Transplantation”

Liver transplantation is the only effective treatment for end-stage liver disease, but the

shortage of organ donors severely limits the number of patients that benefit from this therapy. An

understanding and critical evaluation of emerging concepts in regenerative medicine, biomaterials,

and stem cell biology is therefore essential for the bioengineering of human liver grafts. With this,

novel liver transplantation procedures and personalized alternative treatments of end-stage liver

disease become available and can be applied. This Special Issue of Bioengineering covers the search

for alternatives, which include the optimization of organ preservation by oxygen persufflation to

improve poor quality liver grafts and make them suitable for transplantation. In addition, one

paper presents 3D printing technology to manufacture scaffolds for patient-specific liver tissue or

bile ducts as a novel approach. In this paper, a novel 3D-printed stent infused with collagen,

mesenchymal stromal cells (MSC), and cholangiocytes is validated for its use in personalized biliary

procedures. In addition to this specific bioprinting approach for bile ducts, different types of

bioprinting technology for liver tissue engineering are reviewed, such as laser-based bioprinting,

inkjet bioprinting, and extrusion bioprinting. Bioengineered liver tissue is not only developed as an

alternative for donor organs, but also as a promising tool to use in drug testing, toxicological studies,

and in disease modeling. Next to the organ-typical cells, supportive materials such as hydrogels are

used. The utilization of these hydrogels in liver tissue engineering, as well as more bioengineering

alternatives for liver regenerative medicine are reviewed in this issue. Finally, an excellent example

of the implementation of genetically engineered liver cells in a canine model for copper toxicosis

is described.We would like to thank all contributing authors, reviewers, and the editorial office for

assisting in the establishment of this Special Issue on Bioengineering Liver Transplantation.

Luc J.W. Van der Laan, Bart Spee, Monique M. A. Verstegen

Special Issue Editors
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Since the first in-man liver transplantation was performed by Starzl et al. [1] in the early
1960s, many patients have successfully undergone organ transplantation. To date, over 30,000 liver
transplantations are performed annually worldwide, which is estimated at less than 10% of the global
need [2]. Transplantation is the only curative treatment for end-stage liver disease with different
etiology. These include fat, alcohol- or viral hepatitis-related cirrhosis, liver cancer, inherited and
metabolic diseases, and acute liver failure [3]. With demand increasing, alternatives for donor organs
are urgently needed. In addition to optimizing donor/recipient selection procedures [4] and allocation
systems to assure maximal utility of donor organs and equity to recipients [5], investing in innovating
bioengineering technology remains important [6].

In the last decade, dynamic (hypo- or normothermic) machine perfusion protocols were introduced
to preserve donor livers as opposed to static cold storage which, until then, was the standard [7–9].
In addition to preservation, normothermic machine perfusion can be used to assess the quality of the
graft by monitoring liver function. Moreover, machine perfusion has the potential to improve grafts
of marginal quality by applying treatment using (stem) cells, drugs, and compounds, for instance,
to reduce steatosis, infection, or ischemia/reperfusion injury. Oxygenation of the liver graft seems to be
a critical factor during machine perfusion. New developments are the use of gaseous oxygen, is based
on venous systemic oxygen persufflation (OPAL) during static cold storage to improve hepatic energy
homeostasis to prime the liver for the critical warm reperfusion which is known to be responsible for
most of the ischemia/reperfusion injury [10]. As reported by Gallinat et al., this technique was shown
to be safe and cost-effective, and demonstrated preliminary beneficial effects on clinical outcomes in a
single-center randomized controlled clinical trial.

Potential alternatives for liver transplantation may include allogenic hepatocyte transplantation,
in which the transplanted cells engraft the recipient’s liver and restore liver function [11]. So far,
the success of hepatocyte transplantation depends on the disease type and level of cell replacement
that is required to restore liver function. Although promising for some diseases, the long-term efficacy
remains limited. Alternatively, genetics, gene-editing, and matrix-based culture methods of diseased
hepatocytes could be employed to cure the patient’s own cells ex vivo as a personalized method
for diseases with a known genetic mutation, as reviewed by Kruitwagen et al. [12]. Due to the
(challenging) need of large numbers of hepatocytes coming from suboptimal livers that are unsuited
for transplantation, cell function is often hampered [13]. To overcome this, (induced) pluripotent
stem cells (iPSCs) or adult liver stem cells, such as cultured as liver organoids [14], might be a good
source to use in cell transplantation [15]. Both cell types can be expanded to gain high numbers and
could be initiated from the patient’s own tissue, preventing the need to treat the patient with lifelong
immunosuppressive drugs.

Next to functional cells, the actual organ scaffold is of key importance for the maintenance
and potential engineering of functional liver tissue. If cells lack this spatiotemporal control

Bioengineering 2019, 6, 96; doi:10.3390/bioengineering6040096 www.mdpi.com/journal/bioengineering1
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of physical and biochemical cues, they cannot properly function and likely dedifferentiate [16].
A supporting scaffold that provides physical and biochemical characteristics, such as stiffness and
matrix composition, is therefore essential [17]. Such scaffolds can be obtained from native liver tissue
by decellularization [18–20]. These decellularized liver scaffolds can either be used for recellularization
by infusion with cells [21] or processed into a biological hydrogels for clinical-grade expansion of stem
cells or organoids [22]. Scaffolds can also be made from synthetical hydrogels, as reviewed by Ye
et al. [23–25], each having their own (dis)advantages. Combining natural with synthetic hydrogels
might increase the overall performance of tissue-engineered liver grafts [26]. Hepatocyte viability
and proliferation might even be improved by adding even more components to the scaffold, such as
special conduction polymers and gelatin, chitosan, and hyaluronan [27]. Kryou et al. reviewed novel
opportunities for printing technology to create 3-dimensional (3D) scaffolds that can be used as a basis
for functional liver tissue [28]. Printing technology to customize biliary stents are summarized by Boyer
et al. [29]. By infusing these stents with collagen, mesenchymal stromal cells, and patient-derived
cholangiocytes [29], personalized tissue engineering is nearing clinical application.

The diverse contributions in this Special Issue on Bioengineering Liver Transplantation provides an
overview of the novel and exciting opportunities in the field of liver regenerative medicine, biomaterials,
and stem cell research that can be applied in future transplantations and personalized treatments of
end-stage liver disease.

Conflicts of Interest: The authors declare no conflict of interest
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Abstract: Advanced liver diseases have very high morbidity and mortality due to associated
complications, and liver transplantation represents the only current therapeutic option. However,
due to worldwide donor shortages, new alternative approaches are mandatory for such patients.
Regenerative medicine could be the more appropriate answer to this need. Advances in knowledge of
physiology of liver regeneration, stem cells, and 3D scaffolds for tissue engineering have accelerated
the race towards efficient therapies for liver failure. In this review, we propose an update on liver
regeneration, cell-based regenerative medicine and bioengineering alternatives to liver transplantation.

Keywords: liver regeneration; end-stage liver diseases; regenerative medicine; liver tissue bioengineering;
liver bioreactors

1. Introduction

Acute and chronic liver diseases are leading causes of morbidity and mortality worldwide,
accounting for about 1–2 million deaths annually [1]. The most prominent causes of acute liver failure
include viral hepatitis, alcoholic liver disease, non-alcoholic fatty liver disease (NAFLD), drug-induced
liver injury, and autoimmune liver disease [2,3].

Liver transplantation is the ultimate solution in the treatment of such severe liver dysfunctions.
Despite the relatively high postoperative survival rate, there are many problems to be solved, however,
including a chronic donor shortage, immune rejection, and ethical issues. Therefore, cell-based
regenerative therapies and novel technologies such as liver-on-chip [4] and bioprinted liver [5] are
expected to be the next-generation therapies.

These innovative approaches are all based on the extraordinary capacity of the liver to regenerate.
For this reason, increasing our knowledge of liver regeneration mechanisms could bring significant
benefits in the treatment of liver failure and may help patients needing large liver resections
or transplantation.

In the present review, we propose an update on liver regeneration, cell-based regenerative
medicine approaches, and bioengineering alternatives to liver transplantation, along with futuristic
approaches to overcome hurdles in liver tissue engineering.

2. Liver Regeneration

2.1. Overview of Liver Development

Hepatocytes and cholangiocytes, the two main liver cell types, are derived from the endoderm
germ layer. This layer develops from the anterior primitive streak during gastrulation and is identifiable
6 h post-fertilization in zebrafish, by embryonic day 7.5 in mouse, and in the third week of human
gestation [6]. The endodermal germ layer forms a primitive gut tube in which the regions of foregut,

Bioengineering 2019, 6, 81; doi:10.3390/bioengineering6030081 www.mdpi.com/journal/bioengineering4
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midgut, and hindgut can be identified. Fate mapping studies in mouse indicate that the embryonic liver
originates from the ventral foregut endoderm by embryonic day 8.0 of gestation (e8.0) [6]. The hepatic
endoderm cells, identified as hepatoblasts by e9.5, delaminate from the epithelium and invade the
adjacent mesenchyme of the septum transversum to form the liver bud [7,8]. The hepatoblasts
are bipotential cells and, during maturation, those residing next to the portal veins become biliary
epithelial cells, while the majority of hepatoblasts in the parenchyma differentiate into hepatocytes [9].
During this process, the liver acquires its characteristic tissue architecture [10]. The balance in the
numbers of hepatocytes and cholangiocytes from hepatoblasts is strictly controlled by integrated
signaling and transcriptional pathways. The differentiation of hepatoblasts towards a biliary epithelial
phenotype is controlled by the Jagged–Notch pathway [11,12], while hepatocyte differentiation is
promoted by hepatocyte growth factor (HGF) and oncostatin M (OSM) [13]. Gradually, as the liver’s
development proceeds towards the final stages of maturation, which begins by e13 and continues
until several weeks after birth, there is a marked decline in the number of hepatoblasts [14]. However,
some of the bipotent progenitor cells do not differentiate and gradually stop proliferating, establishing
the pool of hepatic progenitor cells (HPCs) [15].

2.2. Homeostasis and First Line of Response to Injury

The liver has a variety of functions fundamental to homeostasis, including bile secretion,
metabolism, serum proteins production, glycogen storage, and drug detoxification. Since the Ancient
Greek era with the famous “Prometheus” myth, the liver has been known to have a strong intrinsic
regenerative ability in vivo. Thanks to a number of evolutionary protections, this physiological process
of liver regeneration allows the recovery from even substantial hepatic damage caused by toxins or
viral infections [16].

Hepatic regeneration, enabling the liver to continue to perform its complex functions despite a
significant injury, is crucial to the survival of mammals and is therefore evolutionarily conserved and
pathways leading to its completion are essentially redundant [17].

After the loss of tissue or an injury, the liver responds with fine-tuned pathways of regeneration
via the activation of a wide array of signaling and transcriptional factors. As such, after surgical
partial hepatectomy, the liver’s mass and function are restored within a week [16]. In epithelial tissues
with a high turnover, such as the intestines and the skin, cellular renewal and tissue homeostasis is
performed by a pool of stem cells. In the liver, however, the turnover is low with a mature hepatocyte
having a life expectancy of about 200 days [18]. The general assumption, until recently, was that all
mature hepatocytes were able to divide to ensure normal liver homeostasis [19,20]. Now the prevailing
theory is that regeneration of the liver after resection is a compensatory hyperplasia rather than a
true restoration of the liver’s original gross anatomy and architecture [21] (Figure 1A). The degree of
hyperplasia is precisely controlled so that the process stops once an appropriate liver-to-bodyweight
ratio has been achieved.

2.3. Hepatic Stem Cells and Second Line of Response to Liver Injury

Hepatic regeneration can be inhibited by several pathologic conditions. These include diabetes
mellitus, malnutrition, aging, infection, chronic ethanol consumption, biliary obstruction and,
more generally, chronic liver diseases. A common feature of all chronic liver diseases is progression to
fibrosis, characterized by an increased production of matrix proteins, induced mainly by activated
hepatic stellate cells, and a decreased matrix remodeling. With fibrosis there is usually diffuse
inflammation and hepatocyte death, with evidence of an increase in the proportion of senescent
hepatocytes, with the cell cycle arrested at G1/S transition. The rate of hepatocyte telomere shortening,
which hampers cell division, has also been shown to correlate with the rate of progression of fibrosis [22].
Altogether, these data support the concept that the progression of liver fibrosis is associated with an
impaired liver regeneration.
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Figure 1. Schematic representation of mechanisms of liver regeneration. (A) After liver damage
in normal conditions, the principal ways to restore hepatic mass are hyperplasia and hypertrophy.
(B) In the cirrhotic liver, the normal regeneration process is impaired and hepatic progenitor cells are
involved in restoring liver functions.

It has been hypothesized that, during chronic liver injury, when hepatocyte proliferation is
impaired, the HPCs or oval cells orchestrate the regeneration process [23] (Figure 1B). The existence
and regenerative potential of HPCs have been questioned, however. Farber was the first to report
on the presence of a liver progenitor cell population in 1956, when he identified small cells with a
high nucleus-to-cytoplasm ratio in the liver, that he called “oval cells” [24]. Subsequent works [25,26]
demonstrated that these cells were activated in animal models of liver injury and had a bipotential ability
to differentiate into hepatocytes and bile duct cells. Most of the data have come from animal models
with the chemically-induced inhibition of native hepatocytes, in conjunction with the stimulation of
liver regeneration. Lineage-tracing experiments have localized the adult human equivalent of these
progenitor cells in the canal of Hering in the periportal regions of the hepatic lobules [27].

HPCs have the capacity to differentiate into hepatocytes and biliary cells in vitro, and to form
hepatocyte buds, repopulating the damaged parenchyma in specific situations in vivo, in what is called
“oval cell proliferation” in rodent models, and a “ductular reaction” in humans [28–30].

On activation, when the adult hepatocytes are unable to regenerate the injured liver, due either to
senescence or cell cycle arrest, the HPCs proliferate in the portal zone and migrate towards the central
vein in the liver lobules, gradually going through different states of maturity and function along the
way, according to the so-called “streaming liver hypothesis” [29–31].

While the above is the most widely-accepted theory, work by Kuwahara et al. [32] suggests that
it may be an oversimplification and that the liver might have a multi-tiered system of regeneration.
There may be up to four potential stem cell niches in the canal of Hering, the intralobular bile ducts,
the periductal mononuclear cells, and the peribiliary hepatocytes.

However, despite the accumulating evidence of HPC proliferation in liver injury, the extent of
these cells’ contribution to the natural history of human liver disease, and the triggers that activate this
cell population are still not well understood.

2.4. Liver Regeneration, Inflammation, and Gender

Liver regeneration is closely linked to inflammation. Indeed, hepatic inflammation is a complex
process originating in response to specific stress stimuli, which modulates the outcome of liver damage [33].
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The inflammatory response can have both hepato-protective and detrimental effects. A controlled
inflammatory reaction could be adjuvant to tissue regeneration, promoting the re-establishment
of homeostasis. On the other hand, excessive and permanent inflammation could exacerbate the
severity of hepatic parenchymal damage contributing to the irreversible decline of liver function [34].
Given its fundamental role, the inflammatory process is strictly controlled at a molecular and cellular
level. Both resident (Kupffer) cells and circulating immune cells (lymphocytes and monocytes) are
involved [33]. Among the molecular pathways involved in liver regeneration, IL-6 and IL-22 produced
by activated natural killer (NK) and T cells in the liver induce activation of the signal transducer and
activator of transcription 3 (STAT3) [35,36], while interferon-γ (IFN-γ) produced by B and T cells
activates STAT1, inhibiting liver fibrosis and regeneration [37,38].

In a recent study [39], we demonstrated that a different immune response (in terms of the
composition and maturation status of the cells involved) influence liver regeneration in males
and females. The liver is known to be a gender-dimorphic organ in mammals, exhibiting sex-related
differences in various aspects, such as the profile of steroid and drug metabolism [40], the number of
hepatocytes and Kupffer cells [41], and the regeneration rate [42,43]. We demonstrated that female mice
showed a more rapid recruitment of monocytes and F4/80highCD11bhigh cells, and that the delay in
recruitment of the same cells in male mice was controlled directly by the androgen receptor. Evidence
from patients with drug-induced liver injury (DILI) confirms these observations, suggesting that
males show a delay in regenerative response to an acute liver injury, possibly related to a maturation
shift in monocytes. These findings might provide interesting starting points for new, gender-specific
biomarkers, or for novel therapeutic interventions targeting monocyte recruitment or sex-hormone
signaling [44,45]. Larger observational or prospective trials are needed, however, to better understand
sex-dependent immune mechanisms in DILI.

3. Alternatives to Liver Transplantation

Liver transplantation (LT) is a widely-recognized treatment for patients with end-stage liver
disease. Since the first success story reported by Thomas Starzl in 1967 [46], the short- and long-term
outcomes of transplanted patients have gradually improved thanks to advances in the management of
immunosuppressant therapies, more appropriate donor-recipient matching, and a better treatment of
post-transplant comorbidities [47].

In recent years, we have witnessed an increasing number of patients worldwide on the waiting
list for a transplant, but the number of available donors has not increased accordingly [48]. This gap
between the patients needing a transplant and the donor organs available is a key issue in LT, with a
mortality risk while on the waiting list of approximately 15% [49,50].

Liver regenerative medicine could cope with the donor shortage by using innovative approaches
based on cell therapy and tissue/organ engineering. In the following sections, we briefly describe these
ground-breaking alternatives to LT. Figure 2 summarizes the principal cell sources available for cell
therapy and liver bioengineering, with their pros and cons.

3.1. Cell-Based Regeneration Therapy

As the demand for donor organs grows, therapeutic alternatives to liver transplantation must
be sought. One such possible alternative is cell therapy, which may have two roles in the treatment
of chronic liver diseases. Its first role is to control disease progression by stimulating endogenous
regeneration and inhibiting fibrosis, thus ideally eliminating the need for liver transplantation [51].
When liver transplantation cannot be avoided, cell therapy may act as a bridge to surgery supporting
liver function and, potentially, reducing the waitlist mortality rate. During the last ten years, hepatocytes,
macrophages and stem cells have been transplanted with vary-ing degrees of success.
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Figure 2. Schematic representation of the principal cell sources available for cell therapy and liver
bioengineering, with brief description of their pros and cons. HEPs: hepatocytes; HPCs: hepatic
progenitor cells; MSCs: mesenchymal stem cells; HSCs: hematopoietic stem cells; EPCs: endothelial
progenitors cells; iPSCs: induced pluripotent stem cells; ESCs: embryonic stem cells.

3.1.1. Hepatocytes

Primary hepatocytes are the cells traditionally used for cell therapy in chronic liver diseases.
It has been demonstrated that splenic or portal vein infusions of hepatocytes could induce modest
reductions in ammonia levels and encephalopathy in both animal models and humans [52]. However,
there are several important limitations to the use of human hepatocytes in the treatment of chronic
liver diseases. One of the most important drawbacks is the difficulty of isolating a sufficient quantity of
high-quality, metabolically-active cells. Hepatocytes are typically harvested from livers not suitable for
transplantation, with a consequent variability in their quantity and quality [53]. Hepatocytes also rapidly
lose their proliferative ability when cultured in vitro, and they are sensitive to freeze-thaw damage so
their viability and engraftment are affected by culture and cryopreservation methods [54]. Innovative
technologies that can expand, maintain, mature, and create hepatocytes in vitro, or alternative sources
of cells are consequently required for future cell-based therapies for liver diseases.

3.1.2. Macrophages

Evidence has emerged from numerous human and animal studies of liver fibrosis being a
two-way process and potentially reversible. The main regulator of this dynamic fibrogenesis-fibrosis
resolution paradigm seems to be the hepatic macrophage [55,56]. This apparently dichotomous
effect of macrophages in liver fibrosis is attributable to the balance of profibrotic and restorative
macrophages [57]. A better understanding of the mechanisms controlling this process could yield
novel monocyte/macrophage-based cell therapies.

Technological advances in the stem-cell field could lead to therapeutic approaches based on the
autologous propagation of monocytic populations, or possibly their derivation from embryonic stem
cell components. A monocyte/macrophage-based approach to damping liver fibrosis has already been
attempted in animal models. Thomas et al. [58] examined the therapeutic potential of exogenous bone
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marrow (BM) cells, and those of the monocyte-macrophage lineage in particular, in a mice model
of chronic liver injury. They found that the intraportal administration of differentiated BM-derived
macrophages (BMMs) improved liver fibrosis, regeneration, and function via a wide range of reparative
pathways, with a therapeutic benefit. On the other hand, liver fibrosis was not significantly ameliorated
by the infusion of macrophage precursors, and it was even exacerbated by whole BM cells. Thanks to
paracrine signaling from the BMMs to larger populations of endogenous cells, their effect was amplified.
As a consequence, a modest number of donor BMMs could exert whole-organ changes—encouraging
a translational perspective and suggesting a future clinical potential.

3.1.3. Pluripotent Stem Cells

Embryonic stem cells (ESCs) are pluripotent cells derived from the inner cell mass of the
blastocyst. These cell were first characterized in 1998 by Thomson et al. [59]. They have pluripotency
and can potentially differentiate into all somatic cells [60]. Numerous studies have demonstrated
the differentiation of ESCs into hepatocyte-like cells that express a number of hepatocyte-related
genes and mimic liver function [61–65]. ESC-derived hepatocytes also have the typical morphology
of mature hepatocytes and are able to colonize liver tissue after transplantation, promoting the
injured liver’s recovery via cell replacement and stimulating endogenous regeneration [63,66–68].
Despite these promising results and the favorable characteristics of human ESCs, such as a good
resistance to cryopreservation, practical and ethical barriers have always precluded their application in
clinical practice.

Human induced pluripotent stem cells (iPSCs) have recently emerged as a way of bypassing the
ethical concerns associated with the use of ESCs [69]. The iPSCs are derived by reprogramming mature
somatic cells induced by different transcription factors [70]. Their characteristics of self-renewal and
pluripotency make iPSCs good substitutes for ESCs, and an appealing source of normal human cells
that can differentiate into virtually any somatic cell type, including hepatocytes. The hepatocyte-like
cells (HLCs) derived from human iPSCs could provide a stable source of hepatocytes for multiple
applications, including cell therapy, disease modelling, and drug safety screening [71,72]. Protocols
adopted to differentiate human ESCs and human iPSCs into HLCs mimic the developmental pathway
of the liver during embryogenesis, and have vastly improved in recent years. Nevertheless, several
issues regarding the safety and reproducibility of iPSCs still need to be settled before their real clinical
application, including tumorigenicity and teratoma formation, the debate on their immunogenicity,
long-term safety and efficacy, and the optimal reprogramming and manufacturing processes [73–75].
Constant progress is nonetheless being made in reprogramming technologies, and in new and improved
manufacturing methods.

3.1.4. Adult Stem Cells

Stem cells are valid alternative sources of cells for the treatment of liver diseases. They could
potentially be involved in modulating the liver’s regenerative processes to reduce scarring in cirrhosis,
and to down-regulate immune-mediated liver damage. Stem cells could also be differentiated into
hepatocytes for cell transplantation, or used in extracorporeal bioartificial liver systems [76].

Different types of adult stem cells have been tested over the years, including hematopoietic
stem cells (HSCs), mesenchymal stem cells (MSCs), endothelial progenitor cells (EPCs), and hepatic
progenitor cells (HPCs) [77–80].

HSCs are the predominant population of stem cells in bone marrow, and express the surface
marker CD34. HSCs can easily be isolated in the bloodstream after treatment with mobilizing agents,
the most widely-studied and often-used of which is the granulocyte-colony stimulating factor [81].
Hepatocyte-like cells derived from HSCs have been demonstrated to support liver regeneration [82,83].
Different mechanisms have been suggested, such as the de novo generation of hepatocytes through
transdifferentiation or the genetic reprogramming of resident hepatocytes through cell fusion [84,85].
However, the most plausible hypothesis is that the clinical benefit of HSC therapy occurs through
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paracrine signaling interactions involving various cytokines and growth factors, that stimulate
regeneration and neoangiogenesis [86,87].

Endothelial progenitor cells (EPCs) can be found in both peripheral blood vessels and bone
marrow, and their main function is to participate in the neovascularization of damaged tissue [88,89].
In the context of cell therapy for liver diseases, one animal study demonstrated that the transplantation
of EPCs led to a lessening of liver fibrosis [79]. ESCs are also able to promote hepatocyte proliferation
and increase matrix metalloproteinase activity [90]. All these effects are related to an increased secretion
of specific growth factors [91,92].

Another promising cell treatment for liver diseases is based on mesenchymal stem cells (MSCs),
a population of multipotent progenitors capable of differentiating towards adipogenic, osteogenic and
hepatogenic lineages, with a low immunogenicity [93]. Bone marrow is considered the main source of
MSCs [94], but alternative sources are being examined, such as adipose tissue [95], placenta, amniotic
fluid, umbilical cord blood, and umbilical cord [96,97]. Our research has focused on umbilical cord
MSCs. We demonstrated in an animal model that, when systematically administered, these cells can
repair acute liver injury [97]. The ability of the same cells to repair tissue damage was also demonstrated
in a chemically-induced intestinal injury in immunodeficient mice [98]. We and other authors have
demonstrated that MSCs have the capacity to provide both metabolic and trophic support due to
their potential for hepatocytic differentiation, and their secretion of anti-inflammatory, anti-apoptotic,
immunomodulatory, and pro-proliferative factors [97–99]. This leads to liver function being restored
via the repair of damaged tissue, the suppression of inflammation, and the stimulation of endogenous
regeneration through paracrine effects [100].

Cell-based therapy using HPCs could potentially regenerate the liver during chronic diseases.
Multiple protocols have been established for isolating HPCs in fetal and rodent models, and cell
differentiation protocols are available for progenitor cells derived from the human liver or biliary
tree [101–103]. Due to the low number of these cells in the liver, the use of autologous HPCs is
probably unfeasible. The use of expanded fetal or syngeneic HPCs is more likely, though this
approach raises questions regarding the engraftment rate of transplanted cells, and the need for
immunosuppressant therapy. Despite the theoretical feasibility of such approaches, we still have
only a limited understanding of HPCs, their precise role in liver pathophysiology, and how the entire
process of regeneration/differentiation is regulated. Given the possible disadvantages of HPC activation,
which might exacerbate disease progression or prompt the onset of cancer [104], all these issues warrant
further study and careful examination before any therapeutic approaches could be applicable.

3.1.5. Hepatic Organoids

Considered as a bridge between liver cell therapy and liver bioengineering, hepatic organoids are
functional three-dimensional (3D) in vitro models of the liver consisting of a spherical monolayer of
epithelium that preserves the key physiological features of the liver [105]. Liver organoids are typically
obtained by isolating and expanding stem cells or hepatic progenitor cells.

Liver organoids show a limited spontaneous differentiation during maintenance and expansion.
For this reason, protocols for establishing organoids were divided into two steps. The first relied on
proliferation culture conditions for the establishment and expansion of hepatic organoids. Then, in a
second step, proliferative signals were removed, and differentiation towards hepatocyte-like cells was
induced. These culture conditions enabled organoids to be obtained with 30–50% fulfilling hepatic
characteristics [106], but without the complete functional repertoire of adult hepatocytes—a drawback
shared by HPC-to-hepatocyte differentiation.

Differentiated hepatic organoids transplanted into mouse models of liver failure have demonstrated
a capacity for engraftment and repopulation of the damaged liver, with partial rescue of liver
function [105]. Equivalent human liver organoids transplanted into mice with acute liver damage were
able to produce human albumin and alpha-1-antitrypin, with secretion levels comparable with those
after the transplantation of adult hepatocytes [101].
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Three-dimensional liver tissue has also been engineered by using human iPSCs to derive
hepatocytes in co-culture with mesenchymal and endothelial cells [107]. When transplanted into
mice, these liver buds were vascularized and matured to synthesize serum proteins and carry out
detoxifying functions.

Current research is aiming for the clinical application of liver buds suitable for hepatic
administration via the portal vein in patients in need of a liver transplant [108]. Among the different
cell sources, adult stem cells directly derived from hepatic tissue are preferred. Indeed, drawbacks of
human iPSCs or trans-differentiated cells used in the design of clinical solutions concern their exposure
to genetic modifications through reprogramming factors, and their genomic instability, particularly in
long-term cultures [109].

Moreover, liver organoids provide a novel platform for research on: 1) liver development and
regeneration; 2) detoxification and metabolism; 3) liver disease modelling; and 4) adult stem cell biology.

3.2. Liver Tissue Bioengineering

Tissue engineering could offer various solutions for reducing the waiting list by creating
biocompatible scaffolds and extracorporeal liver devices suitable for either in vitro or in vivo
applications [110].

In the last two decades, a growing number of studies demonstrated that 3D cultures have a number
of advantages over traditional two-dimensional (2D) cell cultures [110,111]. A physiologically 3D
microenvironment is crucial to the development of in vitro tissue models, particularly for such complex
tissues as the liver, in which the interaction between hepatocytes, hepatic stellate cells, and extracellular
matrix (ECM) creates the microenvironment of the hepatic lobules [112].

The search for efficient biocompatible scaffolds aims to create organic or polymeric constructs
that mimic the liver ECM and replicate functional characteristics such as cell adhesion, viability,
growth, and proliferation. The principal strategies are based on biomaterials such as polymer-based
3D constructs, decellularized ECM, or bioprinting 3D constructs.

Another recent approach involves the development of bioreactors to improve various functions of
hepatocytes that are seeded in constructs. In bioreactors, a real 3D microenvironment niche is created
to improve cell attachment, growth, and proliferation, with a marked improvement in liver metabolism
and function [110]. A more sophisticated technology is the liver-on-chip: A combination of bio-reactor
techniques and microfluidic devices to sustain the phenotype of hepatocytes and liver-specific functions
in long-term culture [113].

Below we provide an overview of such bioengineering approaches, and Figure 3 shows the main
pros and cons of each of them.

3.2.1. Decellularized Extracellular Matrix

A new approach to liver regenerative medicine involves generating 3D organs with a decellularized,
native liver bioscaffold that can be repopulated with parenchymal and non-parenchymal cells [114].
The liver’s native ECM has a complex composition and topography, serving as a structure for cell-ECM
adhesion, interaction, and polarity, with implications for the regulation of cell morphology, proliferation,
differentiation, and viability interactions [115]. Donor organs unsuitable for transplantation are used to
create whole-liver scaffolds which are subsequently reseeded with healthy cells to create transplantable
liver grafts. The scaffolds maintain the native liver architecture and ECM composition, which allows
for proper cell homing and function. Decellularization techniques were introduced in the 1980s [116],
but the concept of whole-organ decellularization was developed later by Ott and colleagues in
mice hearts [117]. This technique was later adapted for liver engineering purposes [118], with the
preservation of the chemical composition and structure of the ECM with structurally intact vessels,
and bile ducts. This bioscaffold was then recellularized with hepatocytes and endothelial cells.
The recellularized graft transplanted in vivo and perfused ex vivo demonstrated mature liver functions.
Further improvements in the technique were obtained over the years, such us multistep cell seeding,
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the use of stem cells (MSCs, fetal hepatocytes, iPSCs) [119–121], optimization of the decellularization
cocktail, and perfusion without any thrombus formation [122]. The feasibility of this technique was
also demonstrated in larger animal models [123], and even in humans [124], bringing the approach to
clinical scale.

Figure 3. Main pros (green boxes) and cons (red boxes) of the principal liver bioengineering approaches.
ECM: extracellular matrix.

All these studies demonstrated that decellularized livers hold great potential as a therapeutic
approach, but numerous pitfalls remain. First, the technique allows for the successful seeding and
culture of hepatocytes, but colonization of the bile duct with functional cells and the achievement
of an intact vascular network remain to be perfected. Another important issue before whole liver
bioscaffolds can be used in clinical practice is the lack of a suitable source of cells, which should
be readily available and renewable because successful liver recellularization demands hundreds
of millions of cells. The limited availability and inability to expand primary hepatocytes has led
researchers in the field to search for a new cell source. Although many groups have attempted to
overcome the problem by using fetal liver cells, stem cells or iPSCs, the production of such huge
numbers of hepatocytes is still far beyond current technical capability.

Another hurdle that should be promptly addressed is “sample to sample” variation due to the
unique condition of each donor deriving from the use of discarded livers [125]. The next goals of
bioengineering research will be to solve these problems.

3.2.2. Biopolymer Constructs

In modern tissue engineering, efforts are being made to make natural biomaterials mimic the natural
hepatic ECM. The main components of these scaffolds are collagen and hyaluronic acid. The latter
strongly supports cell attachment, proliferation, differentiation, growth, and migration. Immature
and mature hepatocytes express CD44, the surface receptors for hyaluronic acid, so biopolymers
with hyaluronic acid and its derivatives have more adhesive power for hepatocytes. They can retain
hepatocyte viability for 4 weeks [126].

12



Bioengineering 2019, 6, 81

Other natural biomaterials used in the construction of bioactive scaffolds are alginate, chitin,
chitosan, silk, Matrigel®, and sponge. Matrigel® is a scaffold consisting of a mixture of ECM proteins
derived from the basal membranes of murine chondrosarcoma, which contains laminin, heparan sulfate
proteoglycan, and collagen type IV [127]. It has been used in numerous studies to culture hepatocytes
and induce the hepatic differentiation of stem cells [97,128].

Although hydrogels formed by natural biomaterials such as alginate and Matrigel® are biocompatible
and improve the generation of cell-to-cell and cell-to-matrix interactions, they have some important
limits that prevent their clinical application. The main shortcomings of such biomaterials are their
uncontrollable physicochemical properties, degradability, lack of regenerative ability, and inconsistent
mechanical properties. Moreover, due to the xenogenic and tumorigenic origin of Matrigels, they are
not an optimal support for clinical applications in liver bioengineering [129].

By comparison with natural biomaterials, synthetic materials offer a wide range of properties
and a better control over them. Scaffolds containing biodegradable polymers, such as polylactic acid,
polyglycolic acid, polyanhydrides, polyfumarates, polyorthoesters, polycaprolactones, poly-L-lactic
acid, and polycarbonates facilitate cell regeneration, transplantation, and degradation on time [130].
The biocompatibility of bioengineered matrices and scaffold adhesion properties could also be improved
by chemically modifying these polymers (e.g., by incorporating proteins and special bioactive domains),
stimulating cell attachment and migration, and thereby facilitating liver tissue repair [131].

While natural and synthetic materials support the successful culture of hepatocytes,
these constructs fail to perfectly reproduce the microenvironment of the liver essential to a functional
liver cell activity. For this reason, their therapeutic potential is limited.

3.2.3. Bioprinted Scaffolds

Although the use of biomaterials in 3D culture has improved the settings for liver tissue engineering,
it has some limitations. These include the difficulty of creating complex biological structures and
designs due to size, material, compositional, and technological constraints [132]. An innovative solution
to these problems involves using bioprinted scaffolds, tissue-mimicking constructs created by means
of a bioprinting process with biocompatible materials (i.e., bio-inks) [133]. Advances in bioprinting
technology have enabled the creation of more complex 3D structures using combinations of different
biomaterials and cell types [134]. The chance to totally customize the prints also guarantees the complete
personalization of such scaffolds and their applications. The available bioprinting modalities include
extrusion, inkjet, and laser-assisted bioprinting [135]. Extrusion bioprinting, the most often-used
bioprinting modality in biomedical research, allows for a strong degree of customization with few
restrictions on the cells used [134]. The choice of biomaterials is more restrictive, however, as they are
either easy to print or ideal for cell culture, but typically not both [136]. The ideal characteristics of
bio-inks for extrusion bioprinting are viscosity to enable printing, associated with an adequate elasticity
to maintain their structure, while also maintaining cell viability and supporting cell function [132].

The most common biomaterials used for bioprinting are collagen, alginate, polyethylene glycol
(PEG), hyaluronic acid, fibrin, gelatin, or polycaprolactone, each with unique properties [133]. With the
exception of collagen, these biomaterials need the addition of a cross-linker that could adversely affect
the cells. For this reason, they should be appropriately balanced to guarantee the best biocompatibility of
the bio-ink being used [133]. Although collagen is an ideal material for in-vivo-like tissue replication, it is
a poor bio-ink because it has a time- and temperature-sensitive cross-linking [137]. A multi-component
hybrid bio-ink is therefore a potential solution for achieving ideal physiological relevance and
bio-printability. Unfortunately, durable 3D construct fabrication requires the incorporation of chemical
stabilizers, such as polycaprolactone, showing the limitations of bio-inking technologies in mimicking
both the biochemical composition and the complex 3D structure of the liver.

Another important challenge in 3D bioprinting is how to fabricate and mimic cellular
microenvironments from molecular to macroscopic scales for tissue engineering and regenerative
medicine. Using this approach, the researcher aims to create a whole functional liver suitable for
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transplantation, but some important issues, such as vascularization, should be addressed before this
methodology can really be implemented.

3.3. Bioreactor Systems

Despite the great progress made in biomaterial development for tissue engineering, some challenges
need to be overcome. The most important limiting parameter in tissue engineering and bioprinting
concerns vascularization [138]. Without suitable vascularization, cells are subject to hypoxia, toxemia,
apoptosis, and immediate cell death. The bioreactor approach aims to overcome this limitation. In fact,
the bioreactor involves a designed or programmed fluid flow as an integral part of the culture format.
The flow in perfusion bioreactors enables a continuous exchange of nutrients, a better oxygen delivery,
and a physiological shear stress, influencing cell function in ways that are impossible to achieve in
static culture formats [139].

The evolution of bioreactor technologies has paralleled advances in the development of functional
biomaterial scaffolds [140]. The scaffold not only provides an adhesion surface for cells, but also
profoundly influences cell shape and gene expression relevant to cell growth and liver-specific functions.
Moreover, when placed as a separation between cells and the medium, the scaffolds act as a modulator
for water and nutrient transport from the medium to the cells, and discharge waste metabolites from
the cells to the medium [141].

Four principal types of bioreactors have been used for liver cell culture: 1) flat plate and monolayer;
2) hollow fiber; 3) perfused beds and scaffolds; and 4) encapsulation and suspension. With the exception
of type 1, the other bioreactors enable the 3D monoculture or co-culture of hepatocytes under tissue-
specific mechanical forces (pressure, shear stress, flow) [142,143]. Some of these bioreactors have
been used as bioartificial livers, charged with various types of liver cells, as a bridge for patients with
acute liver failure awaiting transplantation [144]. Now the challenge is to use cell-based bioreactors as
in vitro screening systems for drug toxicity, metabolism evaluation and potential clinical treatments.

Some parameters are crucial to hepatocyte vitality and functionality, including various biophysical
factors such as oxygenation, hemodynamics, and shear stress. Perfusion in bioreactor devices enables
the establishment of oxygen gradients and hepatic zonation, resulting in graded CYP expression and
metabolism [145,146]. A controlled oxygen gradient from 25 to 70 mmHg inside a hepatic bioreactor
creates a functional hepatocyte zonation similar to what is observed in vivo. Cell oxygenation could
be partially controlled by varying the medium flow rate, but may consequently exert a shear stress on
the hepatocytes. Flow rate should be carefully controlled since cell damage can occur. Hydrodynamic
stress induces ECM remodeling, scaffold degradation and changes in tissue composition, influencing
the device’s structural and mechanical properties. On the other hand, low flow rates limit the oxygen
supply, lead to nutrient deficiency, and reduce cell viability and survival probability [146].

The co-culture of hepatocytes and non-parenchymal cells is important for the reorganization of
hepatocytes in culture by secreting cytokines, nitric oxide, and matrix components [145,147]. Co-culture
is also useful for inducing liver-specific functions, preserving maximal levels of functional adhesion
molecule expression, and reducing the number of cells needed for a bioartificial liver [144].

The main limitation of the bioreactors is that not all critical liver functions can be replicated on the
desired level as yet. For this reason, based on the present state of the art, a unique bioreactor that can
faithfully reproduce all liver functions is still lacking.

3.4. Micro-Bioreactors and Liver-on-Chip

The combination of nanotechnology, microchips, and microfluidics in a single device has great
potential for applications in liver tissue engineering. Various strategies have been developed to obtain
micro-bioreactors. Microsystems technology has been used to fabricate 2D or 3D culture devices by
using different types of materials, like silicon, silicone elastomer, and biocompatible and biodegradable
polymers. Such systems typically exhibit laminar flow, similar to the environment in vivo, and allow
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the creation of microfluidic channels with larger surface-to-volume ratios suitable for oxygen and
nutrition supply [113].

Other interesting systems that exploit microfluidic technology are the so-called “liver-on-chip”
devices [148]. These systems consist of microchambers containing engineered tissue and living cell
cultures interconnected by a microfluidic network. Such organs on chips enable the study of human
phys-iology in an organ-specific context, and the development of novel in vitro disease models.
They have the potential to serve as replacements for animals used in drug development, toxin testing,
and screening for biothreats and chemical warfare agents [149].

4. Conclusions

In conclusion, regenerative medicine and bioengineering are cutting-edge technologies that look
promising as a final solution to the treatment of end-stage liver diseases. A better understanding of liver
regeneration and the development of in vitro systems that successfully mimic hepatocyte expansion
and differentiation will make autologous cell therapy a feasible alternative to liver transplantation.
The current scenario is also moving towards the successful development of whole bioengineered livers
and their effective use in clinical practice in lieu of liver transplantation.
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Abstract: Oxygen persufflation has shown experimentally to favorably influence hepatic energy
dependent pathways and to improve survival after transplantation. The present trial evaluated
oxygen persufflation as adjunct in clinical liver preservation. A total of n = 116 adult patients (age:
54 (23–68) years, M/F: 70/46), were enrolled in this prospective randomized study. Grafts were
randomized to either oxygen persufflation for ≥2 h (O2) or mere cold storage (control). Only liver
grafts from donors ≥55 years and/or marginal grafts after multiple rejections by other centers were
included. Primary endpoint was peak-aspartate aminotransferase (AST) level until post-operative day
3. Standard parameters including graft- and patient survival were analyzed by uni- and multivariate
analysis. Both study groups were comparable except for a longer ICU stay (4 versus 3 days) of the
donors and a higher recipient age (57 versus 52 years) in the O2-group. Serum levels of TNF alpha
were significantly reduced after oxygen persufflation (p < 0.05). Median peak-AST values did not
differ between the groups (O2: 580 U/L, control: 699 U/L). Five year graft- and patient survival was
similar. Subgroup analysis demonstrated a positive effect of oxygen persufflation concerning the
development of early allograft dysfunction (EAD), in donors with a history of cardiopulmonary
resuscitation and elevated ALT values, and concerning older or macrosteatotic livers. This study favors
pre-implantation O2-persufflation in concrete subcategories of less than optimal liver grafts, for which
oxygen persufflation can be considered a safe, cheap and easy applicable reconditioning method.

Keywords: liver transplantation; oxygen persufflation; reconditioning; randomized controlled trail

1. Introduction

The worldwide growing organ shortage led to an adjustment of thresholds to accept organs for
transplantation. In the field of liver transplantation the numbers of donors aging > 65 years has
increased more than ten-fold from 1991 to 2001 in the United Network for Organ sharing as well as the
European Liver Transplant registry [1]. Likewise acceptance of steatotic organs and other risk afflicted
organs has been increasing. Former studies demonstrated inferior outcomes for such organs [2–4].
Organs derived from suboptimal donors carry higher susceptibility of preservation/ischemia and
reperfusion injuries, which ultimately results in higher rates of early allograft dysfunction after liver
transplantation, a complication associated with reduced graft and patient survival [5,6].

Therefore, organ preservation techniques need to be adapted, contributing to the demands of
suboptimal grafts. Optimized preservation techniques present a valuable opportunity to decrease
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ischemic organ injury and increase the number of viable donor organs and advance the total pool of
organ donors.

The attenuation of ischemic organ damage can be elegantly achieved by the provision of gaseous
oxygen during static cold storage. Development of preservation damage most likely depends on
adequate redox and intracellular signal homeostasis. Venous oxygen persufflation [7] is thought
to replenish depleted cellular energy stores in a simple and applicable way. As the majority
of preservation/reperfusion injury arises at the time of the warm reperfusion of the organ [8,9],
an end-ischemic adaption of the preservation method carries the possibility to prime the organs for this
critical period of the transplantation process. Indeed, the optimal treatment time for a hypothermic
reconditioning of cold stored liver grafts by gaseous oxygen persufflation was previously evaluated in
a large animal model, demonstrating the best results after 2 h of end-ischemic reconditioning [10,11].
The mechanism includes the stabilization of cell and organ integrity by reduction of ischemia induced
failure of cellular autophagy [12], which leads to an increased regenerative potential of the cells during
the reperfusion period to clear impaired cell organelles and reprocess denaturated proteins [13,14].

First clinical applications of this end-ischemic organ persufflation demonstrated feasibility and
safety in the clinical setting [15]. Subsequently, Khorsandi and coworkers [16] were able to confirm
gaseous oxygen insufflation to improve hepatic energy homeostasis at the end of ischemic preservation
in human discard livers.

Based on these encouraging observations, a randomized controlled trial was created to
systematically address, whether 2 h of gaseous oxygen persufflation of the isolated liver graft
immediately prior to transplantation will improve early graft function upon reperfusion and mitigate
adverse effects associated with preservation/reperfusion injury as compared to standard cold storage.

2. Patients and Methods

2.1. Study Design

The present study was carried out at a single center. It was designed as randomized, controlled,
single blinded clinical study and comprised two arms (treatment versus control) (ISRCTN00167887).
The study was approved by the local ethics committee (Ethics committee University Hospital Essen,
AZ 09-4281) and followed the Declaration of Helsinki. The study was supported by the German
Research Foundation (DFG MI 470/14/2).

2.2. Study Population

Only patients who met all inclusion and no exclusion criteria were included in the trial.
Inclusion criteria for the allografts were met when the organ was allocated by the “rescue offer”

mechanism by EUROTRANSPLANT (see below) or when donor age was 55 years or older. (In contrast
to the originally foreseen donor age criterion of >65 years, the required donor age has been reduced
from 65 years to 55 years in order to cope with unexpectedly low numbers of organ offers at the time of
enrollment and to safeguard the timely completion of the study. A respective official amendment been
approved by the local authorities.)

For the inclusion criteria of the liver transplant recipients the following requirements had to
be met:

• Adult patients (>18 years of age)
• Recipients undergoing the first liver transplantation
• Willingness and ability to attend regular follow up examinations
• Written informed consent

Exclusion criteria for the recipients included high urgency listing, participation in other clinical
trials and positivity for HIV.
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2.3. Study Procedures

After acceptance of organ offers all livers were inspected at the local transplant center by an
experienced transplant surgeon. Liver zero-biopsies were done by the acting implant surgeon,
whenever the macroscopic appearance of the liver deemed questionable. Thus, in some cases, livers
were transplanted without prior histology.

When found to be suitable for transplantation randomization was initiated after verification
of all inclusion and exclusion criteria. Randomization was technically realized by a web-interface
organized by the center for clinical trials Essen with 1:1 randomization ratio as per computer-generated
randomization schedule. Variable block sizes were used with patient level stratification for Model for
End-Stage Liver Disease (MELD) score (3 groups: <20, 20–30, and >30).

After randomization to one of the study arms all procedures strictly followed the study protocol:
For the treatment group, donor livers were subjected to 2 h of venous systemic oxygen persufflation
(OPAL) as detailed previously [15,17]. Shortly, allografts were stored in ice-cold preservation solution
during the procedure and backtable preparation was carried out as usual. Additionally, a catheter was
inserted into the suprahepatic vena cava. An atraumatic clamp temporarily closed the infrahepatic
vena cava. Filtered (membrane pore size of 5 μm) and humidified oxygen gas was then introduced via
the catheter in the suprahepatic caval vein at a pressure limited to 18 mmHg to avoid barotraumata
of the vasculature. An endosufflator (WISAP GmbH Sauerlach, Germany), which was technically
modified for the use of oxygen instead of carbon dioxide, was utilized. When persufflation is started
postsinusoidal venules become dilated due to the pressure applied to the hepatic venous system
and gas bubbles rise up via the portal vain. Additionally, small pinpricks are set with a 27 gauge
needle into dilated venules at the periphery of the liver lobes that also allow the oxygen to leave
the microvasculature [17,18]. In contrast to the machine perfusion technologies, no liquid perfusion
is involved in the oxygenation of the liver tissue, that takes place exclusively by gaseous diffusion.
The persufflation method hence does not require the use of additional oxygenators or disposable
perfusion kits.

For the control group livers were kept simply cold stored until implantation after usual
backtable procedures.

After transplantation all patients were observed for seven days on a daily basis. Additional follow
up visits were carried out on the day of discharge, 3, 6, and 12 months after transplantation. Further
follow up included common visits at our outpatient clinic.

2.4. Objectives and Endpoints

Primary endpoint was the peak value of serum aspartate aminotransferase (AST) during the first
three days after liver transplantation. Secondary endpoints were graft and patient survival, rate of
re-transplantation, early allograft function (EAD, see below), ICU stay, time of postoperative ventilation
and dialysis as well as morbidity according to Dindo-Clavien Classification Grade ≥ 3. Moreover
serum levels of TNF-alpha were determined to investigate the impact of hypothermic reconditioning
on pro-inflammatory upregulation after reperfusion. Serum samples taken one hour after reperfusion
were analyzed using commercial ELISA kits on a fluorescence micro plate reader (Tecan, Grailsheim,
Germany) according to the instructions of the manufacturer (R&D Systems, Wiesbaden, Germany).

2.5. Surgical Procedure and Immunosuppression

All organ procurements were carried out by specialized local teams according to the standards of
the local procurement organizations within the different EUROTRANSPLANT regions. Orthotopic liver
transplantation was performed with vena cava replacement and end-to-end-anastomosis of portal vein,
hepatic artery and bile duct. All patients were treated at the ICU after transplantation. The perioperative
care was similar in both groups as well as the concept of immunosuppression. Intravenous
corticosteroids (1000 mg methylprednisolone) were applied intraoperatively. Postoperatively,
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tacrolimus (adjusted in accordance to the trough level of the drug) in combination with corticosteroids
and mycophenolate mofetil were utilized.

2.6. Definition of Rescue Allocation

Livers refused by more than three different centers for allocated candidates with the highest
MELD scores on the national waiting list were characterized as “organ rescue offers”. These grafts
were then either offered to the nearest center with a suitable recipient or allocated to the first center
to accept them (multiple-refusal/competitive rescue offer procedure). “Organ rescue offers” were
also occasionally encountered in instances of donor instability, prolonged cold ischemic times, or
unfavorable logistic reasons.

2.7. Definition of Early Allograft Dysfunction (EAD)

Early Allograft Dysfunction (EAD) was defined as: Bilirubin ≥ 10 mg/dL on postoperative day 7
and/or INR ≥ 1.6 on postoperative day 7 and/or AST or ALT > 2000 IU/L within the first 7 days [19].
Each case was classified as “EAD” or “no-EAD.”

2.8. Clinical Factors for Outcome Analysis

The following donor factors: age, gender, BMI, cause of death (cerebrovascular accident, hypoxia,
trauma, others), cold ischemic time, ICU length of stay, biopsy proven steatosis (macrovesicular and
microvesicular), organ protection solution used during the procurement (HTK, UW), last laboratory
values (AST, ALT, gGT, Bilirubin, Creatinine, Serum Sodium, INR) and the Donor Risk Index
(DRI) [20]—for the calculation of the DRI “race” was always set to “Caucasian”. The following
recipient factors were analyzed: age, gender, BMI, etiology of liver disease, laboratory Model for End
stage Liver Disease (MELD) score before transplantation, time for surgical procedure, warm ischemic
time, hospitality stay, and rejection within 3 month. Charlson Co-morbidity index was calculated
according to Charlson et al. [21].

2.9. Monitoring, Data Safety Monitoring Board

All trial related procedures were monitored and controlled by the center for clinical trials Essen
(ZKSE), according to ICH-GCP guidelines. Additionally, an independent data safety monitoring board
(DSMB), consisting of a clinician, scientist and statistician closely followed the proper conduct of the
trial and all severe adverse events (SAE). SAE were defined as life threatening or deadly events or
events that entail permanent injuries or require prolongation of hospital stay. None of the occurring
complications (the frequency of which did not differ between the groups) gave reason for intervention
by the safety board.

2.10. Sample Size Calculation and Statistical Analysis

The sample size calculation was performed to detect a relative effect of p= 0.66 (which is comparable
to a mean difference of ~0.6 in units of standard deviations of a standard normal distribution) for the
primary endpoint (maximum AST value during the first three days after transplantation) with a power
of 0.8 when significance is set to a = 0.05 (two-sided). A drop-out rate of 10% was assumed, resulting
in a sample size of 58 patients per groups (total 116 patients).

Data were expressed as mean and standard error of the mean or median and range values,
as appropriate. Categorical variables were analyzed by chi-squared test. Continuous variables were
analyzed by the Student t test or the Mann–Whitney U test. Treatment groups and clinical parameters
were linked to the development of EAD after transplantation by univariable and multivariable logistic
regression analysis censored for treatment groups. Factors with a p-value < 0.1 in either group
were introduced into the respective multivariable model. Patient survival was calculated using the
Kaplan–Meier method and compared with the log-rank test. Univariable and multivariable Cox
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Proportional Hazard Analyses were carried out to delineate independent predictors of patient survival.
Long-term patient survival was censored for patient death and treatment arm in order to investigate the
impact of study procedures on the early outcome after transplantation and intervention. p < 0.05 was
considered to be statistically significant. Statistical analyses were performed using JMP (version 10.0.0
SAS, SAS Institute Inc., Cary, NC, USA) and SPSS (IBM SPSS Statistics 24, IBM®, Armonk, NY, USA).

3. Results

3.1. Recruitment and Follow Up

Patients were enrolled and transplanted from 09/2011 to 12/2013. According to the study protocol
116 patients were recruited. Of these, 57 patients were randomized into the treatment group and
59 patients randomized into the control group. One year follow up was 100%. Graft and patient
survival were analyzed for a total of 5 years after transplantation.

Only one patient was lost to follow up with a functioning allograft after more than 2 years
after transplantation.

Median follow up time was 1466 days (1–2028 days). Enrollment of patients is shown in Figure 1.

Figure 1. CONSORT diagram illustrating the study enrollment.

Following randomization 2 patients (1 in each treatment arm) were excluded as the donor organ
has been considered inacceptable for transplantation after inspection by the responsible surgeon.

3.2. Donor, Recipient, and Perioperative Characteristics

Mean age of donor organs was 63 (±1.26) years. Half (50%) of the donors were male. Median
donor ICU treatment before organ procurement was 3.0 (1–19) days. The median DRI was 1.8 ± 0.3.
Cold preservation was applied for 452 ± 13.4 min. The warm ischemic time during the surgical
procedure was 30 ± 0.6 min.

Recipients had a mean age of 53.2 ± 0.8 years and were predominantly male (60.3%). Indications
(or a combination of indications) for OLT included cirrhosis related to alcoholic cirrhosis (31.9%),
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viral hepatitis (26.7%), hepatocellular carcinoma (26.7%), NASH (6.9%) and others (25.9%). The mean
labMELD before liver transplantation was 14.6 ± 0.6. Median duration of the surgical procedure was
257 (155–661) min.

Further details regarding donor, recipient and perioperative characteristics in both study arms are
given in Table 1.

Table 1. Donor and recipient data; values given as median and range, where appropriate, in brackets.

Parameter OPAL (n = 57) Control (n = 59) p-Value

Donor Age (years) 64 (30–95) 63 (28–84) 0.57

Donor Gender (m/f) (%) 56/44 44/56 0.27

Donor BMI (kg/m2) 25(19–42) 26 (19–51) 0.38

Donor ICU stay (days) 3 (1–16) 4 (1–19) 0.02

Donor Cause of death (n)

0.8
Cerebrovascular 37 39

Hypoxia 10 13
Trauma 5 4
Others 5 3

Donor aspartate aminotransferase (AST) (U/L) 48 (9–501) 41 (9–607) 0.8

Donor ALT (U/L) 32 (6–956) 33 (6–282) 0.87

Donor γGT (U/L) 46 (7–381) 57 (6–416) 0.29

Donor Sodium (μmol/L) 149 (132–163) 149 (132–169) 0.71

Donor Creatinin (μmol/L) 80 (32–689) 81 (33–265) 0.87

Donor Bilirubin (μmol/L) 9 (3.4–30) 8.2 (2.7–564) 0.16

Donor INR 1.13 (0.88–3.50) 1.12 (0.87–5.60) 0.81

Donor Risk Index 1.83 (1.1–2.5) 1.80 (1.1–2.5) 0.55

Allograft Histology (n) 49 47
Macrosteatosis (≥20%) 13 6 0.09

Microsteatosis (%) 50 (5–95) 40 (0–90) 0.36

Perfusion solution HTK/ UW (n) 53/4 52/7 0.37

Cold Ischemia Time (min) 443 (289–1090) 390 (259–740) 0.12

Recipient Age (years) 57 (31/69) 52 (24–67) 0.046

Recipient Gender (m/f) (%) 38/19 32/27 0.17

Recipient BMI (kg/m2) 27 (18–44) 25 (17–41) 0.14

Underlying disease (%)

0.83

Viral Hepatitis 8 10
HCC 14 16

linebreak Cholestative disease 7 4
Alcohol 14 18
NASH 3 3
Others 11 8

Charlson Co-morbidity Index 4 (1–8) 4 (2–8) 0.25

Laboratory Model for End-Stage Liver Disease (MELD) 13 (6–31) 15 (6–40) 0.16

In brief, clinically relevant characteristics were similar in both groups. Donor ICU stay was
significantly shorter in the treatment group. Recipient age was significantly older in the treatment
group. In both groups allocation was center based in 80%. Cold ischemia time was numerically longer
in the treatment group (p > 0.05).
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3.3. Surgical Study Procedures

Oxygen persufflation was applied for 137 (103–205) min in the treatment group. Treatment with
persufflation did not result in any serious adverse event or allograft loss. Minor bleeding was observed
from the pinpricks. These were not clinically relevant and stopped spontaneously or after minimal
electrocoagulation. Median duration of the surgical procedure was 260 (176–460) min in the treatment
arm and 250 (155–661) min in the control group. Warm ischemia time was similar, being 30 (16–41) min
in the persufflation group and 29 (20–65) min in the control group. Statistical differences regarding
surgical study procedures were not observed between groups.

Transfusion of packed red blood cells (PRBs) was low and the same in both groups: 16 patients
(28%) in the treatment group were transfused with a median of 2 PRBs compared to 25 patients (42%)
transfused with a median of 2 PRBs in the control group.

3.4. Primary Endpoint

Peak AST values within the first three days after liver transplantation were higher in the control
group compared to the treatment group. However, this did not reach statistical significance (1246
(310–8064) versus 972 (194–17577), control versus OPAL; cf Figure 2).

Figure 2. Peak values of AST during the first 3 days after transplantation.

3.5. Secondary Endpoints

For secondary endpoints several assessments of patient death and early graft function were
compared between groups. Details are depicted in Table 2.

Rates of 30-day mortality and In-hospital mortality were not statistically different between
groups. Few retransplantations were necessary in the present study: One patient developed primary
non-function and died after retransplantation. Another patient in the treatment group developed
arterial thrombosis one month after transplantation and was successfully retransplanted. This patient
is now well and alive. Statistical comparison of PNF and retransplantation rates was not performed
due to the low number of events. Early Allograft Dysfunction occurred in every fifth to fourth patient
in both groups. Rate of postoperative acute kidney failure and the necessity for hemodialysis was
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higher in the control group, but did not reach statistical significance. Postoperative complications ≥
Grade III according to Dindo-Clavien were similar in both groups. Surrogates of complicated clinical
courses like length of ICU stay and length of hospital stay did not show differences among the groups.

Table 2. Secondary outcome parameters: values given as median and range, where appropriate,
in brackets.

Parameter OPAL (n = 57) Control (n = 59) p-Value

Retransplantation (n) 2 - -

Early allograft dysfunction (EAD) (n) 14 12 0.58

Recipient ICU stay (days) 3 (1–45) 3 (1–41) 0.97

Post Tx dialysis (n) 5 9 0.28

Recipient hospital stay (days) 20 (2–114) 18 (1–85) 0.07

30-day mortality (n) 3 2 0.62

In-hospital mortality (n) 5 5 0.95

Postop. Comlications (n)
Dindo-Clavien IIIa
Dindo-Clavien IIIb
Dindo-Clavien IVa
Dindo-Clavien IVb

22
7
8
5
2

17
5
3
6
3

0.26

Rejection within 3 months (n) 6 8 0.61

Serum levels of TNF alpha were found to be significantly reduced after oxygen persufflation:
11.1 ± 1.6 versus 5.9 ± 0.4 pg/ml; mean ± SEM, control versus OPAL p < 0.05.

3.6. Patient and Graft Outcome

Death censored graft survival in the treatment group was 89% after one, three, and five years.
The control group demonstrated a graft survival of 87%, 84% and 82% after one, three, and five years,
respectively (p > 0.05).

Patient survival in the complete study cohort was 80% and 70% after one and five years, respectively.
Patient survival in the treatment group was 77%, 74%, and 74% after one, three and five years.

Accordingly, the control group demonstrated patient survival rates of 83%, 76%, and 66%. Comparison
between groups demonstrated non-significant differences (p = 0.56).

Overall cause of death in the recipients after transplantation was in descending order: Tumor
recurrence (10.4%), sepsis (8.6%), and HCV reinfection (6.9%).

3.7. Association of Clinical Parameters with Development of EAD

Logistic regression was performed to identify parameters associated with the development of
EAD as a clinical marker for inferior allograft function. Results are displayed in Table 3.

For the treatment group, no clinical parameter was delineated as independent predictor for
development of EAD after liver transplantation. In contrast, history of cardiopulmonary resuscitation
and last donor ALT were significantly and independently associated with the development of EAD
in the control group. Summarizing, oxygen persufflation showed a positive effect concerning the
development of EAD in the case of donors with history of cardiopulmonary resuscitation and of donors
with elevated ALT levels.
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Table 3. Early allograft dysfunction; censored for treatment arm: Nominal logistic analysis, multivariate
analysis and likelihood ratio test (p-values).

Parameter OPAL Control

Univariate Multivariate Univariate Multivariate

Donor Age (years) 0.81 0.41

Donor Age > 70years 0.7 0.65

Donor BMI 0.09 3.26
0.07 0.67 0.14

0.71

Donor cause of death 0.31 0.23

Donor ICU stay (days) 0.49 0.79

Donor cardiopulmonary resuscitation 0.47 0.12
0.73 0.07 6.02

0.01

Donor AST (U/L) 0.87 0.1

Donor ALT U/L) 0.38 2.54
0.11 0.03 5.25

0.02

Donor γGT (U/L) 0.73 0.97
0.32 0.03 1.25

0.26

Donor Bilirubin (μmol/L) 0.26 0.29

Donor Risk Index 0.77 0.4

Allograft histology: macrosteatosis 0.18 0.67

Allograft histology: fibrosis 0.48 0.76

Preservation solution 0.13 1.75
0.19 0.07 1.67

0.2

Cold Ischemia Time (h) 0.13 0.11

Warm Ischemia Time (min) 0.61 0.66

Duration of Surgical Procedure (min) 0.89 0.86

Recipient Age (years) 0.36 0.6

Recipient BMI 0.37 1.39
0.24 0.08 3.24

0.07

Lab-MELD score 0.52 0.43

3.8. Association of Clinical Parameters with Patient Survival

Cox proportional hazard analysis was performed to identify parameters associated with long
term patient survival (Table 4).

None of the analyzed factor demonstrated an independent association with the patient survival
in the treatment group. On the contrary, two factors were significantly and independently associated
with the patient survival in the control group: allograft macrosteatosis as a marker for graft quality
and the MELD score of the recipients as a marker for severity of the underlying liver disease.

Quite of interest in this analysis was the strong tendency of donor age with the patient survival in
the control group. Further analysis demonstrated that an advanced donor age of more than 70 years
was significantly associated with the patient survival in univariable analysis. This was not observed in
the treatment group. Due to the retroactive character of this analysis, donor age > 70 years was not
introduced in the multivariable cox proportional model.

These findings could be interpreted as a positive effect of the revitalization treatment in the case
of older livers (from donors > 70 years of age) or macrosteatotic livers, proposing selection criteria for
the use of this method in the corresponding instances.
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Table 4. Cox proportional hazard analysis (p-values), censored for long term patient survival and
treatment arm.

Parameter OPAL Control

Univariate Multivariate Univariate Multivariate

Donor age(years) 0.63 0.138
0.71 0.051 0.48

0.49

Donor age > 70 years 0.22 0.047

Donor BMI 0.97 0.6

Donor cause of death 0.17 0.99

Donor ICU stay (days) 0.29 0.3

Donor cardiopulmonary resuscitation 0.46 0.19

Donor AST U/L) 0.87 0.53

Donor ALT (U/L) 0.2 0.12

Donor γGT (U/L) 0.67 0.69

Donor Bilirubin μmol/L) 0.2 0.18

Donor Risk Index 0.35 0.65

Allograft histology: macrosteatosis 0.46 0.38
0.54 0.07 6.2

0.01

Allograft histology: fibrosis 0.09 1.17
0.28 0.44 3.69

0.06

Preservation solution 0.37 0.7

Cold Ischemia Time (h) 0.55 0.05
0.83 0.09 3.55

0.06

Warm Ischemia Time (min) 0.83 0.27

Duration of Surgical Procedure (min) 0.28 0.9

Recipient Age (years) 0.71 0.17

Recipient BMI 0.48 0.34

MELD 0.49 0.48
0.49 0.054 5.06

0.03

3.9. Subgroup Analysis

The impact of advanced donor age was further investigated in a subgroup analysis. Patient
survival was compared in recipients transplanted with organs from donors with age > 70 years to
recipients transplanted with organs from donors with age < 70 years in the treatment group (n = 26)
and control group (n = 23), respectively. Results are depicted in Figure 3.

In the treatment group patient survival was 80% after one and five years when transplantation
was carried out with younger donors. In donors aged 70 or more the patient survival was 70% and
65% after one and five years, without statistical significant differences between groups. However, the
same analysis in the control group demonstrated significantly worse survival after transplantation
of allografts from donors aged 70 years or more with one and five year patient survival of 70% and
48%. Donors aged younger than 70 years led to a patient survival of 85% and 75% after one and five
years, respectively.

We also evaluated maximal serum values of AST in the population receiving macrosteatotic livers
(>20%) and found an accentuated trend towards a benefit in the OPAL group: 987 (271–3016) U/L
versus 2498 (890–4332) U/L. However, because of the small number of patients (n = 12 in the OPAL
group, n = 6 in the control group) differences were not evaluated for significance.
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Figure 3. Five year patient survival in the treatment group (oxygen persufflation (OPAL)) and in the
standard care group (control) according to recipient age (<70 years versus ≥70 years).

4. Discussion

This randomized controlled single center study investigated for the first time the impact of
oxygen persufflation as adjunct in liver preservation on early allograft injury and dysfunction upon
repefusion. The primary endpoint was aminotransferase peak of AST within the first three days after
liver transplantation. While AST values were lower in the treatment group, statistical significance was
not reached.

Assessment of secondary endpoints, such as early allograft dysfunction, primary non-function,
and patient survival, showed a positive effect of the treatment on the development of EAD in the case
of donors with history of cardiopulmonary resuscitation and of elevated ALT levels. Benefits with
regard to patient survival were also present for marginal liver grafts with macrosteatosis or originating
from donors aged > 70 years.

Furthermore a moderate, but significant reduction of TNF-alpha release could be documented for
the entire collective.

Thus, a distinct clinical benefit for application of retrograde oxygen persufflation as reconditioning
tool immediately before liver transplantation could be delineated in concrete subcategories of
particularly endangered donor grafts. This comes to confirm the corresponding literature from
experimental studies, as the concept of retrograde oxygen persufflation in liver allograft reconditioning
is based on scientifically high grade research which has been published in the past decades: Initial
reports by Isselhard [22] and Ross [23] demonstrated convincing results in animal kidneys already in the
1970s. Subsequently, the first clinical pilot project was successfully initiated in renal transplantation [24].
Experimental applications in liver allografts followed thereafter [25,26]. This research demonstrated
significant reduction of non-parenchymal cell injury and vascular endothelial dysfunction after cold
preservation of the liver by gaseous oxygen [27] as well as reduction of proteolysis leading to improved
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functional outcome after transplantation [28]. Gaseous oxygenation resulted in normalization of
vascular resistance and reduced release of hepatocellular enzymes. Further investigations showed
prevention of functional and ultrastructural impairments by venous oxygen persufflation [29] in
steatotic rat livers.

In a porcine model, gaseous oxygen persufflation prevented primary non-function of livers after
extended cold storage times and improved one week survival of the recipient from 0% up to 83% [11].

Based on these premises one might have expected a less equivocal result upon clinical usage oxygen
persufflation. However, in contrast to the controlled experimental situation, a broader heterogeneity of
included donor livers as well as recipient health status may influence the outcome after transplantation
in the clinical setting.

Some of the donor organs might have had lesser needs for additional treatment than others, and,
although distributed evenly across the groups, a notable fraction of not so marginal grafts might have
obscured the benefit of oxygen persufflation in less resilient livers.

Such effect would not have been predictable, as extensive human studies are needed to delineate
the specific influence of preservation techniques on each group of allografts. The subgroup analysis
presented in this studies might be taken as hint that oxygen persufflation might be most effective in
older donor allografts. While the study was not powered to prove this, the influence of donor age
on patient survival in the control group, which was not traceable in the treatment group, suggests
reduced damage to the allograft after oxygen persufflation.

In addition, results of multivariable studies demonstrated that history of donor cardiopulmonary
resuscitation as well as elevated ALT levels in the donor contributed to development of EAD in
the control group but not in the treatment group. This might indicate that after reconditioning of
pre-damaged allografts, such risk factors lost their impact. The same was observed for patient survival:
allograft macrosteatosis and MELD score were delineated as risk factors only in the control group.
Against the background of similar patients and allografts transplanted in both groups, this resembles a
surrogate of improved allografts after treatment by oxygen persufflation.

It should be of interest that the data at hand demonstrates excellent safety of the method applied.
Serious adverse events related to treatment were not observed and all endpoints were qualitative
similar to the common standard of cold storage.

Organ preservation is a science virtually lacking relevant clinical progress over more than 20 years.
Nowadays, several approaches of machine perfusion have been taken from experimental projects

to first clinical applications [30–32]. These studies demonstrated feasibility and safety of such new
methods and suggested beneficial effects on clinical outcomes like peak of aminotransferase after
transplantation, development of EAD and maybe even biliary complications. Most importantly, these
pilot projects led to the initiation of randomized controlled trials comparing these new methods with
static cold storage. So far, no clear benefits in term of graft and patient survival could be demonstrated.

This again underscores the importance to identify more precisely those subgroups of allografts
that need or may benefit from reconditioning measures and those who will not.

Compared with the more sophisticated methods of machine perfusion, the simple insufflation of
gaseous oxygen excels by its ease of use and the unmatched cost-effectiveness may furthermore allow
for a less critical application in attempt to rescue questionable liver grafts.

5. Conclusions

In conclusion, this randomized controlled trial demonstrated safety of venous oxygen persufflation
of liver allografts immediately before transplantation as reconditioning tool. A clinical benefit could
be demonstrated in concrete subcategories of less than optimal donor organs. Pending success of
alternative new preservation methods might justify further clinical evaluation of oxygen persufflation
as safe, cheap, and easy applicable reconditioning method in liver allografts subgroups.
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Abstract: Wilson Disease is a rare autosomal recessive liver disorder in humans. Although its clinical
presentation and age of onset are highly variable, hallmarks include signs of liver disease, neurological
features and so-called Kayser-Fleischer rings in the eyes of the patient. Hepatic copper accumulation
leads to liver disease and eventually to liver cirrhosis. Treatment options include life-long copper
chelation therapy and/or decrease in copper intake. Eventually liver transplantations are indicated.
Although clinical outcome of liver transplantations is favorable, the lack of suitable donor livers
hampers large numbers of transplantations. As an alternative, cell therapies with hepatocytes or liver
stem cells are currently under investigation. Stem cell biology in relation to pets is in its infancy. Due to
the specific population structure of dogs, canine copper toxicosis is frequently encountered in various
dog breeds. Since the histology and clinical presentation resemble Wilson Disease, we combined
genetics, gene-editing, and matrices-based stem cell cultures to develop a translational preclinical
transplantation model for inherited copper toxicosis in dogs. Here we describe the roadmap followed,
starting from the discovery of a causative copper toxicosis mutation in a specific dog breed and
culminating in transplantation of genetically-engineered autologous liver stem cells.

Keywords: copper toxicosis; stem cell transplantation; Wilson Disease; preclinical large animal model

1. Introduction

The trace element copper is indispensable for various biochemical processes [1]. At the same time,
the transition element copper (reduced as Cu+ and oxidized as Cu2+) is involved in chemical reactions
leading to the production of reactive oxygen species. Therefore, its intracellular free concentrations need
to be regulated within very narrow boundaries [2]. Regulation occurs at the level of cellular uptake,
intracellular binding and distribution, and lastly cellular excretion. Copper is imported into cells mainly
via Copper Transporter 1 (Ctr1) [3]. Once copper is inside the cell, copper binding proteins ensure that
the free copper levels remain very low. These chaperone proteins include Cytochrome c Oxidase Copper
Chaperone (Cox17), Copper Chaperone for Superoxide Dismutase (CCS), and Antioxidant protein1
(ATOX1) [1,2]. Intracellularly copper can be sequestered by glutathione, and metallothionein. Excretion
is mediated via P-type ATPases, ATP7A and ATP7B [4]. Transport through the blood stream is mediated
via ceruloplasmin. Copper related diseases in humans include Menke’s Disease (copper deficiency
disorder), Wilson Disease (copper accumulation), Indian childhood cirrhosis [5], endemic Tyrolean
infantile cirrhosis [6], and idiopathic copper toxicosis [7]. The causative mutations for Wilson Disease
are in the ATP7B gene [8,9]. The ATP7B protein is responsible for excretion of bound intrahepatic copper
into the bile. Biliary copper excretion accounts for as much as 95% of the total body copper excretion.
There is a wide variation in clinical presentation of Wilson Disease (WD) and a large number of mutations
has been reported (well over 500; http://www.wilsondisease.med.ualberta.ca/database.asp) [10–12].

Bioengineering 2019, 6, 88; doi:10.3390/bioengineering6040088 www.mdpi.com/journal/bioengineering37



Bioengineering 2019, 6, 88

Phenotypical variation also occurs within the same genotype, hinting to the effect of modifier genes.
In contrast to hepatic copper overload, Menkes Disease (MD) is presented with impaired copper
absorption in various organs. Wilson Disease is a rare X-linked copper deficiency disorder caused
by mutations in the ATP7A gene [13–17]. The limited genotype-phenotype correlation and the rarity
of both WD and MD urge for innovative clinical approaches to improve the quality of life of people
suffering from Wilson’s or Wilson Disease. What makes dogs (Canis lupus familiaris), especially for
WD, so well-suited? In order to fully appreciate the potential of these animals, some insights into the
canine population structure are necessary. Ever since dogs were domesticated, they have been under
severe artificial breeding selection, for instance for behavioral traits and/or specific morphological
features [18]. This resulted in isolated genetic populations of dog breeds [19]. The limited genetic
variation within breeds, and at the same time a large genetic variation over all breeds, provides a
gold-mine for geneticists. Whereas the genetic variation over the various breeds remained intact,
the reduced genetic variability within breeds worked as a genetic amplifier and offered researchers a
genetic dissection microscope [19]. Together with the selection for a unique trait, such as excessive
muscle formation, short limbs or a specific coat color, an increased risk for the development of specific
disorders with a simple and/or complex inheritance pattern arose within breeds. Exploiting the
downside of inbreeding may therefore be instrumental for the discovery of causative and modifier
genes involved in complex diseases and/or rare diseases such as inherited copper toxicosis.

Next to the above mentioned genetic-argument, other research advantages reside within dogs.
Dogs are of comparable size of humans and they share similar environmental exposures. Especially
the size allows to design and test procedures at a humanized size with highly comparable anatomical
arrangements. This is an obvious advantage for preclinical studies, for instance related to liver
transplantation. In this respect, the readers might be aware that the first liver transplantations were
performed in dogs [20].

In summary both genetic and technical arguments are in favor to utilize dogs as important
preclinical models for inherited copper toxicosis. However, there is more to come. Veterinarians
have been confronted with sheep and dogs presenting with copper related disorders already for
decades [21–24]. Deleterious levels of hepatic copper are described in several dog breeds including
Bedlington terriers, Skye terriers, West-Highland White terriers, Dobermanns, Dalmatians and
Labrador retrievers [25–30]. Pedigree analysis of most breeds revealed a complex mode of inheritance
of copper-mediated hepatitis. Therefore, the phenotypic expression is not dependent on one single
genetic factor, but on mutations in more genes and also environmental factors are deemed influential
in the phenotypic presentation. As an exception to the rule of thumb that copper toxicosis is a complex
genetic disorder, a simple autosomal recessive mode of inheritance is observed in the Bedlington
terrier [31].

2. A Roadmap towards a Relevant Preclinical Model Animal for Liver Stem Cell Transplantations

Although rodent models for WD have been instrumental to dissect molecularly how mutations in
the ATP7B gene lead to hepatic copper accumulation, their size does not allow for longitudinal studies
(individual animals followed for long time and consecutive measurements). This prompted us to
investigate the genetic background of inherited copper toxicosis in several dog breeds. One important
feature of a clinical model is the knowledge of the genetic cause and preferentially a simple breeding
strategy to acquire sufficient number of experimental animals. In line with this, a similar progression
of the disease in time strengthens the validity of the model. Another aspect is the feasibility to obtain
sufficient and genetically gene-corrected liver stem cells, preferentially autologous to minimize the risk
of rejection of the transplanted cells. Lastly, in view of the clinical application in human medicine,
mode of cell transplantation must be similar to the one preferred in human medicine. All these steps
will be outlined in more detail below. Figure 1 depicts the strategy followed for functional liver recovery
after autologous genetically-engineered liver stem cell transplantation in a COMMD1 deficient dog.
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Figure 1. The strategy followed for functional liver recovery after autologous genetically-engineered
liver stem cell transplantation in a COMMD1 deficient dog.

2.1. Requirement 1. Copper Accumulation in Bedlington Terriers Is caused by a Deletion of exon-2 in the
COMMD1-gene

By means of mapping studies and positional cloning, a 13kB deletion covering exon-2 of the
commd1 gene was discovered as the causative mutation of Bedlington terrier copper toxicosis [31,32].

In the following years, the involvement of this mutation in other copper storage diseases was
investigated. It turned out that this mutation was not causative for either Indian Childhood Cirrhosis
(ICC), Endemic Tyrolean Infantile Cirrhosis (ETIC), nor Idiopathic copper toxicosis (ICT) [33].

Furthermore, whether or not the murr1 mutations are somehow involved in WD is a matter of
debate [34–36]. The intracellular interaction between the ATP7B protein and the COMMD1 protein
(previously known as murr1) explains the similarities in WD and Bedlington terrier copper toxicosis [37].
The COMMD1 protein, COpper Metabolism Murr1 domain-containing protein had an unknown
function at the time it was discovered. To unravel its function, among others yeast-two hybrid
screens were used with COMMD1 as bait. Of interest, a direct COMMD1-ATP7B interaction occurs
which was confirmed in cell lines [37]. In WD the interaction between ATP7B and COMMD1 is
enhanced and leads to lower ATP7B stability. This interaction partially explains the similar phenotypes
of WD in men and copper toxicosis in Bedlington terriers. At present a plethora of functions are
related to the COMMD1 protein, including sodium transport via epithelial sodium channel (ENaC),
trafficking of cystic fibrosis transmembrane conductance regulator (CFTR), inhibition of Cu/Zn -SOD,
NFk-B signalling, Hypoxia Inducing Factor (HIF1) regulation and HIV-replication [37–41]. COMMD1
depletion leads to increased serum Low Density Lipoprotein (LDL) levels, due to mis localization
of the LDL-receptor and consequently a reduced uptake of LDL particles [42]. One of the common
themes of COMMD1 action seems to be related to protein degradation via ubiquitination, at least
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regarding NFkB-signalling, ENaC trafficking and HIF1alpha regulation. Results of immunoprecipitated
ubiquitinated proteins with associated proteins have not been described, to our knowledge.

Two papers provided direct evidence for a crucial role in cellular copper regulation in in vitro cell
cultures [41,43]. By means of siRNAs commd1 was silenced in HEK-293 (human embryonic kidney)
cells and in BDE-cells, a canine liver cell line [41,43]. This resulted even in short term cell cultures for
increased intracellular copper levels. The fetal lethality of COMMD1 -/- mice is most likely caused
by defect in the placenta development, an organ with very high COMMD1 protein expression [43].
Finally, liver specific ATP7B deficient mice had increased hepatic copper levels [44], albeit not as
high as the hepatic copper levels in Bedlington copper toxicosis (see Table 1). With respect to hepatic
copper accumulation it turned out that COMMD1 protein functions as a chaperone not only for ATP7B,
but also for ATP7A [45–47].

Table 1. Comparison of some parameters for Wilson Disease (WD) patients with potential large animal
models such as Bedlington terriers (BT) and Labrador retrievers (LR).

WD BT LR

Gene ATP7B COMMD1 ATP7B/ATP7A

Mode of inheritance autosomal recessive autosomal recessive complex
Age of onset variable adolescence-mid age adolescence-mid age

Liver pathology cirrhosis cirrhosis cirrhosis
Hepatic Cu (mg/dwl) <1000 <12,000 <1000

Neurology impaired not reported not reported
Population rare rare * very frequent

Kayser–Fleischer rings present in 50% not reported not reported

mg/dwl means mg copper per kg dry weight liver; * due to negative breeding selection on copper toxicosis, the
disease in Bedlington terriers almost disappeared.

In summary, the genetic cause of Bedlington terrier copper toxicosis is known, and despite
not being in the same gene as for WD, protein–protein interaction of the WD-gene product and the
Bedlington-gene product easily explain the similarities in hepatic copper accumulation.

2.2. Requirement 2. Longitudinal Studies on COMMD1 Deficient Dogs Highlight Similarities between WD
and Canine Copper Toxicosis

All these in vitro and mouse models stimulated us perform longitudinal studies to describe in great
detail how copper toxicosis progresses and to which extent this resembles WD. Therefore, an in-house
breeding colony of five COMMD1 deficient dogs was followed for over four years. The simple mode
of inheritance facilitated us to create a homozygous COMMD1 deficient breed on a Beagle background.

Biannual liver biopsies were taken for histology, copper measurements, immunohistochemistry,
quantitative RT-PCR and Western blotting [48–50]. Although these animals are not geno-copies of
human WD patients the disease progression at molecular and histological level clearly resembles WD.
Variations between WD in men and COMMD1-deficiency mediated copper toxicosis in Bedlington
terriers include the amount of copper accumulated (see Table 1) and the absence of neurological
features and Kayser–Fleischer rings. Maximum copper accumulation was reached at 12 months
of age (adolescence-mid age), which coincided with the first histological signs of hepatitis. At the
same time, increased levels of mt1A (copper scavenger metallothionein) mRNA were observed.
Slightly later, hepatic stellate cells became activated (α-SMA positivity), with increasing reticulin
deposition and hepatocytic proliferation in later stages. A further increase over time of histologically
confirmed hepatitis and pro-apoptotic caspase-3 activity (first noticed at 18 months) was observed.
For further details on the temporal expression of genes involved in copper homeostasis and antioxidant
mechanisms like atox1 (antioxidant 1 copper chaperone), ccs (copper chaperone for cytochrome C
oxidase), cox17 (cyclooxygenase 17), atp7A, atp7B, sod, cat, and gpx1 readers are referred to previous
papers [49,50]. These longitudinal studies clearly established that COMMD1-deficient dogs develop
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copper-induced chronic liver disease and even cirrhosis in a comparable fashion as do human WD
patients. Two minor variations are related to the age of onset which was much more standardized
in the dogs and the copper accumulation was more extreme. Together, the important clinical and
histological similarities positioned this breeding colony as genetically-defined large animal model to
test clinical applicability of new therapeutics developed in rodent models.

2.3. Requirement 3. Culture of Sufficient Quantities of COMMD1-Functional Autologous Liver Stem Cells

The liver is one of the few organs acknowledged for its reparative capacity. Replication of
differentiated hepatocytes and/or cholangiocytes are responsible for the volume regeneration to
compensate for partially removed liver lobes. For this reason, the existence of liver stem cells
seemed unnecessary. Some evidence even points to hepatocytes themselves as main sources of liver
regeneration [51,52]. To complicate matters even more, several sources of hepatic stem cells are
described, presumably depending on the model to induce hepatic damage or their involvement in the
hepatocyte renewal during liver organ homeostasis [51–53]. Often one of the most obvious histological
reactions is a proliferation of a subset of biliary cells, the so-called ductular reaction. Proposed stem
cells include, among others, hepatic stellate cells, hepatocytes themselves, or self-renewing pericentral
Axin2+ cells that differentiate into polyploid hepatocytes able to replace hepatocyte during homeostatic
liver renewal [53–55]. Which of these various liver stem cells are involved in the daily wear-and tear of
hepatocytes and cholangiocytes and which of these are hampered in their activation in case of severe
liver damage is a matter of a fierce debate; the various points of view are summarized [56,57].

The presence and activation of liver progenitor cells was based on experimental mouse models,
and ductular reactions (proliferation of intrahepatic bile ducts) were described in various diseases in
humans [58–63]. Our initial papers described the activation of liver stem cells in canine hepatopathies
and compared these patterns to the observation in human hepatopathies [64–67].

Having established that a ductular reaction occurred in diseased dog livers in a similar fashion as
for human liver diseases, we designed experiments to culture canine liver progenitor cells.

Enrichment of liver progenitor cells by means of fluorescent activated cell sorting (FACS) revealed
a side population with a gene expression pattern resembling progenitor cells [68].

Interestingly, during the culture of non-purified liver canine liver progenitor cells, on top of
non-proliferating hepatocytes colonies of small, progenitor-like cells became visible [69]. Even more
interesting these cells differentiated into a hepatocyte-like phenotype (e.g., albumin and MRP2
expression). This stimulated us to dissect pathways involved in their replication in order to obtain
sufficient quantities of liver stem cells. Using a siRNA-screen targeting kinases, we established
DYRK1A as a novel pathway specific for liver stem cell proliferation [70]. However, interference with
harmine, a known inhibitor of DYRK1A, revealed little effect on cell proliferation as it turned out to be
crucial for S-phase entry.

A recent development has been the establishment of liver stem cells cultures as 3D cultured
organoids. Organoids are an artificially grown mass of (stem) cells resembling an organ’s function.
These stem cell based mini-organs are described from various organs including murine and human
livers [71,72]. The clinical application of these mini-organs range from diseases modelling, advanced
toxicology and pharmacological studies, and application in stem cell transplantations. For liver, dog,
rat, and cat liver organoids have been described [73–75]. With these 3D in vitro cultures, expandable to
almost infinity and at the same genetically stable, the combination of bioengineering and cell-biology
becomes a reality. Indeed in 2015, canine liver organoids of COMMD1-deficient dogs were described
in which by means of lentiviral transduction a COMMD1 cDNA was inserted, COMMD1 protein
expression resumed in these organoids, as did their copper excretion and they survived under high
copper culture conditions [73].

In brief, culture of large quantities of autologous liver stem cells with a functional copy of the
COMMD1 cDNA was within reach.
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2.4. Requirement 4. Number and Routing of Genetically-Engineered Autologous Transplanted Donor Cells

Hepatocyte transplantation in dogs was first described in 1996 preceding the clinical application of
hepatocyte transplantations in humans [76]. Together with the few studies describing transplantation
of healthy liver cells in human Crigler-Najjar syndrome, urea cycle defects and phenylketonuria
we could make an estimated guess on the number of cells minimally required for functional liver
recovery [77–80]. A growth stimulus for the transplanted cells was provided by a lobectomy of the
recipient liver [80]. In order to avoid increased portal pressure during cell transplantation and to
enhance engraftment, the required number of cells was injected via the portal vein on three consecutive
days through an implanted port-a-cath system [81]. The portal vein has been the preferred routing in
human patients to transplant liver cells in order to correct inborn errors of metabolism. This highlights
another advantage of a large animal models over murine models, since portal vein injections in mice
are very challenging.

3. Transplantation of Autologous COMMD1-Positive Liver Organoids into Copper-Laden Livers
of COMMD1 Deficient Dogs

Having fulfilled relevant criteria for a valid preclinical model for stem cell transplantation we
sailed out to culture enormous quantities of gene-corrected liver stem cells. In about 12 weeks of
culture the number of gene-corrected liver stem cells was obtained. In this study, we are following five
individual dogs up to two years after the transplantation, and the dogs’ size permitted longitudinal
liver sampling. All dogs tolerated the lobectomy and the subsequent liver cell transplantations.

Apparently the usage of the port-a-cath system did not reveal severe side-effects. At histology no
signs of tumor formation caused by the transplanted cell are observed for the post-transplantation
time points analyzed thus far.

4. Bedlington Terriers with a commd1 Mutation or Labrador Retrievers with an ATPB Mutation,
Which Is the Preferred Breed to Study WD?

Biomedical researchers are well aware of the fact that each model has its limitations, for instance
it is a simplification or exaggeration of the reality. In other words, the beauty (and relevance) of a
model is in the eye of the beholder. It is of utmost importance to make a rational decision on which
large animal or which specific breed to be used for various preclinical studies to truly have impact on
the quality of life of WD patients. In order to facilitate this decision, for instance if one would like to
investigate the effect of novel therapeutic compounds, some aspects of two dog breeds with copper
toxicosis are compared with clinical parameters of WD, as summarized in Table 1.

5. Future of Novel Preclinical Models, DoGtor Can You Help Me?

The European Commission recently established a reference network for rare liver diseases
(ERN-RARE-LIVER). This shows Europe’s perseverance to address the specific issues inherent to rare
diseases, including limited research resources, a lack of scientific understanding and importantly
a lack of public awareness. In this respect the participation of the Faculty of Veterinary Medicine
(Utrecht, the Netherlands) in an EASL-sponsored consortium entitled Regenerative Hepatology is a
crucial first step to bridge the scientific and preclinical gap for inherited copper toxicosis. Recently a
recovery from acute liver failure without transplantation was reported in a small population (n = 5) [82].
Zinc and/or copper chelation contributed to the recovery. Similarly, a high zinc, low copper diet
decreased hepatic copper levels in a subset of Labrador retrievers suffering from inherited copper
toxicosis [83]. This shows the potential of comparative clinical studies in humans and dogs. However,
it must be kept in mind that these animals are both target animal for therapy (pets as patients) and
model animals. As for all models they represent a part of the complete picture, one or a few aspects
are highlighted. In the case of hepatic stem cell transplantation, this is unlikely to become the main
treatment of choice for WD since it will only affect liver function and not likely the neurological aspects.

42



Bioengineering 2019, 6, 88

Often research is of mice and meds, but we should consider for preclinical studies on bioengineered
livers the option pets and vets. In other words, a dogmatic shift: bioengineered liver with large animal
models will benefit people suffering from rare diseases, such as inherited copper toxicosis.
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Abstract: Bioengineered livers are promising in vitro models for drug testing, toxicological studies,
and as disease models, and might in the future be an alternative for donor organs to treat end-stage
liver diseases. Liver tissue engineering (LTE) aims to construct liver models that are physiologically
relevant. To make bioengineered livers, the two most important ingredients are hepatic cells and
supportive materials such as hydrogels. In the past decades, dozens of hydrogels have been
developed to act as supportive materials, and some have been used for in vitro models and formed
functional liver constructs. However, currently none of the used hydrogels are suitable for in vivo
transplantation. Here, the histology of the human liver and its relationship with LTE is introduced.
After that, significant characteristics of hydrogels are described focusing on LTE. Then, both natural
and synthetic materials utilized in hydrogels for LTE are reviewed individually. Finally, a conclusion
is drawn on a comparison of the different hydrogels and their characteristics and ideal hydrogels are
proposed to promote LTE.

Keywords: hydrogel; tissue engineering; liver; bioengineered organ

1. Introduction

Liver tissue engineering (LTE) aims to construct liver models that mimic the functions of an in vivo
liver as closely as possible. LTE has two main applications: First, as in vitro models, bioengineered livers
can be used for testing of xenobiotics (e.g., drugs and pathogens), toxicological studies and as
(patient-specific) disease models [1]. Ethical and practical issues hamper to conduct research on drugs
and pathogens with living human beings; on the other hand, in vitro models, either hepatoma cell lines
or primary human hepatocytes, cannot represent the true in vivo characteristics, where liver cells are
spatially localized and cell polarity provides dynamic cues for cellular activities [2,3]. Thus, LTE could
be used for drug development and toxicity testing [4] and as cell models for pathogen testing. Second,
although currently far from clinical application, LTE aims to develop alternatives to donor organs for
in vivo transplantations. Liver diseases are a major concern as they account for millions of deaths
annually and the incidence of liver disease is still increasing worldwide [5]. End-stage liver disease or
liver failure is the direct cause of death and the only curative option is orthotopic liver transplantation
(OLT) [6–8]. However, donor shortage has restricted this treatment severely and many patients die
while on the waiting list for applicable donor livers [9,10]. To solve the problem of donor shortage,
hopes are that bioengineered livers could be an alternative in the future, and LTE is an essential
approach to fabricate bioengineered livers.

Cell sources and supportive materials are the most fundamental ingredients for LTE. First of
all, hepatic cells are indispensable and there are already several possible cell sources [5,7,8].
Primary hepatocytes are typically selected as the cell source [11–15] but are limited by the availability
of primary tissue, the difficulty in maintaining the hepatic phenotype, and expanding the cells
sufficiently [16,17]. Therefore, stem cells or progenitor cells that differentiate into the hepatic lineage are
a viable alternative [18–20], and methods to expand induced pluripotent stem cells (iPSCs) or adult stem
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cell-derived hepatic cells have also been established [21–23]. The maturation status and hence function
of stem cell derived hepatic cells do not reach primary hepatocyte levels yet, but can presumably
be increased in the future by a combination of several maturation approaches [24]. Additionally,
several groups have recently developed techniques which now allow for efficient in vitro expansion of
primary human hepatocytes [25–27]. Now that methods have been developed for long-term culture
of cells with hepatocyte function, there is a clear need to optimize biomaterials aiming to assemble
various liver cell types properly.

Hydrogels are one of the most promising candidates to serve as supportive biomaterials and have
been frequently used in tissue engineering and regenerative medicine (TERM) [28]. There are ample
reviews or articles describing a wide variety of hydrogels [29–31]. Most of them are only focused
on specific biomaterials such as nanocellulose [32], fibrin [33], collagen [34], poly(e-caprolactone)
(PCL) [35], and poly(vinyl alcohol) (PVA) [36], and discuss the design methods [37,38] or proposed
possible applications in TERM [39,40]. However, there is no clear statement on the different hydrogels
used for LTE. Even though great improvements have been achieved, there are still no hydrogels
available that mimic liver extracellular matrix (ECM) functionally, restricting LTE for both in vitro
models and in vivo transplantation. Here, we compare different hydrogels used in LTE, and suggest
possible applications.

2. Liver and LTE

2.1. Liver Functions and LTE

The main goal of LTE is to recapitulate main liver functions, not necessarily the liver architecture
per se. The liver originates from the endoderm in the embryonic foregut [41] and is the largest internal
organ in the human body, accounting for 2–5% of the body weight. It performs a complex array of
more than 500 functions, including metabolic, synthetic, immunologic, and detoxification processes [8].
The most essential activities of the liver are to maintain an active urea cycle, albumin synthesis and
drug metabolism as well as regulating whole-body metabolism and xenobiotic detoxification [42].
The liver has to face challenges daily while performing those vital functions, which may result in
diseases caused by toxins, drugs, and viruses [8,9]. In addition, autoimmune diseases and liver cancer
occur frequently [8,43]. These diseases can impair liver function and eventually lead to end-stage
liver disease. Luckily, the liver has tremendous capacity to regenerate [44]. In the past decades,
a comprehensive understanding of the mechanisms of liver regeneration has been established and
a dozen reviews [42,44–54] have shown many different aspects of liver regeneration. Nevertheless,
in many clinical scenarios liver regeneration is not sufficient to circumvent loss of a large volume of
hepatic tissue [55]. LTE can on the one hand provide in vitro models for a better understanding of the
pathophysiology of such liver diseases, and thereby contribute to the development of new treatment
options. On the other hand, LTE might provide a treatment by itself in the future, and many groups
have started to investigate the possibility of LTE for the creation of suitable liver transplants.

2.2. Liver Histology and LTE

The liver is one of the most complex organs in the human body (Figure 1). The mature human
liver is composed of four lobes and structurally and histologically, the liver can be divided into
four tissue systems [56]: intrahepatic vascular system, stroma, sinusoidal cells, and hepatocytes.
Those tissue systems are made from multiple cell types, including the parenchymal cells, hepatocytes,
and cholangiocytes, together with various non-parenchymal cells [57,58]. Hepatocytes constitute ~80%
of the liver mass. The remaining part is made up by non-parenchymal cells, including liver sinusoidal
endothelial cells, Kupffer cells, lymphocytes and stellate cells [44,59]. Although they take up a small
portion of the liver volume (6.5%), they constitute 30–40% of the total cell number [6]. Those cell
types enable the liver to exhibit a hierarchical structure consisting of repeated functional tissue units,
the liver lobules. Within a lobule, a smaller amount of oxygenated blood enters through branches of

49



Bioengineering 2019, 6, 59

the hepatic artery and the largest amount of low oxygenated blood enters through the portal vein and
flows in specialized sinusoidal vessels toward the central vein. Bile, which is produced and excreted
by hepatocytes, flows in the opposite direction towards the intrahepatic bile duct. Hepatocytes are
polarized epithelial cells that interact closely with a number of nonparenchymal cell types along the
sinusoidal tracts of the liver lobule. Collectively, these cellular components and multiscale tissue
structures contribute to the diverse functional roles of the liver [8].

 
Figure 1. Liver histology and extracellular matrix (ECM). (a) A schematic representation of the whole
human liver; (b) Schematic overview of the liver lobule; (c) The connection among major liver ECM
components seen within the space of Disse.

Depending on the application of a bioengineered liver, it might not be necessary to recapitulate this
entire complexity of the liver in LTE. For example, to study the pathophysiology of alpha1-antitrypsin
(A1AT) deficiency, a purely epithelial liver model containing hepatocyte-like cells seems sufficient [23].
In general, however, a close-to-physiological 3D organization, cell composition and ECM has
been shown to significantly improve the maturation and function of bioengineered tissues [24].
Most importantly, the cellular interactions [8] of the liver have to be established in order to create a
structure that is similar to the native liver in both mechanism and function.

2.3. Liver ECM and LTE

Mimicking the liver ECM is another indispensable constitution for LTE. Although the ECM is only
a small component of the liver, less than 3% of the relative area on a normal liver section [60], it has a
crucial role [61]. The ECM provides cohesiveness within tissue compartments, induces polarization
of cells, and acts as a major determinant of gene expression and differentiation [62,63]. As the major
component of stroma [6], the liver ECM, mainly located at the interface between the blood flow and
the epithelial compartment, plays a vital role in supporting and connecting hepatic cells, and also
fulfills a big role in the polarity of parenchymal cells and thus the liver function. There are differences
among ECM distributions of different areas in the adult liver. The liver can be divided into four major
compartments: capsule, portal spaces, lobular interstitium (subsinusoidal space or space of Disse),
and central space. The unique nature of the liver ECM is seen in the special configuration of the space
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of Disse. The liver lobule has no basement membrane (BM) and only an attenuated ECM consisting
mostly of fibronectin, some collagen type I, and minor quantities of collagen types III, IV, V, and VI [61].
The structure and composition varies greatly in diseased livers [64–67]. Under normal conditions,
the liver ECM consists of collagens type I and III (large fibrils), IV (net structure), V and VI (small
fibrils), glycoproteins (laminin and fibronectin), elastins, glycosaminoglycans, and proteoglycans [68].
In fibrotic liver the ECM components are similar to those present in normal liver but are quantitatively
increased (three- to five-fold increase in ECM) [64]. When liver damage is present, the liver ECM
is produced mainly by hepatic stellate cells [6], the major fibrogenic cell type in human liver [69].
Even though fibrous tissue is quantitatively very limited in liver [64], the liver ECM forms the fibrous
scaffold, provides a surface for cell adhesion, space for cell growth and migration, interacts with
liver progenitor cells [70], and consists mostly of fibronectin, laminins, collagens, and signaling
molecules [65,67]. Therefore, any modification in the liver ECM has a direct effect on liver structure
and functions [64,71], which underlines the importance to mimic the liver ECM in LTE.

3. Hydrogels for LTE

Hydrogels are a promising candidate to mimic the liver ECM functionally in LTE. A hydrogel is a
network of natural or synthetic hydrophilic polymer chains possessing a degree of flexibility similar to
natural tissues. The term “hydrogel” first appeared in literature in 1894 [72] and the first generation of
hydrogels were developed around 1960s, when poly(vinyl alcohol) (PVA) [73] and poly(2-hydroxyethl
methacrylate) (pHEMA) [74] were described for the first time in publications. After the development
for three generations, hydrogels are progressing to smart materials [75]. In order to find suitable
hydrogels for LTE, various materials have been tested, but to date there is no hydrogel that mimics liver
ECM adequately. Here, significant properties for hydrogels to mimic the liver ECM are introduced,
together with hydrogels frequently utilized for LTE, in order to provide insights into hydrogels for LTE.

3.1. Properties Significant for LTE

To make the best use of different hydrogels, comprehensive understanding of their characteristics
is necessary to mimic the liver ECM that is responsive for liver cell engraftment, long-term survival and
function [76]. Those characteristics determine their various properties and several pivotal properties
for LTE have been emphasized in the hope of optimizing the most suitable hydrogels. Properties of the
ideal scaffold for LTE have been listed by Vasanthan et al. [77]. Here, those properties are integrated
into two basic groups: biological properties [78] and physicochemical properties.

3.1.1. Biological Properties

The most fundamental characteristics of hydrogels for LTE are appropriate biological properties.
Biological properties, such as biocompatibility [79,80], biodegradability, and bioactivity, have always
received great attention when a hydrogel is used for TERM [81]. For example, cellular biocompatibility
makes the nanofibrillar cellulose hydrogel suitable for the proliferation and differentiation of human
hepatic cell lines [82]. Biodegradability makes hydrogels promising in applications on transplantation
purposes [83]. Biodegradable hydrogels can not only act as the supportive scaffold for cells to perform
many kinds of activities and form desirable tissue, they also provide the possibility to be cleared
locally by enzymes that are specific to degrade those biomaterials [81]. The degradation speed can be
regulated by the polymerization of the hydrogel.

Nevertheless, biocompatibility and biodegradability is not enough for hydrogels to support liver
functions for LTE. They should also be bioactive, which means that the hydrogels are capable of
transmitting dynamic signals instantly and are able to perform a variety of stimuli responses properly.
To obtain these characteristics, spatiotemporal control of functional domains is needed so that the
individual cell fate can be decided properly [84]. Thus, suitable hydrogels will act as bridges among
cells as well as providing a “transportation system” within bioengineered tissues.
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3.1.2. Physicochemical Properties

Physicochemical properties are as significant as biological properties to biomaterials [85]. It has
been recognized that physical parameters are important determinants for cell growth and phenotype
regulation [85]. For instance, Jeremy Bomo et al. demonstrated that the proliferation rates of normal
and transformed hepatocytes are strongly induced by matrix with a higher stiffness [86]. Another study
demonstrated that primary hepatocyte functions were preserved when cultured on matrix of normal
liver stiffness (400–600 Pa) but significantly reduced when cultured on matrix with the stiffness of
fibrotic liver (1.2–1.6 kPa) [87]. In order to form an efficient “transportation system”, hydrogels have to
gain more applicable mechanical properties besides suitable stiffness [88] such as mechanical stress and
strength [79], elasticity and swelling, viscosity [83,89], and porosity [90,91]. For instance, hepatic cells
are deposited within liver tissue with the stiffness around 640 Pa [92]. The pore size and porosity of
scaffolds play an important role in the diffusion of growth factors and induce vascularization thereby
aiding maintenance of liver specific functions [77]. As hepatocytes consume 5- to 10-fold more oxygen
compared to other cells [93,94], pore size is a crucial factor which controls the mass transport of oxygen
and nutrients into the interior of the scaffold, thereby supporting cellular growth in the region [95].
Porous scaffolds with pore sizes ranging from 50 to 150 μm and high inter-pore connectivity are
desirable for the culture of hepatocytes [96]. Compared to hepatocytes cultured in the control scaffolds
with non-uniform distribution of pores, primary hepatocytes cultured in a porous scaffold, owning a
high porosity of around 83% with interconnected pores (average pore diameter 40–70 μm), showed an
increase in albumin secretion and urea synthesis [97].

Apart from cellular and external influences, mechanical properties will also be affected by
the materials themselves. In the in vivo ECM, the mechanical properties are largely influenced by
proteoglycans and fibrous proteins. In the in vitro imitated ECM or implanted hydrogels, the mechanical
properties are often influenced by the type and density of crosslinks. As the mechanics of the hydrogels
affect the cell behavior and cell fate, mechanically patterned hydrogels have been created through
local light exposure. Other influence factors include controllable variables such as concentration,
polymer length and temperature [98]. On the other hand, natural ECMs have mechanical properties in
a dynamic manner. Thus, hydrogel systems are designed with reversible mechanical properties to
provide cells with optimal microenvironment in a spatiotemporal manner.

3.2. Categories of Hydrogels

Hydrogels could be distinguished with various parameters such as the preparation method,
the overall charge, and the mechanical and structural characteristics. Here, the hydrogels are divided
into two categories according to their origins: natural or synthetic.

3.2.1. Natural Hydrogels

Natural hydrogels originate from organisms and have natural advantages to mimic the ECM better
when compared to synthetic hydrogels. Generally, natural hydrogels function well for common uses
such as cell culture, drug delivery, and tissue engineering. Several natural hydrogels have been used
for LTE, including collagen, gelatin, hyaluronan, fibrin, alginate, chitosan, polyhydroxyalkanoates,
cellulose, and agarose. Here we specify which natural hydrogels have been used (Table 1) and which
main advantages and/or disadvantages exist for LTE.
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Collagen is a significant constituent of the natural ECM and it consists of at least 19 subtypes that
provide various functions. Collagen is naturally degraded by metalloproteases, specifically collagenase
and serine proteases [8]. As a major determinant of the architecture and tensile strength of many tissues,
collagen participates in numerous physiologically important interactions and was made into scaffolds,
which have been used in a variety of applications due to a number of useful properties such as hemostatic,
low antigenicity, and appropriate mechanical properties [103]. Collagen and glycosaminoglycans
compose a considerable portion of the ECM to ensure the mechanical integrity of hepatocytes and are
responsible for providing bioactive molecular signals to cells [112]. Platelet deposition and hepatocyte
culture experiments showed that a new collagen/chitosan hydrogel had excellent blood and cell
compatibility, which suggests that this hydrogel is a promising implantable candidate for LTE [79].
Andrea et al. optimized the collagen type I-hyaluronan hybrid hydrogel for liver microenvironments,
which was employed to bioprint 3D liver tissue constructs containing primary human hepatocytes and
liver stellate cells [113]. Similarly, collagen has been incorporated with other materials such as chitosan
and heparin in order to recapitulate liver functions [80,114,115].

Gelatin is a protein produced by partial denaturalization or hydrolytic degradation of collagen
and has a sol-gel transition temperature around 30 ◦C [104]. Due to its natural origin, gelatin possesses
biological activities and has a high ability to form strong hydrogels and transparent films that are
easily designed as insoluble hydrophilic polymers. Gelatin induced essential cellular functions, such as
migration, proliferation and differentiation through integrin-mediated cell adhesion and cell-mediated
enzymatic degradation [105]. Using rapid prototyping technology, hepatocytes were laminated into
gelatin hydrogels for more than 30 layers, remained viable, and performed biological functions in
the construct for more than two months [116]. More interestingly, a heparin–gelatin mixture was
used to coat the vasculature within decellularized livers to reconstruct a patent vascular tree by
seeding endothelial cells [117]. To make a whole bioengineered liver, gelatin was incorporated with
polyurethane to generate a hydrogel with controlled pore size and interconnectivity for LTE [118].

Hyaluronan (hyaluronic acid, HA) is a non-sulphated glycosaminoglycan consisting of alternating
units of D-glucuronic acid and D-N-acetylglucosamine, which are linked via beta-1,4 and beta-1,3
glycosidic bonds [99]. As one of the major components of ECM, HA is naturally degraded by
hyaluronidase allowing cells in the body to regulate the clearance of the material in a localized
manner. Unmodified HA binds to water and promotes swelling of the matrix and additionally can
inhibit cell-cell adhesion by forming a porous coat around cells [119]. HA can also provide signals to
enhance cell attachment and migration once modified with appropriate cell-adhesive proteins and
peptides [104,120]. Therefore, HA has been used extensively for LTE applications. HA hydrogels used
to be identified as the only culture condition that facilitated survival, proliferation and maintenance
of hepatoblasts and could support human liver cells, including several subpopulations of hepatic
progenitors [121]. Recently, Jonas et al. successfully cultured hepatocytes in a liver-on-a-chip setup by
using a modular hyaluronan-PEG based 3D hydrogel modified with RGD peptides [122].

Fibrin can be isolated autologously from patients and fabricated into hydrogel scaffolds. Actually,
fibrin was first noted to have a hemostatic effect on wounds and was subsequently applied to
cerebral hemorrhage. With refinements adding to the strength, efficacy and safety, fibrin glues have
become a more popular tool in the application of tissue-engineered skin replacements [109]. As fibrin
can achieve high seeding efficiency and uniform cell distribution [110], fibrin hydrogels have also
been utilized for LTE. Helge et al. evaluated a fibrin-based hydrogel and found it suitable for the
stimulation of hepatocytes and it appeared to support engraftment and specific differentiation of
viable hepatocytes [123]. Fibrin hydrogels together with PLGA and hepatocytes were assembled to
an implantable liver tissue, along with a hierarchical vascular network [124]. Most recently, a fibrin
hydrogel was successfully utilized for the ectopic expansion of engineered human liver tissue using
mature cell populations [125].
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Alginate is a polymer consisting of beta-D-mannuronic acid (M) and its alpha-L-glucuronic acid
(G), and it is commonly found in the cell wall of brown seaweed and produced extracellularly by
some bacteria [101,104]. As an anionic polysaccharide, alginate can easily create hydrogels in the
presence of divalent cations and can mimic the ECM well, which makes it popular for LTE. One of
the challenges in fabricating liver in vitro is the inability to culture hepatocytes. Using alginate-based
scaffolds, hepatocytes were successfully cultured for two weeks while maintaining the hepatocyte
phenotype [126]. Hence, scaffolds fabricated by 3D printing hold new promise in creating functional
liver tissues [127]. Recently, an injectable hydrogel made from glycyrrhizin (GL), alginate (Alg),
and calcium (Ca) was designed for application in LTE, and the GL–Alg–Ca hydrogel could maintain
proliferation and liver specific functions of a hepatic cell line [128].

Chitosan is derived from the deacetylation of chitin, which is a linear polysaccharide consisting of
beta-1,4 linked N-acetylglucosamine units. Chitin is the most abundant natural biopolymer besides
cellulose and has highly hydrophobic and electric properties. Different from chitin, chitosan is a
soluble polymer with high biofunctionality and better adsorption. Chitosan is capable of cell adherence
and proliferation, and taking its ability to form highly porous scaffolds and antibacterial properties
into consideration, chitosan is a promising choice for LTE. Pure chitosan-based microfibers were
prepared to support self-aggregation of liver cells into spheroids, showing improved liver specific
functions [129]. He et al. made use of well-organized microstructures for hepatic tissue engineering
with chitosan-gelatin hybrid scaffolds [130]. Furthermore, with the fibronectin coating on the surface,
the chitosan nanofibers exhibited a significantly enhanced cell attachment and the hepatocytes in
co-cultures formed colonies and maintained their morphologies and functions for prolonged periods
of time [131].

Polyhydroxyalkanoates (PHAs) are a group of aliphatic polyesters synthesized by bacteria
to store intracellular carbon and energy, including more than 150 identified monomers [29].
Various monomers provide a broad range of properties to engineer multifunctional constructs that
have poor stiffness and slow degradation rate. Su et al. [132] developed scaffolds for LTE using
poly(3-hydroxybutyrate-co-3-hydroxyvalerate-co-3-hydroxyhexanoate) (PHBVHHx). The matrices
derived were loaded with human umbilical cord multipotent stromal cells (MSCs) and hepatocyte-like
cells, and after 28 days the tissue generated looked very similar to the native organ. A study reported
the recovery of injured mouse liver when a PHBVHHx scaffold loaded with human umbilical cord
Wharton’s jelly (WJ) MSCs was transplanted [133]. Chemically modified PHAs also find use as films,
pins, sutures, screws, and scaffolds for repairing skin, cartilage and LTE [111].

Cellulose: In contrast with most other biopolymers, gelation of various cellulose derivatives
including MC and hydroxypropylmethylcellulose (HPMC) occurs upon heating. Cellulose is often
combined with proteins (e.g., gelatin), polysaccharides (e.g., chitosan), or both. Other cellulose
derivatives have been reviewed by Vlierberghe, et al. [104]. Cellulose nanofibrils, which are fibrils in the
nanometer range, show general properties of cellulose: hydrophilicity and broad chemical modification
capacity combined with properties specific for nanoscale materials due to their high surface area.
With good mechanical properties and biocompatibility, cellulose nanofibrils are attractive for biomedical
applications [32,134]. Nanofibrillar cellulose hydrogel was shown to promote three-dimensional liver
cell culture [82]. A hydrogel composed of alginate and cellulose nanocrystal was suitable for bioprinting
of liver-mimetic honeycomb 3D structures [135]. Wood-derived nanofibrillar cellulose (NFC) has
been incorporated with hyaluronan-gelatin (HG) to form hydrogels for the differentiation of liver
progenitors, and undifferentiated progenitor cells in NFC-HG hydrogels formed 3D multicellular
spheroids with apicobasal polarity and functional bile canaliculi-like structures, structural hallmarks
of the liver tissue [136].
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Agarose is a linear polysaccharide formed by the disaccharide of beta-D-galactose and
3,6-anhydro-a-L-galactopyranose. Agarose is extracted from seaweed and can be dissolved in
hot water. It forms a gel upon cooling due to the formation of double helices and their subsequent
aggregation. The thermo-reversible gelation process depends on the type of agarose or methoxy
content [97]. Agarose gels have adjustable pore sizes and are physicochemically strong, which enables
high diffusion rates. Primary hepatocytes could proliferate in vitro in an agarose-chitosan scaffold,
with suitable physicochemical properties and hepatic cell compatibility, and showed an increase in
cellular metabolic activity. Hepatic functions like albumin secretion and urea synthesis were improved
for primary hepatocytes in the 3D scaffold compared to controls [97].

3.2.2. Synthetic Hydrogels

Synthetic hydrogels are artificial hydrogels with a defined composition and structure. Compared to
biological hydrogels, synthetic hydrogels are less complex and have stronger mechanical structure,
less animal origination, are well controlled, commercially friendly, and relatively easier to be
FDA-approved, which makes them more and more popular. Several synthetic materials utilized to
make hydrogels are introduced in the following section and Table 2.
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Poly(ethylene glycol) (PEG) is a polyether compound which is water-soluble, amphiphilic,
transparent, colorless, liquid, and viscous. Various modifications have been applied to PEG to enhance
the mechanical properties for 3D printing, to contribute to high elasticity, or to increase hydrophilicity
which could tune the degradation rate [78]. PEG derivatives were used as crosslinkers to develop
bioartificial vessel-like grafts [146]. Nowadays, it has become a frequently employed strategy to
increase protein solubility and stability to reduce immunogenicity and to alter circulation half-life [139].
For LTE, PEG hydrogels are widely used for encapsulation, and was shown to provide a biocompatible
matrix that allows the majority of encapsulated primary hepatocytes to survive [147]. The survival and
function of PEG hydrogel-encapsulated hepatic cells have been improved by modifications in polymer
chain length and the conjugation of bioactive factors [8]. Moreover, hepatic cells have been encapsulated
well into the photopolymerized PEG hydrogel through which complex architecture constructs were
assembled [148]. The undegradable PEG hydrogel was applied for the encapsulation of co-cultured
hepatocytes, preventing aggregation and overgrowth, and enabling formation of microtissues with
stable hepatic function [149]. Recently, PEG was fabricated into 3D hexagonally arrayed lobular human
liver tissues and the hydrogel enabled primary human fetal liver cells to self-assemble into a 3D
configuration and preserved advanced hepatic functions for at least five months [150].

Polyisocyanopeptide (PIC) is an innovative and fully synthetic polymer, capable of mimicking
characteristics of the natural ECM [139]. PIC exhibits thermo-reversible behavior due to the hydrophobic
interactions of the oligoglycol substituent present along its backbone, with a steep increase of the storage
modulus (G’) above 18 ◦C. As a water-soluble synthetic polymer, PIC mimics natural protein-based
filaments. Its thermoreversible gelation property and cytocompatibility make PIC an ideal candidate
for bioprinting technology [151]. The unique semiflexible properties combined with a length of several
hundred nanometers have recently made it particularly attractive for LTE [139].

Poly(vinyl alcohol) (PVA) is prepared in two steps due to the unstable form of vinyl alcohol
as monomeric units. By controlling the hydrolysis step, different grades of PVA polymer can
be prepared, which finally affects the behavior of the polymer material, solubility, crystallinity,
and chemical properties [152]. PVA-based hydrogels have been applied to many kinds of tissues,
such as skin, bone, cartilage, vascular- and cardiac-tissue, human prostate and artificial cornea.
Due to its favorable properties and easy manipulation, PVA-based hydrogels have been recognized
as promising biomaterials and are suitable candidates for LTE. To overcome disadvantages such as
poor cell-adhesion, they still need further modifications for targeted applications [36]. Shan et al.
developed a method to prepare transparent PVA hydrogels by varying the freeze/thaw cycles and the
PVA hydrogels exhibited similar mechanical properties and morphological characteristics to that of a
porcine liver, a reference material for human soft tissue [137]. PVA/gelatin hydrogels were proposed as
a 3D microenvironment for liver cells to form an in vitro hepatocellular carcinoma model [153].

Poly(lactide-co-glycolide) acid (PLGA) is an FDA approved biodegradable material and has
been studied widely both in vivo and in vitro. Previous studies have shown poor load bearing
properties [141]. Due to its biocompatibility and controllable biodegradability, PLGA microspheres
have been utilized as scaffolds containing cells to enhance the vascularization of engineered tissues.
Besides, PLGA is also attractive for its property to be degraded by hydrolysis to lactic acid and glycolic
acid [142]. Therefore, PLGA hydrogels have been used frequently for LTE. More than 20 years ago,
PLGA was fabricated into scaffolds for LTE and seeded with hepatocytes and non-parenchymal cells
from rats [154]. When cultured together with biodegradable PLGA membranes, the cells in the 3D
stacked structures recovered polarity and exhibited improved liver-specific functions as compared
with cells in a monolayer [155]. Moreover, the transdifferentiation rates of bone marrow mesenchymal
stem cells (BMSCs) to mature hepatocytes were improved by collagen-coated PLGA [84]. Recently,
PLGA polymer has been utilized to fabricate an absorbable vascular anastomosis device and the device
was tested in pig liver transplantation experiments, where it was successfully absorbed within four
months [83].
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Poly(glycolide) acid (PGA) is the simplest linear aliphatic polyester and was used to develop the
first totally synthetic absorbable suture. With a high degree of crystallization and high melting point,
PGA is not soluble in most organic solvents except for the highly fluorinated ones. As an absorbable
material, its thermal stability is good. Unfortunately, PGA tends to lose its mechanical strength rapidly
due to the hydrophilic nature. Sutures of PGA will lose around 50% of their strength after two weeks
and 100% at four weeks, and will get completely absorbed in 4–6 months [143]. With this property,
a PGA felt was incorporated with fibrin sealant for prevention of bile leakage after liver resection [156].

Poly(lactide) (PLA) lactide is the cyclic dimer of lactic acid with two optical isomers. L-lactide is the
naturally occurring isomer and DL-lactide is the synthetic blend of D- and L-lactide. The polymerization
of lactide is similar to that of PGA. With a pendant methyl group on the alpha carbon, PLAs are quite
different in chemical, physical and mechanical properties when compared to PGA, even though their
structures are similar, and PLA is more frequently utilized in LTE. Rat hepatocytes cocultured with
primary rat hepatic stellate cells on the PLA hydrogels have been shown to maintain hepato-specific
functions for more than two months [157]. The biodegradable copolymer poly(lactic acid-co-lysine)
(PLAL) contributed to hepatocyte engraftment, function and expansion [158]. Type I collagen coated
electrospun poly(L-lactic acid) (PLLA) nanofibers with random and aligned orientation were evaluated
for hepatocyte adhesion and proliferation [159]. PLLA and gelatin were used to induce hepatic
differentiation of MSCs in the form of electrospun nanofiber scaffolds and the microporous scaffolds
controlled the migration of hepatic stellate cells through pore size [9].

Poly(e-caprolactone) (PCL) is an aliphatic polyester with a glass transition temperature at −60 ◦C.
The ring-opening polymerization of e-caprolactone yields a semi crystalline polymer and gives softness
and flexibility at near body temperature. This polymer has been regarded as tissue-compatible and
used as a biodegradable suture in Europe. Furthermore, the very low degradation rate makes it suitable
for long-term implants or for drug delivery systems [148]. PCL combinations with a variety of natural
polymers were reported for LTE [145]. PCL has been used to enhance mechanical properties and could
be bioprinted together with hepatocytes, endothelial cells and fibroblasts, which maintained hepatocyte
functions and facilitated the formation of vascular networks [160]. Rhiannon et al. developed hybrid
PCL-ECM scaffolds for LTE, which maintained hepatocyte growth and function [161]. In addition,
PCL nanofiber scaffolds supported the in vitro differentiation of human somatic stem cells into
hepatocytes [162]. Besides hepatocytes, PCL/chitosan electrospun nanofibers were evaluated to be
competent for the culture of mouse hepatic cells, indicating that PCL/chitosan hydrogels would be
excellent for LTE [163].

Poly(acrylic acid) (PAA) and its derivatives are among the most intensively studied synthetic
materials for biomedical applications. Several attempts have been made for their application in LTE.
When grafted within PAA, the growth kinetics of adhesion patch at primary hepatocyte cell substrate
interface was changed [164]. Amol et al. [165] conjugated PAA and polyethyleneimine (PEI) with
elastin-like polypeptides (ELPs) and found that the conjugates influenced the morphology, aggregation
and differentiation function of primary rat hepatocytes.

3.3. Progress in Hydrogel Techniques

Great progress has been achieved in hydrogel techniques to provide as many cues as possible for
mimicking the ECM. As mentioned above, various design strategies to overcome the shortcomings of
individual biomaterials were developed and many different hydrogels that successfully mimic the
complexity of natural ECMs have been created.

The aim of different design strategies is simply to make the best use of ideal characteristics of
various biomaterials and recapitulate as many ECM functions as possible. The principle to design
those hydrogels is based on the properties required by the liver. Up till recently, properties such as
biocompatibility, biodegradability, adhesive property, thermal-responsiveness and purposed stiffness
and swelling have come into being via elaborate designs.

59



Bioengineering 2019, 6, 59

Multidisciplinary design optimization has been tried to devise ideal hydrogels (Table 3).
Several aspects have been studied in great detail, such as gel formation dynamics, crosslinking modes,
and mechanical and degradable material linkages. These properties are linked to the intrinsic properties
of the main chain polymer and the crosslinking characteristics (amount, type, and size of crosslinking
molecules) [8]. The most common types of crosslink include: covalent, physical, dynamic covalent,
hydrogen bonding, affinity bonding, hydrophobic interaction, and chain entanglement. Compared to
chemical means, which may be toxic and could affect the nature of substances, physical mechanisms
are safer. Different from conventional chemical or physical methods, photopolymerization seems more
promising and is attracting more attention.

Methods mentioned above provide various possibilities for hydrogel design [140].
Hydrogel compositions can be reinforced by polymers or other hydrogels. To promote cell adhesion,
peptides and fragments are used. Polymeric hydrogel adhesives could be synthesized by physical
or chemical gelation or by the combination of both. Different materials (polysaccharide-/protein-/or
synthetic polymer-) based hydrogel adhesives own quite different characteristics, signaling properties
included. For example, the design of galactose-carrying hydrogels as ECMs can guide hepatocyte
adhesion and enhance cell functions [166]. Another highly studied property is the degradability
of hydrogels. At present, hydrolysis and enzymatic methods are still the main strategies for
hydrogel degradation.

With the combination of multiple design strategies, hydrogels tend to gain more comprehensive
properties and methods to characterize properties of hydrogels have also been increasing. Up till
now, the most frequently characterized properties are gelation time, gel fraction, swelling degree,
structural parameters, water vapor transmission rate, and mechanical properties. Smart hydrogels
with high tunability of stiffness can be designed with various modifications, which enable hydrogels to
be pH-/ thermo-/ photo-/ redox-, or mechano-responsive [92].
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4. Conclusions

Taking the biological and physicochemical properties into consideration, the characteristics that are
significant for LTE are summarized (Figure 2a) and some specific properties are suggested (Figure 2b),
which may facilitate the choice for a specific hydrogel to mimic ECM for LTE.

In view of the biological origin of natural materials, the majority is biocompatible, biodegradable,
and abundantly available. As most of these natural materials are present in ECM, cells have a
good compatibility and growth response. Being more bioactive compared to synthetic hydrogels,
natural hydrogels have a longer history of research as well as more utilization in TERM, especially since
several of them have been FDA-approved. However, every coin has two sides, and this is also true
with regard to natural hydrogels. Compared with synthetic materials, natural hydrogels have several
shortcomings, such as mechanical weakness, batch-to-batch variability, and the fact that some are
animal-derived, which implies ethical issues and restricts the utility for clinical applications. Obviously
these drawbacks do not, or to a lesser degree, account for synthetic hydrogels.

Synthetic hydrogels are either modified from natural materials or completely synthetic,
and based on the type of material, synthetic hydrogels offer choices to be degradable or
nondegradable. Compared to natural hydrogels, synthetic hydrogels are relatively less immunogenic,
quality-reproducible, mechanically stronger, and easily modifiable [158]. Strong mechanical properties
and various modifications have increased the popularity of synthetic hydrogels in TERM. However,
synthetic hydrogels are still far from perfect for LTE, and the most significant weakness is that many of
them are less bioactive and lack viscoelasticity.

As neither natural-nor synthetic-hydrogels alone are suitable for LTE, the combination of different
hydrogels, with different origins or various modifications, has been applied in LTE, and great progress
has been achieved in the past decades. As an example, the overall performance of the liver cell-loaded
PCL scaffolds was remarkably improved by avidin–biotin binding-based cell seeding [190]. In addition,
it has been shown that presence of poly(3,4-ethylenedioxythiophene) (PEDOT) as a conducting polymer
in the scaffolds, with the combination of gelatin/ chitosan/ hyaluronan, enhanced hepatocyte cell
viability, attachment and proliferation [191].

 
Figure 2. Hydrogels for liver tissue engineering (LTE). (a) Hallmarks of tissue engineering; (b) Proposed
value of characteristics specific for LTE.
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5. Discussion

Constructing a physiologically relevant bioengineered liver is of great interest as an in vitro model
for fundamental and applied research such as disease pathogenesis, drug metabolism, and toxicological
studies. Moreover, building physiologically relevant models now for in vitro studies will at the same
time enhance our knowledge and progress towards LTE for clinical applications such as OLT in
the future. Hydrogels are one of the most vital ingredients besides cells for bioengineered livers.
Although great progress has been made in the past decades, there are still several major issues to be
taken into consideration.

First of all, multiple liver cell types should be included to make a more physiologically relevant
liver and characteristics required for hydrogels may vary among different cell types. In addition,
bioengineering technologies have to allow the spatial orientation of these hydrogels in order to be
planted at different positions to form microstructures. For example, viability and hepatic cell function
were improved in micropatterned constructs as compared to unpatterned controls, demonstrating the
importance of recreating the native microarchitectural features [91].

Secondly, there is a necessity to gain comprehensive understanding of liver ECMs. Liver ECM
takes up 16–22% of the total liver volume [68,192,193], and is composed of various cues that can be
divided into three categories [85]: supportive structure made from insoluble hydrated macromolecules
(e.g., fibrillar proteins, proteoglycans, or polymer chains), soluble molecules (e.g., growth factors or
cytokines), and noncellular factors (e.g., pH, temperature, charge). All those ECM effectors are possible
determinants for the cell fate, interaction among cells, and the structure and function of tissues or
organs. Similarly, liver cells can respond differently to various ECM components. Moreover, the ECM
composition also varies in different parts of the liver (Figure 1c), which makes mimicking ECM for LTE
more challenging. Therefore, several groups tried to use decellularized liver ECM as bioink for 3D
cell-printing based LTE [194,195]. Nevertheless, the undefined chemical components of decellularized
liver ECM will also restrict future applications in clinical treatment. Therefore, chemically defined
hydrogels are still more promising for LTE. As more cues from liver specific ECM will be discovered,
especially for the ECM within the space of Disse and the sinusoidal lumen, synthetic hydrogels will be
able to mimic the in vivo microenvironment in much more detail.

Selection and design of hydrogels has to be carefully considered, and might differ depending
on different applications [196]. To closer mimic the natural liver ECM, more details need to be
included, which sets various strict requirements for hydrogels (Figure 2a). These requirements
include: gel formation dynamics, crosslinking modes, biological and physicochemical properties,
and degradable linkages. Importantly, the studies that are reviewed here and summarized in Table 2
did not only use different materials to mimic the ECM but also applied several different cell sources,
cross-linking methods etc. This makes it difficult to directly compare the studies to each other, and to
translate the outcome from one study to another. Nevertheless, some general conclusions on the
requirements of hydrogels for LTE can be drawn, which are summarized in Figure 2b. For instance,
the most dynamic effects of ECM stiffness on primary hepatocyte morphology and function were in the
relatively narrow range between 150 Pa, the stiffness of normal liver, and 1 kPa, the lower threshold of
fibrotic liver stiffness [87]. Primary hepatocytes demonstrated high viability and proliferation when
seeded on 3D-printed gelatin scaffolds with precisely controlled pore geometry, and a physiologically
mimetic 3D environment was proposed to be necessary to induce both expression and function of
cultured hepatocytes [197]. Apart from those theoretical demands, several practical requests should
also be kept in mind, especially for clinical applications. For instance, the hydrogels should be
nonimmunogenic, easy to sterilize, and should enable engraftment post-implantation, being physically
tunable to the in vivo microenvironment and the vascularization that has to be achieved within two
days so that cells can survive and function.

In addition, related technologies have to keep up with the development of advanced hydrogels and
their exquisitely designed characteristics, such as robust analysis technologies for local measurements
of mechanical properties, and nanotechnology and bioprinting for promoting LTE.
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Abstract: Bioprinting techniques can be used for the in vitro fabrication of functional complex
bio-structures. Thus, extensive research is being carried on the use of various techniques for the
development of 3D cellular structures. This article focuses on direct writing techniques commonly
used for the fabrication of cell structures. Three different types of bioprinting techniques are depicted:
Laser-based bioprinting, ink-jet bioprinting and extrusion bioprinting. Further on, a special reference
is made to the use of the bioprinting techniques for the fabrication of 2D and 3D liver model structures
and liver on chip platforms. The field of liver tissue engineering has been rapidly developed, and a
wide range of materials can be used for building novel functional liver structures. The focus on liver
is due to its importance as one of the most critical organs on which to test new pharmaceuticals, as it
is involved in many metabolic and detoxification processes, and the toxicity of the liver is often the
cause of drug rejection.

Keywords: additive manufacturing; direct printing; 3D structuring; tissue engineering

1. Introduction

Over the past few decades, printing technology has advanced from two-dimensional (2D)
printing to an additive process in which successive layers of material are arranged to create 3D
objects [1,2]. The ability of printing techniques to produce 3D structures with complex geometries and
structures enables rapid prototyping and manufacturing in the industry, as well as the production of
personalized medicine.

The 3D printing field was first introduced in 1986 by Charles W. Hull as “stereolithography” [3].
In this technique, thin layers of a material were printed in layers to form solid 3D structures using
photochemical processes. Since the 1990s, stereolithographic models have been used for creating
sacrificial resin molds for the formation of 3D scaffolds of biological materials. Those materials are
used for transplantation with or without seeded cells [4]. The next generation was “3D bioprinting”,
which was used as a tool for tissue engineering and organ fabrication.

3D bioprinting employs the controlled, precise delivery and placement of living cells, biomaterials
and biochemicals to fabricate functional 3D constructs in a layer by layer manner. 3D bio-printing
has emerged as one of the most influential applications of 3D printing, aiming to address the
increased demand for living constructs with long term mechanical and biological stability, suitable
for transplantation and improved drug discovery models [5,6]. 3D bio-printing permits rapid
manufacturing with high-precision and control over size, as well as adjustments to the shape, porosity,
and mechanical strength of the scaffolds in one step; it has thus attracted much attention in the tissue
engineering field. One of the main drawbacks of the 3D bioprinting technologies is the vascularization
of the created tissue structure, which still remains a critical challenge. The development of vascular
networks within densely populated and metabolically functional tissues facilitate the transport of
nutrients and oxygen, and it provides a way to remove wastes, for which the long term preservation
of cellular viability can be obtained. Moreover, it has been considered as a promising method to
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replace defective or damaged tissues or organs in which scaffolds have functioned as carriers for cell
interaction and provided physical support to the freshly developed tissue [7].

Impressive progress has been accomplished in fabricating complex tissue constructs in the past
few years. The main approaches for controlled 3D vascularization within these engineered tissues
mainly involve microfluidic-based technologies [8,9]. The microfluidic-based technologies can provide
a versatile platform for engineered tissues because they can create complex and functional micro-scale
environments in order to mimic 3D in vivo environments (e.g., a chemical gradient). Moreover,
microfluidic technologies have emerged as useful tools for complex cell environments like tissues due
to the integration of multiple steps and fluid control, such as controllable cell culture, cell capture,
mixing, genetic assays, protein and continuous nutrition, and oxygen supply [10–13]; however, they are
also limited by fabrication complexity. A functional circulatory system is a key factor for the creation
of tissue constructs which are limited to a distance of just a few hundred microns but are not limited to
diffusion for nutrition [14]. In addition, innovative strategies such as the guided infiltration of host
micro vessels into the implanted construct, the integration of autologous vascular grafts, and the direct
bioprinting of vascular structures have also been attempted by the research community [15].

This review aims to highlight the techniques used for the patterning of cells towards the creation
of a structures with increased complexity such as tissues and organs. Special attention is given to the
techniques used for the fabrication of tissue structures such as the creation of 3D scaffolds and/or direct
printing techniques, as well as the combination of both approaches.

2. 3D Bioprinting Techniques

The liver is an extremely important organ for functions related to metabolism and metabolic
regulation. Unfortunately, liver failure or acute chronic liver failure remains one of the most major
causes of mortality in the world. As a result of the increase in liver diseases, the need for donor organs
is increasing [16]. Despite the great importance of the organ in a human’s life, liver transplantation is
usually performed only on patients with major and/or end-stage liver diseases due to the short life span
of donor organs or rejection risk. Consequently, alternative methods, including tissue engineering,
are needed and are actively being pursued. The field of liver tissue engineering includes several
techniques aimed at providing therapeutic development for liver diseases and plays an important role
in the mechanistic understanding of liver biology interactions in healthy and diseased states in a high
throughput platform. Artificial liver transplantation is a recent challenge in medicine, as it has been
deemed the best therapeutic method for severe liver diseases. Conventional liver tissue models have
recently been used to fabricate in vitro 3D liver tissue models [17]. These methods can be classified
into four main categories: (i) Monolayer cell cultures, including aggregating and assembly techniques;
(ii) hollow fiber; (iii) suspension chambers; and (iv) perfusion beds [18]. Nevertheless, these approaches
often fail to imitate the complexity of native liver tissue and are incapable of depositing multiple cell
types in desired patterning [19].

Three-dimensional (3D) printing, which belongs to the family of additive manufacturing
techniques [20], can resolve issues inherent to traditional 2D and 3D models, such as the low efficacy
of engraftment and poor cellular functions, because 3D printing provides the ability to manipulate
cell–cell interactions as opposed to conventional models.

3D printing was first developed in the 1980s, and there have been enormous advancements
in tissue and organ regeneration [21]. In 1993, the first 3D printer was designed by Sachs et al. to
print nonviable materials, such as plastics and metals [22]. Since then, a number of 3D printers [23]
have been successfully designed and used for tissue biofabrication and regenerative medicine [5,24]
Typically, 3D bioprinting starts with a computer-aided process for depositing biological materials such
as living cells, matrices, biomaterials, and molecules in a layer by layer manner with a prescribed
configuration in order to produce scalable bioengineered structures [25]. In this way, 3D biomimetic
tissue models with heterogeneous cell placements and vasculature have been proposed as means to
recapitulate liver tissue complexity and architecture [26]. The fabrication of perfectly functional liver
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networks remains a challenge for most tissue engineers. Hence, there are considerable types of 3D
printing methods that are expected to overcome current limitations. 3D bioprinting offers the ability
to develop highly complex 3D patterns with living cells that mimic organ level functions, and it has
therefore been applied in organs-on-chips and organs engineering. The main bioprinting techniques
are extrusion [27], inkjet [28] and laser-induced forward transfer (LIFT) [29,30], each one possessing
several advantages and disadvantages.

2.1. Laser Bioprinting

Laser-induced forward transfer (LIFT) is a technique presented more than 30 years ago by
Bohandy et al. [31]. Briefly, a pulsed laser beam is applied on a donor slide (or ribbon) covered
with a laser-energy-absorbing layer (e.g., gold or titanium) containing the desired material (e.g.,
cells, hydrogels and growth factors), followed by the evaporation of the material; this results in a
high-pressure bubble jetting toward the receiving substrate that is placed underneath the donor slide,
as shown in Figure 1.

Figure 1. Schematic representation of laser-induced forward transfer (LIFT) setup.

For the direct printing of cells, the use of LIFT is proposed because it enables the printing of
bio-inks within a wide range of viscosities (1–300 mPa s) [32] and at high speeds while cell viability is
preserved (>90%).

LIFT is a nozzle-free technique and therefore does not have the problems of nozzle clogging
with cells or biological materials, which are some major drawbacks of other bioprinting technologies.
Moreover, this technique offers printing cell concentrations up to 1 × 108 cells/mL with a very high
resolution [33].

The use of LIFT for the printing of functional biomaterials can be traced back to 2003 [34], while
the development of 2D cell structures was first proposed in 2008 [35]. Regarding the use of lasers for the
printing of 3D structures, the first report was published in 2011 by M. Gruene et al. [36], while in 2012,
Koch et al. [37] published the printing of multiple cell lines in order to create epidermal tissue. These
multiple cell lines were previously proven to be resistant to damage during the laser-assisted printing
process [38]. The proliferation of cells over a period of 10 days was studied, and the ability of 3D
printed cells to form real tissue was demonstrated. It is critical to know how the laser process affects cell
viability as well as phenotypes. Catros et al. [39] studied the effects of laser pulse energy, extracellular
matrix (ECM) thickness and viscosity of the bioink on cell viability. Cell viability 24 h post-printing
was measured to compare different printing settings. It was concluded that while higher laser energy

80



Bioengineering 2019, 6, 95

leads to more cell fatality, increasing film thickness as well as bioink viscosity results in increased
cell viability. Moreover, another laser group investigated the effects of bioink viscosity, laser energy
and printing speed on printing resolution [32]. It was shown that a microscale resolution and 5 kHz
printing speed were within reach. This work is another proof for the applicability of printing cells and
biomaterials via LIFT printing to engineer miniaturized tissue layouts with de novo high cell density
and microscale organization. An interesting study was demonstrated by Keriquel et al. [40], whereby
in vivo laser bioprinting was used to deposit nano-hydroxyapatite in a mouse calvaria 3D defect model
as a proof of concept. In the future, study materials that can directly integrate into a patient’s tissue
could be used. Finally, incorporating the patients’ own cells may facilitate the applicability of these
types of constructs to contribute to both the structural and functional components of the tissue.

2.2. Inkjet Bioprinting

Inkjet-based bioprinting is a noncontact technique in which droplets of cells or biomaterials are
patterned into desired substrates.

The drop-on demand inkjet bioprinters are the most common ones, and they consist of thermal,
piezoelectric, and electrostatic inkjet nozzles [41]. A schematic diagram of inkjet printing is shown in
Figure 2.

 
Figure 2. Schematic representation of inkjet printing.

With respect to the construction of cellular structures, inkjet bioprinters are normally used for the
printing of matrices for the cell growth, such as small scaffolds. Different inkjet printheads with multiple
nozzles have been developed to increase printing speed and fabricate larger cellular constructs [42].

However, inkjet bioprinters also have limitations on material viscosity (ideally below 10 centipoise)
due to the excessive force required to eject drops using solutions at higher viscosities [43]. Another
major disadvantage of this technique is the difficulty in achieving biologically relevant cell densities.
Often, low cell concentrations are used to facilitate droplet formation (less than 10 million cells/mL) [44].
To provide a higher concentration of cells, the inhibition of some hydrogels can be generated by adding
crosslinking agents. However, the requirement for crosslinking agents often slows the bioprinting
process and involves the chemical modification of naturally occurring ECM materials, which changes
both their chemical and material properties [45]. Despite these disadvantages, inkjet bioprinting has
notable benefits, including low cost, high speed and biocompatibility with a broad range of biological
materials [46]. Significant studies of inkjet printing have included the regeneration of functional
tissues, such as skin and cartilage, in situ [47,48]. With the advantages of high throughput digital
control and high resolution, this technique enables the direct placement of cells, biological factors
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and biomaterial scaffolds directly into skin or cartilage lesions. Inkjet-based bioprinting facilitates the
successful deposition of either primary cells or stem cell types with uniform density, and it maintains
high cell viability and function after printing. These studies have shown the ability of inkjet bioprinting
to regenerate functional constructs.

2.3. Extrusion Bioprinting

The extrusion-based bioprinting technique is characterized by a temperature-controlled biomaterial
dispensing system driven by a pneumatic pressure or a mechanical piston, as demonstrated in
Figure 3. Schematic representation of extrusion bioprinting. The printing system generates continuous
biomaterial filaments, instead of droplets, that are deposited in two dimensions; filaments are placed
along the x- and z-axes and then move higher in the y-axis. The final product is a 3D structure. This
technique provides the ability to deposit very high cell densities as well biological material such
as hydrogels and biocompatible copolymers. Several groups have used sole cells or multicellular
cell spheroids and allowed for their self-assembly into the desired 3D structures using extrusion
bioprinters [49–51]. Pioneer work using this approach is currently being performed at the Wyss Institute
under Prof J. Lewis [52]. Each print head is equipped with an on-board temperature controller to adjust
the temperature depending on the material that is being printed, enabling sequential layer-by-layer
printing and avoiding contamination between different materials.

Figure 3. Schematic representation of extrusion bioprinting.

However, a major disadvantage of extrusion bioprinting is that cell viability is lower than that
with inkjet-based bioprinting (40–86%). The decreased cell survival rate possibly results from the shear
stresses inflicted on cells in viscous fluids [53].

Extrusion-based bioprinting approaches have been also used for the generation of multiple tissue
types, including aortic valves [54] and in vitro pharmokinetic models [55].

A review of the outstanding research works using the above printing techniques for liver and
liver tissue engineering is presented.

A brief review of the above mentioned bioprinting techniques is presented in Table 1. A brief
review of common bioprinting techniques.
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Table 1. A brief review of common bioprinting techniques.

Laser Assisted
Bioprinting

Inkjet Extrusion

Advantages

High resolution,
deposition of

biomaterials in solid or
liquid phase, and nozzle

free and non-contact
printing.

Ability to print low
viscosity biomaterials,
fast fabrication speed,

low cost, high resolution,
multi-material printing,

Simple operation.

Simple, capable of
printing various

biomaterials, ability to
print high cell densities,
multi-material printing,

and ability to control
ejection speed.

Drawbacks

High cost, thermal
damage due to

nanosecond/femtosecond
laser irritation, metallic

residuals possible
damage of tissue from
use of laser lights, slow

printing speed, and
difficulty in handling

heterogenous cells.

Inherent inability to
provide a continuous

flow, poor functionality
for vertical structures,

low cell densities,
clogging of nozzle,

imposing thermal or
acoustic stress to cells,

and limited variety
of bioink.

Only applicable for
viscous liquids, gelation
and solidification, and

limited material selection
(shear thinning

ability required).

Speed Medium Fast Slow

Cell viability <85% ~80% >90%

Resolution 10 μm 50 μm 100 μm

Cell density Medium Low High

Viscosity 1–300 mPa s <10 mPa s 30–6 × 107 mPa s

Scalability Low Low Low–Medium

Structural integrity Low Low High

Cost High Low Low–Medium

3. Tissue and Liver Bioprinting

As previously mentioned, the liver is considered one of the most significant organs in the human
body due to its special characteristics. It plays a major role in metabolism with numerous functions,
including the regulation of glycogen storage, the decomposition of red blood cells, plasma protein
synthesis, hormone production, and the detoxification of chemicals [56,57]. In anatomy, the liver is
divided into four lobes. The right lobe, which is much bigger than the left lobe, involves two minor
lobes—the quadrate and caudate lobes. Blood is supplied to the liver through two different vessels.
The hepatic artery supplies arterial blood from the heart to the liver, and the hepatic portal vein carries
blood consisting of nutrients and toxins from the intestines to the liver [57].

The liver has an extensive regeneration capacity due to the high proliferation ability of hepatocytes,
even if it is subjected to vast damages. The tissue engineering of the liver is not new, and there are
several groups that have worked on the engineering of liver tissues and bioartificial livers as early as
1996 [58,59]. Therefore, various tissue bioprinting techniques have been used to fabricate biomimetic
liver tissues—even a whole liver. A schematic representation of the key approaches used for liver
tissue engineering is demonstrated in Figure 4 [59].
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Figure 4. Schematic diagram of liver tissue engineering. Solid lines show already ongoing approaches,
whereas dotted lines indicate proposed mechanisms [59].

3.1. Micropatterned 2D and 3D Liver Models

Over the past few decades, liver tissue engineering has made significant progress towards the
establishment of in vitro liver models for both fundamental pathophysiological studies and drug
screening. The sources of cells used for these in vitro liver models include primary hepatocytes,
hepatic cell lines isolated from tumors or liver slices, and stem cell-derived hepatic cells [60,61].
Griffith et al. [62] fabricated a vascularized liver on a small scale using the inkjet printing technique.
They were pioneers in investigating the role of scaffold architecture from biodegradable polyesters using
a manufacturing technique amenable to scaling-up, commercial production, and culture conditions for
achieving hepatic function in long-term perfusion cultures.

Monolayer culture, organoid culture and co-culture platforms have been established using
culture plates [63], commercially available wells [64], dielectrophoresis micropatterning [65] and
physical mask-based additive photopatterning methods [60]. However, the liver specific functions
of hepatocytes cultured in such platforms are functional only for weeks of in vitro culture [63,66].
Therefore, liver constructs that better mimic the native environment and help maintain in vitro liver
functions is in great demand.

3D bioprinting technology, with its potential to pattern cells and biomaterials in a precise
manner, provides a great tool to achieve novel and biomimetic in vitro liver models with increasing
structural complexity.

3.2. 3D Bioprinting for Liver Models

3D printing is a scientific field with innovative techniques that offer remarkable benefits in terms
of the vascular network formation of liver tissues and organs due to their feasibility, variety of available
printing methods, and precise controllability. With the appearance of bioprinting, the constructions
of functional tissue livers or mini liver organs have become an impending reality. Currently, many
researchers are contributing to the improvement of 3D printed vascular networks on a best effort basis
for their introduction into the medical field.

Many researchers that have worked on tissue engineering have successfully achieved to fabricate
biomimetic 3D printed vascularized liver constructs with their own unique properties such as rapid
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restoration ability even after considerable damage [67]. In an earlier work by Cheng et al. [68], 30
layers of a hepatocyte/gelatin mixture were laminated into a high spatial structure using a 3D rapid
prototyping technology. The 3D hepatocyte/gelatin pattern remained viable and performed biological
functions in the construct for more than two months. In an effort to develop personalized tissues
and organs for precision medicine, Organovo, harnessing the advantages of 3D bioprinting, used
a syringe-based extrusion printer to develop 3D printed human liver tissues that can remain fully
functional and stable for up to 28 days. The researcher demonstrated a multicellular liver structure
involving hepatocytes, hepatic stellates, and endothelial cells (ECs). 3D liver tissues possessed critical
liver functions, including albumin production, cholesterol biosynthesis, fibrinogen and transferrin
production, and inducible cytochrome (CYP) 1A2 and CYP 3A4 activities. These in vitro models of 3D
vascularized livers could potentially be implanted into patients to replace their damaged livers [69].
In 2013, the first human liver was synthetically reproduced and validated against the actual native
liver at the time of surgery by Zein et al. [70]. Specifically, successful 3D synthetic livers were printed
along with their complex network of vascular and biliary structures which replicated the native livers
for six patients, three living donors, and three respective recipients. Prior to the transplantation,
the dimensions of the donor and recipient livers were recorded in detail, including the diameters of
veins to fabricate a vascularized liver using the inkjet printing technique and based on each patient’s
individual computed tomography (CT) scan and magnetic resonance imaging (MRI). To implement
external vascularization, the authors utilized a permanent adhesive to attach to the liver lobe (Figure 5).
These results demonstrate the potential efficacy of a 3D printed synthetic liver with a vascular network
in the human body as a valuable tool for drug delivery, a substitute for treating partially or irreversibly
damaged liver tissue, and a tool for potentially minimizing intraoperative complications. That was the
first human liver to have been synthetically reproduced and validated against the actual native liver at
the time of surgery.

 

Figure 5. (a) Side view of a 3D printed liver and extracted liver of a patient, where long, short, and
double arrows indicate hepatic artery, hepatic vein, and portal vein, respectively. (b) Right lobes of
3D printed and extracted livers with indications of the hepatic artery (single arrows) and portal vein
(double arrows). (c) Cross-sectional views of 3D printed and extracted livers with indications of hepatic
vein (single arrows) and portal vein (dotted arrows) [70].

Nguyen et al. [71], established a novel bioprinted human mini liver tissue from the co-culture of
primary human hepatocytes, hepatic stellate cells (HSC) and human umbilical vein endothelial cells
(HUVEC) cells to test clinical drug-induced toxicity in vitro using an inkjet 3D bioprinter. A histological
analysis showed the presence of distinct intercellular hepatocyte junctions, cluster of differentiation 31
(CD31+) endothelial networks, and desmin-positive, smooth muscle actin-negative quiescent stellates,
mimicking the in vivo human drug response at the tissue level (Figure 6). A major challenge in liver
tissue engineering is the proliferation, long-term culture and maintenance of hepatocyte function ex
vivo of primary hepatocytes [38].
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Figure 6. Organovo’s mini liver tissue: (i) A macroscopic image of liver tissue housed in a 24-well
transwell, (ii) Hematoxylin and eosin (HE) staining of a tissue cross-section, (iii) extracellular matrix
(ECM) deposition assessed by Masson’s trichrome staining, and (iv) Iimmunohistochemistry (IHC)
staining of the parenchymal compartment for E-cadherin (green) and albumin (red) [71].

A recent study by our team [72] utilized the LIFT technique to laser print hepatocyte cancer
cell line Huh7 on porous collagen-Glycosaminoglycan (GAG) scaffolds, which are biomaterials with
established applications in re-generative medicine implants. The results showed the benefits of the
laser bioprinting technique for the precise placement and immobilization of hepatocyte cells into
porous collagen scaffolds for novel custom-made implants for regenerative medicine applications.

Arai et al. [73] used an inkjet 3D bioprinter to fabricate a 3D culture system using an artificial
scaffold for studying the liver-specific functions of hepatocytes. The printed construct expressed
liver-specific proteins and receptors such as albumin, MPR2, and asialoglycoprotein receptor (ASGPR),
thus proving the functionality of the printed liver tissue. The work by Matsusaki et al. [74] demonstrated
that high cell activities and high cell–cell interactions of the fabricated 3D human liver chip from
HepG2/HUVECs laden fibronectin and gelatin using inkjet printing technology were analogous to the
native liver structure due to the hierarchical sandwich structures.

In another study by Y Kim et al. [75], mouse primary hepatocytes (isolated from the livers of
six-to-eight weeks old mice) were printed into a 3D liver tissue construct using an extrusion-based
bioprinting system. Cells were viable for 14 days, with liver-specific gene expressions, namely albumin,
hepatocyte nuclear factor 4 alpha (HNF-4α), forkhead box protein A3 (Foxa3), and asialoglycoprotein
receptor 1 (ASGR1), increasing gradually up to day 14. In another study, Lee et al. [76] developed
3D structures from polycaprolactone (PCL) with improved mechanical properties for liver tissue
regeneration by using a multi-head tissue building printing system. A co-cultured 3D microenvironment
of primary rat hepatocytes (HCs), human umbilical vein endothelial cells (HUVECs), and human lung
fibroblasts (HLFs) were successfully established and maintained to study liver cells proliferation. The
results of this work suggested that the employed co-cultured microenvironment promoted heterotypic
cellular interaction within a 3D construct. Similarly, Skardal et al. [77] utilized a 3D bioprinting
platform to fabricate liver tissue, which has high potential for influencing how future drug and
toxicology screening and personalized medicine approaches are performed. Measurable levels of both
albumin and urea as well as common soluble biomarkers for liver were tested, and these remained
relatively consistent throughout the culture period. Moreover, this group developed a 3D liver
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tissue model containing primary human hepatocytes and liver stellate cells supported by bioinks,
and they tested the functional indicators. Specifically, these constructs were maintained in culture
for six days, and liver functionality was examined by exposing the constructs to a hepatic toxicant,
acetaminophen (APAP, 100 μM), and measuring the levels of albumin, urea, α-GST (alpha Glutathione
S-Transferase), and lactic acid dehydrogenase (LDH) in the media over time. An analysis of both urea
and albumin levels showed a significant decrease until day 15 for the acetaminophen-treated conditions.
In addition, the levels of α-GST, a detoxification protein, increased at day nine, and the levels of
lactic acid dehydrogenase (LDH), a marker of liver damage, also peaked due to printing-related
stress but decrease to nominal levels by day six. Finally, histological staining presented a greater
cellularity in untreated constructs, while drug-treated conditions showed a loss of cellularity. In the
future, these models could be used for drug screening, disease modeling, and precision medicine
applications [78]. An interesting decellularized extracellular matrix (dECM) bioink derived from a
native liver was demonstrated by Lee et al. [79]. The proposed bioink, in combination with the 3D
bioprinting technology, could be a suitable biomechanical and biochemical microenvironment for liver
tissue function. Specifically, the cell-printed mixtures consisted of dECM bioink seeded with human
bone marrow-derived mesenchymal stem cells (BMSCs) and liver cancer cells (human hepatocellular
carcinoma), as well as PCL polymer for 3D structural support, with control constructs prepared with a
collagen bioink. The resulting cell-laden printed bioink was evaluated and compared with those in
commercial collagen bioink. An analysis of liver-specific functions of these constructs by assessing
albumin and urea levels presented that the dECM bioink enhanced liver cell functions. Moreover, the
level expression of key transcription factor HNF4A (Hepatocyte nuclear factor 4 alpha) was particularly
upregulated in the liver dECM group to more than twice the level seen for the collagen, and the level
expression of transcriptional markers HNF1A and HNF3B (Hepatocyte nuclear factor 3-beta) was
significantly higher in the liver dECM group.

A recent study by Kurreck et al. [80] utilized the extrusion bioprinting technique to print a
3D tissue model composed of bioinks and human bipotent hepatic progenitor cells (HepaRG) with
established applications in virus biology. A short summary of recent outstanding bioprinting studies is
presented in Table 2.

Table 2. A short summary of outstanding recent liver bioprinting studies.

Printing Method Cell Type/Bioink Achievements Reference

Extrusion bioprinting Hepatocytes Gelatin

The laminated hepatocytes
remained viable and performed

biological functions for more
than 2 months

[68]

Extrusion-based
bioprinting

Primary human hepatocytes,
hepatic stellates, HUVEC cells,

and non-parenchymal
cells/NovoGelR 2.0 hydrogel

(concentration not mentioned)

Viable up to 28 days
(% not mentioned)
Inkjet bioprinting

Galactosylated alginate
(12 mg/mL)

Primary mouse hepatocytes
(isolated from the liver tissue of
male 6–8-weeks-old ICR 12 mice)
Data not available >85% after 2
Days test of hepatotoxicity of

trovafloxacin and Levofloxacin

[71]

Inkjet bioprinting

Primary mouse hepatocytes
(isolated from the liver tissue
of male 6-to-8-week-old ICR

12 mice)/Galactosylated
alginate (12 mg/mL)

>85% after 2 days [73]
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Table 2. Cont.

Printing Method Cell Type/Bioink Achievements Reference

Inkjet bioprinting HUVEC
Multilayered organ tissue model

test of hepatotoxicity of
troglitazone (Rezulin)

[74]

Extrusion-based
bioprinting

Primary mouse hepatocytes
(isolated from the livers of 6–8

weeks old mice)/Alginate
(3% w/v)

Viable up to 14 days
(% not mentioned) [75]

Extrusion bioprinting
HepG2,

BMMSCs/decellularized
extracellular matrix (dECM)

Liver tissue model [79]

Microvalve bioprinting

hiPSCs
(human-induced pluripotent

stem cell lines, RCi-22 and
RCi-50);
hESCs

human embryonic stem cell
lines, RC-6 and

RC-10)/Alginate (1.5% w/v)

>55% after 1 day [81]

Extrusion-based
bioprinting Primary hepatocytes Viable up to 60 days (% not

mentioned) [82]

An alternative approach to liver tissue fabrication is the use of stem cells. Concerning the hepatic
differentiation of induced pluripotent stem cells (iPSCs) to liver-specific cell lines. The first successful
work on bioprinting a mini-liver from both human-induced pluripotent stem cells (hiPSCs) and
human embryonic stem cells (hESCs), which have matured to be hepatocyte-like cells, was reported
by Faulkner-Jones et al. using a valve-based bioprinting system which did not adversely affect cell
viability (~84%) [83]. The group built a 3D alginate matrix, and the analysis was carried out after 21
days of differentiation protocol, revealing peak albumin secretion that meant the construct was hepatic
in nature [81], as shown in Figure 7 [84]. Recently, Choi et al. [85] used a nozzle 3D bioprinter to
fabricate a liver-mimicking architecture using primary hepatocytes, and they demonstrated the benefits
of co-cultured primary hepatocytes and mesenchymal stem cells (MSCs). This research indicated
that the expression of hepatic genes and proteins was higher for up to seven days in the 3D hepatic
architecture, and that the primary hepatocyte cell morphology was stable.

Most 3D-bioprinted tissues demonstrate liver-specific functions in addition to injury response.
Several companies and research groups have created living constructs that mimic native liver structures
and functions [86–89].

There is an acute demand for livers, and the fabrication of liver tissue or liver will definitely
alleviate this problem. Liver tissue and organoids can also be used in other assays such as drug
testing and liver disease studies. As with mature hepatocytes, hepatocyte-like cells obtained from
stem cells tend to quickly functionally deteriorate under in vitro conditions. The liver structure is
complex with a modular microenvironment; thus, it is difficult to model native liver tissue [87].
Recently, Kizawa et al. [82] printed a liver tissue by the spheroid assembly of primary hepatocytes
(1 × 104 cells/mL) that maintained functionality up to 60 days by using a scaffold-free 3D bioprinting
technology from Cyfuse Biomedical (NA1002, Cyfuse Biomedical), as demonstrated in Figure 8. The
human 3D bioprinted liver construct also maintained the expression of many drug transporter proteins
and metabolic enzymes for many weeks.
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Figure 7. Fluorescence images of printed human-induced pluripotent stem cells (hiPSC)-derived
hepatocytes showing hepatocyte marker expression in green: (a,b) human embryonic stem cells
(hESC)-derived hepatocyte-like cells (HLCs) (RC-10): (a) Non-printed control; (b) printed results;
(c,d) hiPSC-derived HLCs (RCi-22); (c) non-printed control; (d) printed results (scale bars 50 μm) [81].
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Figure 8. Self-organization in bio-printed human liver tissues. (A) Hematoxylin and eosin stain (HE)
staining shows structure of bio-printed liver tissue on day 50. (B) Immunostaining with the MRP2
antibody detected bile acid transporters (day 50). (C) Immunostaining with, cluster of differentiation
31 (CD31) antibody detected blood vessel-like and sinusoid-like structures (day 14). (D) Terminal
deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) staining detected little apoptosis
(day 60). (E) Immunostaining with the OAT2/8 antibody detected drug uptake transporters (day 44).
(F) Immunostaining with MRP2 antibody showed tissue distribution (day 44). (G) Masson’s trichrome
staining shows collagen accumulation (day 50). Black bars represent 50 μm [82].

Tissue engineers have continued to improve the quality of their human liver creations. The
creation of living mini-organs is a relatively new area of science with the potential to replace animal
models that are not always accurate. Organoid systems are the recently developed 3D bioengineered
platforms for studying assays such as drug toxicity testing and metabolic diseases. Organoids are
cell-derived in vitro 3D organ models that allow for the study of biological processes and also have
important effects for clinical use in an environment that mimics endogenous cell organization and
organ structures. These models overcome the major constraints of 2D tissue models and provide
prolonged cell viability and functionality [90]. These in vitro culture systems contain a self-renewing
stem cell population which differentiates into multiple, organ-specific cell types that exhibit a spatial
organization similar to the corresponding organ and are capable of recapitulating some functions of
that organ, thus providing a highly physiologically relevant system.

Organoids have been formed via several different methods, e.g., spinner flask cultures [91],
utilizing rotating cultures [92], stationary cultures in hanging drops with well-known 96- or 384-well

90



Bioengineering 2019, 6, 95

plates [93], and cell growth on non-adherent surfaces [94]. The utilization of engineering tools such
as biomaterial scaffolds, microfluidics and bioprinting has enabled greater control over the cellular
environment, which has increased the accurate prediction of clinically relevant outcomes and the
longevity of liver functions in vitro. For example, Norona et al. [95] fabricated a 3D bioprinted liver
tissue housed in a 24-well Transwell (Corning Inc, Corning, NY, USA) that can recapitulate drug-,
chemical-, and Transforming growth factor β1 (TGF-β1)-induced fibrogenesis at the cellular, molecular,
and histological levels, as demonstrated in Figure 9. Taking into consideration the above characteristics,
these bioprinted in vitro tissue models of human liver demonstrate the utility of novel 3D bioprinted
tissues to further evaluate compound-induced liver fibrosis in a more defined and systematic way.

 
Figure 9. 3D bioprinted tissue exhibits a compartmentalized architecture and maintains hepatic stellate
cells in a quiescent-like phenotype. (A) Illustration of a transverse cross-section of bioprinted tissue
on a transwell insert comprising hepatocytes (HCs) and compartmentalized endothelial cells (ECs)
and hepatic stellate cells (HSCs). (B) The organization of non-parenchymal cells (NPCs) is depicted
with CD31 and vimentin staining to mark ECs and HSCs, respectively. Albumin is used to denote the
hepatocellular compartment (HC). Scale bar= 100 μm, inset scale bar= 25 μm. (C) HSC activation status
was examined using desmin (generic marker) and Alpha-smooth muscle actin (α-SMA) (activation
marker). Quiescent HSCs are denoted with white arrows. Scale bar = 50 μm [95].

3.3. Liver-on-Chip Platforms

In contrast to static models, perfusion systems or cell microfluidic platforms can allow for the
automated control over several conditions such as culture medium, pH, temperature, fluid pressures,
cell shear stress, nutrient supply, and waste removal. Microfluidic systems have been implemented in
engineering liver tissues [96]. Significant applications of microfluidics in tissue engineering technology
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include cell culture and making gradient biomaterials [97]. For these reasons, microfluidic cell platforms
are preferable for mimicking the native and dynamic cellular environment compared to static cell
culture systems [98]. Moreover, these systems remain precise long term and could provide information
on tissue responses to various conditions over time scales that are clinically relevant [99].

The microarchitecture of the liver is crucial to liver function [100]. Hepatocytes interact with
mesenchymal cells, stellate cells, Küpffer cells, macrophages, and lymphocytes [101]. A main feature
of the liver is the perfusion of fluid. When compared to a conventional cell culture, liver function can
be enhanced in a microfluidic chip [102].

Furthermore, some diseases or injury states have also been supported inside a microfluidic chamber
for pharmaceutical testing [103,104]. Recently, polydimethylsiloxane (PDMS)-based microfluidic
devices have been made obtainable by using multiple chambers to mimic the sinusoidal architecture
of the liver. For example, Kang et al. [105] used their system to analyze the viral replication for
hepatotropic hepatitis B virus. Moreover, they demonstrated that primary rat hepatocytes maintained
normal morphology and produced urea for 30 days when they were cultivated on one side of a
transwell membrane, while immortalized bovine aortic endothelial cells were cultivated on the other
side of the membrane that was subjected to dual-channel microfluidic perfusion. Another group [106]
developed a system to model alcohol injury. Their liver injury-on-chip system was made by two
chambers for seeding of hepatocytes and stellate cells, as well as three more chambers for miniature
aptamer-modified electrodes to monitor liver cell signaling. This system makes it possible to monitor
the paracrine crosstalk between co-cultured cell types communicating via the same signaling.

Additionally, the advantages of perfusion on the functions of liver co-cultures is that perfusion
can drive the cells to gradients of oxygen, nutrients, and hormones, which have been shown to lead
to liver parenchyma or differential functions in hepatocytes across the length of the sinusoid [107].
Allen et al. [108] fabricated a perfusion bioreactor platform with oxygen gradients that was used to
induce an in vivo-like zonal pattern of CYP450s and acetaminophen toxicity in rat hepatocyte cultures.
This bioreactor system could provide useful information about the maintenance of liver zonation in
order to get deeper insight into the mechanism of metabolism and toxicity.

In contrast to an oxygen gradient, McCarty et al. [109] demonstrated a gradient of exogenous
hormone (insulin and glucagon) onto a rat hepatocyte monolayer using a microfluidic device. Utilizing
this advanced control system, they demonstrated the in vitro creation of hepatocyte carbohydrate,
nitrogen, alcohol degradation, and drug conjugation metabolic zonation. This useful type of system
could be essential for the development of in vitro liver disease models.

Only a few reports have been published which combine direct printing techniques with on-chip
technologies for the fabrication of organs on chips. Direct printing into a microfluidic chamber to build
a liver-on-a-chip platform was also demonstrated by Bhise et al. [110]. Droplets of HepG2 spheroid-
Gelatin-methacryloyl (GelMA) mixture were printed on a glass slide within the cell culture chamber of
a bioreactor, followed by immediate UV cross linking. The engineered hepatic construct remained
functional during the 30-day culture period and showed a drug response similar to published data
(Figure 10).

Another printing technique utilizing micro valves integrated with microfluidic chips was studied by
Chang et al. [111] in order to fabricate reproducible three-dimensional cell-encapsulated alginate-based,
tissue-engineered constructs in chambers for drug screening platforms in planetary environments.

92



Bioengineering 2019, 6, 95

Figure 10. (a) Schematic of the hepatic bioreactor culture platform integrated with a bioprinter
and biomarker analysis module. (b) Bioprinting photocrosslinkable Gelatin-methacryloyl (GelMA)
hydrogel-based hepatic construct within the bioreactor as a dot array. (c) Top-view (i) and side-view
(ii) of the assembled bioreactor with the inlet and outlet fluidic ports as indicated. Scale bar = 1 mm.
(d) Oxygen concentration gradient in the bioreactor, considering the oxygen uptake of, case A: 400,000
hepatocytes on day one (16,000 cells per dot), and case B: 4000,000 hepatocytes on day 30 (160,000 cells
per dot) [110].

Liver platforms are being integrated with different cell lines for liver tissue fabrication. It has
been researched that perfused hepatocyte-endothelial co cultures show a greater rate of production
of drug metabolites relative to static controls [112]. An interesting in vitro hepatic model was
demonstrated by Khetani et al. [60] for drug screening and modeling liver diseases using engineered
micropatterned co-cultures of induced pluripotent stem cell-derived human hepatocyte-like cells
(iHeps) and 3T3-J2 murine embryonic fibroblasts with a Matrigel. This in vitro model of human liver
was maintained for several weeks in culture. Moreover, Cho et al. [113] developed a controlling
co-cultured microenvironment to study the heterotypic cell interactions of hepatocytes on a patterned
fibroblast layer using microfabricated PDMS stencils. The liver-specific functions of the hepatocytes
including intracellular albumin staining and E-cadherin expression were increased as a result of
enhanced heterotypic contact in the co culture system. In other similar research, primary human
hepatocytes along with human endothelial (EA.hy926), immune (U937) and stellate (LX-2) cells were
co-cultured in a microfluidic device. This study described a relevant liver model which was maintained
for weeks in order to investigate liver studies and the microfluidic integration technology with other
organs [114]. Other approaches to create artificial, three-dimensional hepatic tissue constructs and
the regeneration of injured livers reported the co culture systems of hepatic stellate cells (HSCs) [115]
and both HSCs and ECs [116]. Several liver platforms have already been fabricated with the aim of
the reliable replication of liver physiology and metabolism to benefit the pharmaceutical industry in
drug discovery and development. The performance of current liver platforms needs to be improved to
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further mimic the physiology and function of liver in the body. Future advances in this area could
emerge from the combinatory use of existing technologies to move toward a liver model with a more
complete functionality.

4. Scaffolds Fabrication Methods

Scaffolds are 3D artificial biostructures which are used in tissue engineering as well-defined
matrices for cell adhesion and proliferation. A high porous architecture and a controllable porous size
are key parameters for accommodating different types of cells, whereas porosity has a crucial role in
attachment and migration of transplanted cells. Depending on the fabrication method and the raw
material, the porous size varies between 100 and 500 μm in order to be suitable for applications such as
bone regeneration [117], cardiac tissues [118] and cells proliferation [119].

Its biocompatibility, mechanical properties, and chemical properties make the material suitable for
medical applications and cell culture. Towards the fabrication of 3D scaffolds, several approaches have
been used, such as two-photon polymerization, selective laser sintering, and 3D printing techniques
(inkjet and extrusion printing).

4.1. Laser-Based Methods

The main purpose for the fabrication of 3D structures that are aimed to be used as a matrix for the
selective placement and growth of cells is the printing of biocompatible polymers for the creation of a
3D shape. Two photon polymerization, a widely used method for developing 3D materials suitable for
cell growth and proliferation, is based on the irradiation of a monomer with a laser beam to trigger
a cross-linking process by two photon absorption in selected depths [120]. As the desired structure
forms by the selective polymerization offered by the laser beam, the non-polymerized monomer is
subsequently removed by extensive washing procedures.

The use of lasers for the creation of biopolymer scaffolds enables the easy tuning of the porosity of
the final 3D structure by the alteration of the irradiation conditions, as explained by Rekštyte et al. [121].
In the reported study, 3D polymeric porous scaffolds with size porosity of micrometers were obtained
with the use of four different combinations of materials and a large variety of fabrication parameters
(Figure 11).

Figure 11. Direct writing laser procedure (left). Final structures of fabricated scaffolds consist of two
different polymeric materials (right) [121].

94



Bioengineering 2019, 6, 95

In addition, Ovsianikov et al. at 2011 [122] created gelatin-based scaffolds with methacrylamide
groups for the development of adipose tissue and transplants for plastic surgeries. The results verified
the stability of the material and their ability to support ASC adhesion and proliferation from seven to
twenty-two days as shown in Figure 12.

Figure 12. (a) SEM image of fabricated gelatin scaffold. (b,c) Fluorescence microscopy pictures for the
2 photon polymerization scaffold after seven days and 22 days [122].

3D hydrogel scaffolds created by two-photon polymerization (2PP) for the support of
Henrietta Lacks (HELA) cells’ culture for tissue engineering applications were also reported by
Y.C Zheng et al. [123]. The starting material consisted of an aqueous solution of 3,6-bis[2-(1-methyl-
pyridinium)vinyl]-9-pentyl-carbazole diiodide (BMVPC), cucurbit [7] uril (CB7), and polyethylene
glycol diacrylate (PEGDA) was used as a monomer for 2PP.

Another advantage that laser-based techniques offer is the use of lasers for the creation of the 3D
matrix and the selective deposition of cells with high precision. Ovsianikov et al. [120] presented this
approach by utilizing lasers to polymerize an acrylated poly(ethyleneglycol) (PEG) monomer for the
fabrication of a cell scaffold and the direct laser printing of two different types of cells on the fabricated
scaffold (Figure 13).

 
Figure 13. (a) Schematic representation of two photon polymerization process of an acrylated
poly(ethyleneglycol) (PEG). (b) Schematic representation of LIFT technique for the printing of cells on
the fabricated scaffold [120].

The final structure of this study had a hexagonal shape with six layers of cylinders along the
diameter of the shape (Figure 14). Vascular smooth muscle cells (VSMCs) were laser printed at the
outer perimeter of the scaffold, while EC cells were deposited at the inner perimeter (Figure 14).
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Figure 14. (a) SEM images of 2PP fabricated scaffolds. (b,c) Fluorescence microscopy images after the
deposition of two cell lines in the same scaffold [120].

The combination of the laser-based 2PP technique with the micromolding technique resulted in
the accelerated duration of the fabricated scaffolds, according to A. Koroleva et al. [124] (Figure 15). In
this structure, human pulmonary microvascular endothelial cells (HPMEC) were cultured for seven
days and migrated into the fabricated fibrin gel scaffold (Figure 15).

Figure 15. (a) Fabricated fibrin gel scaffold with hexagonal shape. (b) Cells cultured for seven days [124].

Another laser-based technique used for the fabrication of cell scaffolds is called selective laser
sintering [125]. This is a layer-by-layer approach in which a laser beam is used to selectively sinter
particles of a polymeric material in order to create layers with specific geometric characteristics [126].

4.2. Inkjet Printing

Inkjet printing is one of the most popular 3D printing techniques for the fabrication of structures
of a great variety of materials. This technique enables the printing of picoliter droplets according
to a software design in order to create 2D or 3D structures, and it can be either a continuous or a
drop-on-demand (DOD) printing approach. The DOD inkjet printing technique has been widely used
to create arrays of small liquid biodroplets [127,128]. The mechanism based on a thermal approach
or a piezoelectric approach are the two main printing mechanisms with a DOD inkjet printer. The
thermal inkjet printer contains of a thermal actuator which heats up the printing head, consequently
generating a bubble of gas which, upon expansion, ejects a droplet of liquid to a receiver substrate [129].
On the other hand, the piezoelectric printers consist of a piezoelectric actuator which surrounds the
ink chamber. An increase of the voltage across of the piezoelectric actuator initiates the formation of
droplets during the flow of the ink [130].

Ink jet printing techniques have been frequently used for the control of cells growth in a matrix by
the printing of protein solutions [131], the printing of cells [131], or the printing of the 3D scaffold. In
the field of inkjet printing of scaffolds, impressive results were presented by Xu et al. [132] with the
printing of a functional 3D scaffold for cardiac tissue application (Figure 16a). Also, Duan et al. who
printed valve network (Figure 16b) [54].
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Figure 16. (a): Cardiac tissue by Xu et al. [132]. (b): Printed valve network by Duan et al. [54].

Moreover, there have been studies that utilize the inkjet printing technique for the creation of a
3D polymer matrix and the precise deposition of cells in a twostep procedure [133].

Even though the inkjet printing technique is an established technique for the printing of materials
that can be used as 3D scaffolds for cell cultures, such as biodegradable polymers [134–136] and natural
polymers [133,137], most of the reported 3D liver cell cultures by the use of scaffolds are created by
more verified techniques in the industry such as microextrusion printing. Microextrusion printing is
an additive manufacturing method for creating 3D micro-structures in a layer-by-layer manner. This is
enabled by the continuous microprinting of polymeric materials for the creation of individual layers.
These types of printers consist of a piston, upon which extraction deposits the biomaterial through a
micro-needle. To our knowledge, the only study in which a piezoelectric inkjet printer was used for
creating scaffolds for liver cultures was presented by Arai et al. [73]. The novelty of that work was the
architecture of the final structure—a sandwich shape of two galactosylated alginate (GA)-gel sheets
on the top and bottom and hepatocytes cells in-between the two layers. This design provided the
opportunity to regulate the polarity of the hepatocytes.

5. Scaffolds for Liver Tissue Engineering

As mentioned previously, the liver is one of the most important and largest organs in human body,
and it plays a significant role in metabolic functions. Many groups have studied the generation of 3D
liver structures for potential liver regeneration applications. The use of 3D polymeric structures for
generating cell cultures and liver models has facilitated the overcoming of the limitations of 2D cell
culture models such as the uncontrollable cells’ polarity and non-directed cells’ attachment. A wide
range of biocompatible polymers has been used as starting materials for building stable matrices for
the growth and proliferation of cancer and primary hepatic cell lines. Lewis et al. [138] investigated
the creation of a 3D porous gelatin scaffold using a pneumatic extrusion piston-driven EnvisionTEC
(GmbH) 3D-Bioplotter.

Six different single layers with different porous sizes were precisely placed in such a way to
create two variable geometries (differing in the strength of the connection between the layers), towards
the final 3D scaffold. The scaffolds were used as matrix for the cell culture of the differentiated
hepatocyte-derived carcinoma cell line (Huh7). After, the fabrication of the optimum scaffold geometry,
the viability and the functionality of the seeded Huh7 cells were studied for seven days. Towards this
goal, a comparison was made between the two geometries of the 3D scaffolds and the 2D models. The
results revealed almost the same viability of the 2D and 3D cell cultures; however, the 3D structures
enabled an increase in the hepatic functions of the cells, mainly due to the strong connection between
the pores of the structure. These lateral architectural 3D models have been proven suitable to use
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for studying the specific functions of hepatocytes such as albumin secretion, CYP activity, and bile
transport, because they provide an appropriate environment for well-defined cells [138]. Furthermore,
a micro-extrusion bioprinter (INKREDIBLE+) was used by Hiller et al. to create a 3D structure by
printing a mixed ink consisting of: hydrogels (alginate, gelatin), human extracellular matrix (hECM)
and human HepaRG liver cells. The selected cell line was used in thus metabolic study due to its
morphology and metabolic characteristics. The aim of this study was to test the metabolic activity
and the viability of the cells for structures with variable concentration of hECM. The hECM substance
changes the mechanical characteristics of the 3D microstructures. It consists of collagen type I, which
improves the properties of the scaffold but, in high concentrations, has a negative effect on cell
functionality [80]. Another group (Kim et al.) used alginate and isolated mouse primary hepatocytes
to create a 3D bio-printed structure. The process combined the use of a micro-syringe with a three
dimensional motion stage to create the final 3D structure in a layer-by-layer manner. The final shape
of the structure was adjusted by scanning parameters such as velocity and pressure. The main goal
of this study was to create hepatocyte cell culture networks which demonstrated a high viability of
the cells after 14 days with good hepatic functionality [75]. The same year, Kang et al. [139] used
mouse-induced hepatocyte-like cells (miHeps) by pluripotent stem cells (PSC) for the development
of a 3D structure made by miHeps and aginate using extrusion printing. Five layers of cells and
alginate printing solution built the final 3D cell culture which was placed in a mouse in vivo. The
implant was examined 14 and 28 days after the surgery, presenting results that indicated that the
in vivo transplanted scaffold was more functional than the in vitro model. Lee et al. [76] created
3D scaffolds with improved mechanical properties for a 3D hepatocytes cell culture environment.
In this study, the scaffold was made by polycaprolactone (PCL) as a starting material by using a
homemade printer with multiple deposition heads-multihead tissue/organ building (MtoBS system).
The layer-by-layer printed structure consisted of PCL and hydrogel layers with a mixture of collagen
and three different cell lines—HCs, HUVECs, and HLFs. The final structures had the ability to support
multiple functional cell lines which could maintain their hepatic functions for 10 days. Jeon et al.
fabricated 3D alginate scaffolds with cancer hepatic cells (HepG2) using a micro extrusion printer
and tested the proliferation and the viability of hepatocytes on the 3D structure for three weeks. The
histology and immunohistochemistry of the final cultures were investigated along with their ability to
support operational cells [140]. Gong et al. designed and fabricated well defined 3D chitosan–gelatin
(C/G) scaffolds which consisted of polymeric channels and pores using both an indirect method called
the solid freeform fabrication (SFF) and freeze drying methods. Two thermoplastic materials were
used for forming the mold of the scaffold. Chitosan and gelatin were used as matrix materials, and the
final structure was initiated by the freeze-drying process, which also led to the creation of micro pores.
The tuning of the freeze-drying parameters resulted in the optimum shape and morphology of the
scaffold. The functionality of the developed scaffold structure was tested for the culturing of HepG2
cell line [141].

6. Conclusions

In summary, 3D bioprinting technology enables the fabrication of biomimetic tissues and implants
with the use of biomaterials, growth factors, and living cells, which can either be printed in a specific
pattern for the development of the final tissue structure or, in many cases, can be printed on an already
existing 3D matrix (scaffold). Furthermore, in the field of tissue engineering, an bioartificial liver is
considered one of the most promising tools as a therapeutic method for severe liver diseases and, in the
field of regenerative medicine, for drug testing. The most commonly used direct writing techniques
for the printing of cells are laser-based techniques, inkjet printing, and microextrusion printing. Those
techniques are mainly chosen because they can easily adapt to the cultivation environment, can
create high-resolution cell structures, and, in many cases, can also be used to create 3D scaffolds for
the cell growth. In the field of liver tissue engineering, a lot of work has been done with the use
of the above-mentioned techniques towards; however, greater effort is required to solve problems
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encountered in the inability to replicate the actual 3D living liver tissue environment. Finally, the
combination of a 3D bioprinting technique with a microfluidic control can be a promising method for
controlled drug delivery systems and for future regenerative medicine.
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Abstract: Three-dimensional (3D) printing is an additive manufacturing method that holds great
potential in a variety of future patient-specific medical technologies. This project validated a novel
crosslinked polyvinyl alcohol (XL-PVA) 3D printed stent infused with collagen, human placental
mesenchymal stem cells (PMSCs), and cholangiocytes. The biofabrication method in the present
study examined 3D printing and collagen injection molding for rapid prototyping of customized
living biliary stents with clinical applications in the setting of malignant and benign bile duct
obstructions. XL-PVA stents showed hydrophilic swelling and addition of radiocontrast to the
stent matrix improved radiographic opacity. Collagen loaded with PMSCs contracted tightly
around hydrophilic stents and dense choloangiocyte coatings were verified through histology and
fluorescence microscopy. It is anticipated that design elements used in these stents may enable
appropriate stent placement, provide protection of the stent-stem cell matrix against bile constituents,
and potentially limit biofilm development. Overall, this approach may allow physicians to create
personalized bio-integrating stents for use in biliary procedures and lays a foundation for new
patient-specific stent fabrication techniques.

Keywords: 3D printing; hepatobiliary stent; tissue engineering; medical device; stem cells;
personalized medicine

1. Introduction

Biliary obstruction can be caused by both benign and malignant conditions including iatrogenic
bile duct injury and chronic pancreatitis as well as cholangiocarcinoma and pancreatic cancer [1,2]. Relief
from such obstructions can help minimize obstructive jaundice and reduce the risk of cholangitis [3,4].
The endoscopic placement of hepatobiliary stents was first performed in 1980 to restore biliary
flow [5,6]. Since then, such endoscopic techniques have become favored alternatives to surgery
due to their less invasive nature and decreased morbidity associated with these procedures [7].

Several types of stents have been developed over the years, each with their own advantages and
disadvantages. Plastic stents were used first and today are still the most commonly used device [5,6].
In the late 1980s, self-expanding metal stents were first used in the biliary tract [8–10]. Compared
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to plastic stents, self-expanding metal stents have decreased mortality as well as the number of
re-interventions, however, self-expanding metal stents are more expensive [4].

More recently, drug-eluting stents have been developed as an approach to maintain stent
patency [11]. Both plastic and metal stents with anti-reflux valves have been explored as a means
to decrease cholangitis and increase patency [12]. The use of biodegradable biliary stents has
also been explored. In many clinical scenarios, biliary stents are only needed temporarily [13,14].
A biodegradable stent that dissolves allowing its remnants to be expelled into the duodenum would
eliminate the need for a secondary device removal procedure, which would increase the risk for
recurrent biliary occlusion or stenosis.

Despite many advances in stent development, one major problem that remains is the progressive
loss of stent patency over time. Several factors contribute to this loss of patency. It is widely accepted
that biofilm formation on the stent is a common cause of stent failure. Bacteria gain access to biliary
stents by migrating from either the portal venous system or through the sphincter of Oddi [15].
Microorganisms may then adhere to the stent and begin to proliferate and secrete exopolysaccharides
to form biofilms that resist antibiotic treatments. Biofilm creation, in turn, is thought to contribute to
biliary “sludge” formation that ultimately leads to the loss of stent patency [16].

One area that remains unexplored is the development and use of 3D printed hepatobiliary stents.
3D printing is an emerging technology in medicine, and it would allow for the rapid production of
custom medical products that are relatively inexpensive [17]. The application of 3D printed stents has
been explored for use in many diseases. Several examples include the use of 3D printed vascular stents
for percutaneous coronary intervention, airway stents for the treatment of central airway obstruction,
esophageal stents for palliative care in inoperable esophageal malignancies, and ureteral stents which
facilitate urine drainage from the kidney [18–21].

Cytocompatible, hydrophilic, and drug-deliverable 3D printed materials and techniques have
been recently explored and hold great promise in cell culture models, medical devices, and
tissue-engineered substrates [22–25]. Such materials include 3D printed polyvinyl alcohol (PVA),
a water soluble polymer. PVA filaments demonstrate favorable 3D printability using fused deposition
modeling (FDM) techniques which can be post-print crosslinked (XL) to form stable 3D hydrogels [26].
The 3D printed crosslinked polyvinyl alcohol (XL-PVA) method is capable of binding biomolecules,
drugs, and cells of interest due to the molecular complexes formed during crosslinking. Such materials
have applications in a variety of medical devices and wound care substrates. In this study, the XL-PVA
3D printing method was coupled with collagen injection molding to create hepatobiliary stents which
have been engineered to support engraftment with human placental stem cells and cholangiocytes.

2. Materials and Methods

2.1. PVA Stent Fabrication and Crosslinking

Porous tubular stents (25 mm length, 5 mm external diameter, and 3 mm internal diameter) were
created with free computer aided design (CAD) software (Tinker-CAD, AutoDesk, San Francisco, CA,
USA). 96 square pores (1 mm × 1 mm) were created in the stent design with 1 mm spacing between
each pore. PVA filaments (AquaSolve™, Formfutura, Nijmegen, Netherlands, 1.75 mm diameter) were
3D printed into the designed stent pattern at 201 ◦C using a consumer grade 3D printed (MakerBot
Replicator desktop 3D printer, MakerBot Industries LLC, Brooklyn, NY, USA) with supports turned
off and raft turned on. PVA 3D printed stents were immersed in distilled water briefly to fuse layers,
and cross-linked (XL) by placing the stents in a gas vapor desiccator with two separate containers
containing 20 mL of 6.25% glutaraldehyde (GA) (EMD Millipore Corporation, Darmstadt, Germany)
and 10 mL of concentrated hydrochloric acid (HCl) (Fisher Scientific, Hampton, NH, USA) at 42 ◦C for
24 h. XL-PVA stents were next rinsed extensively in distilled water and soaked in 70% ethanol for 24 h.
XL-PVA stents were rinsed again and placed in 1X phosphate buffer solution (PBS) for storage.
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2.2. Collagen Injection Mold Chamber Fabrication

Cylindrical injection mold chambers and stent lumen maturation plugs were designed with
free CAD software (Tinker-CAD) and 3D printed on a consumer grade stereolithography 3D printer
(Formlabs, Form2, Somerville, MA, USA) using flexible resin (Formlabs) with supports turned on.
3D printed parts were rinsed in 70% isopropyl alcohol (Form Wash, Formlabs) and then cured at 60 ◦C
with shortwave ultraviolet light (UV) for 1 h (Form Cure, Formlabs). Injection mold chambers and
maturation plugs were next rinsed in 70% ethanol followed by a 1× PBS wash in a sterile tissue culture
hood and stored there until used in experiments.

2.3. Barium Sulfate Coating and X-Ray Imaging

Polycaprolactone (PCL) (Sigma Aldrich, St. Louis, MO, USA) (molecular weight 80,000) and
E-Z-HD™ barium sulfate (BS) (E-Z-EM Canada Inc., Quebec, Canada) were mixed in chloroform (CF)
(Sigma Aldrich) to form 10% PCL:10% BS:80% CF mixture. Hydrated XL-PVA stents were dipped
in the PCL-BS-CF mixtures on each tip’s end and the chloroform was allowed to evaporate before
placing the stents back into 1× PBS. Final dry PCL-BS coatings on stent tips contained 50% PCL:50%
BS. XL-PVA stents and versions with PCL-BS coatings were imaged with an OEC 9900 Elite C-Arm
System X-ray (General Electric, Fairfield, CT, USA) in 10 mL of 1× PBS.

2.4. XL-PVA Swelling Analysis

For swelling studies, XL-PVA pieces (n = 5) were hydrated overnight in 1X PBS and dehydrated.
Each hydrated and dehydrated form was weighed to obtain average weights. To calculate mass change
percentage (ΔM%), the average hydrated weight (M1) was subtracted from the average dry weight
(M2), then divided by the hydrated weight (M1) and multiplied by 100. The mass swelling ratio was
calculated by taking the ratio between the average mass of the hydrated XL-PVA (M1) and the average
mass of the dehydrated XL-PVA (M2), where M1 is divided by M2. The results were statistically
analyzed by using Student’s t-test and the data were expressed as the mean ± standard deviation (SD).
A p-value of <0.05 was considered statistically significant.

2.5. Collagen Preparation

Rat tail type 1 collagen matrices were prepared by a modification of the protocol previously
published by Benoit et al. [27]. Briefly, rat tail tendons were manually excised, washed with 100%
isopropanol (Thermo Fisher Scientific, Waltham, MA, USA) and dissolved in sterile 4 mM acetic acid
(Sigma Aldrich) for 24 h at 4 ◦C under constant agitation. Collagen solution was filtered through a
250 μm nylon filter (Spectrum Labs, Rancho Dominguez, CA, USA), centrifuged at 19× g for 20 min
at 4 ◦C and snap frozen. Using a bench-top manifold freeze-dryer (Millrock Technology, Kingston,
NY, USA), frozen aliquots were dried and stored at −20 ◦C for future use. Twenty-four hours prior
to experiments, freeze-dried collagen was resolubilized in cold 0.012 M hydrochloric acid (HCl)
(Sigma Aldrich) at 2.5 mg/mL final collagen concentration and incubated overnight at 4 ◦C with gentle
agitation. On the day of the experiment, 0.8 mL of cold 5X PBS was added to 3.2 mL of dissolved
collagen gel and the pH was titrated with 0.5 M sodium hydroxide (NaOH) (Sigma Aldrich) to 7.4.

2.6. Isolation of Mesenchymal Stem Cells

Human placentas were collected from normal term pregnancies. Collection of human placenta
for mesenchymal stem cell isolation was approved by the Institutional Review Board (IRB) (approval
number CR00001345_STUDY00000614). Human placental mesenchymal stem cells (PMSCs) were
obtained by cultivation of microvilli after elimination of villous trophoblasts. The villous tissue
was dissected from different cotyledons, excluding chorionic and basal plates. After rinsing with
ice-cold PBS, the villous tissue was next digested with trypsin (0.125% trypsin solution (Sigma Aldrich)
containing 0.1 mg/mL DNase I and 5 (Sigma Aldrich) mM MgCl2 (Sigma Aldrich) in Dulbecco’s
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modified Eagle’s medium (DMEM) (Sigma Aldrich) at 37 ◦C for 90 min. The isolated PMSCs were
incubated with DMEM supplemented with 10% fetal bovine serum (FBS) (Atlanta Biological, Flowery
Branch, GA, USA) and 1% penicillin/streptomycin (P/S) (Sigma Aldrich) at 37 ◦C with 5% CO2.
PMSCs were characterized by positive expression of mesenchymal stem cell cluster of differentiation
(CD) markers CD73, CD90, and negative expression of CD34 and Human Leukocyte Antigen–antigen
D Related (HLA-DR) (BD Pharmingen, Franklin Lakes, NJ, USA). PMSCs were monitored using flow
cytometry (BD LSR II Flow Cytometer, BD Biosciences, San Jose, CA, USA) and immunofluorescent
staining for octamer binding transcription factor 4 (Oct4), CD133 (Santa Cruz, San Diego, CA, USA)
and CD44 (Abcam, Cambridge, MA, USA).

2.7. Stem Cell Collagen Injection Molding and Stent Maturation

All cell culture was performed under standard aseptic techniques to reduce contamination. PMSC
(passage 9) was grown to confluency in 75 cm2 flat bottom flasks at 37 ◦C with 7.5% carbon dioxide
(CO2), and 100% humidity. Cells were washed with PBS/ethylenediaminetetraacetic acid (PBS-EDTA)
(Sigma Aldrich), trypsinized (Trypsin solution from porcine pancreas, Sigma Aldrich), collected
through centrifugation, and re-suspended in DMEM (media) containing 10% FBS, (Atlas Biologicals,
Fort Collins, CO, USA), 1% P/S (Sigma Aldrich), and 4.5 g of glucose/liter. Resuspended PMSCs were
mixed with the prepared dissolved collagen solution to form a 12 mL mixture (8 mL of cell suspension
in 4 mL of collagen gel solution). PMSC/collagen was seeded in the 3D printed injection molding
chambers containing XL-PVA stents and maturation plugs. 2 mL of the PMSC-collagen mixture was
added to each injection molding chamber and the total cell count for each chamber was 200,000 cells
per chamber. The loaded injection molding chambers tissue were next incubated at 37 ◦C for 1 h.,
to polymerize the collagen around the 3D prints. Next, maturation plugs containing XL-PVA stents
and polymerized collagen/PMSC were removed from each injection molding chamber and placed
in 25 cm2 tissue culture flask with 25 mL of media. Maturation plugs were removed at day 5 and
PMSC/collagen stents were allowed to mature for a total of 7 days.

Additional 48-well tissue culture plates were seeded with the PMSC-collagen mixtures and pure
collagen as a control. Each well was seeded with 0.5 mL of the solutions and PMSC versions contained
50,000 cells per well. The loaded 48 well tissue culture plates were next incubated at 37 ◦C for 1 h.,
to polymerize the collagen in the wells. Contraction assays measuring the diameter of the gel were
performed according to established protocols [27]. Collagen gels in the 48-well plates were detached
around the edges with a glass pipet tip and 0.5 mL of media was added to each well. Collagen
contraction was monitored for 1 week, and images were taken periodically on days 0, 3, 5, and 7), and
analyzed with ImageJ software. The results were statistically analyzed by using Student’s t-test, and
the data were expressed as the mean ± standard deviation (SD). A p-value of <0.05 was considered
statistically significant.

2.8. Cholangiocyte Seeding

Human primary cholangiocytes (Celprogen, Torrance, CA, USA) were grown to confluency in
75 cm2 tissue culture flask with human cholangiocyte primary cell culture complete growth media with
serum and antibiotics (Celprogen). The obtained primary cholangiocytes were stated to have positive
markers for cytokeratin (CK) CK7, CK19, glutamyl transpeptidase, aquaporin −1 (Aqp1), oval cell
markers (OV) OV6 and OV1, and epithelial specific antigen (ESA). Cells were washed with PBS-EDTA,
trypsinized, collected through centrifugation, and re-suspended in Celprogen media. Collagen injection
molded XL-PVA stents were each mixed with 5 mL of cholangiocyte media containing 663,000 cell
count and allowed to incubate overnight. Stents were next transferred to new 25 cm2 flask and
25 mL of fresh Celprogen media was added. Stents were allowed to mature for an additional week.
Final cell-laden stents were analyzed live and fixed in 10% formalin (Thermo Fisher) for imaging
and histology processing. For histology, fixed stents were embedded in parafilm wax, sectioned, and
stained with hematoxylin and eosin (H&E) (Sigma Aldrich) for viewing.
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2.9. Imaging

3D printed XL-PVA and collagen injection molded versions seeded with cells were characterized
with a HITACHI 4800 high resolution scanning electron microscope with Gatan Cryo features
(Cryo-SEM). Cell cultures and external and internal cell layers of bioengineered stents were also
monitored through phase and fluorescence imaging with Hoechst 33342 (Thermo Fisher) on an Evos
FL cell imaging system (Thermo Fisher). H&E stained sections were viewed with an EVOS XL Core
imaging system (Thermo Fisher).

3. Results

3.1. Fabrication of XL-PVA Stents and Collagen Injection Molding Chamber

Consumer grade free software and a MakerBot 3D printer were capable of forming reproducible
stent structures from PVA filaments printed at 201 ◦C. (see Figures 1 and 2). 3D printed PVA stents
were successfully cross-linked with the HCl/GA gas crosslinking method previously described
(see Figure 2D,E). The Form2 SLA 3D printer was successful at fabricating collagen injection molding
chambers and maturation plugs (see Figure 2). The injection molding chambers and maturation plugs
allowed for smooth integration with each part including the XL-PVA stents (see Figure 2D,E). XL-PVA
stents coated with PCL/BA showed improved visibility under x-ray imaging when compared to
control XL-PVA stents in PBS (see Figure 3).

 
Figure 1. Views of computer aided design (CAD) stent with dimensions displayed in orthographic
view (A) and in perspective view (B).
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Figure 2. Views of CAD collagen injection molding chamber (A) and maturation plug (B) with
dimensions displayed. CAD collagen injection molding chamber with maturation plug inserted (C)
and with stent placement (D). Images of 3D printed actual crosslinked polyvinyl alcohol (XL-PVA)
stents, over a maturation plug (E) and with the injection molding chambers (F).

 
Figure 3. Images of CAD stent in (A), X-ray images of 3D printed XL-PVA stents with barium coated
tips (B; 1 and 2), and X-ray image of control XL-PVA stents (C; 3 and 4). Black arrows point to regions of
interest containing barium sulfate (scale bar = 25 mm).
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3.2. XL-PVA Swelling Analysis

Hydrated samples of XL-PVA (n = 5) had a mean mass (grams) ± standard deviation of
0.4444 ± 0.0220. Dehydrated samples of same XL-PVA samples (n = 5) had a mean ± standard
deviation mass (grams) of 0.2734 ± 0.0137. For hydrated versus dehydrated XL-PVA, a significant
difference was found for the mass totals (p < 0.0001). The change in mass percentage from hydrated to
dehydrated XL-PVA was calculated as 38.47% (see Figure 4). The mass swelling ratio for hydrated and
dehydrated XL-PVA was calculated as 1.625.

Figure 4. Chart displaying average masses of XL-PVA in hydrated and dehydrated forms.
(**** = p < 0.0001).

3.3. Hybrid Stent Cell Culture and Imaging

Human PMSCs and cholangiocytes were successfully cultured on stents; these displayed unique
morphologies when compared under phase microscopy. PMSCs displayed typical elongated and
uniform web-like patterns while the cholangiocytes displayed typical circular and cobblestone patterns
(see Figure 5). Under flow cytometry, PMSCs showed positive (+) expression for several markers
(CD73+, CD90+) and negative (−) for markers CD34− and HLADR−. Under immunofluorescent
imaging PMSCs showed CD133+, CD44+, and Oct4+.

 
Figure 5. Phase microscopy images of confluent human placental mesenchymal stem cells (PMSCs)
(A) (scale bar = 400 μm) and cholangiocytes (B) (scale bar = 200 μm).
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Collagen gels loaded with PMSCs showed significant contraction in 48-well cell culture plates
and around the 3D printed XL-PVA stents. In 48-well plates, the diameters of the gels were measured
and images were taken at the start of the experiment day 0 and at days 3, 5, and 7. Control collagen
gels (n = 9) had a mean ± standard deviation diameter (mm) of 15.943 ± 0.308 for days 0–7 with no
contraction observed. PMSC collagen gels (n = 9) (p-values = Student t-test comparison of control
collagen gels) versus PMSC gels for each day had a mean ± standard deviation diameter (mm) of
15.800 ± 0.201 for day 0 (p = 0.2632), 11.230 ± 0.590 (p < 0.0001) for day 3, 9.230 ± 0.448 (p < 0.0001)
for day 5, and 7.460 ± 0.630 (p < 0.0001) for day 7. No significant difference was observed for day 0
with PMSCs seeded in gels, and each day after (days 3–7) displayed significant differences in average
diameter when compared to control gels (see Figure 6). Additionally, each PMSC collagen gel was
significantly different when compared to each other on 0–7 days (p < 0.0001).

 
Figure 6. Chart displaying average diameter of control collagen gels and PMSC seeded collagen gels
at days 0–7 days (A). Images on right show collagen gels seed with PMSCs at day 0 (B), day 3 (C),
day 5 (D), and day 7 (E). (**** = p < 0.0001).

Similarly, PMSC collagen contraction was observed around the XL-PVA stents over the course of
7 days (see Figure 7). Upon removal of the maturation plug from the PMSC collagen seeded stents,
patency of the inner lumen was observed and maintained at day 5 and contraction continued to day 7
(see Figure 7C). CryoSEM images showed that both XL-PVA and collagen surfaces promoted cell
attachment with cholangiocytes (see Figure 8).

 
Figure 7. Images of 3D printed XL-PVA stents with maturation plug and collagen/PMSC at day 5 (A)
and with plug removed (B,C).
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Figure 8. Cryo-SEM images of XL-PVA with cholangiocytes on the surface (A,B). Cryo-SEM images of
collagen with cholangiocytes on the surface (C,D). (A and C, scale bar = 200 μm) and (B and D,
scale bar = 50 μm).

Stents containing XL-PVA, collagen, PMSC, and cholangiocytes that have matured for two weeks
displayed tight uniform collagen coatings around the XL-PVA and densely bound monolayers of
cholangiocytes on the surfaces (see Figure 9). Both inner and outer stent surface showed dense
cholangiocyte surfaces. Additionally, cross-sections of inner and outer stent surfaces displayed
contracted collagen with cholangiocyte monolayers visible by both fluorescent imaging and histology
(see Figure 10).

 
Figure 9. Images of Hoechst 33342 fluorescence (blue) staining of cholangiocytes on the outer stent
surface (A,B), and image of outer stent (C). Images of Hoechst 33342 fluorescence (blue) staining of
cholangiocytes on the inner stent surface (D,E) and image of inner lumen of stent (F) at day 7. (A and B,
scale bar = 400 μm). (D, scale bar =200 μm). (E, scale bar = 100 μm).
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Figure 10. Images of Hoechst 33342 fluorescence (blue) staining of cholangiocytes on the outer stent
surface (A) and of inner stent surface (B). (A and B, scale bar = 1000 μm). Images of H&E stain of outer
stent surface (C) and of inner stent surface (D). (C and D, scale bar = 400 μm) (Arrows = cholangiocyte
layer, and triangles = 3D printed XL-PVA area).

4. Discussion

In this current proof-of-concept study, both a novel 3D printed biliary stent fabrication
technique as well as a method for injection molding and coating these stents with a stem cell and
collagen-cholangiocyte linings were reported. In these in vitro studies, predictable swelling of the
hydrated stent matrix was achieved, with matrices absorbing nearly an equivalent water mass over
the dehydrated cross-linked print. The mass of the stent can be manipulated through hydration, which
may be important when deploying the dehydrated stent endoscopically into the wet environment of
the common bile duct in vivo. These stents were successfully modified with barium contrast to create
x-ray attenuation, an important factor for fluoroscopic visualization and localization during endoscopic
procedures. A prior study of impregnated contrast materials showed barium to be more resilient than
iodinated contrast materials when incorporated into the structure of 3D-printed constructs (i.e., surgical
mesh used in that study) [22]. Additional PCL and other polymer coatings or drugs could be applied
to PVA-based stents for a variety of material modifications including increased mechanical properties,
enhanced cell attachment, and optimal drug delivery. Additionally, other polymer 3D print materials
could be integrated with 3D printed injection molding systems.

The XL-PVA crosslinking method creates a stable and stiff 3D hydrogel with favorable collagen
and cell adhesive properties. While the degree of crosslinking was not quantitively measured, it was
qualitatively observed that shorter time periods of crosslinking and more solid prints resulted in more
unstable stents that fractured randomly upon hydration due to uncross-linked regions. The overall
size of the PVA print and macro-porosity in this study allowed for consistent and stable stent structures
with good handling upon hydration. The 1 mm porosity allowed for consistent global crosslinking
with suitable features for this method. 1 mm dimensions are also compatible with most consumer
grade 3D printers. The PMSC-collagen gels in a 48-well configuration and in 3D printed stents showed
progressive tonic contraction which contracts around and fuses with the print material. The PMSCs
exhibit different adherence morphology in 2D and 3D cultures. PMSCs grown in collagen gels are
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able to form 3D arrangement and attachment within the collagen network. Cytoskeleton branching
is able to form in all directions, which translates to global contraction of the collagen gels. This stem
cell contraction is an important feature to consider when designing such collagen frameworks for
tissue engineering, and such material combinations are not limited to hepatobiliary stents. A variety of
vascular tissues and grafts may also be adapted using this technique with PMSCs as they are readily
available non-invasive and non-controversial.

Cholangiocytes displayed similar adherence morphology in 2D and 3D cultures with a tightly
bound single layer cobblestone pattern. The uniform cobblestone pattern occurred on both the tissue
culture plastics and around the collagen stent as a coating. Both direct microscopic visualization along
with fluorescent and histologic staining confirmed the presence of cholangiocytes on the surface of these
3D printed stents. It is hypothesized that the addition of an external cholangiocyte layer is intended to
enhance integration and eventually fuse to the inner stent cholangiocyte layer. Biofilms generally occur
on the surface of plastics which allow adherence and biofilm formation [15,16]. It is suggested that
by using patient cells or other tightly bound cell types, a stent surface could be engineered with cells
to reduce entrance and adherence of harmful bacteria. With such new collagen fabrication methods
entering the market, such as recombinant human collagen, a very wide variety of biocompatible
collagen 3D print-based technologies may be developed in the near future with patient cells [28,29].

Cumulatively, the parameters in this study are relevant for creating, testing and manipulating
many 3D printed formats besides biliary stents. The design of this stent is customizable and can be
custom-designed to match patient-specific anatomies from medical imaging. Coupled with cryogenic
storage and on-demand subtractive sculpting, stents with variable sizes could be achieved through
use of these methods [30–33]. Although the incorporation of cholangiocytes onto the 3D printed
stent’s surface was successfully accomplished, additional work is anticipated, including long-term cell
viability and optimal thickness, animal studies, and mechanical testing which will demonstrate how
effectively these coatings and materials integrate and maintain stent patency.

5. Conclusions

In conclusion, this study demonstrated in vitro a proof-of-concept synthesis of 3D printed
plastic biliary stents impregnated with barium along with a stem cell-collagen-cholangiocyte coating.
The biodegradation of the PVA is an ongoing study where we are examining degradation in bile and
animal models. We hope to publish future findings on the effects of crosslinking on the degradation of
PVA in vitro and in vivo. It is hypothesized that less crosslinked materials will result in faster
biodegradation and mechanical degradation. However, they may not be suitable for implantation
and handling. Overall, a wide variety of compatible 3D printing materials could be used with this
method and it is not limited to crosslinked PVA. To our knowledge, this is the first report of 3D printing
technology being used to fabricate custom biliary bio-stents. Whereas the 3D printing allows for
customization of the stent structure and impregnation of barium for visibility, the properties of the
matrix allows for variations of the mass and swelling of the stent wall composition. These are further
modified by the living coating, which promotes contraction and integration of the components of the
stent. Aside from the cholangiocytes incorporated on the surface in the present study, the collagen
coating process may facilitate other enhancements on the 3D printed biliary stent’s surface. All
of these factors are in keeping with the novel capabilities of 3D printing to facilitate customizable,
patient-specific medicine. These advancements may help facilitate custom biliary stent design, aimed
at improving patency and patient care.

6. Patents

Alexander, J.S.; Boyer, C.J. 3D Printed Polyvinyl Alcohol Medical Devices and Methods of
Activation. Assignee: LSU Health Sciences Center Shreveport, LA. U.S. Non-Provisional Patent
Application 15/721,561. Wang, Y. Digested placental microvilli culture: a simple, efficient, and
reproducible process to obtain stromal/mesenchymal stem (stem cell-like) cells from human term
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placenta. Assignee: LSU Health Sciences Center Shreveport, LA. U.S. Provisional Patent Application
62/658,084.
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