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Abstract
Purpose of Review β cell replacement via whole pancreas or islet transplantation has greatly evolved for the cure of type 1
diabetes. Both these strategies are however still affected by several limitations. Pancreas bioengineering holds the potential to
overcome these hurdles aiming to repair and regenerate β cell compartment. In this review, we detail the state-of-the-art and
recent progress in the bioengineering field applied to diabetes research.
Recent Findings The primary target of pancreatic bioengineering is to manufacture a construct supporting insulin activity in vivo.
Scaffold-base technique, 3D bioprinting, macro-devices, insulin-secreting organoids, and pancreas-on-chip represent the most
promising technologies for pancreatic bioengineering.
Summary There are several factors affecting the clinical application of these technologies, and studies reported so far are
encouraging but need to be optimized. Nevertheless pancreas bioengineering is evolving very quickly and its combination with
stem cell research developments can only accelerate this trend.
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Introduction

Type 1 diabetes mellitus (T1DM) is a disease leading to an
inability to maintain glucose homeostasis due to the autoim-
mune destruction of insulin-producing β cells within islets of
Langerhans [1, 2]. Although the administration of exogenous
insulin has revolutionized the treatment of T1DM, the disease
remains associated with a significant long-term morbidity.
The problem with exogenous insulin treatment is twofold—
first, a lack of tight glucose control resulted in diabetes-related
complications such as retinopathy, nephropathy, or myocardi-
al infarction, and, secondly, intense insulin therapy is associ-
ated with more frequent hypoglycemia episodes [3, 4].

A possible solution to both of these challenges is to replace
β cells through pancreas transplantation or cellular therapy.
Although the outcomes of reported graft survival are excellent
(defined as insulin independence) and reach 70% after 5 years
of treatment [5], pancreas transplantation remains associated
with a significant morbidity and mortality [6]. A minimally
invasive alternative is the transplantation of isolated pancreat-
ic islets. In the early 2000s, a group from Edmonton devel-
oped a revised protocol for islet transplantation that achieved
sustained islet graft function in a series of T1DM patients [7].
Since then, tremendous progress has been made to improve
islet function after transplantation, and has included a refine-
ment of the isolation protocols and the design of steroid-free
immunosuppression regimens [6, 8]. However, the isolation
and transplantation process still causes a significant strain on
the islets leading to a graft function at 5 years of below 50%
[1]. Islet isolation leads to a loss of vascularization and extra-
cellular matrix. After intra-portal infusion, the current gold
standard, islets are exposed to numerous insults such as hyp-
oxic and hyperglycemia, toxic molecules from the dut-liver
axis, and a very pro-inflammatory microenvironment [9, 10].
Platelets bind to the islet surface and recruit immune cells that,
in-turn, infiltrate and destroy the β cells, reducing the
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available islet mass by up to 70% in the days following trans-
plantation [11]. Furthermore, both whole pancreas transplan-
tation and islet transplantation face the shortage of deceased
donor organ availability.

In summary, the currently available β cell replacement
therapies only partially address the clinical need of T1DM
patients for physiological glucose homeostasis regulation. At
the same time, innovative new approaches for β cell replace-
ment have recently emerged, and methods that apply engi-
neering tools to solve clinical challenges, so-called bioengi-
neering, have transformed the medical field [12–15]. In this
work, we review the progress in the field of pancreas replace-
ment strategies. In particular, we review scaffold-based bio-
engineering, macro-devices, insulin-secreting organoids, 3D-
bioprinting, and pancreas-on-chip (PoC) (Fig. 1).

Scaffold-Based Bioengineering

In recent years, many natural polymers (including
decellularized biological matrices) have been proposed for
the production of scaffolds. Biological scaffolds are biocom-
patible and composed by materials naturally mimicking the
extracellular matrix (ECM). All the materials that we mention
are used and designed to provide adequate immune protection,
good vascularization, should reduce the use of immunosup-
pressants, and reproduce ECM that surrounds islets in order to
create a similar environment as the pancreas. These materials,
in combination with organoids and patient-derived cells, have
been extensively explored in developmental research and

show great potential for bench-to-beside translation toward
personalized therapies.

Biological scaffolds are known for their biodegradability
and biocompatibility and have been extensively used in
T1DM research due to their versatility and their ability to be
cross-linked with other molecules. This aims to better regulate
parameters such as stiffness, porosity, degradation, or gelation
kinetic [16].

Protein-based materials, including collagen, laminin, fibro-
nectin, hyaluronic acid, and many other ECM-derived pro-
teins are used for biological scaffold manufacturing. It has
been intensively demonstrated that ECM molecules can im-
prove the function and the viability of islets. The same was
observed with β cell and organoid function and viability
in vivo and in vitro, especially with collagen I, III, and IV
[17]. Collagen I is used in combination with laminin to im-
prove islets or organoids, glucose-stimulated insulin secretion
(GSIS), and viability. Collagen IV, when incorporated into
PLG scaffold micro-pores, decreases apoptosis and augments
viability, insulin secretion, and islet metabolic activity, and, if
loaded with islets and transplanted on epididymal fat, it can
potentially reduce the marginal mass, necessary to reverse the
diabetic phenotype.

Alginate is a copolymer of a-L-guluronic acid and β-D-
mannuronic acid. Alginate lacks ligands for cells adhesion.
However, it can be functionalized with cations (Ca2+, Sr2+,
and Ba2+) which bind mostly a-L-guluronic acid, which re-
sults in better rigidity and stability [18]. Alginate scaffolds are
found in many formats, such as sheets, microcapsules, or
threads and have been used to improve islet viability and
function in vivo [19]. Human embryonic stem cell (hESC)–

Fig. 1 Building blocks for the generation of a bioartificial pancreas. Scaffold-based engineering, macro-devices, 3D printing, insulin-secreting
organoids, and organ-on-chip represent the most promising strategies for the achievement of a bioartificial pancreas
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derived b cell organoid (generated and differentiated on algi-
nate scaffolds) have shown to significantly increase c-peptide
levels compared to hESC cultured [20]. In vivo, alginate
chemically bound with triazole-thiomorpholine dioxide, im-
proves the function of transplanted islets. When tethered with
adhesive peptides laminin-derived, and mixed with col-
lagen IV and VI, alginate reduces cytokine-mediated
cytotoxicity, improves islet viability and metabolic ac-
tivity, and enhances GSIS.

Matrigel, cultrex, and geltrex are extracted from
Engelbreth-Holm-Swarm (EHS) tumors and made using
growth factor and protein from a basal membrane [21]. EHS
extracts polymerize at 37 °C and can thus be used as a 3D
scaffold for many applications such as the generation of
organoids composed by human pluripotent stem cells
(hPSC)–derived b cell organoids, fetal murine pancreatic pro-
genitor cells, insulin-producing cells obtained by
transdifferentiation,, metastasis, and cancer growth [22••]. In
addition, this material is mainly composed of proteins such as
laminin, collagen IV, perlecan, and many other unique pro-
teins in different concentrations (batch-dependent) [21].

Decellularized Biomaterials

Cell-on-scaffold technology is a well-explored technology
intending to obtain functionally engineered pancreas using
an acellular scaffold. Through decellularization, the cellular
compartment from a human or an animal donor is removed
while ECM molecules are preserved [23].

Different organs have been investigated for pancreas bio-
engineering; these include the pancreas [24•], liver [25], kid-
ney [26], placenta [27], or lung [28] derived frommurine [29],
porcine [30], and human [31]. The resultant construct recapit-
ulates the native organ characteristics and can be repopulated
with different cell lines. Most of them are re-perfused using
organoids, often in combination with another cell type (e.g.,
fibroblast, endothelial cells, mesenchymal stem cells).
Perfused cells penetrate and adhere within the scaffold matrix,
repopulating the decellularized organ structures. This can be
achieved using ad hoc manufactured bioreactors and mediums
created to mimic the physiological fluidics and environment.
Furthermore, in some studies, the decellularized tissues and
organs are further solubilized in order to obtain their single
protein components to produce hydrogels [32] that can be
further functionalized by the addition of glycosaminoglycans
or proteoglycans. This results in a finer control of the hydrogel
gelation kinetics [33].

Biological materials used for the generation of biological
scaffolds are intrinsically biocompatible due to their ECM-
based protein composition. Consequently, they provide (to
the transplanted cells) support that is similar to cellular innate
in situ environments, guaranteeing the restoration of the

microenvironment at the transplantation site. These biological
materials offer a functional support to transplanted cells and
lead to improved viability and functionality. However, due to
their animal origins, they are more difficult to reproduce on a
consistent basis and they can be subjected to higher batch-to-
batch variability. Structure, mechanical properties, pore size,
and degradation kinetics are difficult to control, making these
materials hardly scalable. Moreover, depending on their ori-
gin, these materials can elicit immunogenicity when
transplanted [16].

Of interest, in 2019, Citro el al. [34••] proposed the lung as
a favorable biological scaffold to support islet function. In
their study, murine lung was decellularized and repopulated
with human endothelial cells and pancreatic islets. Lung high-
density vasculature, similar to the pancreatic islet framework,
sustained ex vivo and in vivo insulin function for up to 30
days. Considering current advancements in stem cells, such
technology may allow for the fabrication of functional and
customized endocrine organs.

Protein interaction maps aim to provide an in-depth view of
the complex interplay between parenchymal and non-
parenchymal cells. Asthana et al. [35••] recently reported im-
portant data on a mass spectrometry comparison between 15
human native and decellularized pancreata. A total of 935
proteins were detected in the native pancreas, whereas the
pancreatic scaffolds were found to have only 613 proteins
(counting for the 69% of the whole core matrisome). The
pancreatic proteome has been preserved using a detergent-
free decellularization protocol. Furthermore, for the first time,
the pancreatic ECM (native, decellularized, and solubilized)
has been profiled using functional and structural classes. The
data from these studies provide significant insights regarding
ECM application in hydrogels, bioinks, and medium
additives.

Bioprinting: 3D-Printed Vascularized Devices

Bioprinting describes the process of building precise three-
dimensional (3D) structures that resemble naturally occurring
tissues, layer by layer. 3D polymer printing was first devel-
oped in the 1980s and provided the necessary basis for later
developments in bioprinting. In brief, monomers or oligomers
were sequentially cross-linked through a photochemical reac-
tion to form polymers and eventually 3D structures [36].
Nowadays, different forms of bioprinting exist, but all are
based on three major components: (1) a bioink (biopolymer
or cells) (2) that is sequentially deposited by extrusion, drop-
let, or laser-based dispensation (3) through a printing device
into a 3D structure [37]. In 2002, a group at Wake Forest
provided a striking example for the capabilities of bioprinting
by constructing a partially functioning, artificial renal unit.
This renal unit was created by seeding renal cells onto

59Curr Transpl Rep (2021) 8:57–66



collagen-coated polycarbonate membranes and connecting
them to collecting systems [38]. More recently, the same
group developed a vascularized artificial uterus that was based
on a bioprinted polymer scaffold seeded with uterine cells.
This vascularized uterus was found to be capable of
supporting rabbit pregnancies to term [39••].

At the same time, bioprinting has also been utilized in the
engineering of islets; Marchioli et al. developed a 3D printed,
macroporous alginate-based scaffold that can mimic a soft
tissue and can be embedded with pancreatic islets (within
the scaffold). The authors demonstrated that the viability and
morphology of islets remained unaffected by the printing pro-
cess [40]. Duin et al. used a similar approach and confirmed
the viability of islets within the scaffold for up to 7 days [41•].
However, both studies showed that restricted mass diffusion
and the absence of vascularization in the scaffold, despite its
macroporous nature, impaired the functionality of the islets
[40, 41]. To address this issue, Farina et al. developed a
bioprinted functionalized encapsulation device for subcutane-
ous implantation [42]. To stimulate neovascularization, au-
thors treated the surface of the material using plasma activa-
tion and loaded the devices with different concentrations of
vascular endothelial growth factor (VEGF). This improved
the vascularization of the construct and the subcutaneously
transplanted islets within the device remained functional for
up to 10 weeks in an immunodeficient mouse model.

Microenvironment provides cues for function and survival
of islets being also vital for β cells to fulfill their physiologic
task; unfortunately, the islet isolation process disrupts this
precious microenvironment [43, 44] and leaves the islets with-
out cellular support. Bioprinting offers the possibility of par-
tially restoring the 3D arrangement of cellular components
that should surround pancreatic islets. Liu et al. developed a
co-axial bioprinter that allows the printing of different cellular
components in separated layers onto a macroporous construct
[45]. The authors chose a tubular structure arranged in an
array; islets are located in the core and supportive cells (endo-
thelial or T regulatory cells) in the outer shell.

Taken together, these studies provide important ground-
work for potentially using bioprinting to engineer transplant-
able islet-containing constructs. Combining the knowledge
gained from the different approaches might allow for the de-
velopment of a preclinical device that achieves satisfactory
glucose regulation; however, at this point, bioprinting remains
far from reaching clinical applicability.

Macro-Devices

Islets macro-encapsulation consists of enclosing a large num-
ber of islets inside a biological or synthetic device that can be
placed in communication with either the vasculature or extra-
vascularly. The first attempts of macro-encapsulation date

back to the 1950s and now, 70 years later, the aim remains
the same: islet immunoisolation using a physical barrier in
order to avoid immunosuppression and to be able to transplant
xeno- or stem cell–derived insulin-secreting cells [46]. The
principle is creating a semipermeable membrane that allows
nutrients and oxygen exchange while preventing the passage
of molecules and cells from the immune system. One major
drawback of encapsulation is the reduced oxygenation of is-
lets caused by the membrane, which increases the distance
between vessels and islets that are already suffering from hyp-
oxic stress. In fact, it has been demonstrated that cell necrosis
occurs when the distance with the nearest vessel exceeds 150–
200 μm [47].

Those promising features have been counter balanced by
the first in vivo results, which revealed the development of
fibrosis around devices and inconsistent results [48]. In fact,
several issues hamper the development of macro-devices.
First, synthetic materials are mostly used and have been asso-
ciated with the development of foreign body reactions
resulting in fibrosis, limit exchanges of oxygen and nutrients,
and preclude hormone secretion. Secondly, in contrast with
nano- and micro-encapsulation where the surface to volume
ratio is maximized, in macro-encapsulation, islet density
should not exceed 5–10% of the total volume of the device
in order to ensure sufficient oxygenation and nutrient diffu-
sion [49]. In addition, it has been demonstrated that the diam-
eter of the device should not be more than a few hundred
microns to prevent cell necrosis [50]. Thirdly, islets have a
tendency to form clusters at the center of the device. This
not only increases the risk of necrosis but also delays the
response to glucose variations in the blood because of the
distance between islets and blood vessels [46]. Finally,
immunoisolation of the encapsulated cells requires a semiper-
meable membrane that can prevent vessel growth inside the
device. This was observed in the clinical trial with the PEC-
Encap (VC-01) from ViaCyte where encapsulated pancreatic
endodermal cells were protected from the immune sys-
tem, but the lack of intra-device vascularization and the
presence of fibrosis around the device was observed
[51••]. With this knowledge, great efforts are being
made to overcome these issues.

The complexity of generating an encapsulation device is to
find the right material that will be biocompatible, have minor
or no fibrosis development, and allow nutrient exchanges
while offering immunoisolation. Biological materials such as
alginate or ECM-derived components are good candidates in
terms of biocompatibility and induce less foreign body reac-
tions compared to synthetic materials. However, they present
more inconsistency between batches in terms of composition
and endotoxin levels, which prevents the generation of ho-
mogenous encapsulation devices. In addition, pore sizes,
membrane thickness, and the degree of porosity cannot be
controlled as well as with manufactured synthetic materials.

60 Curr Transpl Rep (2021) 8:57–66



Because the degree of porosity can promote vascularization,
reduce fibrosis development, and can modulate the immune
response, a rigorous and reliable scaffold generation technique
is essential [52, 53].

The development of large and flat devices has allowed for
an increase in the number of encapsulated islets by increasing
the surface and reducing the length of needed oxygen diffu-
sion. This was demonstrated by Storrs et al. with the develop-
ment of the Islet Sheet Device, an alginate sheet that is
250-μm thick and contains islets sutured on the omentum of
pancreatectomized dogs in an allogenic model [54]. Although
blood glucose was lowered after transplantation, animals were
still found to have impaired glucose metabolism. In addition,
after 84 days, the sheets were found folded in the omentum
within a hard fibrotic capsule. It is noteworthy to mention that
in order to respond to patient metabolic demands, an impor-
tant number of islets are needed.

One way to avoid the need for a large device is to improve
the vascularization and/or the oxygenation at the transplanta-
tion site. Induction of pre-vascularization at the transplanta-
tion site has revealed that it is possible to improve this envi-
ronment in animals [55], and is currently being assessed in
human clinical trials with the Sernova’s Cell Pouch [56].
Other approaches have been developed such as the delivery
of growth factors to promote rapid vascularization [57] [58]
by using implantable oxygen-releasing materials [59, 60] or
using oxygen-carrying devices such as the Beta-O2, which is
currently in an on-going human clinical trial [56]. This device
is composed of (i) a chamber separated into twomodules, (ii) a
peripheral module containing human islets, and (iii) a central
module filled with oxygen with ports for daily oxygen
reloading. The first results of the human study demonstrated
preserved functioning of the encapsulated islets for up
to 10 months without immunosuppression. However, no
significant clinical improvements were measured with
regards to the disease [58].

Macro-devices for islet transplantation are valuable and
will clearly shape the future in the field. By shedding
insulin-secreting cells from the immune system and allowing
the transplantation to occur at a different site than the liver, it
will allow the use of alternative sources of insulin secretin
cells (as mentioned above). However, the ideal material and
the best membrane characteristics have yet to be determined.

Insulin-Secreting Organoids

Insulin-secreting organoids represent 3D cell aggregates that
have the capacity to secrete insulin. They are generated by the
aggregation of several cells, either from the same type (e.g. ß
cell) or through a combination of different cell types [15].

Islets present different sizes and shapes. It has been dem-
onstrated that smaller islets usually performed and survived

better than larger islets in vitro and in vivo [61, 62] probably
due central core necrosis in the bigger islets. Furthermore, the
re-aggregation of dissociated islets into smaller and homoge-
neous pseudo-islets (PI) has improved function and viability
compared to that of native islets [63, 64]. In addition to
human-isolated or animal-isolated islets, any other type of
insulin-secreting cell sources mentioned above can be used
to generate organoids and offer a wide range of options to
overcome the shortage of primary islets. In addition to the
possibility of controlling the size and composition of PI,
organoid generation allows to improve PI functions by incor-
porating accessory cells with supportive characteristics. For
instance, endothelial cells [65, 66] and cholinergic neurons
[67] have been used to improve revascularization and inner-
vation of organoids. As mentioned above, inflammatory and
adaptive immunity reactions are very detrimental to
transplanted islets. The concept of encapsulation, which
aimed to protect the islet by preventing its contact with the
immune system, was found to be successful but at the price of
a reduction in nutrients and oxygen supply. By adding cells
with immunomodulatory and anti-inflammatory properties to
the PI, there is the possibility that an immune-privileged en-
vironment is created that is suitable for long-term function and
survival. This has been successfully performed in animals by
co-culturing insulin-secreting cells with mesenchymal stem
cells [68, 69] and amniotic epithelial cells [70, 71], demon-
strating improved function and viability in vitro and in vivo.

Insulin-secreting organoids should not be considered to be
an alternative approach from encapsulation. On the contrary,
insulin-secreting organoids should be considered to be com-
plementary and serve as building blocks, incorporated in a
macro-device, for the generation of a bioartificial pancreas.

Pancreas-on-Chip Bioengineering

With the main purpose to investigate potential chemical and
drug side effects, a lot of in vitro model systems have been
developed. Organ-on-chip technology is rapidly emerging as a
game-changing technology in basic research, and pancreas-
on-chip (PoC) has been proposed as a new generation of
in vitro model. A study led by Leclerc et al. showed that
insulin-producing beta cells could be integrated in an islet-
on-a-chip device allowing to perform screening of the
insulin-producing cells before a transplant can be made into
a patient [72]. Besides, the islet-on-a-chip allows them to test
insulin-stimulating compounds and facilitates the study of the
diabetes biology.

Chip configuration essentially depends on the type of or-
gans’ function that needs to be investigated. PoC has been
proposed as a pancreatic function microfluidic monitoring
tool, mimicking in vivo fluid flow when connected to a spe-
cific perfusion system. Specifically, the authors demonstrated
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how we could exploit this technology to deeply understand
cell-cell signaling in pathological conditions [73].
Furthermore, Glieberman et al. have proposed a chip that
can stimulate pancreatic islets automatically through an im-
munofluorescent glucose tracking and an in situ insulin im-
munoassay [74•]. This microfluidic setup allows to test “on-
chip” islet viability, composition, and metabolite release.
More importantly, studies have shown that perfusing culture
systems can not only enhance islet survival but also show how
precise a fluid control should be. In 2019, Jun et al. [75••]
reported that a chip-based platform is able to mimic interstitial
flow levels via an osmosis-driven low-speed control (1.54–
5.04 μm/s) reducing the shear stress on islets. This platform
allows a long-term islet culture (up to 30 days) with improved
insulin release, reconstitution of ECM, and preservation of
endothelial framework. Such platform could be easily trans-
lated to clinic and used to refine currently available islet tests
performed prior transplantation (principally based just on an
in vitro GSIS assay).

Post-isolation islet quality remains a principal aim for PoC
research. Different research groups have been developing
chip-based microfluidic platforms able to evaluate islet func-
tion through intracellular Ca2+ levels [76, 77] or oxygen con-
sumption rate (OCR) [78–80]. In addition to OCR, the ATP/
ADP ratio has been proposed by Goto et al. as a novel predic-
tive assay for islets’ microfluidic quality assessment [81].

Microfluidic devices designed with see-through materials
have been developed to provide an in vitro “live” imaging of
cultured islets during all the most important stages such as
glucose response, stress stimuli, and death pathways. In par-
ticular, Zbinden et al. have combined PoC and Raman imag-
ing technology [82]. This strategy allowed us to study the
biphasic response of human pseudo-islets as well as their mi-
tochondrial activity certifying in situ monitoring and a consis-
tent quantifying.

Organ-on-chip technology has recently evolved from a sin-
gle organ to several organs connected together through
microfluidic systems, thus moving from organ-on-chip tech-
nology to multi-organ-on-chip technology, also named body-
on-chip [83]. With the attempt to co-culture pancreatic and
liver tissue, Bauer et al. and colleagues developed a multi-
organ-on-chip system coupling human hepatic organoids
and human islets [84]. Their platform provided important in-
sights concerning islet-liver interactions and demonstrated a
feedback loop between liver spheroids and pancreatic islets.
More in details, the authors showed that while insulin release
from pancreatic islets increased, there was a concomitant aug-
mentation for its uptake in the liver spheroids. Conversely, a
glucose concentration lowering in the chip system led to an
immediate cessation of insulin release from the pancreatic
islets. Of great interest, the system enables these two cell pop-
ulations to be co-cultured for up to 15 days, allowing quanti-
fications and essays to be repeated at different time points.

PoC technology can be also declined to reconstitute the
innate islets vascular compartment. Indeed islets are heavily
vascularized to promote glucose sensing, metabolite ex-
change, and quick insulin release. During islet isolation, an
important portion of the native vascular framework is lost,
making islets more susceptible to hypoxia and potentially re-
ducing their endocrine capabilities. With this perspective, the
development of a multi-organ-on-chip connecting a dedicated
vascular compartment with pancreatic islets can replicate the
physiological capillary/islet surface. The internalization of a
functional vascular inside a chip is currently very difficult to
achieve due to the micro dimensions of microfluidics
channels. Just a few organ-on-a-chip systems have thus
far sought to recreate vasculature’s organ-specific dy-
namics. Specifically in 2017, the Bureau research group
[85•] proposed a mono-microfluidic channel coated with
a layer of endothelial cells to examine the regulation of
glycosaminoglycan interactions with erythrocytes. In
particular, this platform allowed the direct tracking of
the most important component of whole blood such as
red blood cells, leukocytes, or platelets. Furthermore,
the authors demonstrated cellular response to hydrody-
namic resistance or other biochemical stimuli.

Despite this field still being in its infancy, in recent years,
pancreas-on-chip technology is becoming increasingly acces-
sible and robust.

Conclusions

Although whole pancreas and islet transplantation remain
the best therapies for T1DM, regenerative medicine and pan-
creas bioengineering strategies hold the potential to optimize
the current strategies for β cell replacement. In this review,
the latest advances are discussed, covering the most prom-
ising tools for pancreatic tissue engineering. In order to ad-
dress the current limitations, especially related to long-term
islets’ viability and functionality, all the strategies proposed
need to be perfected and refined. We believe that the rapid
advancement of stem cell research may accelerate the evo-
lution of pancreatic bioengineering toward its unprecedent-
edly biomedical application [86•].
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