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Abstract

Insulin-dependent diabetes mellitus or type
1 diabetes mellitus (T1DM) is an auto-immune
condition characterized by the loss of pancre-
atic β-cells. The curative approach for highly
selected patients is the pancreas or the pancre-
atic islet transplantation. Nevertheless, these
options are limited by a growing shortage of
donor organs and by the requirement of
immunosuppression.

Xenotransplantation of porcine islets has
been extensively investigated. Nevertheless,
the strong xenoimmunity and the risk of trans-
mission of porcine endogenous retroviruses,
have limited their application in clinic. Gener-
ation of β-like cells from stem cells is one of
the most promising strategies in regenerative
medicine. Embryonic, and more recently,

adult stem cells are currently the most
promising cell sources exploited to generate
functional β-cells in vitro. A number of studies
demonstrated that stem cells could generate
functional pancreatic organoids (POs), able to
restore normoglycemia when implanted in dif-
ferent preclinical diabetic models. Neverthe-
less, a gradual loss of function and cell dead
are commonly detected when POs are
transplanted in immunocompetent animals.
So far, the main issue to be solved is the
post-transplanted islet loss, due to the host
immune attack. To avoid this hurdle, nano-
technology has provided a number of
polymers currently under investigation for
islet micro and macro-encapsulation. These
new approaches, besides conferring PO
immune protection, are able to supply oxygen
and nutrients and to preserve PO morphology
and long-term viability.

Herein, we summarize the current knowl-
edge on bioengineered POs and the stem cell
differentiation platforms. We also discuss
the in vitro strategies used to generate func-
tional POs, and the protocols currently used
to confer immune-protection against the
host immune attack (micro- and macro-
encapsulation). In addition, the most relevant
ongoing clinical trials, and the most relevant
hurdles met to move towards clinical applica-
tion are revised.
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Abbreviations
2D Bi-dimensional
3D Three-dimensional
A. ECM Artificial ECM
AHFBRs Alginate-filled hollow fiber

bioreactors
ALDHhi High aldehyde dehydrogenase

activity
BAPs Bioartificial pancreas
BCD β-cell-derived cells
BM-MSC Bone marrow MSC
CaO2 Calcium peroxide
Cas9 DNA endonuclease Cas9
CPO Calcium peroxide
CRISPR Clustered Regularly Interspaced

Short Palindromic Repeats
Dex Dexamethasone
ECM Extracellular matrix
ED Eudragit
EPCs Endothelial progenitor cells
FBM Functional β cell mass
FICCs Fetal porcine islet-like cell clusters
FTY720 Fingolimod
GHRH Growth hormone releasing hormone
Glut-2 Glucose transporter 2
HARV High aspect ratio vessels
Hep-PEG Glycosaminaglycans and heparin

enriched capsules
hESCs Human embryonic stem cells
hHPCs Human hepatic progenitor cells
hiPSC Human induced pluripotent stem

cells
HLSC Human liver stem cells
HLSC Adult human liver stem-like cells
HMGB1 High mobility group box 1
huPI-MSC Adult human pancreatic islet mes-

enchymal stromal cells
IBMIR Instant blood-mediated inflamma-

tory reaction
IL-2 Interleukine-2
IPCs Insulin producing cells

iPSCs Inducible pluripotent cells
KCl Potassium chloride
LbL Layer-by-layer
MGC Methacrylated glycol chitosan
MMP Matrix metalloproteinase
MP Microparticles
mPEG Methoxy polyethylene glycol
MSC Mesenchymal stem cells
NeuroD1 Neuronal Differentiation 1 protein
NICC Neonatal islet-like cell clusters
NICHE Neovascularized implantable cell

homing and encapsulation
NK Natural Killer T cells
NPCCs Neonatal pancreatic cell-clusters
NOD Non-obese diabetic
PANC-1 Human pancreatic ductal-cells
PB Probucol
PB-CDCA PB-TCA alginate-

microencapsulation
PCL/PVA polyvinyl alcohol/polyvinyl

alcohol
PDMS Polydimethylsiloxane
PDX1 Pancreatic and duodenal homeobox

1
PEG Poly(ethylene glycol)
PEGCol Poly(ethylene glycol) hydrogels

containing collagen type I
PEG-VS Vinyl sulfone-terminated polyeth-

ylene glycol
PEOT/
PBT

Poly(ethylene oxide terephthalate)-
poly(butylene terephthalate)

PERV Porcine retrovirus
PES/PVP Polyethersulfone/

polyvinylpyrrolidone
PFTBA Perfluorotributylamine
PGA Polyglycolides
PLA Polylactic acid
PLGA Poly(lactide-co-glycolide)
PLLA/
PVA

Poly-L-lactic acid-polyvinyl
alcohol

PLO Poly-L-ornithine
PMAA-Na Sodium polymethacrylate
POs Pancreatic organoids
PSCs Pancreatic stem cells
Ptf1a Pancreas Associated Transcription

Factor 1a
PTFE Polytetra-fluoroethylene
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PTX Pentoxifylline
RWV Rotating wall vessels
SF Silk fibroin macroporous
SIPN Semi-interpenetrating polymer

network
SP Saccharide-peptide
SPO Sodium percarbonate
starPEG Star-shaped polyethylene glycol
T1DM Type 1 diabetes mellitus
T2DM Type 2 diabetes mellitus
TCA Taurocholic acid (bile acid)
Th T-helper
TRAFFIC Thread-reinforced alginate fiber for

islets encapsulation
TNF-α Tumor necrosis factor-alpha
VEGF Vascular endothelial growth factor
VEGFR2 Vascular endothelial growth factor

receptor 2

1 Introduction

Type 1 diabetes mellitus (T1DM) develops when
the endocrine pancreas fails to produce proper
insulin concentrations to maintain the glucose
homeostasis. The current approach to treat
T1DM patients consists in the administration of
exogenous insulin to supply the deficiency of
pancreas secretion. This implies that pancreas
transplantation would represent the finest thera-
peutic approach in these patients.

The protocols applied to isolate and purificate
adult human pancreatic islets have been
standardized and considerably improved over the
last years (Brennan et al. 2016). Advances in
peritransplant anti-inflammatory strategies,
immunomodulation, and immunosuppression,
have also contributed to the improvement of cur-
rent clinical results (Ricordi et al. 2016). Neverthe-
less, only ~50% of recipients remain insulin-
independent 5 years after pancreas transplantation.
This mainly depends on the related inflammatory
reaction, hypoxia and hypoxia–reoxygenation
injury (Pepper et al. 2018).

Transplant of pancreatic islets is currently con-
sidered an approach to be used in highly selected

patients with severe hypoglycemia or instable
T1DM (Liu et al. 2015). For decades, the clinical
application of islet transplantation has been limited
by the inadequacy of the immunosuppressive ther-
apy and the number of donor tissues (Liu et al.
2015). Once transplanted, only nearby 60% of the
T1DM patients become insulin independent and
maintain the glycemic control (Liu et al. 2015). In
addition, most of these patients gradually lost insu-
lin independence 2 years after transplantation
(Shapiro et al. 2006). Beneficial long-term
outcomes consisting in a long-term insulin inde-
pendence (�5 years) depends on an efficient
immunosuppressive therapy able to improve islet
mass engraftment and prevent recurrent autoim-
munity (Bellin et al. 2012). However, long-term
immunosuppressive therapy is associated with a
significant morbidity, including the increased risk
of cancer and infections (Shapiro et al. 2017).
Moreover, as extensively demonstrated, nutrients
cannot effectively reach the core of large-size
transplanted islets resulting in cell death and islet
loss. Such diffusional problems could be solved by
breaking up islets into single islet cells. However,
dissociated cells are less efficient than intact islets.
Based in this concept, Li et al. (2017) established a
novel islet engineering approach by encapsulating
dissociated cells from human islets to generate
newly formed islet-like organoids, similar in size
and gene expression profile (Isl-1, Gcg, and
insulin-1) to native islets. Furthermore, by limiting
the diameter of these engineered islet cell clusters,
to a maximum of 100 μm, cell viability and insulin
secretion were improved (Li et al. 2017). Never-
theless, this approach faced the same problem as
pancreas and islet transplantation, the shortage of
donor organs (Matsumoto 2010).

Additionally, the lost of post-transplanted islets,
due to the adverse immune and non-immune
reactions (Croon et al. 2003), is associated with
the failure of long-term insulin independence after
intrahepatic islet transplantation (Bruni et al.
2014). This implies that to increase the number
of transplantable T1DM patients, it is mandatory
to obtain reliable and standardized sources of
human transplantable islets, and avoid immuno-
suppression. To cover these needs, several efforts
have been devoted to develop new potential
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strategies to produce functional pancreatic
organoids (POs) (Zhou and Melton 2018). How-
ever, similar to pancreas or islet transplantation,
transplanted POs activate the host immune
response (Szot et al. 2015) which targets POs and
leads to their loss of function (Szot et al. 2015).

Xenotransplantation using porcine islets, has
been considered as an alternative source of
human islets, and extensively investigated
(Cardona et al. 2006; Hering et al. 2006). The
easy and less expensive isolation procedure of
fetal porcine islet-like cell clusters (FICCs) and
neonatal islet-like cell clusters (NICCs)
represents the main advantage at using xenotrans-
plantation instead of allogenic/heterogenic
allografts (Liu et al. 2017). Significant improve-
ment in glycaemic control, has been provided by
xenotransplantation (Liu et al. 2017). However,
after transplantation, islet xenografts gradually
lose efficacy (Safley et al. 2018a). Furhermore,
the strong xenoimmunity and the risk of porcine
endogenous retroviruses transmission, have
limitated their application in clinic (Liu et al.
2017; Van Der Laan et al. 2000; Samy et al.
2014).

In the last decades the research has been
focused on the identification of alternative cell
sources from which functional insulin-secreting
cells could be generated (Matsumoto et al. 2016).
Cell lines are currently considered as potential
sources able to generate new and mature insulin-
secreting cells (Ravassard et al. 2011; Boss et al.
2017). For a long time, the introduction of the
insulin gene along with components of the
stimulus–secretion coupling pathways have been
applied to induce the commitment of immature
cells to insulin-producing cells. However, these
cells failed to effectively store and release fully
processed insulin (Ravassard et al. 2011; Clark
et al. 1997; Scharfmann et al. 2014; Xie et al.
2016). Stem cells, isolated from embryonic and
more recently, from adult tissues, are currently
the most promising approaches (Balboa et al.
2018). Despites the great efforts and the
promising results, so far, cell products covering
all the morphological and functional profiles

recapitulating the mature pancreatic islets are
still missing.

Pancreatic islets are three-dimensional
structures (3D) composed by different endocrine
cells. The cellular ineractions resulting from this
3D conformation play an important role in the
modulation of hormone secretion (Navarro-
tableros et al. 2018; Kim et al. 2016a). Assembly
of stem cells in 3D structures facilitates cellular
interactions and promotes morphogenesis and tis-
sue organization mimicking native pancreatic
islets (Navarro-tableros et al. 2018; Kim et al.
2016a). Both natural and artificial materials can
be used to create 3D synthetic organic and inor-
ganic porosous scaffolds (Hinderer et al. 2016).
Nanotechnology have provided new
opportunities to design distinctive materials with
specific physicochemical properties (Liu et al.
2018). Thus, generation of POs similar, in terms
of morphology and function to native pancreatic
islets, not only may enhance long-term transplant
viability in clinical settings, but could also be
applied for drug screening purposes (Scavuzzo
et al. 2018). Hydrogels are extensively used for
drug delivery and tissue regeneration due to their
similarity in terms of structure and biocompatibil-
ity to the native extracellular matrix (ECM)
(Dimatteo et al. 2018; Steffens et al. 2018).
Biomaterials are classified in three major groups:
(i) naturally-derived materials; (ii) synthetic
polymers; and (iii) decellularized organ- or
tissue-derived scaffolds.

The size of organoids should be also consid-
ered to generate encapsulated POs. In general, it
is widely accepted that smaller capsules provide
better β-cell oxygenation (Buchwald et al. 2018).
However, concerns related to their removal still
remains if compared to macroencapsulation
devices (Scharp and Marchetti 2014). Preliminar
studies have suggested that islet cell encapsula-
tion within meter-long microfibers might
overcomes this issue (Dolgin 2016). In this
review, all 3D isolated structures (islets) or
artificialy generated, either encapsulated or not,
and independently of their origin (human and
other species) will be referred as POs.
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In summary, key challenges for human trans-
lation still include: (1) generation of biocompati-
ble materials, (2) generation of 3D POs with
functional insulin secreting cells, (3) improvemnt
of PO survival, (4) protection of POs from the
immune attack, and (5) the availability of nutrient
supply (Tomei et al. 2015). Thererfore, the ideal
encapsulation method, should allow long-term
survival and functional capability of implanted
POs (Ryan et al. 2017). Encapsulated islets or
newly generated POs are typically delivered in
extrahepatical sides such as intraperitoneally,
subcutaneously or into the omentum (Berman
et al. 2016). However, the host immune response
and the activation of the fibrotic process occurring
after transplantation, still remain a challenge
(Safley et al. 2018a).

In this review, the new strategies to generate
in vitro POs (stem cells-based, gene editing and
alternative 3D culture methods), immunoisolation
approaches, such as macro- and micro-
encapsulation, and polymers used for these
purposes will be discussed. Moreover, the ongo-
ing clinical trials, and the hurdles to move
towards their clinical application, will be also
overviewed.

2 The Relevance of 3D Structure

Islet architecture, including arrangement and
interaction between endocrine cells is relevant
for their precise function (Orci et al. 1975;
Kitasato et al. 1996; Kanno et al. 2002). More
importantly, the homologous and heterologous
intercellular contacts are relevant to provide a
finest regulation of insulin secretion
(Wojtusciszyn et al. 2008). Furthermore, the para-
crine and autocrine interaction between α- and
β-cells, contributes to the firm dynamic of hor-
mone secretion, on which depends the effective
control of glucose homeostasis (Jo et al. 2009).
Additionally, gap-junction-mediated cell-cell
interactions protect pancreatic cells against apo-
ptosis (Klee et al. 2011), and correlate with a
correct developmental acquisition of a mature
insulin secretory profile (Santos-Silva et al.
2012). Therefore, the 3D architecture and the

intercellular regulatory mechanisms involving
ions (electrical coupling) and hormones, particu-
larly involved in the cross-talk among α-, δ-, and
β-cells within the islets, are crucial to ensure a
correct response to paracrine signals (Rorsman
and Ashcroft 2018). Modification or loss of
these properties results in abnormal glucose con-
trol (Rutter and Hodson 2015; Kilimnik et al.
2011). Upon islet isolation, insulin-producing
cells undergo multiple cell death processes
including apoptosis, anoikis, and necrosis,
which have been attributed to the loss of critical
interactions between cells, ECM and the vascula-
ture (Paraskevas et al. 2000; Irving-Rodgers et al.
2014; De Vos et al. 2016). Modification of the
islet architecture also occurs during isolation and
culture of cadaveric human islets, prior to trans-
plantation (Lavallard et al. 2016) or after infusion
into the portal vein (Henriksnäs et al. 2012). This
results in the failure to obtain a fine glycemic
metabolic control (Morini et al. 2006). Therefore,
the preservation of 3D cellular architecture of
human islets or POs, derived from different cell
sources, have a functional relevance for islet
engraftment (Navarro-tableros et al. 2018).
Improved protocols/devices for PO in vitro cul-
ture may thus offer crucial indications for appro-
priate growth and differentiation of stem/
progenitor cells (S/PCs), allowing safeguarding
of specific characteristics, such as multi-lineage
differentiation capabilities and paracrine activity.

3 Microencapsulation

Native pancreatic islets are heterogeneous
structures formed by almost 5 different endocrine
cells: α, β, γ, δ, ε, and pancreatic polypeptide
(PP) cells which by interacting in a complex and
synchronized manner allow a fine autocrine and
paracrine regulation. Generation of POs, reminis-
cent of native pancreatic islets in structure and
function, should be pursued to provide a more
efficient treatment. Indeed, generation of pancre-
atic endoderm and endocrine cells in 3D micro-
environment has been extensively documented.
Wang et al. (2017) have generated human embry-
onic stem cells (hESCs)-derived POs expressing
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high levels of β-cell markers such as Pdx1, Ngn3,
Insulin, MafA, and the Glucose transporter
2 (Glut-2). More importantly, they demonstrated
that these POs contained pancreatic α, β, δ, and
PP producing cells. Insulin biosynthesis was con-
firmed by the high C-peptide expression and by
the presence of insulin-secretory granules. The
improvement of insulin secretion response to
high glucose concentration has finally
demonstrated their functional maturation (Wang
et al. 2017).

3.1 Nanotopographies as Drivers
of Cell Differentiation

A number of studies strongly provided evidences
that engraftment, proliferation and differentiation
of stem cells into a specialized phenotype are
modulated by their structural organzation (Guilak
et al. 2009). The interactions between extracellu-
lar binding sites and cytoskeletal elements
strongly affect in vitro cell morphology, adhe-
sion, and consequently gene expression
(Bettinger et al. 2009).

Nanotopographies are involved in stem cell
adhesion, and regulate their functions by
mechanotransduction signals through the cell
membrane (Yim et al. 2010). On the other hand,
nanotopographies inducing lower cell adhesion
cues, allow cells to form POs by promoting
cell�cell interaction (Shen et al. 2015).
Evidences have been also provided that
differentiating hESCs and iPSCs are able to per-
ceive nanotopographical signals, and efficiently
differentiate into pancreatic cells (Kim et al.
2016b). It has been also described that compared
to traditional 2D cultures, human iPSCs (hiPSCs)
cultured in nanofibrous scaffolds and driven to
differentiate into POs are formed by insulin-
producing cells, and exhibit a morphological
and functional profile similar to mature pancreatic
β-cells (Nassiri Mansour et al. 2018).

The establishment and preservation of a func-
tional β-cell mass (FBM) are replacement. FBM
is dogged by a direct sensing of its key
components, i.e. the number and function of
β-cells (Pipeleers et al. 2008). Contrasting results

have been obtained by De Mesmaeker et al.
(2018). They demonstrated that a sustained
FBM could be obtained using immature
proliferative porcine β-cells, but not human
adult islet cells. These observations suggest that
differatiation depends not only on the employed
methodology, but also on the cell of origin.

Thereby, cell-based therapy requires simple
and safe encapsulation methods to produce POs
of uniform size and shape. Indeed, encapsulation
promotes not only a quick cell aggregation of
mesenchymal stem cells (MSC) in dense cell
clusters, but also increases the expression of insu-
lin and Pdx-1 mRNA (Barati et al. 2018). These
concepts are currently exploited and widely
applied in biomedical areas (Lee et al. 2011).

Encapsulation has been also pursued to
provide immuno-isolation biocompatibility,
optimized nutrient diffusion and insulin release
by POs (Orive et al. 2015). In line with these
needs, a number of new polymers have been
generated (Gálvez-Martín et al. 2017). Besides
the characteristics and configuration of
microcapsules, the nature of the cells should be
also considered. A number of different cell
sources has been investigated for cell therapy
including stem cells (autologous and allogenic),
mature somatic cells, modified human cells,
xenogenic cells and others (Kang et al. 2014).
Alginate-based microcapsules have been reported
not only to enable the proliferation and differenti-
ation of hESCs into definitive endoderm-derived
cells, but also to enhance their viability and pro-
liferation, and to promote their aggregation into
POs (Chayosumrit et al. 2010).

Independently of the origin, single cell within
microcapsules, tend to spontaneously self-
aggregate to form POs (Chayosumrit et al.
2010). These POs tend to mimic the structure
and the features of the original in vivo-like
cytoarchitectures (Wang et al. 2006; Zhang et al.
2006). Moreover, it is important to keep in mind
that spheroid size also influences microcapsule
efficacy (Perignon et al. 2015). POs with small
diameters and with a low cell content, could not
provide suitable conditions for cell aggregation
due to inadequate number of adhering cells,
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while large POs can undergo oxygen depletion
with consequent hypoxia (Huang et al. 2012).

One of the most commonly used islet micro-
encapsulation biomaterial is the alginate.
Microcapsules have an ideal surface/volume
ratio, which allows a better exchange of nutrients,
insulin and glucose. Furthermore, islets could
individually be included in an single capsule
(Ryan et al. 2017; Desai and Shea 2017). Alginate
is an anionic polysaccharide composed by
unbranched polymers of 1,4-linked β-D-
mannuronic and α-L-guluronic acid residues
which forms a gel in the presence of multivalent
cations such as Ca2+ or Ba2+ and provides a 3D
biomimetic environment to the cells that
resembles the in vivo conditions (Datar et al.
2015). An important issue of first alginate
products relied on their chemical instability dur-
ing long-term implantation that hindered feasibil-
ity of cell therapy. It has been reported that
alginate-Ca2+ hydrogels tend to degrade, thus
resulting in the contact of incapsulated structures
with the host’s immune system (Scharp and
Marchetti 2014). Clinical and pre-clinical studies
have noted that reducing the volume of
encapsulated materials and the corrisponding dif-
fusional restrictions are critical for the engraft-
ment (Scharp and Marchetti 2014). Experts in
biomaterials have improved the stability of algi-
nate hydrogels by modifying their biomechanical
properties by a process called “click” crosslinking
(Breger et al. 2015). These modifications confer
to the capsules a superior stability, but a higher
permeability to small size “diffusates”. The algi-
nate matrix can stabilize the cell cluster size and
can allow a more homogeneous cell morphology,
leading to a long-term culture of these clusters
compared to non-encapsulated ones (Formo et al.
2015). Moreover, alginate-encapsulated human
stem cell-derived POs could be effectively
protected from the immune reaction when intra-
peritoneally implanted in mice (Vegas et al.
2016). In fact, micro-encapsulation is the most
investigated approach (Zimmermann et al.
2007), and a number of pre-clinical studies in
non-human primate models (Sun et al. 1996;
Elliott et al. 2005), and human trials (Soon-
Shiong et al. 1994; Calafiore et al. 2006; Tuch

et al. 2009; Jacobs-Tulleneers-Thevissen et al.
2013) based on this technology are ongoing.

Polymers applied to produce microcapsules
should also have chemo-mechanical stability,
and an easy to handle and appropriate pore size
to allow a bi-directional diffusion of molecules in
the semipermeable membrane (Kang et al. 2014).
Currently, microcapsules have been obtained in
many different forms, sizes, compositions, and
with different permeability (De Vos et al. 2014).
Both synthetic and natural polymers have been
used for encapsulation purposes. Nevertheless,
only alginate has been largely studied and it is
currently certified as safe for human application
(De Vos et al. 2014). As other polymers, alginate
tends to be largely contaminated by original and
additional contaminants such as polyphenols,
endotoxins, and proteins introduced during the
industrial extraction processes (Vos et al. 2006).
In fact, a number of medicated alginates has been
generated to solve this issue.

In general, it is accepted that smaller capsules
(0.5 mm) better engraft functional POs (Buchwald
et al. 2018). However, recent investigations
suggested that the biocompatibility of alginate-
encapsulated POs can be significantly enhanced
by the use of larger capsules. In particular, it has
been reported that larger capsules (1–1.5 mm)
could generate a reduced immune reaction and
fibrosis and avoid altered pattern of glucose-
induced insulin secretion than smaller spheres
(Veiseh et al. 2015). In contrast, other studies
indicated that delayed and blunted responses to
glucose and KCl depolarization, are present in
larger capsules. As a consequence, larger capsules
provide a reduced insulin response and a sustained
and slow release of insulin in response to glucose
(Buchwald et al. 2018).

A number of new microcapsules enriched with
different combination of factors, has been devel-
oped. Recently, new capsules generated by a com-
bination of antihyperlipidemic drug (probucol;
PB), bile acid (taurocholic acid; TCA) and
alginate-microencapsulation (PB-Alginate) called
PB-CDCA capsules have been described. They
are able to improve PO function and to reduce
cell apoptosis driven by the hyperglycemic setting
(Mooranian et al. 2016). Additional effects include
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improved viability under the hyperglycemic envi-
ronment, increased insulin production, and reduced
TNF-α release by pancreatic β-cells (Mooranian
et al. 2018). Furthermore, the PB-CDCA capsules,
offer the mechanical stability, the buoyancy, the PB
release, the thermal stability, and contain
antioxidants (Mooranian et al. 2018). Similar results
were obtained when capsules were enriched with
absorption-enhancer chenodeoxycholic acid and
Eudragit (ED) polymers (Mooranian et al. 2018)
or ECM proteins (Mooranian et al. 2018). More-
over, it has been demonstrated that the addition of
ECM proteins or trophic factors to alginate-
encapsulated POs stabilizes the cluster size, cell
morphology, and improves the oxygen consump-
tion rate and PO survival in long-term culture
(Formo et al. 2015). A newly ECM-based encapsu-
lation system, namedmeter-long core shell alginate-
hydrogel microfibers, has been shown to allow the
formation of a core of pancreatic islet cells
surrounded by ECM proteins and is considered a
promising approach which can facilitate PO implan-
tation and removing (Onoe et al. 2013).

The microencapsulated POs composed by pig
islets seeded in human decellularized collagen
matrix has been recently implanted in
non-human primates (Dufrane et al. 2010).
Long-term PO survival and insulin release were
associated with improved glycemic control for
6 months, in the absence of immunosuppressive
medications (Dufrane et al. 2010). However, the
risk of porcine retrovirus (PERV) transfer, even if
reduced, was still detected (Dufrane et al. 2010),
possibly due to the damage of the alginate barrier
(Crossan et al. 2018). Thus, additional quality
control is mandatory before moving toward their
clinical application.

By investigating alginate-encapsulated adult
porcine islet transplants, it has become evident
that despite long-term glucose normalization, a
massive fibrosis occurred in harvested capsules
(Vaithilingam et al. 2011). Nevertheless,
improvement in avoiding fibrosis was obtained
by using microcapsules enriched in photo-
crosslinked methacrylated glycol chitosan
(MGC) (Hillberg et al. 2015) or Rampamycin-
PEG (Park et al. 2017). Although relevant
data have been obtained long-term and large

preclinical studies are still required (Park et al.
2017).

3.2 Immunomodulation

Even if the donor and organ managements, the
surgical procedure, and the recipient management
have been improved, the immune rejection still
remains the most relevant issue to be solved
(Schuetz et al. 2018). In order to safeguard graft
survival, robust immunosuppressive treatments
are required, some of which are toxic for β-cells
(Nir et al. 2007). It has been demonstrated that the
addition of multilayers composed bypolymers,
such as poly-L-ornithine (PLO) or activated
methoxy polyethylene glycol (mPEG) to the sur-
face of alginate microcapsules could allow
immune protection and decrease interleukine-
2 (IL-2) secretion (Nabavimanesh et al. 2015).

As above discussed, encapsulation is an effec-
tive approach to protect transplanted cells from
rejection by the host immune response by using a
semi-permeable artificial membrane. Microen-
capsulation has the advantage to allow implanta-
tion of allogeneic and xenogeneic cells, and free
bidirectional diffusion of nutrients, oxygen, and
other molecules like insulin. Moreover, it is also
able to prevent the host immune response (Steele
et al. 2014). Thus, effcient encapsulation
approaches should be pursued to reduce or abol-
ish the requirement of pharmacological immuno-
suppression. For example, double-layer alginate/
dextran–spermine microcapsules combined with
pentoxifylline (PTX) have been shown to be
effective in preventing the immune attack over
standard alginate-based encapsulation (Azadi
et al. 2016). PTX could be easily released from
the porous microcapsules, however, extended
destruction of the membrane capsules has been
documented (Azadi et al. 2016).

Alternative approaches aimed to improve
immune-protection consist on the blockage of
one of the most expressed proteins on the islets:
the high mobility group box 1 (HMGB1) which is
known to induce inflammation (Wang et al. 2016).
Therefore, the regulation of HMGB1-mediated
inflammation and particularly of the HMGB1 A
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box (Itoh et al. 2011) is actually considered a new
target for immnuno-protection (Sama et al. 2004).
In fact, recently, an anti-HMGB1 receptor-
enriched encapsulation approach has been devel-
oped (Jo et al. 2015). Jo et al. (2015) have
demonstrated that HMGB1 A box offers a protec-
tive effect on islet transplantation by decreasing
the amount of TNF-α secreted by macrophages.
It was also demonstrated that the HMGB-enriched-
encapsulated method strogly improves PO survival
rate after intraperitoneally xenotransplants into dia-
betic mice (Jo et al. 2015).

3.3 Encapsulated Xenografts

The possibility to use encapsulated porcine-islets
to treat diabetes has been also evaluated.
Promising results indicate that encapsulated por-
cine islets are more efficient than
non-encapsulated porcine islets in restoring
normoglycemia in diabetic monkeys (Sun et al.
1996). Co-encapsulation of pancreatic islets with
MSC futher improved vascularization and
oxygenation of the PO graft (Vériter et al.
2014). However, despite a glycemic control was
detected up to 32 weeks, not substantial improve-
ment in the xenograft function was observed
(Vériter et al. 2014).

A first phase I/IIa clinical trial aimed to test
the microbiological safety of porcine islet xeno-
transplantation has been opened by recruiting
nonimmunosuppressed subjects with unstable
T1DM (Wynyard et al. 2014) transplanted with
microencapsulated neonatal porcine islets
(Wynyard et al. 2014). A reduction in unaware
hypoglycemia events, the HbA1c levels, and a
decrease of daily insulin requirement have been
reported (Matsumoto et al. 2014). Pig-islet-based
PO biosafety was further demonstrated in a phase
IIa efficacy trial in humans (Morozov et al. 2017).
Interestingly, plasma porcine C-peptide level has
been applied to demonstrate the function of
alginate-encapsulated porcine β-cells implanted
in large and small animals (Montanucci et al.
2013; Chen et al. 2015). However, insight on
the relationship between the initial β-cell dose,
the viability of the implanted β-cells and their

function in term of metabolic control within
time, are still missing (Dufrane et al. 2006; Foster
et al. 2007).

It is important to remind that notwithstanding
the relevant progress in xenotransplantation, sig-
nificant limitations to clinical application persist:

1. No clinical applicable immunosuppressive
protocols for preventing xenograft rejection
are avalaible (Samy et al. 2014).

2. High number of designated pathogen-free
donor pancreata are required to manufacture
neonatal porcine (Thompson et al. 2011) and
adult pig islets for each patient (Rogers et al.
2011).

3. Manufacturing of NICC is still challenging
and costly (Korbutt et al. 1996).

4 Macroencapsulation

Human pancreatic islets are usually transplanted in
the intrahepatic site, via the portal vein. However,
this environment directly exposes the islets to the
blood flow, thus eliciting the “instant blood-
mediated inflammatory reaction” (IBMIR) and
leads to islet damage and loss (Moberg et al.
2002; Nilsson et al. 2011). In addition, the concom-
itant reduced oxygen tension and the high
intrahepatic concentrations of immunosuppressants
further interfere with survival and engraftment of
islets (Carlsson et al. 2001; Olsson et al. 2011;
Desai et al. 2003). Unlike liver, the subcutaneous
space has been proposed as an ideal implantation
site, since it possesses a high grade of vasculariza-
tion and can offer mechanical protections to the
implanted islets (Pepper et al. 2015).

Even if transplantation of pancreatic islets is
currently considered a promising therapeutically
approach to cure diabetes, islet availability is
limited by the number of donors and a large
number of transplanted patients still requires insu-
lin therapy to obtain the glycemic control
(Shapiro et al. 2006). Additionally, due to the
high oxygen demand, a highly vascularization is
necessary to allow the long-term survival and
function of transplanted islets. Furthermore,
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accessible and minimally invasive sites are fun-
damental to allow implantation, replenishment
and graft retrieval (Pagliuca and Melton 2013).

Recent advances in regenerative medicine and
tissue engineering have preferred new strategies
for the generation of 3D scaffolds. Thus, a num-
ber of biodegradable and biocompatible synthetic
polymers have been used to produce nanofibers
with the aim to improve maturation and function
of the newly generated POs (De Vos et al. 2014).
These materials rapidly undergo adaptation to the
human body and do not stimulate the immune
system (Ellis et al. 2017). These platforms pro-
vide a 3D environment that improves stem cell
differentiation into β-like cells (Nadri et al. 2017;
Abazari et al. 2018). It appears that these 3D
nanofiber scaffolds are able to support an efficient
cell-ECM interaction and cell-cell contact, by
mimicking the in vivo condition (Mahboudi
et al. 2018).

Macroencapsulation is an old technology also
applied in diabetes research to provide a better
survival of POs after transplantation (Desai and
Shea 2017). Macroencapsulation devices are het-
erogeneous in geometry and in materials (Song
and Roy 2016). A number of studies has shown
the ability of pancreatic progenitor cells or endo-
crine cells to persist and function within subcuta-
neously implanted devices (Agulnick et al. 2015).

4.1 Differentiation
of Macroencapsulated Cells

Compared to 2D cultures, PCL/PVA 3D scaffolds
could efficiently improve differentiation of iPSCs
into β-like cells by inducing the expression of
endocrine markers such as Glucagon, Insulin,
Pdx1, Ngn3 and Glut-2 genes (Enderami et al.
2017). Differentiation properties of Poly(lactide-
co-glycolide) (PLGA)-based microporous
scaffolds have been also documented (Blomeier
et al. 2006; Salvay et al. 2008; Mao et al. 2009).
Poly(ethylene glycol) hydrogels containing colla-
gen type I (PEGCol) have been also reported to
promote aggregation and differentiation of hESC-
derived progenitors in glucose-sensitive POs, also
displaying enhancement of long-term viability

and morphology preservation (Mason et al.
2009; Amer et al. 2015). One of the most
promising materials currently used for the gener-
ation of encapsulated POs is the poly-L-lactic
acid-polyvinyl alcohol (PLLA/PVA) polymer,
which provides a better microenvironment than
2D cultures (Mobarra et al. 2018). It has been
reported that PLLA/PVA polymer is able to pro-
mote differentiation of iPSCs into insulin produc-
ing cells (iPSCs-IPCs) by inducing the expression
of pancreatic-specific transcription factors such as
Pdx1, insulin, glucagon and Ngn3 (Mobarra et al.
2018).

4.2 Macroencapsulation
and Immunoprotection

Bioscaffolds used as cell or drug carriers are usually
constituted of non-degradable or degradable
biomaterials. Current methodologies use ECM and
ECM-like materials, or ECM-synthetic polymer
hybrids (Hinderer et al. 2016). Hydrogels have
been exploited for regenerative applications due to
their biocompatibility and similarity in structure to
the native extracellular matrix (Dimatteo et al.
2018). Several aliphatic polyesters, such as
polymers of lactic acid [polylactides (PLA)],
glycolic acid [polyglycolides (PGA)], and their
copolymers [polylactoglycolides (PLGA)] have
been extensivly selected as biocompatible and
bioresorbable matrices to reconstitute soft and hard
synthetic engineered tissues (Mironov et al. 2017).

Polycaprolactone and polyvinyl alcohol
(PCL/PVA)-based scaffolds display biological
characteristics which improve differentiation of
pancreatic β-like cells and organization into islet-
like structures. PCL is a hydrophobic polyester
which is biocompatible and biodegradable and
has high mechanical stability. It is therefore con-
sidered a good candidate to produce 3D culture
(Zarekhalili et al. 2017). Recent studies have
demonstrated that the low-immunogenic polyeth-
ylene glycol (PEG)-based hydrogels used for islet
transplantation have the ability to support islet
engraftment and function (Jeong et al. 2013;
Rengifo et al. 2014) and allow long-term function
and restoration of normoglycemia in diabetic mice
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(Rios et al. 2016). Some studies demonstrated that
using polymer films and electrospun meshes made
with poly(ethylene oxide terephthalate)-poly
(butylene terephthalate) (PEOT/PBT) blocks
copolymer, provides a protective environment to
preserve islet morphology by preventing their
aggregation in implanted islets (Buitinga et al.
2013). However, even if these scaffolds can allow
a higher nutrient diffusion (glucose flux), and
maintain the insulin and glucagon expression, a
decrease of β-cell density in the islet core was
observed (Buitinga et al. 2013). Further studies
demonstrated that cell death, resulting from non
homogeneous vascularization whithin the core
and the outer shell of the scaffold-seeded islets
(Buitinga et al. 2013), could be avoided by
obtimizing the pore size of the PEOT/PBT-based
scaffolds (Buitinga et al. 2017).

In addition, it has been shown that micropo-
rous scaffolds, made with non-degradable poly-
ethylene glycol (PEG)-based hydrogels, protect
islets from the host immune response and show
comparable results to the initial engraftment and
function of non-encapsulated islets. Furthermore,
unlike encapsulated islets which lose vascular
connections to the host tissue, the microporous
scaffolds allow islet revascularization after trans-
plantation (Rios et al. 2018).

Recent progresses in nanotechnology and
materials used for encapsulation, as well as in
immunomodulatory strategies have significantly
improved vascularization. Meanwhile, differentia-
tion strategies of ESC and iPSC into islet-like
structures have achieved an upscalable production
for potential clinical applications. However, these
cells can potentially drive tumour development
(Päth et al. 2019). New strategies based on
micro- and nano-materials (i.e., PEG, PLGA,
chitosan, liposomes and silica) alone or enriched
with trophic factors, have been recently developed
to achieve a better stability of the capsules and,
more importantly, to avoid loss of β-cell mass and
PO function (Hinderer et al. 2016). Bioengineers
are focusing on the development of new synthetic
materials able to maintain tissue- and organ-
specific differentiation and morphogenesis.
Indeed, the newly generated bio-products have
important advantages such as (1) a great surface

area for oxygenation and nutrient/cathabolite trans-
port, (2) a porous structure allowing infiltration of
cells and blood vessels, (3) a satisfactory mechani-
cal strength supporting cell attachment, (4) could
be easly implanted, and (5) eventually, undergo
degradation over time (Lutolf and Hubbell 2005).

To promote vascularization of transplantable
devices housing pancreatic islets is the use of
TheraCyte™ system. TheraCyte™ device is
made by a bilayered polytetra-fluoroethylene
(PTFE) where either free or microencapsulated
islets are placed in the membrane to obtain a pla-
nar, bilaminar membranous pouch (Sörenby et al.
2008). A first clinical study has demonstrated that
one-year after transplantation, TheraCyte device
was biologically inert and lacked adverse effects,
when transplanted in humans. Nevertehless,
marked fibroblast overgrowth occurred and almost
all the tissues were fibrotic (Tibell et al. 2001). A
further study has reported that an immortalized cell
line derived from human islets (betalox5), and
induced to differentiate, formed long-term survival
and functional POs also immune-protected when
allocated in TheraCyte devices (Itkin-Ansari et al.
2003). Afterthat, some preclinical studies were
carried on to test the TheraCyte device housing
rat islets (Sörenby et al. 2008), human islets and
human fetal pancreatic POs (Lee et al. 2009).
Sörenby et al. (Sörenby et al. 2008) improved the
efficacy of the TheraCyte system by trasplanting
rat islets in preimplanted TheraCyte devices.
Briefly, empty and capped devices were first sub-
cutaneously pre-implantated on the back of
athymic mice before diabetes induction. Subse-
quently, the islets were transplanted in the already
implanted and newly pre-vascularized device. Fol-
lowing these modifications, an improvement of PO
efficacy was obtained. Moreover, the preimplanta-
tion procedure significantly reduced the number of
macroencapsulated islets required to restore
normoglycemia (Sörenby et al. 2008), without a
detectable T-cell response (Lee et al. 2009). It is
important to remark that β-cells at this stage of
maturation may avoid the immune T-cell response
(Lee et al. 2009).

In vivo differentiation into predominantly β-cells
was also obtained when huESC-derived endo-
derm cells were seeded into the TheraCyte
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device (Motte et al. 2014). Biosafety was
supported by the absence of increased biomass
or hESC cell escape for up to 150 days (Kirk
et al. 2014). However, an accumulation of CD8+

T cells surrounding the membrane was observed
in some of these devices (Boettler et al. 2016),
indicating a certain grade of immune reaction
against the graft.

In vitro PEGylation maintains viability and
insulin secretory capabilities of transplanted islets
(Lee et al. 2002), but also protects them from
cytokines secreted by immune cells (Lee et al.
2004). Moreover, PEGylated-macroencapsulation
allows a stable blood glucose level of the
allotransplants after one year (Lee et al. 2006a).
Since PEGylation makes transplanted POs
protected against the recipient immune system, a
reduction of cyclosporine A dosage was requested
(Lee et al. 2006b), and a reduced graft immune
infiltration was detected (Lee et al. 2006c). The
use of a combination of immunossuppresive drugs
was associated with better outcomes (Im et al.
2013). Coated thin PEG-layers on islet surface
named “Layer-by-layer (LbL) PEGylation” have
been shown to allow a further reduction of islet
volume per unit, which facilitates the exploitment
of the portal vein for transplantation (Wilson et al.
2008).

4.3 Drug-Charged Devices/Scaffolds

The use of dexamethasone-charged macroporous
scaffolds has been proposed to inhibit the host
immunoreaction. This original approach was
developed to accelerate islet engraftment by pro-
moting the expansion of the anti-inflammatory M2
macrophages (Jiang et al. 2017). To generate
favorable host responses and to improve the overall
outcomes of the transplant polydimethylsiloxane
(PDMS)-based 3D scaffold platform, a local and
controlled delivery of dexamethasone (Dex) was
used (Jiang et al. 2017). In particular, Dex-scaffold
accelerated islet engraftment in a diabetic mouse
model, improving glucose control early after
transplantation. Remarkably, it was demonstrated
that lower doses of Dex (0.1% or 0.25%) were

able to induce a M2 phenotype of macrophages
interfering with inflammation during the first
post-implantation week, whereas higher doses of
Dex (0.5% and 1%) significantly delayed the engraft-
ment and function of islets (Jiang et al. 2017).

4.4 Vascularization-Enhanced
Macroencapsulation

The use of immune-isolated macrodevices
designed to islet delivery into extrahepatic trans-
plant site is not limited to synthetic PEG-based
hydrogel macrodevices. In fact, a two-component
synthetic PEG hydrogel macrodevice system has
been generated. These PEG-devices consist in a
hydrogel core cross-linked with a non-degradable
PEG-dithiol and a proteolytically sensitive
vasculogenic outer layer to allow matrix degrada-
tion and to enhance vessel infiltration (Weaver
et al. 2018). These PEG-dithiol devices promoted
engraftment and overall graft efficacy, resulting
in enhanced vascular density and in the improve-
ment of islet viability when transplanted in dia-
betic rats (Weaver et al. 2018).

Through 3D printing technology, Farine et al.
(2017) designed an innovative and refillable
encapsulation system transcutaneously implated.
The PLA-system generated a prompt and efficient
PO vasacularization, and supported the long-term
graft survival (Farina et al. 2017). Nevertheless,
in this first study the in vivo experiments were
performed in immunodeficient mice, which did
not allow the evaluation of their efficacy in
preventing the host immune attack (Farina et al.
2017). More recently, the same group developed
a new PLA encapsulation system named
neovascularized implantable cell homing and
encapsulation (NICHE) that seems to be a
promising alternative approach due to their ability
to maintain PO viability and a robust hormone
secretion (Farina et al. 2018). Despite NICHE
system has provided promises to improve long-
term viability and function using Leydig cells
(Farina et al. 2018), its feasibility in POs still
requires validation.
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The pro-angiogenic and immunomodulatory
effects of the local delivery of the immunomo-
dulating drug fingolimod (FTY720) allow a better
oxygenated and tolerant environment for islet
engrafment (Bowers et al. 2018). FTY720 is a
small molecule that activates sphingosine-1-phos-
phate receptors and is involved in the regulation
of immunomodulatory and pro-angiogenic
signals. Based on this concept, Bowers et al.
(Bowers et al. 2018) developed a new encapsula-
tion membrane for islet transplantation outside
the portal circulation. The FTY720-releasing
nanofiber-based semi-permeable membrane
increased PO revascularization, and was also
able to block the immune response by reducing
the number of macrophages and their released
cytokines (Bowers et al. 2018).

A similar strategy which can facilitate PO
transplantation and preserve their function in
extrahepatic sites is represented by the encapsu-
lation of pancreatic islets in synthetic saccharide-
peptide (SP) hydrogels (Liao et al. 2013). The SP
hydrogel is constituted by natural blocks of amino
acids and saccharides, nontoxic and entirely bio-
degradable (Chawla et al. 2011). The SP hydrogel
also displays several exclusive properties, such as
ease of handling, crosslinkable at mild
physiological conditions, biocompatibility, and
in situ polymerization after injection (Chawla
et al. 2011). The SP hydrogel allows PO survival
and function of normal islet structure, but also
promotes a rapid vascularization (Liao et al.
2013). Furthermore, it has been demonstrated
that SP hydrogels are also able to induce minimal
inflammatory cell infiltration. However, they tend
to degenerate (Liao et al. 2013).

4.5 Removal/Retrievability

Despite the huge efforts in improving the encap-
sulation technology, the major problem still relies
on the removal (Scharp and Marchetti 2014). This
raises significant concerns since this can be
associated with transplant failure and clinical
complications (Desai and Shea 2017).
Retrievability is also an important issue for the
regulatory approval processes (Matsumoto et al.

2016). Thereby, efforts are currently focused to
generate alternative encapsulation systems read-
ily scalable and conveniently retrievable, also
allowing the delivery of a sufficient cell mass.
Innovative approaches so far developed to gener-
ate easy retrievable devices consist in a cyto-
compatible enzymatic approach based on the
addition of MMP (Amer et al. 2015). Alterna-
tively, a highly wettable and Ca2 + �releasing
nanoporous polymer, possessing particular
mechanical properties which facilitates handling
and retrieval of transplanted islets has been
generated (An et al. 2018). Innovative retrievable
encapsulation system has been also recently
developed by An et al. (An et al. 2018). In partic-
ular, the thread-reinforced alginate fiber for islets
encapsulation (TRAFFIC) consists in a one-step
in situ cross-linking alginate hydrogel around
nanoporous wettable, and Ca2 +�releasing poly-
mer thread. TRAFFIC has the advantage to pro-
vide the essential fisical space and
biocompatibility for islet transplantation, similar
to conventional hydrogel capsules, but displaying
mechanical strength enabling the easy handling,
implantation, and retrieval (An et al. 2018). Fur-
thermore, due to their particular design, this
device may be extended to clinic (An et al.
2018). The therapeutic potential of TRAFFIC
has been provided by the restoration of glucose
control and inmuno protection of transplanted
human or rat islets in diabetic mice, rats and
dogs (An et al. 2018). Furthermore, rapid
retrievability can be obtained through a simple
laparoscopic procedure (An et al. 2018). The
fast and minimally invasive retrievability makes
TRAFFIC a promising encapsulation system with
a great scale-up potential. Nevertheless, the feasi-
ble application in clinic, and particularly in
T1DM, has to be evaluated.

4.6 ECM-Enriched
Macroencapsulation

Islets in the pancreatic tissue are naturally
surrounded by a capsule mainly composed by
collagen type I, IV and laminins (Stendahl
et al. 2009). Llacua et al. (2016) demonstrated
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the ability of specific ECM components
(collagens or synthetic laminin peptides) to sup-
port survival and function of encapsulated
human islets (Llacua et al. 2016). This technol-
ogy was further applied to evaluate the immuno-
regulatory effects of capsules covered with a mix
of artificial ECM (A. ECM) and Layer-by-Layer
(LbL) Pegylation (A. ECM + PEGylation) in
non-human primate xenografts (Andrades et al.
2008; Haque et al. 2017; Llacua et al. 2018). The
authors demonstrated that ECM-enriched encap-
sulation system acts as an effective immune bar-
rier, translating in the increase of xenograft
survival in the absence of immmunosuppresive
therapy (Llacua et al. 2018). Although the
ECM-enriched encapsulation system is also
able to protect POs against the host immune
response and to prolonge islet cell survival, its
ability to induce islet re-vascularisation remains
to be addressed. According with this concept,
further studies have been performed to improve
PO vascularization. In particular, vascularization
improvement was obtained by incorporating
heparin in nanofilms containing star-shaped
polyethylene glycol (starPEG) (Lou et al. 2017)
or silk fibroin macroporous (SF)-scaffolds (Mao
et al. 2017). Additional anti-inflammatory and
anti-coagulant properties along with the
improvement of intra-islet vascularisation have
been obtained by enriching capsules with
glycosaminaglycans and heparin (Hep-PEG)
(Lou et al. 2017). Heparin-mediated vascular
endothelial growth factor (VEGF) binding,
resulting in the activation of the endogenous
VEGF/VEGFR2 pathway, has been reported to
mediate endothelial proliferation and
re-vascularisation (Lou et al. 2017). These
mechanisms have been also previuosly
described for both non-encapsulated (Cabric
et al. 2007; Cabric et al. 2010) and encapsulated
human islets (Marchioli et al. 2016). Given the
pro-angiogenic, pro-survival and minimal post-
transplantation inflammatory reaction, as well as
the possibility to introduce different trophic
factors, Hep-PEG-based encapsulation system
is considered a very promising approach for
clinical implementation.

4.7 Silk Fibroin-Based
Macroencapsulation

The fibrin matrix, due to its good biocompatibil-
ity, rapid biodegradability, and easy production,
is the most widely investigated natural
biopolymeric material (Park and Woo 2018). In
particular, the bioactive molecules conjugated
with fibrinogen, can promote tissue morphogene-
sis, cell migration, proliferation, differentiation or
maturation after cell adhesion on fibrin matrices
(Park and Woo 2018). Thereby, fibrin matrices
have been exploited as therapeutic strategies for
tissue engineering applications (Park and Woo
2018). These concepts were used for the
developmet of new materials such as autologous
platelet-and plasma-derived fibrin scaffolds
(Anitua et al. 2019). Synthetic scaffolds based
on 3D silk matrices with ECM-derived motifs
were also used to promote the aggregation of
mouse and human primary cells into functional
POs (Shalaly et al. 2016). Afterthought, POs
generated by co-encapsulation of islets with
MSCs in a silk hydrogel have been shown to
increase insulin I, insulin II, glucagon and
PDX-1 gene expression. This was associated
with a better glucose-induced insulin response
(Davis et al. 2012). Diabetic mice implanted
with Silk fibroin hydrogel–islet–MSC system
showed a prompt return to euglycaemia with a
significative reduction of T-helper (Th)1-derived
cytokines (Hamilton et al. 2017). Thereby,
co-culture of islets and MSCs in a silk-hydrogen-
islet system has been proposed to avoid the host
immune-attack. However, additional studies are
required to demonstrate the stability, the function
and the biocompatibility before transfer of this
approach to humans.

5 Oxygenated Devices

It has been postulated that chronic effects of
non-immunologic factors such as hypoxia and
the hyperglycemic milieu could damage the
encapsulated islets, resulting in a gradual and
short-term loss of efficacy (Safley et al. 2018b).
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This prompted researchers to propose new
preventing approaches. In particular, major
efforts have been focused on generating new
methodologies able to increase oxygen supply to
POs. Oxygen supply is a crucial issue for cell
survival in bioartificial pancreas (BAPs), since
poor oxygen supply causes PO central necrosis.
Implantation and removal of macrocapsules actu-
ally imply minimal risks, but the transport of
oxygen and nutrients is still limited. Therefore,
new strategies must be developed to improve
oxygenation (Hwa and Weir 2018). At this
regard, bioengineering research in diabetes
mainly focused on the development of new 3D
scaffolds able to supply sufficient oxygen and
nutrients to POs (Iwata et al. 2018).

The generation of an oxygenated chamber sys-
tem, based on the incorporation of a refillable
oxygen tank (βAir device) into the immune-
isolating alginate poly-membrane was the first
technology developed to improve oxygenation
of the encapsulated POs (Ludwig et al. 2012).
Indeed, the feasibility to increase the oxygen sup-
ply in small and large animal models was
demonstrated (Barkai et al. 2013; Neufeld et al.
2013). Based on these promising results, a phase
1 clinical trial was started to demonstrate the
efficacy of the βAir (Ludwig et al. 2013). The
authors demonstrated that βAir inhibits inflamma-
tion of human islets implanted in the absence of
immunosuppression. Additionally, an increased
vascularization and the enhancement of the oxy-
gen supply were reported (Ludwig et al. 2013). A
second phase 1 clinical trial demonstrated that
βAir device was safe and able to enhance survival
of allogeneic islets (Carlsson et al. 2018). Never-
theless, the real benefits obtained by the βAir
device were limited, due to the low increase of
circulating C-peptide and the lack of a real impact
on the metabolic control (Carlsson et al. 2018).
Additionally, the formation of fibrotic tissue, the
presence of immune cells, and the deposition of
amyloid were also detected in the endocrine tissue
(Carlsson et al. 2018).

A new generation of 3D scaffolds containing
oxygen generators have been proposed as alterna-
tive technology to improve PO oxygenation. Dif-
ferent approaches have been proposed. The new

devices included, (1) polydimethylsiloxane
encapsulated solid calcium peroxide (PDMS-
CaO2) (Pedraza et al. 2012), (2) active
microorganisms such as Synechococcus lividus,
which photosynthetically generated oxygen
(Evron et al. 2015), and (3) SPO and CPO (Lee
et al. 2018). These studies demonstrated a success-
ful enhancement of oxygenation that translated
into a reduced hypoxia-induced cell loss during
the precarious vascularization period (Pedraza
et al. 2012). These beneficial effects resulted
from the capability to supply oxygen at high cell
loading densities (Pedraza et al. 2012), with an
average of 0.026 mM/day oxygen, for more than
6 weeks (Evron et al. 2015). This prevented the
development of detrimental oxygen gradients in
the core of large implants. The beneficial effects
of oxygen-generating scaffolds were further
supported by the studies of Lee et al. (2018) who
used neonatal pancreatic cell-clusters (NPCCs).
The application of oxygen-generating
microparticles (MP) included in a fibrin-
conjugated heparin/VEGF and implanted in
streptozotocin-induced diabetic NOD mice was
also investigated (Montazeri et al. 2016). The MP
improved the POs engraftment and function, the
blood glucose control, body weight, glucose toler-
ance, serum C-peptide, and graft revascularization,
by reducing the islet mass necessary to obtain this
goal (Montazeri et al. 2016). It became evident that
oxygen-generating materials such as sodium
percarbonate (SPO) and calcium peroxide (CPO)
could be efficient in supplementing oxygen to
transplantable naked and encapsulated islets in
diabetic patients (McQuilling et al. 2017). Indeed,
it has been shown that SPO and CPO can be used
to improve islet viability and function. Neverthe-
less, additional studies are required to control the
oxygen generation rate able to provide the suitable
oxygen supply over an extended period of time
avoiding tissue damage resulting from oxidative
stress (McQuilling et al. 2017). Of note, it has been
suggested that this technology could be also
applied, as a new animal-free experimental scaf-
fold platform, to study the interactions between
pig islets and human blood components in vitro
(Lee et al. 2018).
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5.1 Perfluorocarbons (PFCs)
as Oxygen Carriers in POs

PFCs are obtained by fluorine replacement of
hydrogen atoms in hydrocarbons (Hosgood and
Nicholson 2010). The PFCs have a higher density
than water and a high capacity to dissolve oxy-
gen. Carbon-fluorine bonds are very long and
render the molecule biologically and chemically
inert (Hosgood and Nicholson 2010). Due to their
lipophilic nature and their high oxygen solubility,
PFCs have been largely explored to improve cell
and tissue oxygenation. They can be also adapted
and used as blood substitutes for the treatment of
cardiac ischemia, anemia, and organ preservation
(Hosgood and Nicholson 2010). However,
controversal results have been reported. Bergert
and collaborators (Hosgood and Nicholson 2010)
have demonstrated that, compared to control rat
islets, PFC-cultured islets showed a significant
increase of DNA fragmentation and a reduced
glucose sensitivity. On the contrary, other studies
indicated that, althought advantageous to transfer
human harvested organs, the use of PFCs may be
comparable to conventional islet culture protocols
used for transplantation (Bergert et al. 2005). A
different study demonstrated that perfluorotribu-
tylamine (PFTBA) emulsion co-encapsulated
insulin secreting cells (βTC-tet insulinoma cells)
did not have additional effects in terms of viabil-
ity or function (Goh et al. 2010). Nevertheless, it
was suggested that PFCs could be potentially
applied as a culture method to improve islet pres-
ervation, in particular for pancreatic islets isolated
from marginal pancreata (Ricordi et al. 2003).
Additional studies are still required to demon-
strate the biological benefits of PFCs on POs.

5.2 Generation of Hypoxia-Resistant
Islets

It became evident that, while encapsulation
clearly protects POs against the host immune
attack, it impairs PO survival and long-term func-
tion. VEGF plays a crucial role in β-cell function
and islet regeneration (Nikolova et al. 2006; Jabs

et al. 2008). Moreover, it has been reported that a
splice variant-1 of the GHRH receptor expressed
in human pancreatic islets was able to generate
antiapoptotic signals by modulating VEGF levels
and by inducing angiogenesis (Ludwig et al.
2010). “Hypoxia-resistant islets” have been
generated using implanted devices containing
pancreatic islets and GHRH agonists (JI-36)
(Ludwig et al. 2012). A significant hypervascu-
larization and enhancement of the graft function,
associated with a parallel improvement of glucose
tolerance and increase of the β-cell insulin reserve
were observed (Ludwig et al. 2012). This also
allowed a reduction of the islet mass required
for metabolic control (Ludwig et al. 2012). How-
ever, even if promising, the feasibility of this
innovative technology as alternative xenotrans-
plantation approach requires further validation.

5.3 Mathematical Models

As extensively documented, the main goal to
improve biotechnological approaches is an effi-
cient oxygenation, allowing a long-term survival
and function of newly generated POs. One of the
most relevant challenges to deal with relies on the
the thickness of the cell layer (Wu et al. 1999). In
encapsulated POs, the inner core mimics pancre-
atic islets while the peripheral shell acts as an
inert defense. Oxygen consumption by the cells
is a hurdle that follows two rules, (1) the limited
diffusion, and (2) the limited consumption. Using
mathematical models it has been suggested that
hypoxia directly depends on the PO radius and
would likely occur in high cell density conditions
(King et al. 2019). According with this model, a
better viability should be obtained with a PO
radius around 142 μm or fewer, and with an
encapsulating radius lower than 283 μm (King
et al. 2019).

The effectiveness of supplementary oxygen
suppliers in a β-cell 3D culture has been estimated
by calculating the spatio-temporal distribution of
oxygen concentrations inside the scaffolds
(McReynolds et al. 2017). Two different types
of simulations (constant cell density and cell
growth simulation) used in this work, have lent
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a hand to determine the effectiveness of oxygen-
releasing microbeads (McReynolds et al. 2017).
Briefly, hydrogen peroxide was encapsulated
into nontoxic PDMS disks which provided
oxygenation to β-cell cultures (McReynolds
et al. 2017). Detection of the spatial-temporal
distribution of oxygen tension inside a scaffold
would be a fascinating approach to be pursued in
the future. MacReynolds and collaborators
(McReynolds et al. 2017) have also suggested
that optimization of the cell culture conditions,
including cell seeding density and time of culture,
are critical issues.

As widely described, the new 3D devices are
mostly based on oxygen diffusion. Nonetheless,
mathematical models indicate that convective
transport should be a more efficient approach for
the oxygen transfer (Iwata et al. 2018). Theoreti-
cal studies have described how oxygen supply in
BAPs could predict the necrosis area in the islets
(Iwata et al. 2018). Thereby, according with these
models, to correct the difference in pressure
between the device and the site of implantation,
the BAPs should be directly connected to the
blood vessels (Iwata et al. 2018). Platelet deposi-
tion usually takes place in implants subjected to
blood flow, and eventually leads to thrombus
formation (Affeld et al. n.d.). Thus, BAP coated
with blood compatible materials could prevent
thrombus formation in long-term BAPs.

In summary, despite enormous efforts devoted
to the encapsulation technology, oxygenation
remains the main challenge in diabetes bioengi-
neering. Mathematical models, established that an
oxygen-enabled 3D culture system should effec-
tively provide an improved oxygen distribution
within the scaffold, allowing an enhanced secre-
tion of insulin from cells. Nevertheless, the appli-
cation in humans is still missing.

6 Vascular Improvement
in Transplants

Pancreatic islets are extremely vascularized
structures by a capillary network wich is critical
for glucose sensing and for providing nutrient

supply and rapid secretion of hormones into the
blood stream (Richards et al. 2010). Islets with an
altered vascularization do not properly regulate
glicemia (Lammert et al. 2003), indicating that
engineered islets should permit an efficient mass
transport and well-organized vascularization.
This requires the presence of a porous implant-
able construct allowing vessel infiltration. Recent
data indicate that the range of pore size that
maximizes vascularization is narrow and
corresponds to 30–40 μm, (Madden et al. 2010).
This suggests that an accurate control of the pore
size would significantly favor vascularization of
implantable scaffolds (Buitinga et al. 2017). It has
been clearly demonstrated that the lack of an
adequate revascularization (Smink et al. 2017),
the reccurrence of autoimmunity (Piemonti et al.
2013), the prompt blood-mediated inflammatory
response (Kourtzelis et al. 2016; Samy et al.
2018), the ischemic injury (Faleo et al. 2017),
and the activation of Natural Killer (NK)T cells
(Saeki et al. 2017) are the main factors
contributing to the engraftment failure.

Approaches exploiting angiogenic factors have
been used in tissue engineering. Thus, encapsula-
tion devices enriched in pro-angiogenic molecules
such as VEGF, to improve PO vascularization is
strongly encouraged (De Rosa et al. 2018;
Schweicher et al. 2014). Trivedi et al. (2000)
have proposed an alternative approach to solve
the deficiency of vascularization in devices using
a double layer capsule formed by three different
layers combined with a transcutaneous infusion of
VEGF. This approach leads to a reduced delay of
the diffusion time due to the development of a new
vascular network through large pores. The authors
also showed that small pores could protect POs
from the immune attack (Trivedi et al. 2000).
However, even if a reduction in glycemia was
detected, normoglycemia was never achieved in
transplanted diabetic mice (Sweet et al. 2008).
The authors have suggested that this unexpected
result, rather than to the device itself, may be
related to the number of implanted islets,
corresponding to the half of islets usually
transplanted into T1DM patients (Sweet et al.
2008).
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Alternative studies applied a semi-
interpenetrating polymer network (SIPN) as sub-
cutaneous implantable carrier to deliver cells
and to allow vascularization (Mahou et al.
2017). SIPN was generated by reacting a blend
of vinyl sulfone-terminated polyethylene glycol
(PEG-VS) and PMAA-Na with dithiothreitol
(Mahou et al. 2017). This combination allowed
the formation of vessels in the surrounding
tissues, which is 2–3 times superior to that
obtained with PEG alone (Mahou et al. 2017).
The biological activity of the SIPN in glucose
control was demonstrated in diabetic mice
(Mahou et al. 2017).

Re-endothelization represents an innovative
approach designed to solve the issue of blood
supply. Endothelial progenitor cells (EPCs) have
been used to generate pre-vascularized scaffolds.
The main advantage identified was the direct
connection between the pre-vascularized host
blood circulation and the newly formed blood
vessels (Guo et al. 2018). Very recently,
Skrzypek et al. (2018a) developed a functional
and not degradable flat polyethersulfone/
polyvinylpyrrolidone (PES/PVP) porous mem-
brane to create an early microvascular network
without the addition of hydrogels (Skrzypek
et al. 2018a). Applying this technology,
pre-vascularized devices could be obtained by
co-culturing different cells (Skrzypek et al.
2018a, b; Groot Nibbelink et al. 2018). It was
demonstrated that the particular surface topo-
graphy obtained with this method enhanced the
formation of a stable vascular network in
the membranes. Furthermore, the in vitro pre-
vascularization allowed a faster connection of
POs with the host vasculature, impacting on the
engraftment, and on the long-term implant sur-
vival and function (Skrzypek et al. 2018b).

Oligomers have been used for tissue engineer-
ing approaches in T1DM pre-clinical models
(Stephens et al. 2018). The feasibility of collagen
I oligomeric-based macroencapsulation was
already demonstrated (Stephens et al. 2018).
Collagen-based macroencapsulation was able to
improve mouse islet function and longevity
(Stephens et al. 2018). Cytoarchitecture,

revascularization, and immnunetolerance were
also demonstrated (Stephens et al. 2018). Further-
more, STZ-induced diabetic mice showed a rapid
glycemic control and a sustained normoglycemia
until 40 days post-transplantation (Stephens et al.
2018).

7 Natural Extracellular Matrices
as Biological Scaffolds

Undoubtedly, scaffolds dysplaing features similar
to native islet extracellular matrix (ECM) would
most likely succeed. The ECM is synthesized by
cells of each tissue and provides a physical niche
for cell attachment. ECM composition includes
polysaccharides and proteins, such as collagen
and elastin (Theocharis et al. 2016). One of the
most recent technologies enabling the isolation
of native ECM is the organ decellularization
(Badylak et al. 2011). ECM derived from
decellularized organs has been recently used for
tissue engineering (Guruswamy Damodaran and
Vermette 2018a). Decellularized scaffolds have
been proposed as a source of native ECM
exploitable in a wide-ranging regenerative medi-
cine applications (Celikkin et al. 2017). ECM
offers structural and function support and acts as
a substrate for cell migration. The ECM mechan-
ical behavior depends on its physical properties
such as insolubility, porosity, rigidity, and its
topography (Celikkin et al. 2017). The ECM
components are very conserved through different
species, and include fibers, collagens,
proteoglycans, glycoproteins, and mucins
(Brown and Badylak 2015). ECM-scaffolds
respond and release growth factors, that modulate
the immune response, and allow the recruitment
of progenitor cells (Swinehart and Badylak
2016).

Islets embedded in the acinar tissue of the
pancreas represent only the 1%–2% of pancreatic
mass (Jansson et al. 2016; Aamodt and Powers
2017). They are spherical clusters of cells highly
innervated and vascularized, containing ECM
which coordinate and support cellular survival,
proliferation and differentiation (Irving-Rodgers
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et al. 2014; Aamodt and Powers 2017; Cheng
et al. 2011; Kuehn et al. 2014; Alismail and Jin
2014). In islets the ECM regulates multiple
aspects of cell function, including insulin secre-
tion, proliferation, survival, and participates to the
preservation of spherical morphology (Stendahl
et al. 2009). Pancreatic decellularized scaffolds
play an essential role in regenerative medicine
and represent a step toward the development of
bioengineered pancreas. As other natural
bioscaffolds, pancreatic decellularized scaffolds
retain the native 3D architecture, the vasculature,
the ductal channels, and the pancreatic ECM
composition (Guruswamy Damodaran and
Vermette 2018b). The interaction between cells
and scaffolds improves pancreatic islet cell sur-
vival and insulin production potentially used for
regenerative purposes (Goh et al. 2013).

Bioscaffold plasticity has been also
demonstrated by using stem cells, which received
and responded to the environmental signals. In this
context mechanical forces play a central role in the
regulation of multiple functions (Rana et al. 2017).
Indeed, the adhesion of cells to ECM, the forma-
tion of cell-cell junctions, and of a mechanore-
sponsive cell cytoskeleton, are critical features in
stem cell biology (Rana et al. 2017), particularly in
cell fate determination (He et al. 2018). Plasticity
and compatibility of ECM scaffolds derived from
different species have been also demonstrated
(Chaimov et al. 2017). Decellularized pancreatic
scaffold biocompatibility in the absence of toxicity
has been also confirmed (Chaimov et al. 2017).
Particularly, Chaimov and collaborators (Chaimov
et al. 2017) developed an innovative microencap-
sulation platform based on solubilized whole por-
cine pancreatic ECM mimicking the original
decellularized ECM (Chaimov et al. 2017). This
natural fibrous 3D niche was able to support the
viability of pre-differentiated cells to promote dif-
ferentiation and to improve insulin secretion
(Chaimov et al. 2017). Moreover, these
re-cellularized scaffolds were non-immunogenic
and were able to improve the glycemic control in
diabetic mice (Chaimov et al. 2017). It has been
reported that growth factor-enriched decellularized
pancreatic scaffolds induce differentiation of

mouse pancreatic stem cells (PSCs) into pancreatic
β-like cells (Wan et al. 2017). Bioscaffold-induced
differentiation, proliferation and insulin secretion,
occur independently of scaffold-derived tissue
(Zhou et al. 2016). This suggests the existence of
a dual interplay between the ECM and the cell.

Decellularized pancreata show the characteris-
tic homogeneous porous structure (Hashemi et al.
2018). Thus, to solve the problem of PO blood
supply after in vivo transplantation, bioengineering
has taken advantage of this valuable feature to
enhance scaffold vascularization by co-seeding
POs with EPCs (Guo et al. 2018). Newly formed
blood vessels (Guo et al. 2018) and improvement
in functional preservation characterized the
re-endothelized scaffolds (Chaimov et al. 2017).
Despite these promising results, vascularization
still remains a challenge to generate a functional
equivalent ECM-based pancreata for
transplantation.

Generation of acellular pancreatic scaffolds
from small animals represents a relevant issue
for future pre-clinical studies. The next and most
closely need is represented by the large-scale
production. Some recent studies demonstrated
the feasibility (Berman et al. 2016; Katsuki et al.
2016). Nonetheless, despite the improvement of
islet metabolic function and the significant pres-
ervation of the islet architecture and the intra-
insular vascularization (Berman et al. 2016;
Katsuki et al. 2016), long-term studies and
implantation in vivo are still needed. Moreover,
it was recently described that signals promoting
cell differentiation could be heterogeneous in
nature, depending on the type of organ, and on
the type of tissue from which they derive (Brown
and Badylak 2015). For example, it has been
shown that HLSC seeded in liver decellularized
scaffolds can differentiate into three different cell
types (hepatocyte-, endothelial- and epithelial-
like cells) (Navarro-Tableros et al. 2015). This
indicates the high ECM plasticity. Therefore, the
use of ECM bioscaffold-based technology could
be exploitable for hetero-organ approaches. This
possibility has been recently validated by
Vishwakarma and collaborators (Vishwakarma
et al. 2018). Indeed, they were able to induce
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differentiation of human hepatic progenitor cells
(hHPCs) into insulin-progenitor cells when
hHCPs were seeded into xenogeneic rat acellular
spleen in the presence of specific trophic factors
and hyperglycemic environment (Vishwakarma
et al. 2018). These data further support the
hypothesis (Navarro-Tableros et al. 2015;
Vishwakarma et al. 2018), that cell commitment
is a complex process, modulated in part by the
nature of the scaffold, but also by the type of
hosted cells. In fact, the study of Vishwakarma
et al. (2018) suggests that natural bioscaffold
properties should be further investigated for
regenerative approaches. Finally, pancreatic
scaffolds, used in most if not all studies, have
been generated from “healthy” tissues. Neverthe-
less, there are not definitive data on the feasibility
to use “sick” organs for clinical applications. A
very recent study, aimed to evaluate the feasibil-
ity at using diabetic pancreata to generate ECM
for regenerative purposes (Huang et al. 2018a),
demonstrated that similar to healthy scaffolds,
those obtained from T1DM and T2DM pancreata
preserved their ECM composition, 3D ultrastruc-
ture and released cytokines (Huang et al. 2018b).
Nevertheless, the biological activity of this “dia-
betic scaffolds” has been not yet tested. These
important results, even if preliminary, support
the idea that marginal organs could serve as alter-
native sources of natural ECM scaffolds.
Thereby, the application of marginal tissues
could be implemented in future regenerative
approaches in order to strongly support this
hypothesis.

8 CRISPR/Cas9 Genome Editing
Technology to Enhance Insulin-
Producing Cell Function

The Clustered Regularly Interspaced Short Palin-
dromic Repeats (CRISPR) combined with the
DNA endonuclease Cas9 (CRISPR-Cas9) has
been considered an innovative application which

could completely change both medical and bio-
technology approaches in our century. Using
short guide target-specific sgRNAs, the Cas9 can
be directed to any genomic location by inducing
double strand breaks to allow non-homologous
end joining or homologous recombination of the
genome at specific sites (Kim et al. 2017). CRISPR
works together with Cas gene to cleave genetic
material, thus opening the possibility to use
CRISPR-based approaches to induce β-cell differ-
entiation (Gerace et al. 2017). Other approaches
different from CRISPR, are mainly based on viral-
mediated transfer of key pancreatic transcriptional
factors such as Pdx-1 (Karnieli et al. 2007),
NeuroD1 (Kojima et al. 2003) to either somatic
or adult stem cells such as MSCs (Gerace et al.
2017). However, althought CRISPR-Cas9 system
is widely applied in a number of research fields
(Kim et al. 2017), its application to generate or to
enhance the function of insulin-producing cells is
still limited. At this regard, Giménez et al. (2016)
applied the CRISPR-ON system to activate the
endogenous human insulin gene (INS), obtaining
a significant upregulation of the insulin mRNA
expression when the dCas9-VP160 construct and
four sgRNAs (targeting the proximal INS pro-
moter) were co-transfected in T1DM patients-
derived skin fibroblasts (Giménez et al. 2016).
More recently, one homozygous ATG > ATA
mutation at codon 1 of the insulin gene was
reverted to wild-type ATG in hiPSC by using
CRISPR/Cas9 technology (Ma et al. 2018). The
insulin mRNA expression and hormone secretion
confirmed the functional correction (Ma et al.
2018). Moreover, the modified β-cells were able
to reverse diabetes in STZ-diabetic mice (Ma et al.
2018). This work has opened the possibility to
combine gene and cell therapy to restore glucose
homeostasis in non-immune-mediated diabetic
setting. As a future perspective, the combination
of CRISPR-Cas9 and encapsulation technology
may contribute to improve current methodologies
to generate long-term functional POs to be applied
in diabetes.
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9 3D Bioreactor Systems
to Produce and Maintain
Insulin-Producing Cells

Although stem cells hold the promise to generate
endless insulin-producing cells, most of the cur-
rent preclinical protocols have been performed in
lab-scale (Navarro-tableros et al. 2018; Kim et al.
2016a; Wu et al. 2007). Hence, the implementa-
tion of alternative culture systems, able to gener-
ate a large number of functional insulin-
producing cells, is still needed. Cell culture in
3D bioreactors has been used for several decades
by the biopharmaceutical industry (Abu-Absi
et al. 2014), since they allow a tight control of
relevant parameters such as pH, temperature and
gas supply, and garantee a more efficient cell
expansion and a higher cell viability and function
(Petry et al. 2018). In this chapter, we will provide
a general overview of different 3D bioreactors
that have been employed to generate and/or main-
tain viable and functional POs obtained from
different sources.

9.1 3D Bioreactors Used for Insulin-
Producing Cell Cultures

Spinner Flasks (SF) SF, which are currently
considered the simplest form of 3D bioreactors,
consist in a magnetic stirrer-integrated flasks that
provide a turbulent fluid flow environment to
partly alleviate limitations of nutrient and oxygen
diffusion (Ratcliffe and Niklason 2002) (Fig. 1a).
However, SF suffer from similar drawbacks as
classical 2D culture systems in terms of
requirements of individual handling and scale-
up (Ratcliffe and Niklason 2002), and to the
best of our knowledge despite these limits, SF
are the most commonly used bioreactors in the
field of β-cell research.

In the earlies 2000s, Blyszczuk and
collaborators (Blyszczuk et al. 2003) developed
a 10 days culture protocol in SF (30 rpm agitation
at 37�C and 5% of CO2) to induce differentiation
of mouse embryonic-derived nestin-positive
progenitors into immature insulin-positive POs

(Blyszczuk et al. 2003). Trasplantation of these
POs was able to ameliorate the glycemic control
in immunocompromised STZ-diabetic mice
(Blyszczuk et al. 2003). More recently, hESCs,
initiatly maintained in 500 mL SF (70 rpm agita-
tion at 37�C and 5% of CO2) and subsequenly
cultured in standard 2D plates in presence of
specific growth factors, were found to success-
fully differentiate into POs able to restore
normoglycemia in diabetic mice (Pagliuca et al.
2014). Long-term glycemic control was obtained
in diabetic mice, when encapsulated hESCs-
derived POs were pre-cultured for 24 h in SF,
before their implantation (Vegas et al. 2016).

Chawla and collaborators (Chawla et al. 2006)
developed a new SF system to generate POs in a
large scale. To this end, porcine pancreatic neo-
natal endocrine tissues, at different densities,
were seeded in SF (100 rpm agitation at 37�C
and 5% of CO2) in serum-free media with a
specific differentiation-cocktail (Chawla et al.
2006). Using this approach, and after 9 days of
culture, a large number of POs containing insulin-
positive cells were produced. In addition, the POs
responded to glucose and contained all islet cell
types (Chawla et al. 2006). More recently, Lock
et al. (2011) demonstrated the superiority of SF in
the generation of mouse cell line (MIN6)-derived
POs compared to the 2D standard culture. The
POs generated in SF (60–100 rpm agitation at
37�C and 5% of CO2) were associated with a
20% higher viability (64 vs 84%), a more regular
shape morphology and the ability to grow for at
least 2 weeks (Lock et al. 2011). In addition, the
POs generated in SF, were more similar to native
islets, in terms of ultrastructure, glucose-insulin
secretion, incretin expression and were
characterized by a lower necrosis grade (Lock
et al. 2011).

Microgravity Bioreactor (MB) The original
version of the MB was developed by NASA
engineers and patented in 1990 under the form
of rotating wall vessels (RWV), also known as
high aspect ratio vessels (HARV) (Schwarz et al.
1992) (Fig. 1b). MB provided a continuous circu-
lar rotation of media and allowed cultured cells to
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be suspended in a low gravitational field (free
fall), characterized by a low turbulence and
hydrodynamic shear stress coupled with a high
mass of oxygen transfer (Daoud et al. 2010). The
first study involving MB and islets was carried
out by Cameron and collaborators (Cameron et al.
2001) in 2001. To facilitate islet engraftment after
transplantation, they co-cultured porcine neonatal
islets with Sertoli cells (isolated from rat testis) in
MB for up to 14 days. After 4 days in MB culture,
large Sertoli-islet POs were formed (0.5–3 mm
diameter). However, although cellular viability
(>90%) and glucose responsiveness was
maintained, islets underwent disaggregation into
single cells. Primary mouse islets cultured in MB
were significantly less immunogenic compared to
standard cultured islets (Rutzky et al. 2002).
Moreover, to maintain euglycemia throughout
100 days in diabetic animals the number of
MB-cultured POs required were 50% less than
the non-MB counterpart (Rutzky et al. 2002).
Furthermore, ultrastructure studies revealed that

islets appeared healthy and similar to fresh islets
(Rutzky et al. 2002). Using MB (8 rpm at 37�C
and 5% of CO2) the improvement of human islet
long-term function and viability was also
demonstrated (Murray et al. 2005).

In an elegant work, Tanaka and collaborators
(Tanaka et al. 2013) described the generation of
mouse β-cell (MIN6 cell line)-derived POs. They
loaded a two-compartment culture chamber onto
the center of the 3D clinostat to generate
microgravity-like conditions. Unlike the RWV,
this new designed approach, allowed fresh
media flow and gas exchange. In addition, POs
had an average size of 250 μm and were glucose-
responsive (Tanaka et al. 2013).

Hollow Fiber Membrane Bioreactor (HFB)
HFB utilizes specialized membranes to retain
cells inside, and to allow an efficient exchange
of nutrients and waste products by the flow of the
medium through the lumen (Abu-Absi et al.
2014) (Fig. 1c). The main advantages of the

Fig. 1 Schematic
representation of different
bioreactor types used to
generate and maintain
insulin-producing cells.
(a) Spinner Flasks (SF). (b)
Rotating wall vessels
(RWV). (c) Hollow fiber
membrane bioreactor
(HFB). (d) Fluidized-bed
bioreactor (FBB)
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membrane-based-bioreactors relied on the possi-
bility to obtain an high cell capacity, high volu-
metric efficiency, and low shear stress (Abu-Absi
et al. 2014). However, disadvantages such as a
reduced cell viability, membrane fouling and
clogging, the lack of product homogeneity have
limited their large-scale application (Abu-Absi
et al. 2014). Hoesli and collaborators (Hoesli
et al. 2009) developed a procedure for immobili-
zation of large-scale cell batches in alginate-filled
hollow fiber bioreactors (AHFBRs). This process
improved insulin secretion and cell viability of
porcine neonatal pancreatic cells (Tanaka et al.
2013) and enhanced the expansion of the
insulinoma cell line, INS-1 (Sharp and Vermette
2017; Gundersen et al. 2010).

Fluidized-Bed Bioreactor (FBB) In the FBB
system, the cells are seeded on microcarriers (e.
g Cytopore or Cytoline) or polymer-
microencapsulated (e.g alginate, collagen) and
loaded in a stirred tank which allows the flow of
the oxygenated nutrient through the cells
(Fig. 1d). This design avoids the formation of
local high shear stress and provides an interface
suitable for large-scale production (Abu-Absi
et al. 2014). The feasibility of FBB for production
of encapsulated-POs was previously assessed
(Buchi-395 encapsulator). Indeed, it was
demonstrated their ability to enhance function,
viability and integrity as well as insulin
responsivness of 1% alginate-encapsulated POs
(range 180–220 μm) (Nikravesh et al. 2017).

10 In-vitro Expansion of β-Cells
from Adult Human Pancreatic
and Hepatic Tissues

hPSCs are a promising source of cells for tissue
regeneration due to their unlimited proliferative
potential and their capability to differentiate into
three germ layers including: ectoderm, endoderm
and mesoderm (Zuber and Grikscheit 2018).
However, concerns still remain regarding cell
differentiation commitment and scalability
required for human transplantation approaches

(Jones and Zhang 2016). One of the major
advantages of hPSCs compared to other stem
cells, relies on their pancreatic origin. Indeed,
they originated from the pancreatic islets, which
could facilitate their commitment into mature POs
(Nelson et al. 2009). Under physiological
conditions, the endocrine pancreas (islets) has an
extremely low turnover rate (Afelik and Rovira
2017), while under high metabolic demands
(pregnancy or obesity), adaptation mechanisms
such as cell hypertrophy, increased insulin syn-
thesis and secretion, β-cell self-replication occur
(Afelik and Rovira 2017). In vivo, the β-cell pool,
is homogeneous (Brennand et al. 2007) and per-
sist throughout the life as a “neogenic niche”
within pancreatic islets (van der Meulen et al.
2017). Koop et al. (Kopp et al. 2011)
demonstrated that after in vivo β-cell ablation,
endocrine cells do not arise from the ducts, but
from early pancreatic progenitors expressing
Ptf1a, Nkx6.1, Pdx1 and Sox9 markers (Dor
et al. 2004). Additionally, terminally
differentiated adult β-cells retaining a significant
proliferative capacity and accounting for pancre-
atic turnover and expansion throughout the life,
have been identified (Wei et al. 2006). Pancreatic
progenitors do not express hormones in basal
conditions but can be induced to differentiate
into hormone-expressing islet-like-cells (Dor
et al. 2004). Although the hIPSC aggregation
induces the expression of pancreatic endocrine
markers such as Pdx1, MafA and hormones like
insulin, glucagon or somatostatin, the mRNA and
hormone levels are less expressed than in freshly
isolated human islets. They fully differentiated
only after implantation in mice (Kroon et al.
2008; Davani et al. 2007).

10.1 Pancreatic Islet-Derived Stem Cells

The presence of pancreatic precursor cells in adult
human pancreas named pancreatic islet mesen-
chymal stromal cells (huPI-MSC) have been
demonstrated and have been recently considered
an alternative cell source to generate insulin-
producing cells (Zhao et al. 2007; Joglekar and
Hardikar 2012; Wang et al. 2013). These huPI-
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MSCs exhibit all the characteristics of bone mar-
row MSC (BM-MSC), including the ability to
suppress proliferation of lymphocyte stimulation.
The number of harvested islet equivalents from a
single donor varies from 300,000 to 600,000
(Kim et al. 2012). This implies that autologous
huPI-MSC could be obtained from a small por-
tion of adult pancreatic islets, including those
which are discarded (Kim et al. 2012). These
properties make huPI-MSC, an available and
potentially exploitable source of adult human
stem cells to generate β-cell substitutes for cell
therapy in diabetes. From a therapeutic point of
view, the use of adult stem cells from discarded
human cadaveric islets represents an attractive
perspective. It is well accepted that mature adult
human β-cells could be significatively expanded
in vitro, but complex de-differentiation and
re-differentiation processes are required (Russ
et al. 2008). Expanded human β-cell-derived
(BCD) cells, constitute the ~40% of cells of the
islet cell cultures, which can re-differentiated in
response to a combination of soluble factors
(Avnit-Sagi et al. 2009; Russ et al. 2011). How-
ever, only a part of these cells undergo
re-differentiation (Russ et al. 2009). More
recently, a different approach demonstrated that
overexpression the miR-375, a miRNA highly
expressed during human islet development,
boosted adult pancreatic precursor cells to
redifferentiate (Avnit-Sagi et al. 2009; Joglekar
et al. 2009) into mature islets (Klein et al. 2013;
Latreille et al. 2015).

Despite these promising results, further efforts
are required for a successfully transability, and
large scalability. In line with this concept, Carlotti
and collaborators (Carlotti et al. 2010) have
demonstrated the feasibility to use pancreatic-
derived iPSCs in regenerative medicine. Recent
studies, have demonstrated the presence of pan-
creatic stem/progenitor cell populations, named
NIP/Nestin-positive Islet-derived Progenitors
(Zulewski et al. 2001), PIDM/Pancreatic Islet-
Derived Mesenchymal cells (Gallo et al. 2007)
and PHID/Proliferating Human Islet-Derived
cells (Ouziel-Yahalom et al. 2006) which are
able to generate POs on tissue culture plates.

Very recently, Van derMeulen and collaborators
(van der Meulen et al. 2017) identified a
population of human immature β-cells, originating
by trans-differentiation of α-cells on a specialized
pancreatic “neogenic niche” located at the islet
periphery (van der Meulen et al. 2017). These
cells express insulin but not other β-cell markers.
They are transcriptionally immature and do not
sense glucose (van der Meulen et al. 2017). This
cell population represents an intermediate stage of
α-cell trans-differentiation into conventional β-cell
(van der Meulen et al. 2017). These data suggest the
possibility to use this cell population for generartion
of functional POs. However, additional studies are
crucial to demonstrate their potential application in
clinic.

The presence of high aldehyde dehydrogenase
activity (ALDHhi)-pancreatic stem cells, have
been also reported by Loomans et al. (2018).
The ALDHhi-derived POs contain insulin-
producing cells that also express pancreatic pro-
genitor markers such as PDX1, PTF1A, CPA1,
and MYC. Nevertheless, these POs appeared
immature and did not restore normoglycemia in
diabetic mice (Loomans et al. 2018).

10.2 Human Pancreatic Ductal-Cells
(PANC-1) and Non-endocrine
Pancreatic Cells

It was recently demonstrated that de-differentiation
of human pancreatic ductal-cells (PANC-1)
promotes their differentiation into endocrine pan-
creatic cells (Donadel et al. 2017). Formation of
POs expressing pancreatic markers such as
C-peptide, insulin, pancreatic and duodenal
homeobox 1 (PDX-1), Nkx2.2, Nkx6.1 was
obtained from PANC-1 cells. The expression of
glucagon, somatostatin, and Glut-2 was also
observed. This was associated with a decrease in
the expression of PANC-1 markers (Cytokeratin-
19, MUC-1, CA19–9), supporting their pancreatic
commitment (Donadel et al. 2017). However,
additional studies are required to evaluate their
potential use to generate functional and safe POs.
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10.3 Biliary Tree-Derived Islet
Progenitors

Recently, a new source of islet precursors has
been identified in a niche located within the
human biliary trees (Wang et al. 2013). This
niche is characterized by a network of cells with
overlapping commitment (Wang et al. 2013). The
biliary tree-progenitor cells showed a high prolif-
eration rate when cultured in vitro, under specific
conditions (Wang et al. 2013). Moreover, these
cells were able to aggregate in POs, resembling
neo-islets generated from other cell sources
(Wang et al. 2013). The POs generated from
these progenitors showed ultrastructural, electro-
physiological and functional characteristics,
including the response to glucose, similar to
other POs. Furthermore, the derived neo-islets
were able to improve glucose control in
immune-compromised diabetic mice (Wang
et al. 2013).

10.4 Hepatic Stem Cell Derived Islet-
Like Structures

We have recently found that adult human liver
stem-like cells (HLSC, Fig. 2a), which are
clonogenic and express several mesenchymal and
embryonic markers, such as SSEA4, Oct4, SOX2
and nanog, were able to spontaneusly generate
insulin-producing organoids (Navarro-tableros
et al. 2018). This is not surprising since liver and
pancreas share common embryonic origins.
Charge-induced 3D aggregation of HLSC
(Fig. 2b) promoted differentiation into viable insulin
expressing cells (Fig. 2c and d) (Navarro-tableros
et al. 2018) which contained heterogeneous secre-
tory granules (Fig. 2e). These HLSC-derived POs
were able to secrete human C-peptide in response to
high glucose concentrations both in static (Fig. 2f)
and dynamic conditions (Navarro-tableros et al.
2018). In vitro differentiated islet-like structures
showed an immature endocrine gene profile but
were able to further differentiate after in vivo
implantation (Navarro-tableros et al. 2018). In fact,
when transplanted in non-immunocompetent

diabetic mice hyperglycemia was reverted and the
human C-petide was detectable in mice (Navarro-
tableros et al. 2018). As a proof of concept, after
removal of implanted islet-like structures diabetes
was restablished, suggesting that diabetes reversal
was dependent on the transplanted islet-like
structures generated by HLSC differentiation
(Navarro-tableros et al. 2018).

11 Clinical Trials

MSC derived from different sources such as bone
marrow umbilical cord and adipose tissue have
been used in clinical trials. Although MSC did
not displayed curative properties it is quite aston-
ishing that a partial improvement of glycemia has
been reported (Päth et al. 2019). To date
CinicalTrials.gov listed a number of therapeutic
approaches using different cell types. Among
them over 850 have used MSC to target a broad
variety of diseases and 60 of them for T1DM and
T2DM. A trial investigating the islet graft survival
and function of MSC co-transplantation has been
closed (Päth et al. 2019). It has been demonstrated
that MSC mediate immune tolerance enabling a
partial recovery of residual β-cell mass and/or
delaying the β-cell damage during the onset of
T1DM (Päth et al. 2019). Some of these clinical
trials using co-transplanted MSC were found to
reduce the loss of islet graft, the HbA1c percentage
and to increase the release of C-peptide compared
to control patients during 2 years follow-up (Päth
et al. 2019). However, currently the small number
of patients recruited for the studies dictate the
requirement of a more prolonged observational
study to elucidate whether MSC could really
delay the development of T1DM (Päth et al.
2019). Furthermore different strategies using ESC
iPSC and MSCs are still under investigation
(Welsch et al. 2018). Moreover, since cellular
debris and fragments of proteins may be sufficient
to prime the immune system using the encapsula-
tion devices an effective encapsulation device
should be generated to prevent activation of the
immune response leading to graft rejection. It has
been shown that Encaptra devices are able to
normalize blood glucose in spontaneous NOD
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recipients (Faleo et al. 2016). In addition, in 2014
ViaCyte has started a phase I/II clinical trial
(ClinicalTrials.gov identifier: Nbib2239354) cur-
rently ongoing. In 2017 a new Phase 1/2 clinical
trial was started (STEP ONE) to test the
PEC-Direct™ in patients with T1DM in San
Diego (California USA) and Edmonton (Alberta
Canada). More recently, the clinical trial was
extended to Baltimore (Maryland USA)
Minneapolis (Minnesota USA) Columbus (Ohio
USA) and Vancouver (British Columbia Canada)
to test the safety and efficacy of the ViaCyte’s
PEC-Encap (a.k.a. VC-01™) (ClinicalTrials.gov
identifier: NCT03163511). The innovation consists
in the use of a new open device that allows a direct
vascularization of pancreatic progenitor cells
(PEC-01) and avoids the use of immunosuppres-
sive drugs. These studies are still ongoing but they
could provide important information on safety and
effectiveness for the use of stem cell-derived β-cells
in humans. (Clinicaltrials.gov.)

The failure to generate feasible implantable
devices to be applied in diabetic setting is still a
challenge for many companies. This mainly
depends on the fibrotic processes, the oxygenation
and the diffusion of nutrients allowing a long-term
PO viability.

12 Conclusions

In the last decades, the generation of insulin-
secreting cells has gained particular attention. Dif-
ferent cell sources have been used and a number of
studies have shown that functional insulin-
secreting cells can be generated (Zhou and Melton
2018; Matsumoto et al. 2016; Ravassard et al.
2011; Boss et al. 2017; Clark et al. 1997;
Scharfmann et al. 2014; Xie et al. 2016; Balboa
et al. 2018; Wang et al. 2017; Russ et al. 2008;
Avnit-Sagi et al. 2009; Russ et al. 2011; Russ et al.
2009; Joglekar et al. 2009; Klein et al. 2013;

Fig. 2 Generation of POs from HLSC. (a)
Non-differentiated HLSC showing their typical morphol-
ogy. (b) Generation of HLSC-derived islet-like structures.
(c) HLSC-ILS stained with fluorescein diacetate (FDA)
and propidium iodide (PI) show viable (green) and dead
cells (red, arrow). (d) Immnuofluorescence for human

C-peptide (red) and Glucose transporter 2 (GLUT, green)
in HLSC-ILS. (e) Transmission electron microscopy
showing typical β-cell granules. (f) Glucose-stimulated
C-peptide secretion in 2.8 mM glucose (LG) and 28 mM
glucose (HG)
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Latreille et al. 2015; Carlotti et al. 2010; Zulewski
et al. 2001; Gallo et al. 2007). Nevertheless, their
clinical application is still missing.

Beeing organoids versatile for applications they
have gained interest. In particular, the 3D confor-
mation plays an important role in morphogenesis
and tissue organization of pancreatic islets
(Navarro-tableros et al. 2018; Kim et al. 2016a).
Cell assembly in 3D structures facilitates cellular
interactions, promotes morphogenesis and tissue
organization, but also a fine modulation of hor-
mone secretion (Orci et al. 1975; Kitasato et al.
1996; Kanno et al. 2002; Wojtusciszyn et al.
2008; Jo et al. 2009; Klee et al. 2011; Santos-
Silva et al. 2012; Rorsman and Ashcroft 2018).
Thereby, generation of POs, recapitulating the
structure and function of native pancreatic islets,
should be evaluated for long-term transplant viabil-
ity. Moreover, organoid cultures are ideal to study
stem cell-niche interactions in a 3D environment,
and engineering POs could serve for drug studies
(Scavuzzo et al. 2018).

Ideally, optimization would include feasible
cell sources for a large production of functional
POs. Thereby, generation of POs, mimicking the
human native pancreatic islets in terms of mor-
phology and function, is mandatory. Staminal
cells isolated from a number of embryonic and
adult tissues are currently used to generate func-
tional POs (Zhou and Melton 2018; Balboa et al.
2018; Navarro-tableros et al. 2018; Kim et al.
2016a; Hinderer et al. 2016; Liu et al. 2018)
(Fig. 3). Nevertheless, standardization of
protocols for POs generation is still needed to
achieve reproducibility and large scalability. Fur-
thermore, effords should be directed to generate
mature POs, similar to native pancreatic islets, in
self-regulation of glucose metabolism. The recent
gene editing technology is a challenge to generate
POs from different cell types and to educate cells
obtained from T1DM patients in order to generate
functional POs for autologous transplantation
(Giménez et al. 2016; Ma et al. 2018).

The 3D bioreactor-based culture systems have
demonstrated to improve the production of func-
tional stem cell-derived β-like cells in vitro
(Abu-Absi et al. 2014; Hoesli et al. 2009; Sharp
and Vermette 2017; Gundersen et al. 2010)

(Fig. 3). Additionally, functional POs generated
in vitro, were able to secrete insulin in response to
glucose, and to restore the glycemic control when
implanted in diabetic animals (Vaithilingam et al.
2011; Mason et al. 2009; Amer et al. 2015; Lee
et al. 2006a; Jiang et al. 2017; An et al. 2018;
Ludwig et al. 2012; Montazeri et al. 2016; Mahou
et al. 2017; Faleo et al. 2016). Nevertheless, sim-
ilarly to transplanted human pancreatic islets,
oxygenation and activation of the host immune
response are the main remaining hurdles.

To solve this problem, bioengineers and
nanotechnologists have generated a number of
new promising encapsulation approaches
(Gálvez-Martín et al. 2017). Currently, nanotech-
nology research is focused on the generation of
POs with a 3D morphology by using different
polymers and natural ECM as encapsulating
platforms (Gálvez-Martín et al. 2017) (Fig. 3).
Pre-clinical studies have demonstrated their
potential application to enhance PO vasculariza-
tion (De Rosa et al. 2018; Schweicher et al. 2014;
Trivedi et al. 2000; Sweet et al. 2008; Mahou
et al. 2017; Guo et al. 2018; Skrzypek et al.
2018a, b; Groot Nibbelink et al. 2018; Stephens
et al. 2018) and to improve the immune escape
(Hinderer et al. 2016; Amer et al. 2015; Rios et al.
2016; Buitinga et al. 2013; Lee et al. 2004, 2006a,
b, c, 2009; Jiang et al. 2017; Bowers et al. 2018;
Liao et al. 2013; Andrades et al. 2008; Lou et al.
2017; Hamilton et al. 2017; Chaimov et al. 2017).
Nevertheless, different clinical trials, many of
which still ongoing, were not conclusive in
confirming their safety for clinical application
(CinicalTrials.gov).

A number of pre-clinical cell-based approaches
have been also developed and each approach has
contributed to solve the most relevant challenges.
Indeed, the development of pre-vascularized or
oxygenated POs represent the more promising
and powerful tools for translational applications
(Fig. 3). Finally, even though different clinical trials
are currently ongoing to evaluate the potential
application in diabetes, standardization of protocols
for PO generation are still required to achieve
reproducibility. Improvements should also include
the feasibility and safety as well as the tuning of
suitable protocols to obtain fully mature POs.
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