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Abstract

Diabetes is an autoimmune disease that ensues when the pancreas does not deliver
adequate insulin or when the body cannot react to the existing insulin. Type 1
diabetes is an autoimmune disease defined by continuous high blood sugar levels
and insulin deficiency due to B-cell destruction in the islets of Langerhans (pancreatic
islets). Long-term complications, such as vascular degeneration, blindness, and renal
failure, result from periodic glucose-level fluctuations following exogenous insulin
therapy. Nevertheless, the shortage of organ donors and the lifelong dependency on
immunosuppressive drugs limit the transplantation of the entire pancreas or pancreas
islet, which is the therapy for this disease. Although encapsulating pancreaticislets using
multiple hydrogels creates a semi-privileged environment to preventimmune rejection,
hypoxia that occurs in the core of the capsules is the main hindrance that should be
solved. Bioprinting technology is an innovative process in advanced tissue engineering
that allows the arranging of a wide array of cell types, biomaterials, and bioactive
factors as a bioink to simulate the native tissue environment for fabricating clinically
applicable bioartificial pancreatic islet tissue. Multipotent stem cells have the potential
to be a possible solution for donor scarcity and can be a reliable source for generating
autograft and allograft functional B-cells or even pancreatic islet-like tissue. The use of
supporting cells, such as endothelial cells, regulatory T cells, and mesenchymal stem
cells, in the bioprinting of pancreatic islet-like construct could enhance vasculogenesis
and regulate immune activity. Moreover, scaffolds bioprinted using biomaterials that
can release oxygen postprinting or enhance angiogenesis could increase the function of
[-cells and the survival of pancreatic islets, which could represent a promising avenue.
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1. Introduction

1.1. Pancreas and the function of islet -cell

The pancreas, a vertebrate organ, is an essential regulator
of nutritional digestion, absorption, and utilization. The
mammalian pancreas originates from the endoderm-
derived foregut epithelium at early gestation. A mature
pancreas is divided into the endocrine and exocrine
glands based on the delivery of secreted hormones to the
circulatory system or digestive tract, respectively. The
exocrine pancreas comprises acinar cells that have more
than 80% of the adult pancreatic tissue, which produces
and secretes enzymes, bicarbonate, and mucins involved
in food digestion. The endocrine pancreas, which makes
up approximately 2% of the pancreas by weight, includes
five specific cell cluster types: a-cell (glucagon-secreting),
B-cell (insulin-producing), §-cell (somatostatin-secreting),
e-cell (ghrelin-producing), and pancreatic polypeptide
(PP) cells or y-cell (pancreatic polypeptide-releasing),
organized in constructs known as the islets of Langerhans
(pancreatic islets). Insulin and glucagon synthesized by p-
and a-cells, respectively, in the pancreaticislets, are secreted
in response to glucose, nutrients, hormones, and neuronal
stimuli and hence play a central role in maintaining
glucose homeostasis in the body!-*. The vital function
of pancreatic hormones in glucose metabolism and
homeostasis in diabetes and its associated complications is
well-understood. Hence, researchers attempt to reconstruct
and build a structure that can compensate for the B-cell
function in its absence for type 1 diabetics!*.

1.2. Structure and components of the

pancreatic islets

In humans, pancreatic islets are widely dispersed across the
pancreas; each islet has a multicellular structure. Contrary
to rodent islets, the human B and non-p endocrine cells
are formed in an irregular structure”. The endocrine
compartment contains an estimated 2-3.2 million
pancreatic islets, with a mean of 120 um diameter®. The
adult human pancreatic islets enveloped by a thin collagen
capsule and cellular sheet have an overgrown network
of capillaries™®. Each islet comprises different cell types:
15%-20% o (glucagon secretor), 70%-80% [ (insulin
secretor), 5% O (somatostatin secretor), and <1% ¢ (ghrelin
secretor) and y or pancreatic peptide (PP) secretor cells
(Figure 1A)"¢l. Proteins and polysaccharide derivatives of
the extracellular matrix (ECM) surround and protect the
cells of pancreatic islets. Besides type IV and VI collagens,
other components of ECM in the islets are laminins,
fibronectin (FN), and glycosaminoglycans (GAGs)®*\.

1.3. Genesis of B-cell
Pancreas lineage studies on embryonic mice have
demonstrated that the endocrine and exocrine pancreas

arises from a common progenitor!'®!l. In humans, the first
endocrine cells were detected at 8-9 weeks of gestation at
the basal side of the ductal epithelium. During embryonic
life, the endocrine compartment of the pancreas would be
fully developed. The endocrine part accounts for 2%-5% of
the pancreas parenchyma!"?. Melton et al.¥! reported that
the islet progenitors are distinct from ductal progenitor
cells and express the transcription factor Ngn3 (Figure 1B).
In humans, the mechanisms and pathways that perform
the development and formation of islet cells are mostly
unknown. In rodents, besides glucose, hormones and
growth factors, such as glucagon-like peptide-1 (GLP-1),
insulin-like growth factor, fibroblast growth factor, and
hepatic growth factor, are involved in the growth and
differentiation of B-cells!'*'*). The mass of $-cells in fetuses
and adults is formed by neogenesis from progenitor Ngn3*
cells and is somewhat slowed by the regeneration of
existing B-cells!'®”). The peak of the B-cell mass formation
is approximately 20 weeks of embryonic development.
After this period, replication continues slowly until a few
years after birth!®°],

1.4. a-cell function in the genesis and maintenance
of B-cells

The endocrine progenitor cells of the pancreas express
the transcription factor Pdx-1, which differs from the
primary undifferentiated epithelium of the foregut during
embryonic development!'”). The pancreatic endocrine
lineage is also distinguished by the critical pro-endocrine
transcription factor Ngn3"°?l. Pro-a-cells, which express
the proglucagon gene and prohormone convertase PCI1/3,
are the first endocrine lineage identified in the early
development process. Evidence indicates that PCI/3
results in GLP-1 production, which plays a leading role
as a growth factor in the proliferation and differentiation
of pro-a-cells®!. The expression ratio of Arx and Pax4
transcription factors is directly related to the division of
the lineage into a- and B-cells. Mature a-cells express PC2,
which leads to the production of glucagon (Figure 1B)?-23],
In the pancreatic islets, a-cells are contiguous to {-cells
and act as protective nurses. Besides their role in balancing
glucose via glucagon secretion, they have a supportive
action for injured 3-cells by paracrine mechanisms. Certain
investigations have shown that the quantity of a-cells
increases in reaction to stress and p-cell impairment?**4.

1.5. ECM of B-islets

In normal tissue, cells are embedded within a framework
of proteins and polysaccharides called ECM. ECM
provides a physical network for supporting cells and
cellular functions. Along with mechanical functions, ECM
is a vital pathway for dispatching biochemical signals that
handle cellular functions, such as adhesion, migration,

Volume 9 Issue 2 (2023)

257

http://doi.org/10.18063/ijb.v9i2.665



International Journal of Bioprinting

Bioprinting of B-islet-like constructs

Pancreas

B)

Foregut
Endoderm

©)

* SR # Ngn3*'Sox9*/Paxa/é” (1
S . .

Endocrine
Progenitor <

Pancreatic
Progenitor

Ve

6-Somatostatin

y-Pancreatic
peptide

. &-Ghrelin

Cell sources

Bioink Bi

Fune -
cells/ islets like

Microstructure
after crosslinking

Hydrogel
Encapsulated
insuling producing
B-like cells

Blood sample

od

/

« Insulin production

« Glucose Concentration
« C-peptide level

« HbATc level

« Body weight

ctional -

Figure 1. Cell types and pancreas genesis. (A) Several cell types contribute to the morphology of pancreatic islets. (B) The endocrine pancreatic progenitor
cells and main transcription factors associated with the principal phases of -cell genesis. Abbreviations: Pdx1, pancreatic and duodenal homeobox1; Pt-
fla, pancreas-specific transcription factorla, SOX9, sex determine region Y (SRY)-box9; Ngn3, neurogenin3; Arx, Aristaless-related homeobox X-linked;
Pax4, paired box 4; MafA, maturation factor A; GLP1, glucagon-like peptidel; PC1/3, proconvertase 1/3. (C) Schematic view of cell sources in bioartificial
pancreatic islets. Abbreviations: ESCs, embryonic stem cells; BM-MSC, bone marrow mesenchymal stem cells; AD-MSC, adipose-derived mesenchymal
stem cells; CB-MSC, cord blood mesenchymal stem cell; iPSC, induced pluripotent stem cells; OKT4, octamer binding transcription factor 4; SOX2,
SRY-related high mobility group box protein 2; KLF4, Kruppel-like factor 4; MYC, myelocytomatosis viral oncogene.

proliferation, differentiation, and apoptosis®?’. ECM
components and ECM-associated growth factors are
concerned with B-cell survival, proliferation, and insulin
secretion in mature normal pancreatic islets. Besides
type IV and VI collagens, other ECM components in the
pancreatic islets are laminins, FN, GAGs, and heparan
sulfate proteoglycans (HSPGs)®¥.. Type IV collagen
comprises a significant portion of ECM in the vascular
basement membrane of the pancreatic islets®*. Collagens
promote the maintenance of isolated primary islets and
B-cell lines?-"\. Laminins increase the survival of isolated
primary islets and B-cell lines in mice and promote the
proliferation of primary islets and postnatally p-cell lines
in humans®?!. FN, which has a glycoprotein structure, is a

common high molecular weight component in the ECM of
human tissues"®".. Islet cell matrix characterizations indicate
interactions between FN and integrins®?. FN improves
viability and proliferation in rat islets and reduces apoptosis
in MING6 B-cell line®?*?. GAGs are linear repeating units
of disaccharides, comprising one hexosamine and uronic
acid®. Predominant GAGs in pancreatic ECM are
hyaluronic acid (HA) and HSPG. HSPGs have protective
activity for P-cells versus reactive oxygen and other
oxidant elements that induce apoptosis®**!. Reducing
or eliminating proteoglycans reduces B-cell proliferation
and increases their apoptosis®**®, Studies in human islets
have shown that reduced synthesis of GAGs generally
reduces islet amyloid formation®. B-cells link to ECM via
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Table 1. Extracellular matrix (ECM) components and their functions on pancreas islets

ECM ingredients Function in tissues Role in pancreatic islets References
Type IV and VI collagens Abundant part of ECM in the vascular basement ~ Promote durability of isolated primary islets and ~ 120-2¢)
membrane (-cell lines
Laminins Heterodimer glycoproteins consisting of three o Increase the durability of isolated primary islets 23!/
polypeptide chains and B-cell lines in mice
« Critical for B-cell expansion and insulin release
in humans
Fibronectins (FNs) High molecular weight glycoproteins, like colla- ~ Improve viability and expansion of rat islets and ~ 12303]
gens, which are a major component of ECM in reduces apoptosis in MIN6 {3-cell line
human tissues
Glycosaminoglycans Similar to HA, if alone, and covalently linked to Associate with $-cell function, involvement in the ~ (3+-3¢)
(GAGs) core proteins to form proteoglycans ECM of the vascular basement membrane, and

amyloid formation

ECM, extracellular matrix; HA, hyaluronic acid.

transmembrane integrin receptors. Integrins are necessary
for maintenance and signal transfer in B-cells. Similarly,
integrins cooperate with the access and activity of growth
factor receptors, which are essential for developing the
pancreatic islets during the embryogenesis, function, and
survival of p-cells until adulthood”®”). There is evidence that
increasing P1 integrins—-ECM interactions can promote
survival, proliferation, and protection against anoikis of
transplanted islets (Table 1)1,

2, Pathology of pancreas f-Islets and the
unmet medical needs

Any changes in the pancreatic islets environmental
balance can alter the normal function of their cells, thereby
increasing or decreasing the secretion of pancreatic
hormones. Common disorders affecting the pancreatic
islets’ duty are pancreatitis, autoimmunity, tumors, and
trauma®™!. According to the American Cancer Society
statistic, pancreatic tumor accounts for 3% of all cancersand
8% of all cancer deaths in the United States!*’.. Pancreatic
tumor is the fourth cause of death among the deadliest
malignancies™®. Most pancreatic cancers are exocrine
cancers. Pancreatic neuroendocrine tumors (NETSs), or
islet cell tumors, are less prevalent and meanwhile have a
better prognosis*’l. One classification tumor of the NETs
is a functioning or nonfunctioning tumor. The most
common functioning tumor is insulinoma!. Insulinoma
is the only subtype of islet cell adenoma derived from
[-cells and secretes a high level of insulin in the blood and
causes hypoglycemia. Patients with nonfunctional tumors
are often associated with advanced disease because they do
not show any hormonal changes during early detection!*.
Diabetes is an autoimmune disease that ensues when
the pancreas does not deliver adequate insulin or when
the body cannot react to the existing insulin. Type 1
diabetes (T1D) or insulin-dependent juvenile diabetes is

characterized by low insulin production by B-cells and
requires daily insulin administration. T2D, also called
non-insulin-dependent or adult diabetes, results from
body cells, low insulin response, or insulin resistance. T1D
is an autoimmune disease, whereas T2D is considered a
metabolic disease®!. Although the primary triggers of
the immune system against -cells are unclear, except for
environmental factors and some viral infections, a long
list of genetic polymorphisms has been introduced to
contain related genes to the susceptibility of T1D. MHC
class II genes, insulin gene area, CTLA4 gene, and PTPN22
gene are the most prominent***!. There is evidence that
innate immune activation causes the activation of antigen-
specific lymphocytes (CD8* T cells) that can destroy
B-cells!*#7). The loss of B-cells and the consequent lack of
insulin secretion causes the onset of symptoms of T1D and
complications that follow. Diet and lifestyle patterns, early
prognosis, and appropriate cure to controlling glucose
balance are essential in reducing diabetic complications.
Several scholars have proposed that immunomodulators,
hormone peptides, pancreas transplantations, and
mesenchymal stem cells (MSCs) can effectively control
and alleviate diabetic involvement. Although pancreatic
islet transplantation offers a promising approach to
treating patients with T1D, exogenous insulin remains the
conventional therapy for these patients. In recent decades,
several attempts have been made to improve insulin
delivery to prevent daily injection complications for
diabetic patients. Long-acting insulin, insulin pumps, and
artificial pancreas can help to some extent. Nevertheless,
by daily injections or continuous subcutaneous insulin
pumps, exogenous insulin compensates for the shortage
by producing endogenous insulin but does not imitate
the physiological pancreatic insulin sprinkle convention.
Hypoglycemic episodes leading to macrovascular and
microvascular complications are life-threatening to
patients. B-cell replacement strategy, including the entire
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pancreas or pancreatic islets from human or animal
sources, has always been a viable option to restore active
insulin secretion in T1DM-% Allograft transplantation
has limitations because of the shortage of pancreatic
tissue donors. The transplantation of xenogeneic islets
has often been studied to overcome donor scarcity. Islet
tissue from different species has been explored. Porcine
pancreatic islets have been addressed because of their
insulin structural similarities with human ones and other
reasons. Immune rejection after transplantation is one of
the major challenges in this issue. The encapsulation of
[-islets with biocompatible polymers has been developed
to attenuate the complications of immunosuppressive
agents. This encapsulation can supply physical hindrance
to transplanted islets and prevent immune rejection by the
recipients®. One possible solution to the donor shortage
is the generation of p-cells or islet-like tissues from human
MSCs*%) human embryonic stem cells (hESCs)®**¢ and
induced pluripotent stem cells (iPSCs) (Figure 1C)F78,
Directed cell differentiation and xenograft models alone
cannot solve the lack of donors, the three-dimensional (3D)
structure is also necessary. A functional artificial pancreas
that resembles the original tissue can become a reality with
3D tissue bioprinting, a revolutionary development in
recent years. This technology can provide everything that
may be needed, even for clinical use. However, choosing
the right printing technology and using the right cells and
scaffolds can significantly influence the results.

3. 3D Bioprinting

In the context of tissue engineering and regenerative
medicine, the terms biofabrication and bioprinting,
which indicate the integration or participation of biology
with other fields of science, are frequently mentioned.
Biofabrication is defined as “the automated generation
of biologically functional products with a structural
organization from living cells, bioactive molecules,
biomaterials, cell aggregates such as microtissues,
hybrid cell-material constructs through bioprinting or
bioassembly”**. Bioprinting technology is an innovative
process in advanced tissue engineering that allows the
layer-by-layer arrangement of a wide array of cell types,
biomaterials, and bioactive factors in precise order. This
emerging technology has introduced promising prospects
in regenerative medicine to simulate the native tissue
environment for fabricating clinically applicable live tissues
and in vitro 3D models for screening therapeutics®®?.
Bioprinter cartridges contain a combination of various
types of cells in hydrogel biomaterials as scaffold
precursors, which are actually called bioinks/®-*.
Although different classifications have been described
for different types of bioprinting methods, Lee et al.l"

classified 3D bioprinting approaches within the general
technology field of 3D printing into different categories
based on standard document ISO/ASTM 52900:2015-12
for additive manufacturing techniques, material jetting, vat
photopolymerization, and material extrusion (Figure 2B
and Table 2).

3.1. Material jetting printing

Since its inception, 3D material jetting printers have
evolved to print various materials and continuously
increase resolution, which, when it comes to inkjet, refers
to the droplet size itself”. The droplets are measured in
the picoliter to nanoliter range in volume and contain
the biological medium desired for the 3D construct!®,
Based on the mentioned classification, in addition to the
methods including piezoelectric/thermal inkjet, acoustic
wave jet, and electrohydrodynamic jet, which is regulated
by controlling droplets based on the nozzle function, the
laser-assisted bioprinting (LAB) or laser-induced forward
transfer (LIFT) technique is belonged in the material
jetting bioprinting category also/®. The piezoelectric
jetting relies on signals translated to vibrations within the
printer head. The vibrations break the medium into little
droplets ready for printing”. Meanwhile, the thermal
inkjet dispenses droplets by increasing the temperature
of the heating element to approximately 200°C, causing a
bubble that pushes the bioink out from the printer head.
Despite the high temperature, the heat has (theoretically)
little impact on the viability of the cells within the bioink”!],
Instead, in practice, the energy is dispersed as bubbles,
with little to no heat energy ever reaching the cells or the
hydrogel itself, which is mostly true, whereas acoustic wave
jetting utilizes acoustic energy to create droplets”, and in
electrohydrodynamic jetting, droplets are formed based
on electric voltage. LIFT is a form of printing that does not
require direct contact with the print surface. It works by
propelling hydrogel droplets containing suspended cells onto
a growth surface. The method requires a laser transparent
print ribbon and a receiving substrate. There are two layers
within the print ribbon for propelling™. A sacrificial layer
is lost during the process, and a material layer is meant to
be a viable postprint. The sacrificial layer absorbs the laser
energy and evaporates, and through the expansive power of
evaporation, the material transfer layer is ejected onto the
substrate. The amount of projected material is controlled
by the laser energy profile. To lower the kinetic energy by
the propulsion, the substrate is coated with an additional
layer of hydrogel. LIFT is the only printing approach that
offers direct visualization of cells both before and after
printing. Unlike other inkjet printing methods, which use
a nozzle, LIFT does not need it and can thus print various
substances that would otherwise clog the nozzle. Hakobyan
et al.” have generated a 3D pancreatic cell spheroid which
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onic stem cells encapsulated in an immunoprotective membrane that can diffuse oxygen and glucose to induce insulin and glucagon secretion into the
blood circulation. (B) Schematic view of different bioprinting approaches to creating pancreatic constructs. (C) Schematic view of coaxial extrusion bio-
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extruded strands.

Table 2. Comparison of bioprinting approaches

Bioprinting techniques  Viscosity/Material Resolution  Printing speed  Postprinting viability = References

Material jetting Low/ 10-200 ym  Fast High (67.70]
Hydrogel: Alginate, agarose, gelatin, collagen,
fibrin, HA, GelMA, PEG

Vat polymerization Low-High/ Photoinitiator and photopolymer ~ 5-100 pm Fast High (76771
GelMA, HAMA, PEGDA

Material extrusion High/ 15-400 um  Slow Medium (61-83]

Hydrogel: Alginate, agarose, gelatin, collagen,
fibrin, HA, GelMA, PEG

HA, hyaluronic acid; GeIMA, gelatin methacrylate acid; PEG, polyethylene glycol; HAMA, hyaluronic acid methacrylate; PEGDA, polyethylene diacrylate.

is composed of both acinar and ductal cells by using laser-
assisted bioprinting techniques for the study of factors that
contribute to the formation and progression of pancreatic
ductal adenocarcinoma. Although LIFT is a generally
excellent method, the droplet size tends to be much smaller
than those of inkjet printers; therefore, the print time is
increased, and more droplets are required to cover the
same area””.. Hydrogels are used as a printing medium in
material jetting systems. They are printed in their hydrous

form and subsequently solidified using photo-crosslinking,
temperature, or pH phase transition. The postprint structural
integrity depends on the ratio between a hydrogel and cells
within the hydrogel. The mechanical strength increases with
the amount of hydrogel used, although the viability is little
without the cellular component. Typically used hydrogels are
naturally derived, including proteins and polysaccharides,
such as collagen, gelatin, fibrinogen, chitosan, and alginate
(Figure 2B and Table 2)/",
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3.2.Vat polymerization printing

Vat polymerization printing (VPP) includes a group of
3D-printing processes in which an energy source selectively
initiates the polymerization and crosslinking of hydrogel
materials to form 3D structures”®. 3D bioprinters usually
provide the possibility of precise molding of highly viscous
cell-containing hydrogels on a 3D printing bed. Then, this
material should be induced to crosslink to create a hard
texture and thus form the desired object. VPP process
system uses ultraviolet (UV) radiation, visible light, and
even laser beams to cure material in a prefilled vat"”’,
In stereolithography, regarded as the first 3D printing
method, which was introduced by Charles W. Hull in
19867, a photoinitiator inducer is used to crosslink
hydrogel materials'™. At present, utilizing photoinitiators,
such as eosin Y and lithium phenyl-2,4,6-trimethyl benzoyl
phosphinate (LAP), is preferred for curing photopolymers
in bioprinting because UV radiation can damage the
DNA of cells®. The photocurable hydrogels used in this
system can be polymers activated with acrylic acid, such as
polyethylene glycol-diacrylate (PEGDA), hyaluronic acid
methacrylate (HAMA), and gelatin-methacrylate(GelMA)
(Figure 2B and Table 2)1"7),

3.3. Material extrusion

Microextrusion printers rely on using heat to extrude a
filament onto a print surface, directly creating a 3D figure
of thermoplastic with no need for postprinting gelation.
It is already commonly used in nonbiological 3D printing
and is developing in the field of fabrication of hard
tissues and porous scaffold design. Unlike jetting-based
bioprinters, there are no droplets involved in material
extrusion printing. Material extrusion bioprinter uses cell-
laden hydrogel biomaterials, also known as bioinks, which
are loaded into the cartridges extruded from the nozzle via
pneumatic or mechanical force in a filamentous form™®!l.
Robotic motors are used to control the location of the
dispensed filaments, and the size depends on the nozzle
regulating the extrusion and putting the spatial resolution
between 5 pm and 1 mm, which is far more precise than
material jetting printers, allowing for the resolution that
can produce single-cell deposition or scaffold printing.
Extrusion-based bioprinting prefers higher densities of
printing materials as opposed to low densities in jetting-
based bioprinting, as low-density materials do not perform
well under the excessive pressure to extrude filaments®?.
Owing to the higher density in extrusion-based printing,
a problem arises in diffusing nutrients and oxygen
to the cells within the matrix. Thus, porous scaffolds,
interconnected channels, and vascular networks have
been used to address this problem. The printing speed also
poses an issue in larger grafts, as the speed is limited to
10-50 um/s speed by current technology, causing an issue

regarding the viability of cells in millimeter and centimeter
tissues and the time taken to complete the graft. Still, it
proves to be excellent in high-density grafts, as clogging
is a nonissue, with postprint cell death being the most
prominent issue. Besides the time taken by the printer,
shear stress may cause cell damage or phenotype change
(Table 2)82%), The extrusion-based bioprinting approach is
the most commonly used technique to produce functional
pancreatic islet-like tissue for T1D. In addition to other
emerging tissue engineering technologies, extrusion-
based bioprinters enable core-shell printing by a coaxial
nozzle and also combine extrusion with blue light or UV
curing during and postprinting (Figure 2B and C)®.
Several published studies use extrusion-based techniques
to reconstruct pancreatic islet-like tissue (Table 3).

4, Scaffold-based and scaffold-free
strategies

Three-dimensional printing using various bioinks has
provided an efficient tool for researchers in the field of
tissue engineering and regenerative medicine!®!. Bioink
composition is an essential issue in 3D bioprinting!®.
Depending on the components, bioinks are classified into
two main types: (i) scaffold-based bioinks in which cells
are loaded into hydrogel materials and (ii) scaffold-free
bioinks in which only cell aggregates or cell strands are
eventually formed in the constructs®!. Whether scaffold-
based or scaffold-free printed grafts have the best result
depends on the type of graft required. One of the main
issues with scaffold-based models is the uneven seeding of
cells within the scaffold itself, where the scaffold-free model
prevails over scaffold-based. In the bioprinting of tissues
and organs, the use of scaffold-based bioink is common®l.

4.1. Scaffold-based strategies

In most body tissues, cells require ECM to carry out specific
activities and even survive. ECM provides structural
cohesion, mechanical strength, and elasticity of tissues®’l.
Scaffolds are 3D networks mimicking the physicochemical
properties of the natural environment for cells®®!. They
function as the ECM analogue, keeping cells in place and
resisting stress while allowing nutrient diffusion and cell
migration. Usually, scaffolds are made from biocompatible
and biodegradable materials of biological or synthetic
origin. Several prior studies have focused on selecting the
ideal material for encapsulating pancreatic islets. Scientists
have concentrated on tailoring macroporous hybrid
scaffolds of natural and synthetic polymers, which have the
oxygen-generating or vascularization-enhancing ability®!.
OxySit is an in situ oxygen-generating hydrolytically
active biomaterial in the form of solid calcium peroxide
encapsulated in polydimethylsiloxane (PDMS)®™. This
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Table 3. Recently developed 3D-printed bioartificial pancreatic tissues

Bioink material/ hydrogel  Islet donor/cell type Printing technique

Details Reference

Alginate/methylcellulose Rat islets Indirect extrusion

The islets survived and insulin/glucagon was positive, 14
but after glucose stimulation, increased apoptotic cell

and reduced insulin secretion in printed islets versus

free islets were seen.

Alginate, Matrigel, gelatin, ~ Human islet, mouse islet, Direct extrusion
HA rat INS1E B-cell

[153]

High density of hydrogel decreased nutrient diffusion
within the gel and might hamper insulin secretion.

Alginate Mouse BTC-3 cells/rat Coaxial extrusion
dermal fibroblast cells

Formation of scaffold-free cell aggregates in the form 112
of cylindrical strands could be fused together and

keep viability and functionality of cells which secret
insulin in tissue strands.

Alginate/GelMA Mouse islets, EPCs, Treg ~ Coaxial extrusion

Printing the core-shell construct, which keeps the (154,155)
mouse islets in the core and EPCs and Tregs in the

shell as an immune protective layer, reduced insulin

secretion after glucose stimulations.

PLA/Fibrinogen hESCs (SC-B-cells) Indirect extrusion

Twelve weeks after implantation in subcutaneous (146]
space of non-diabetic SCID mice, serum insulin
detection and C-peptide staining was positive.

PLA Human islets Indirect extrusion

Platelet-lysate matrix (PLM) enriched with VEGF- [156]
loaded scaffold was implanted subcutaneously in the
dorsum of nude mice, insulin was detected for up to

22 weeks after transplantation.

PLGA Human islets Indirect extrusion

Printed scaffold induced insulin secretion and (147)
endocrine gene expression compared to gels without
3D scaffold.

Pancreatic tissue dECM Rat islets, human Direct extrusion
islets, hiPSC, INS1 and
HUVEC

Viability of pancreatic islets, which was printed in (157)

pancreatic tissue-derived decellularized extracellular
matrix (pdECM), hydrogel was similar to that of
nonprinted islets in 3D culture after 5 days, and
coculture of HUVEC with pancreatic islets decreased
apoptotic cell in the center of islets.

PCL/pdECM hPSC/MIN6-m9 cells Micro extrusion

The insulin-producing p-cells printed in porous hybrid =~ *#
scaffold systems was better than the nonporous-type,
3D-bioprinted pancreatic islet-like aggregates in

terms of viability and function, and induced structural
maturation and functional enhancement as well as
polarization of M1 macrophage.

Alginate/dECM and Porcine islets, HUVEC Coaxial extrusion
Alginate/ Fibrinogen and human MSCs

Insulin secretion upon glucose stimulation was [159]
maintained, and the evidence of CD31* cells

confirmed the potential formation of vessel-like

structures.

PCL/GelXA INS1, HUVEC Dual-extrusion
LAMININK-411 (Alginate,
GelMA, Laminin)

Heparin-functionalized PCL increased VEGF (148)
expression and cell adhesion, and commercial mixed
hydrogel induced B-cell proliferation and insulin

secretion.

HA, hyaluronic acid; GeIMA, gelatin methacrylate acid; EPCs, endothelial progenitor cells; Treg, regulatory T cells; PLA, polylactic acid; hESCs, human embryonic stem

cells; SCID, severe combined immunodeficiency; VEGE, vascular endothelial growth factor; PLGA, poly (lactide-co-glycolic acid); dECM, decellularized extracellular matrix;

hiPSC, human induced pluripotent stem cell; HUVEC, human umbilical vein endothelial cells; PCL, polycaprolactone; pdECM, pancreas decellularized extracellular matrix;

hPSC, human pluripotent stem cell; CD, cluster of differentiation.

material had the potential to support the survival of islets
and improve the efficiency and insulin production in vitro
and in vivo®". The available biological scaffolds are limited
to hydrogels and decellularized ECM (dECM). dECM can
be obtained by detergent washing and a process called

trypsinization of tissue. The procedure aims to preserve the
ECM while washing away cellular components and debris,
which effectively removes the scaffold immunogenicity®?.
Although hydrogel provides the initial structure, the cells
can only move and proliferate significantly as the hydrogel
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degrades and is replaced by the cells’ own ECM. Because of
their high water content and special molecular properties,
hydrogels have flexibility and adaptability to conditions
and can be used in various situations, from industrial to
biological systems. Hydrogels have been broadly used
for biomedical applications, such as biosensors, contact
lenses, drug delivery, and tissue engineering®°. In
tissue engineering, hydrogels are often used as networks
to support cells and biological factors to reconstruct
artificial tissue and carriers for the delivery of bioactive
molecules®. One application is to encapsulate secretory
cells and stabilize them to deliver bioactive molecules to
the target tissues. The encapsulation of pancreatic islets
using several hydrogels is the current strategy to make
up a semi-privileged environment to prevent rejection by
separating the transplanted cells from the host immune
system simultaneously; it will be a permeable membrane
without the need for toxic immunosuppression. The semi-
permeable layer allows the passing based on diffusions
for small molecules, such as glucose, oxygen, nutrients,
and insulin, but blocks the entrance of agents with large
molecular structures, such as antibodies and cytotoxic
immune cells. Hydrogels have been used as bioinks in
3D bioprinting approaches because of their printability
and the fact that they act as scaffold and ECM substitutes
after crosslinking. The niche or 3D environment in which
cells live determines their morphology and maturation
characteristics after printing. It is expected that by using
tailored bioinks, the native habitat of a given cell type
might be simulated effectively™™.

Hydrogels have been introduced as an attractive
medium in regenerative medicine because of their ability to
encapsulate cells and bioactive molecules*®. A hydrogel is
a 3D biocompatible polymeric network that can swell in an
aqueous solution. The hydrophilic polymers that make up
the backbone of a hydrogel can either be naturally derived
polysaccharides, proteins, GAGs (e.g., alginate, chitosan,
collagen, gelatin, fibrin, and HA) or synthetic polymeric
materials (e.g., PEG, poly[ethylene oxide], poly[vinyl
alcohol], and poly[propylene fumarate])®. The high
volume of water along the network is due to the existence
of hydrophilic groups, such as hydroxyl (-OH), amine
(-NH,), carboxylic acid (-COOH), amide (-CONH,),
and sulfonate (-SO,H) groups®. Hydrogels can simulate
natural extracellular matrices and living tissues due to
their high water content, porosity, softness, and flexibility.
Polymer chains are connected in hydrogels using several
physical and chemical methods to crosslink between
polymer strands!"**'°!. They can polymerize in response
to environmental stimuli, including temperature!'®?, light
intensity!*1%4], pH!1>1%] " and chemical or biochemical
agents, such as ions and enzymes!""””. Hydrogels can create

a tissue-like stable environment in which cells can easily
proliferate and differentiate. Although this plexus can
provide mechanical signals, biochemical inductions and
a net for cell connection, hydrogel scaffolds are used to
construct a wide range of tissues in bioengineering and
regenerative medicine.

4.1.1. Alginate hydrogels

Alginate is a natural anionic polysaccharide acquired from
brown seaweed. The negative charge of alginic acid is due
to the carboxylic groups of p-D-mannuronic acid and a-L-
glucuronic acid, which are linked by a 1,4-glycosidic bond.
Alginate is a biocompatible polymer widely used in tissue
engineering due to its properties, such as cost-effectiveness
and gentle gelling properties in the presence of metal
ions!'®. The encapsulation of pancreatic islets using
alginate-based hydrogels has been widely studied!* !
Hals et al.'" reported that alginate microencapsulation
of human islets compared to non-encapsulated does not
give rise sensitivity to acute hypoxia. One study found that
the use of alginate and polycaprolactone (PCL) scaffolds in
the presence of vascular endothelial growth factor (VEGF)
increased angiogenesis and maintained islet function
and viability!"?l. Bloch et al.l'® developed an artificial
pancreatic islet that used a thermophilic strain of the
unicellular alga chlorella as an oxygen generator for the
pancreatic islets encapsulated in alginate. Furthermore, rat
islets were printed in alginate/methylcellulose bioink into
macroporous 3D constructs that could survive for up to
7 days in vitro (Table 3)"4],

4.1.2. Chitosan hydrogels

These polymers are derived from chitin shells of shrimps
by deacetylating in alkali solutions. Structurally, chitosan
comprises N-acetyl-D-glucosamine and D-glucosamine.
Thus, it has primary and secondary hydroxyl groups as
well as amine groups in the deacetylated unit. Because
of the biocompatibility and biodegradability of chitosan,
it is considered in the field of tissue engineering and
drug delivery!"””l. A study conducted on xenogeneic islet
transplantation confirmed the protective effects of chitosan
on pancreatic islets'*!"”l. The combination of chitosan
with the collagen matrix increases the crosslink density
and mechanical strength and can enhance the viability of
circulating angiogenic cells!'®.

4.1.3. HA hydrogels

HA is a nonsulfated high molecular weight GAG!"!. HA
is synthesized by integral membrane synthases, which
interfere in water transport and tissue hydration!"?.
Structurally, HA is a linear, anionic mucopolysaccharide
constructed of repeating disaccharides of D-glucuronic
acid and N-acetyl-D-glucosamine arranged alternately').

HA has been considerably used in the tissue engineering
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field. HA and alginate solutions encapsulating islet cells
showed high viability and insulin secretion!"*'. In a study,
a combination of HA and collagen, instead of alginate
hydrogels, was used for transplanting islets and preventing
immunogenicity!'*. Caiibano-Herndndez et al."* showed
that HA-alginate hybrid microcapsules reduce apoptosis
and increase P-cell viability. Nevertheless, the ability of
cells to produce insulin in response to glucose induction
was unaltered. Based on the available evidence, it seems
that the HA-encapsulated islets were less immunogenic
than the alginate ones.

4.1.4. Collagen hydrogels

Collagen is a fibrillar protein abundant in the ECM of the
connective tissues of mammals"?'. The physical integrity
and mechanical strength of tissues depend on the collagen
content and the degree of its mineralization. Collagen
provides a network for migrating and attaching cells in the
ECM"*1. The biological and biochemical characteristics,
such as excellent biocompatibility, biodegradability, weak
antigenicity, and tensile strength, made collagen a useful
biomaterial and primary resource in tissue engineering and
regenerative medicine!'**#). Currently, most collagens are
extracted from animal sources, such as porcine, bovine, rat
tails, and others, and are applied as biomaterials in tissue
engineering and organ bioprinting. There are some general
physicochemical differences, such as thermal stability,
gel formation time, and crosslinking density between
animal species, for hydrogel matrices; however, the viral
and prion contamination, batch-to-batch diversity, and
immunogenicity of species-specific origins are the issues of
concern?'?1. Recombinant human collagen is considered
a potential solution but recombinant collagen has not been
produced on an industrial scale due to post-translational
issues!™*l. Collagen and its hydrolyzed form (gelatin)
hydrogels can be crosslinked with photopolymerization,
and because of their physiological properties, few
attempts have been made to modify the collagen itself.
Nonetheless, because of limited mechanical properties,
some experiments have been performed by combining
chitosan and collagen, which seems to create a hydrogel
that easily maintains structural integrity while maintaining
the biological properties of collagen. Harrington et al.'*
demonstrated that using a hybrid hydrogel of collagen
and HA, named under HyStem-C, for allogeneic islet
transplantation has lower immunogenicity than alginate
hydrogel. Additionally, they found that the transplanted
islets encapsulated in this hydrogel exhibited normal blood
glucoselevels for more than 1 year in outbred streptozotocin
(STZ)-induced diabetic Sprague-Dawley rats. Based on
the company datasheet, HyStem-C is chemically defined
by three biocompatible components: thiol-modified HA,
thiol-modified denatured collagen, and thiol-reactive

crosslinker PEGDA. Several scholars have confirmed that
merging collagen with other basement membrane proteins
improves pancreatic islet maintenance and function.

4.1.5. Gelatin hydrogels

Gelatin is a natural polypeptide conceived from the
hydrolysis of collagen*". Scholars have extensively used
gelatin and its mixtures due to their biocompatibility,
biodegradability, and low immunogenicity for pancreatic
islet bioengineering. In the ECM of adult human pancreas,
collagen is the major component of the basement
membrane; therefore, gelatin could be used instead of
it. Mechanical strength is a vital property of artificial
pancreatic tissues. Gelatin alone cannot accomplish this
paragon. In this regard, various polymers have been
combined with gelatin. Gelatin with polyglycolic acid
(PGA) scaffolds has been used for encapsulating mice
pancreatic islets. Bioengineered islets were transplanted
into STZ-induced diabetic nude mice. The animals
maintained their normal blood sugar for up to four months
after transplantation, and the pancreatic islets kept their
potential for insulin secretion?. Gelatin methacrylate
(GelMA) is a photo-crosslinkable natural hydrogel
material achieved by reacting methacrylic anhydride with
gelatin, which can optically crosslink in the presence of
a photoinitiator. Adding the methacrylamide functional
groups in GelMA allows the synthesis of a stable hydrogel
while retaining the cell-binding motifs of gelatin. Further,
GelMA biofunctionality and its mechanical tunability
cover the requirements of most tissue engineering
applications. Different cell types can easily attach,
spread, and proliferate in this context. Additionally, by
modifying the methacrylate functional group, we can
control the hydrogel’s physical properties, such as porosity,
biodegradability, and swelling ratio, by adjusting the
degree of functionalization, and polymerization conditions
can obtain excellent spatiotemporal control, allowing for
the fabrication of hydrogels with unique patterns, 3D
structures, and morphologies.

4.1.6. Matrigel®

Matrigel® is a protein combination secreted by the mouse
sarcoma cell line (Engelbreth Holm Swarm, EHS).
Matrigel possesses most basement membrane components
in the ECM of connective tissues!*. It mainly comprises
laminins, type IV collagen, and nidogen. Owing to the
positive effect of Matrigel on sustaining self-renewal and
proliferation of stem cells, it is widely considered for cell
culture**. Gerggio et al.**! demonstrated that Matrigel
improved the proliferation of mouse embryonic pancreatic
progenitors in 3D culture. Using Matrigel and pancreatic
progenitor cells, they produced hollow spheres or complex
organoids to study the morphogenesis and differentiation
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of the pancreas. The efficacy of Matrigel in pancreatic islet
transplantation in animal models has been demonstrated
by several groups, although its human clinical applications
have not been studied or at least not confirmed. Haque
et al."¥" reported the maintenance of normoglycemia for
more than two months following the delivery of pancreatic
islet cells and clodronate liposomes in Matrigel, whereas
the permanence of diabetic mice could not have lasted
more than a week if they had received islet cells without
Matrigel (Table 3).

Biocompatible and synthetic biodegradable polymers
are mainly applied to scaffold-based systems!**\. Synthetic
polymers have advantages over natural polymers, such as
a lower risk of infection, a lower risk of immunogenicity,
and a lower price™. Generally, US. Food and Drug
Administration (FDA) has approved some synthetic
polymers that can be used for biomedical applications,
e.g., PGA, polylactic acid (PLA), poly lactic-co-glycolic
acid (PLGA), PCL, and poly ethylene glycol (PEG)!l.
Presently, in this category, various branch-type derivatives
of PEG, in the form of a hydrogel, alone or combined with
other materials, are used to encapsulate pancreatic islets
(Table 3)(41,

4.1.7. PEG

PEG-based derivatives hydrogels are applied as one of
the most important components in B-islet encapsulation
and even islet transplantation due to their tissue-like
elasticity, biocompatibility, immunoprotective features,
low immunogenic elucidating, and absorbability!*).
Knobeloch et al.'**! reported an injectable PEG hydrogel
for islet encapsulation, promoting islet survival in vitro
and in vivo. They made this hydrogel via Michael-type
protocol using a multiarm PEG-vinyl sulfone and a
PEG-diSH crosslinker. Islets were encapsulated in the
hydrogel and injected into a mouse peritoneal cavity
before gelation was completed. A significant reduction of
the blood glucose levels from 600 to 200 mg/ml was seen
2 days after transplanting almost 100-IEQ encapsulated
islets in the recipient mouse!'*l. Although the lack of cell
adhesive motifs in PEG-based hydrogel has been applied
in islet encapsulation, the low interactions of cells with the
scaffold network affect the survival of B-cells for a long
time!"*¥. Researchers have tailored synthetic hydrogels
with covalent peptides or proangiogenic factor derivatives
or a combination with natural protein-based hydrogel to
overcome these deficiencies. Weber et al.'**! demonstrated
that a combination of crosslinked ECM-derived proteins
(type I collagen, type IV collagen, fibrinogen, FN, laminin,
and vitronectin) with a 3D PEG could induce islets survival
and reduction of cell apoptosis after transplantation.
Synthetic polymers have been assumed as a scaffold

for the seeding of B-cells or islets and as vehicles in the
transplantation of constructed pancreatic islet-like tissues
as well. Song and Millman**! developed an approach using
PLA that encapsulated human iPSC-derived B-cell spheres
in fibrin gel. After transplantation, the cells could secrete
insulin for three months (Table 3). Marchioli et al."'? used
PCL-alginate scaffolds that were functionalized with VEGF
for the transplantation of pancreatic islets. Daoud et al.l'”]
have printed PLGA scaffolds that provided support to islets
encapsulated in collagen I, fibronectin, and collagen IV
hydrogel (Table 3). The in vitro study confirmed the effect
of ECM components and PLGA 3D scaffold on insulin
secretion and endocrine-related gene expression compared
to free-floating islets.*”). Recently, Gabriela et al.l** used
a dual extrusion 3D bioprinter, which was able to develop
a hybrid scaffold of hydrogel and PCL functionalized with
heparin for the regeneration of pseudo-pancreatic islets.
The bioink that they used was a 1:5 ratio of INSI/HUVEC
cells in GelXA LAMININK-411 hydrogel. According to
the information website of the company CELLINK, which
produces GelXA LAMININK-411, it is a combination of
GelMA, alginate, xanthan gum, and laminin, which is a
basic material for the development of pancreatic models.
The transcriptomic analysis of pseudo-islets showed an
upregulation of -cell signaling cascades, cell proliferation,
and overexpression of ECM proteins and the VEGF
pathway as well (Table 3)14],

4.2, Scaffold-free strategy

The common description for scaffold-free strategy is the
development of living tissue using only cells. Athanasiou
et al.l*! noted that “scaffoldless tissue engineering refers
to any platform that does not require cell seeding or
adherence within an exogenous, 3D material” In other
words, the scaffold-free bioinks components are single-
cell suspension, cell sheets, spheroid cell aggregates,
tissue strands or a mixture of two or more of them™. In
some protocols, owing to the limitations of scaffolds, cell
“clumps” are referred to as spheroids, which can aid in
forming complex 3D shapes when put together with mild
overlap. Scaffolds have commonly been used in the form
of biocompatible, biodegradable templates for cell seeding
within. Although complex structures comprising ECM and
viable cells have been successfully made, some problems
still persist. These include diffusion of nutrients, cell-to-cell
communication, vascularization, toxicity, inflammation,
immunogenicity, and mechanical incompatibility. One
of the requirements for an ideal scaffold is degradability
within the recipient, which gives the cells within the
scaffold a chance to replace the scaffold with their secreted
own ECM, thereby allowing for continuous maintenance.
This addresses a problem in rapidly degrading scaffolds,
which leave behind toxic byproducts at a concentration
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that is too high for the surrounding tissue to absorb,
thereby affecting the cell viability. Spheroids are referred to
as 3D cell cultures. Although typically in vitro, as with Petri
dish cell culturing, the cells can only move, proliferate,
and interact in a two-dimensional plane, giving us a false
representation of how the cells will interact in vivo, but
with 3D culture, the aim is for the cells to move in all
planes, much more similar to how they act in vivo. One
critical point regarding the issue of scaffolds omitted in
scaffold-free printing is the degradation time concerning
which byproducts are produced in the process!™*!. For
slow-degrading scaffolds, the byproducts, although toxic
to the environment in some cases, exist in such a small
amount that they can be absorbed and expelled by the
time it causes damage; here, the problem is the inhibition
of ECM production by the cells, as the slow-degrading
scaffold occupies the space needed for ECM. Moreover,
the rapidly degrading scaffolds face two problems. First,
the structural integrity is lost if the scaffold is broken down
at a rate faster than the ECM can be produced; second, the
byproducts or waste released during the rapid degeneration
can be toxic to both the cells within the scaffold and its
surrounding tissue. These are essential points showing
the superiority of scaffold-free printing in cases where
structure maintenance is of secondary importance.
Akuch et al."*? used coaxial extrusion-based bioprinting
and created scaffold-free tissue fibers that secrete high
insulin levels. They developed these strands using mouse
insulinoma (TC3 B-cell line) and rat dermal fibroblasts as
support cells (Table 3). To build a scaffold-free system, they
first made tubular alginate capsules using a coaxial nozzle
with an inner diameter of 22G and an outer nozzle of 14G.
Then, the cell pellet was injected into the strand, and after
five days, alginate was decrosslinked by sodium citrate
solution, and the desired scaffold-free cell strands were
obtained. They successfully demonstrated the formation of
insulin secretor scaffold-free cell aggregates in the form of
cylindrical strands that could be fused together!"?.

5. Cells

The main goal of regenerative therapy for diabetes is to
attain normoglycemia by replacing the injured or defective
B-cells with the new ones. Scientists have proven that
insulin-secreting cells can be obtained by differentiating
different types of cells (Figure 1C). Due to donor deficiency
and organ scarcity, the idea of producing allograft and even
autograft pancreatic islet-like tissues from MSCs, hESCs,
and iPSCs in the field tissue bioengineering has been
gaining traction®***!%l. Greggio et al**! demonstrated
3D culture conditions for expanding dissociated mouse
embryonic pancreatic progenitor cells based on Matrigel
bioink. In addition, various bioinks have been designed by

printing isolated islets escorted by supporting cells. In this
regard, some studies printed artificial pancreatic islets for
transplantation into diabetic mice using EPCs and MSCs
as supporting cells alongside murine islets (Table 3)!%4,
Penko et al.'®! reported that the endothelial progenitor
cells in mosaic pseudo-islets could act as supporting
cells, and the modification of the biomaterials could
enhance islet survival in vitro and in vivo. Gabr et al.l'*!
demonstrated that bone marrow MSCs isolated from
diabetic and nondiabetic humans could be differentiated
into insulin-producing cells, regulating euglycemia in
STZ-induced diabetic nude mice for three months after
transplantation. Adipose tissue-derived MSCs (AD-MSCs)
have been used alone as a reliable source of MSCs to
differentiate into functional B-like cells or in combination
with pancreatic islets to enhance the survival of islet grafts
in diabetic mice!'®'®l. Recently, Bai et al.'*! used the new
targeted small RNA transfection technology to transform
umbilical cord MSCs into insulin-producing cells.
Although this technology is the first step, it may develop
a new strategy to simplify several existing multistep and
time-consuming differentiation protocols. Recently, AD-
MSCs have also been investigated®. Embryonic stem
cells (ESCs), which are isolated from the blastocyst inner
cell mass, have the capability of pluripotency and can
differentiate into all embryonic cell types!'”’l. Procedures
that mimic normal pancreas maturation could develop
pancreatic p-like cells from hESCs. These cells have been
investigated for differentiation into pancreatic endoderm
cells under precise doses of specific growth factors and
conducting molecules"®*"7"l. Kroon et al.'! showed
that pancreatic endoderm derived from hESCs could
secrete insulin in response to glucose, even in vivo in
STZ-induced hyperglycemia. ViaCyte Company received
FDA approval for phase I/II clinical trial of encapsulated
hESCs-derived functional p-cell for the treatment of
T1DU7. VC-01 is the first stem cell-based therapy for
T1D accepted for human clinical trials. The first patient
received the treatment in October 2014 at the University
of California San Diego>**!**l, The device has been
developed to fully contain the implanted cells but still
permits essential nutrients and proteins, such as oxygen,
glucose, insulin, and other hormones, to cross among the
cells inside the graft and the blood vessels, which grow
along the outside of the device. Meanwhile, the engineered
membrane prevents immune cell invasion to the implanted
cells so they may prosper and perform without inducing
an immune response (Figure 2A)!"7?. Due to unlimited
replicative capability and pluripotency, the prospect of
differentiating iPSCs into pancreatic endocrine lineage
cells and functional islet-like B-cells has been intensively
studied. In vitro studies have reported positive results of
iPSC differentiation into functional B-like cells under
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protocols that mimic the pancreas’ mechanism of in vivo
development. Zhu et al.'” transduced human foreskin
fibroblasts with nonintegrating episomal reprogramming
factors, OCT4, SOX2, KLF4, and a short hairpin RNA
against p53 into iPSC, and showed that this iPSC could
differentiate into functional B-like pancreatic cells and
protect mice against chemically induced diabetes. Tateishi
et al."* demonstrated the in vitro generation of functional
B-like cells from iPSCs, which were derived from human
foreskin fibroblasts. Pagliuca et al.'”"! demonstrated that in
vitro generated P-cells from human iPSCs can ameliorate
hyperglycemia following transplantation into diabetic mice.
They described a scalable protocol in which cells express
appropriate surface markers (NKX6-1/C-peptide) and
notable insulin secretory granules. Furthermore, fibroblasts
obtained from skin biopsies from two patients with T1D
were reprogrammed for pluripotency and differentiated
into insulin-producing cells"””. This information indicates
that preliminary clinical studies on hPSCs-derived B-like
cell and immunoprotective encapsulation techniques are
warranted (Figure 1B and C)!"7¢l,

6. Bioprinted pancreas islet

Despite the long history and numerous publications on islet
transplantation in the therapy of T1D, the number of clinical
trials in this aspect is limited, possibly due to the shortage
of islet donors and the necessity for the recipients to take
permanent immunosuppressive drugs. These limitations
have spawned research into the clinical applications of the
encapsulation of P-cells or biofabrication of pancreatic
islets by innovative methods"!. The bioartificial pancreas
is created by encapsulating islet cells, pancreatic islets, or
MSC-derived insulin secretory cells in a semi-permeable
membrane as a physical barrier to protect them against
the host immune system””. Hiscox et all”® could
create a tissue-engineered prevascularized pancreatic
encapsulating device (PPED) using collagen hydrogel. In
vitro characterization showed that PPED was functional
and reacted to glucose impulse fourfold more than islets
without collagen. They implanted it subcutaneously into
severe combined immunodeficient (SCID) mice and
assessed their survival after 7, 14, and 28 days. Using
extrusion-based bioprinting, Akuch et all™? created
scaffold-free tissue fibers that secrete high insulin levels.
They developed these strands using mouse insulinoma (TC3
B-cell line) and rat dermal fibroblasts. Marchioli et al.l'*
transplanted the 3D bioplotted hydrogel-based scaffold
of the P-islet construct into subcutaneous mice. They
fabricated an artificial pancreas islet using a combination of
the rat insulinoma-derived p-cell line (INS1E), mouse, and
human islets in a preplanned 3D scaffold using alginate,
alginate-gelatin, alginate-HA, and alginate-Matrigel. They

investigated angiogenic stimulation to overcome hypoxia
in transplanted islets. Lately, some scholars have used a 3D
bioprinter equipped with a coaxial extruder nozzle and
two distinct cartridges. A coaxial extruder nozzle allows
the bioprinting of islets with supporting cells. Several
bioink combinations with various cell types and bioactive
molecules can be used in separate chambers. This type of
3D bioprinting has the potential to fabricate and scale up
the clinically relevant doses of islets with support parts
that include cells and bioactive factors for the survival of
transplanted islets!™>'”’l. Liu et al.*) coaxially printed
mouse islets in the core while epithelial progenitor cells and
regulatory T cells (Treg) were printed in the shell of strands
(Table 3). They printed the bioartificial pancreaticislet using
a coaxial bioprinter in alginate-GelMA hydrogel, which has
high viability and insulin-secreting capability in response
to glucose in vitro and after transplantation into C57 mice.
The Beta-O2 device is a macro encapsulation type that
supplied immunoisolation and oxygen for transplanted
B-islets!"®). The transplanted islets receive oxygen via daily
injection of an oxygenated liquid through a subcutaneous
port. In a case study, one of these devices, which contained
human islets, was implanted in the preperitoneal cavity of a
diabetic person and was able to maintain insulin secretion
capacity for approximately 10 months without using
immunosuppressive agents*". In another study, PAir
devices were implanted subcutaneously in four patients
with T1D, whose human islets survived, but they have
little insulin secretion ability and a deep skin reaction was
observed!*!l. Song and Millman!*! developed an approach
using a PLA scaffold that encapsulated human iPSC-
derived B-cell spheres in fibrin gel. After transplantation,
the cells could secrete insulin for 3 months!*!. Bioprinting
of pancreatic islets allows for the use of different types
of pancreatic cells to build bioengineered islets, which
can also be encapsulated during the printing process and
replaced on a vascular bed or vascular tissue structure!'*.
Although several reports confirm that the transplantation
of islet-like construct into the pancreas works well with
small animal models, this technology is still in its infancy
steps and its clinical implications for human patients need
further studies!"®!.

7. Discussion

The extrusion-based bioprinting approach is most
commonly used to fabricate functional pancreatic islet-
like tissue for T1D (Table 3) but this does not mean that
it is the most appropriate technology to create an artificial
pancreas. In addition to other emerging tissue engineering
technologies, extrusion bioprinters enable core-shell
printing by a coaxial nozzle and also combined extrusion
with blue light or UV curing during and after printing®..
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Mostly, it is not the bioprinting technology, but the cells,
materials, and the design of the constructs, which determine
the functionality of the artificial pancreas. The shortage
of primary pancreatic cells leads to the use of allogeneic
and autogenic stem cell-derived (-cells. Biologists have
differentiated MSCs isolated from several tissues into
functional B-cells or even differentiated somatic cells
through reprogramming (iPSC) approaches into insulin-
producing cells to resolve these challenges (Figure 1C).
When printing cellular structures, the cells used are
frequently not well-differentiated. Instead, precursors are
given the appropriate stimulation to differentiate into the
required lineage for the graft. One problem that might
occur in these grafts is faulty differentiation, meaning
that the precursor can yield many different types of cells.
Since stem cells can differentiate into many endocrine or
exocrine pancreas lineages and hypertrophic a- or B-cells,
this can prove challenging in artificial environments to
obtain pure differentiated cell lines. Another problem
could be that the differentiation process in the stem
and progenitor cells is not complete and no terminally
differentiated -cells are produced (partial differentiation).
FDA approval for clinical trials and the encouraging
results of PEC-Encap device (Figure 2A), which contains
hESCs-derived pancreatic endoderm progenitor cells, have
spawned new avenues in this field to treat diabetes using
bioartificial pancreas, but more time should be spent in
studying and validating their utilization!"’?. Last but not
least, from a clinical therapeutic point of view, it is very
important whether the cells are derived from autologous
or allogeneic (possibly xenograft) donors, which has not
been decided to date.

In mature normal pancreatic islets, ECM components
and ECM-associated growth factors are involved in B-cell
survival, proliferation, and insulin secretion (Table 1).
The encapsulation of pancreatic islets prevents rejection
by separating the transplanted islets from the host
immune system and diminishes toxic immunosuppression
administration. Natural polymers and their derivatives,
such as collagen, gelatin, GelMA, and alginate, have been
widely used for pancreatic islet encapsulation, as they
can provide an ECM environment and immune isolation
(Table 3). Syntheticscaffolds (PCL, PLA) havealsobeenused
to create functional bioprinted pancreas, but as it is a soft
tissue, hydrogels are more likely to approximate the natural
environment. Nevertheless, the ordinary encapsulation
approach has significant restrictions. Hypoxia, which
occurs in the core of capsules, reduces the viability of islets
and increases apoptosis, thereby reducing the efficiency of
transplantation significantly and limiting the enlargement
of capsules to hold more B-cells. This obstacle has made
this method inefficient for clinical application. This could

be solved with special designs containing directed pores.
Hwang et al."*® have shown that the viability and function
of printed P islet-like cells in porous hybrid scaffold
systems were better than that in nonporous type (Table 3).
Many of the published bioprinted pancreas models have
a lack of vasculature, which is a limitation. The lack of
proper vascular formation after transplantation causes the
loss of transplanted islets because immediate cell death
occurs due to insufficient oxygen and nutrients. Idaszek
et al.") have demonstrated that using human MSCs and
human umbilical vein endothelial cells (HUVEC) in the
bioprinting of porcine pancreatic islets preserved insulin
secretion in response to glucose stimulation. Moreover,
evidence of CD31* cells in that bioprinted construct has
confirmed potential vessel-like formation (Table 3)1%.
Coaxial bioprinting has provided an opportunity to fabricate
the artificial pancreatic islets using endothelial cells and
other supporting cells (Treg, endothelial progenitor cells
[EPCs]) to enhance vasculogenesis and regulate immune
activity around the transplanted islets (Figure 2C and
Table 3)°+15 Hybrid bioprinting is another direction
that combines natural and synthetic materials. This hybrid
system can use functionalized biodegradable polymer as
a supportive network and bioactive hydrogel containing
living cells to create the 3D scaffolds!"*l. The modification
of the PCL scaffold surface by VEGF and heparin due
to the reduction of hydrophobic properties leads to the
improvement of angiogenesis, cell adhesion, and protein
binding capacity (Table 3)112148,

The majority of the three bioprinted pancreases were
in vitro models; no transplantation was performed and
therefore, the survivaland full functionality of the constructs
is not known. Commonly, most of the studies investigated
bioprinted pancreases for only a few weeks (short term)
or 12 weeks (long term)™. From the clinical perspective,
these are not considered long-term observations. This
is important as in the long term, such an artificial tissue
should not induce an immune response and should be
fully functional. Short-term studies and animal models
have shown no immunological adverse reactions, but no
one has investigated long-term immunological processes.
The same applies to functionality. Determination of insulin
production in 3D-bioprinted constructs in vitro, peripheral
blood insulin, C-peptide level, sugar content in animal
models, and administration of body weight are considered
standard. In the long term, however, routine measurements
are not always feasible, and the measurement of other
biomarkers (cytokines, inflammatory factors, metabolites,
etc.) has not been implemented. Immunological responses
and functionality are strongly influenced by tissue
integration. Pericapsular fibrotic overgrowth with islet
necrosis has been observed in grafted alginate-encapsulated
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pancreatic islets recovered from human recipients'*. The
resulting scar formation on the surface of the construct
may inhibit vasculogenesis and thus oxygen and metabolite
removal from the 3D-bioprinted pancreas, which may
lead to limited or loss of function. In most cases, the size
of the 3D-bioprinted pancreas was sufficient for testing it
in small animal models at most. It is questionable to what
extent, from a good manufacturing practice (GMP) point
of view, scale-up in the human context requires different
approaches and different solutions. Finally, it should be
noted that all 3D-bioprinted structures so far lack nerve
fibers. Since sympathetic innervation during development
is necessary for pancreatic islet functional maturation,
the long-term, adequate functionality of the bioprinted
constructs becomes a matter of concern.

8. Conclusion and outlook

A reliable and accessible source of autogenic or allogeneic
tissues or cells of functional B-cell origin is the foremost
prerequisite for fabricating the ideal bioartificial pancreas
that can be used in the clinical settings. Secondly, an
optimal microenvironment must be created by printable
and cell-compatible bioinks that can strengthen blood
vessels and ensure efficient transport for adequate oxygen
and nutrient availability, glucose detection, and insulin-
releasing pathway while ultimately providing immune
protection to transplanted construct. Hydrogels, which
are able to mimic the original soft tissue environment,
are the best option. The modifications of biopolymers
by angiogenic molecules, immunosuppressant agents,
and growth factors are applied to retain the functionality
and increase the survival of encapsulated pancreatic
islets. This is an effective method for producing organ-
on-a-chip models for studying endocrine hormones in a
glucose-dependent environment and screening therapies
for diabetes and pancreatic cancer treatment. However,
more optimization of the insulin-producing B-like cell
sources, scaffold materials, accompanying supporting cells,
biofabrication techniques, vascularization engagement, and
transplantation sites is required for scaling up the recent
models for human clinical transplantation. The use of
artificial intelligence (AI) in 3D printing can bring in many
benefits. In oncological diagnostics and research, especially
in morphological studies, Al plays a key role, including in
the identification and differentiation of tumor cells, tumor
types, and different stages of progression. In analogy, data
collected from healthy pancreas (computed tomography
and magnetic resonance imaging data, anatomical
sections, etc.) allows for a faster, more comprehensive
understanding of the 3D structure of the organ. In the field
of personalized medicine, AI can help optimize the 3D
objectbefore printing based on these personal data and data

collections from other works. Furthermore, the collection
and standardization of publicly available bioprinting data
can facilitate the optimal printing of the right hydrogels,
the right cells, and if necessary, their topography within the
3D object. This is particularly true for the vasculature and
its design in pancreas models. Nevertheless, it seems that
machine learning can be one of the keys to overcoming
the mentioned restrictions as well as improving the future
development of 3D bioprinting while reducing the risk of
errors, automating the whole process, and fine-tunning the
bioprinting parameters of functional pancreatic islet-like
constructs for diabetic treatment!'®-157],
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