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Abstract

A bioartificial endocrine pancreas is proposed as a future alternative to current treatment options. Patients with insulin-
secretion deficiency might benefit. This is the first systematic review that provides an overview of scaffold materials
and techniques for insulin-secreting cells or cells to be differentiated into insulin-secreting cells. An electronic literature
survey was conducted in PubMed/MEDLINE and Web of Science, limited to the past |0years. A total of 197 articles
investigating 60 different materials met the inclusion criteria. The extracted data on materials, cell types, study design,
and transplantation sites were plotted into two evidence gap maps. Integral parts of the tissue engineering network
such as fabrication technique, extracellular matrix, vascularization, immunoprotection, suitable transplantation sites,
and the use of stem cells are highlighted. This systematic review provides an evidence-based structure for future
studies. Accumulating evidence shows that scaffold-based tissue engineering can enhance the viability and function or
differentiation of insulin-secreting cells both in vitro and in vivo.
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Introduction protocol is a state-of-the-art procedure that comprises clin-
ical isolation of human islet cells from cadaveric donors,
purification of the islets after digestion, intraportal trans-
plantation, and a glucocorticoid-free immunosuppressive
regimen for the recipient after transplantation.’* Despite
improvements in the isolation and cell culture protocol and

Diabetes mellitus (DM) due to loss of insulin-secreting
B-cells, because of either autoimmune processes in type I
DM or surgical resection of the pancreas, represents a suit-
able model for cell-based therapies. Although the current
gold standard for the management of DM is exogenous
insulin therapy in response to elevated blood glucose lev-
els, this treatment option is inferior to continuous endoge-
nous insulin secretion by B-cells.!:> Therefore, alternative
therapies are needed that restore insulin-secreting function
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use of various implantation sites for the 3-cells, only 60%—
85% of the patients are independent of insulin at 1year
after transplantation, and this figure decreases with the
passage of time.2*> Fewer than 20% of the patients remain
insulin-independent for 5 years.® The reasons for apoptosis
of the transplanted allogenic islets and failure of this
treatment include non-immune-related, instant blood-
mediated inflammatory reactions (IBMIR), graft-host
reactions, and a lack of engraftment due to insufficient
oxygen supply and increased levels of toxins or pharma-
ceuticals at the intraportal or intrahepatic transplantation
site, respectively.”? Another limiting factor is the global
shortage of suitable donor organs. Together, these find-
ings show the need for improvement in techniques for
restoration of insulin-secreting function. The tissue engi-
neering approaches reviewed here are intended to over-
come the current limitations.

In the emerging field of tissue engineering, scaffolds
replace the extracellular matrix (ECM) with the intention
of mimicking native tissues to provide an optimal environ-
ment for cells. Scaffolds, cells, and growth-stimulating
factors, often referred to as the tissue engineering triad,'%-12
are essential to create bioartificial organs. In native tissues,
the ECM contributes to viability and function of cells by
(a) providing structural support, (b) ensuring mechanical
stability, (c) regulating cellular activities, (d) storing and
releasing growth factors, and (e) providing a degradable
environment that can be remodeled on demand.!3-14 To rep-
licate each of these ECM functions, biological and syn-
thetic materials such as porous scaffolds for cell seeding,
decellularized ECM (dECM) scaffolds, scaffold cell
sheets, and cell-encapsulating hydrogels are currently used
to host insulin-secreting cells (ISC). The application of
scaffolds ranges from the generation of ISC from stem
cells and progenitor cells in scaffold-based three dimen-
sional (3D) culture systems to the building of artificially
created support systems that serve as a logistic template.
These support systems are intended to prevent anoikis,
protect the patient from inflammatory and immunological
host reactions, and improve long-term viability. The use of
scaffold-based tissue engineering in routine treatment of
these patients is still hampered by (a) reduced vasculariza-
tion and consequential insufficient supply and hypoxia of
the containing cells, (b) immunological host—graft reac-
tions against cells and scaffolds, and (c) a lack of scaffold-
ing techniques that precisely mimic nature.

The aim of this publication is to provide a comprehen-
sive systematic review of scaffolds used in combination
with islet cells in the past 10years, and so to provide
impulses for further research. Although tissue engineer-
ing has been established for decades, a surge in interest,
accelerated by new scaffold materials and fabrication
technologies has resulted in increased numbers of publi-
cations in the last decade. This development includes
pancreatic tissue engineering. The usage of a wider

variety of scaffold materials, both natural and synthetic,
and new techniques for scaffold fabrication are interde-
pendent developments that have contributed to this
growth in interest. In addition, a more comprehensive
understanding of the embryology and biology of ISC and
their interactions with the surrounding tissue has led, for
example, to more efficient protocols for differentiation of
stem cells into specialized ISC. We set out to address
these developments and the remaining limitations in pan-
creatic tissue engineering. Finally, the extended research
interest also led to many different approaches that may
overall appear unsystematic and unclear. The creation of
evidence maps yields an overview and defines areas
where further research may be necessary.

Materials and methods

The Preferred Reporting Items for Systematic Reviews
and Meta-analyses—PRISMA Statement checklist'> was
used in this systematic review.

Search strategy

A literature survey was conducted in the PubMed/
MEDLINE and Web of Science databases to identify per-
tinent publications about scaffold materials and scaffold-
ing techniques in combination with ISC or cells intended
to be differentiated into ISC up to January 1, 2019. The
search strategy on PubMed/MEDLINE was as follows (for
the Web of Science search strategy, please refer to
Supplemental information Appendix 2):

((islet cell(Title/Abstract)) OR (islet cell*(Title/Abstract)
OR (beta cell(Title/Abstract) OR (beta cell*(Title/Abstract)
OR (insulin producing cell(Title/Abstract) OR (insulin pro-
ducing cell*(Title/Abstract) OR (islets of langerhans(MeSH
Terms)) OR (insulin secreting cell(MeSH Terms))) AND
((tissue engineering) OR (bioprinting) OR (3D printing) OR
(tissue engineering(MeSH Terms)) OR (bioprinting(MeSH
Terms)) OR (printing, three dimensional(MeSH Terms))
OR (Tissue Scaffolds(MeSH Terms))) AND (“last 10 years”
(PDat)) AND (English(lang)).

Study selection

A flow chart showing the strategy used to identify and
select studies to be included in this systematic review is
presented in Figure 1. A total of 728 possible relevant
citations were retrieved by searching the databases, and
387 of them were excluded after screening of titles and
abstracts for fulfillment of the inclusion criteria: a tissue
engineering approach for ISC, and combination of cells
and scaffold material to achieve the intended outcome.
Thus, 341 articles remained for full-text analysis. A fur-
ther 144 articles were excluded after careful analysis of
the complete texts under consideration of the exclusion
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728 articles identified through
database research

Identification

Screening

Full text of article assessed for eligibility. —
(n=341)
197 studies included
in systematic review

Eligibility

Article selection based on title and _ Articles excluded (n = 387)
abstract. (n - 341) _

Exclusion criteria:

— Reviews, letters, literature updates
(n=42)

— Laboratory protocols (n = 6)

— Duplicate studies (n = 64)

— Studies that did not use cells (islet cells,
ISC progenitor cells, B-cell line) (n = 13)

— Studies that did not use scaffolds (e.g.
only ECM additives in culture medium)
(n=11)

— Studies that did neither use cells nor
scaffolds (n = 4)

— Studies withoutfull-text (abstract only)
(n=4)

Figure 1. Flow chart of systematic literature search according to the PRISMA guidelines.

criteria: (a) no usage of ISC or progenitor cells intended
for differentiation into ISC, (b) no usage of natural, syn-
thetic, or hybrid scaffold material, or (c) inappropriate
article type (articles that studied and reviewed the litera-
ture, laboratory protocols and duplicates). The remaining
197 articles fulfilled the eligibility criteria and were
included in the systematic review (see Supplemental
information, Appendix 1).

Data collection and aggregation

For each included study, the following general data were sys-
tematically recorded: publication details (authors and year);
methodological details (cell type, scaffold material, study
design (in vitro/in vivo), study period, scaffolding technique,
supplemented signaling molecules, supplemented ECM
molecules, scaffold examination methods (e.g. scanning
electron microscopy, X-ray spectroscopy), cell examination
methods, viability and function testing methods), and out-
come assessment (for further information about the included
articles, please consult Supplemental information, Appendix
1). Furthermore, for each included study that performed in
vivo tests, the following methodological details were sys-
tematically recorded: animal type and transplantation site
(see Supplemental information, Appendix 1).

The data were analyzed with Microsoft Office Excel
2016®. Two evidence gap maps (Figure 2, Figure 7) were

plotted using a python script developed for this purpose.
An evidence map with a focus on the combination of scaf-
fold materials and cell types in in vitro/in vivo trials
(Figure 2) was created based on the aggregated data from
161 of the 197 articles included in this systematic review
(s. Supplemental information, Appendix 1). Due to the
variety of scaffold materials (n=60), only the most fre-
quently used materials and cell types were considered for
plotting. The materials and cell types investigated in the
remaining 36 articles could not be aggregated within the
plotted groups and were therefore not considered in the
evidence gap map. A second evidence map with a focus on
scaffold materials, cell types, and their respective trans-
plantation site in vivo (Figure 7) contains the aggregated
data from 67 articles (s. Supplemental information,
Appendix 1). The vertical axis represents the different
scaffold materials that were investigated, and the horizon-
tal axis represents the cell types or transplantation sites. In
order to be able to plot multiple, different circles on the
respective x-y intersections, separated data packages were
created and tagged with a keyword (e.g. in vitro/in vivo).
The tagged data packages are referenced in the script and
can be distinguished by the circle color. The size of these
intersection points is determined by the number of articles
that investigated the setting. The first evidence gap map
presents different natural and synthetic scaffold materials
investigated in the included studies in comparison with the
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Figure 2. Evidence map: Scaffold materials for tissue engineering approaches on insulin-producing cells. x-axis: cell types and
species origin, y-axis: scaffold materials. The circle size is correlated to the number of studies that investigated the respective
combination of scaffold material and cell type in an in vitro and/or in vivo study design (circle color). In total data from 161 included

articles were mapped.

investigated cell type or species origin (human, non-
human), respectively (Figure 2). The intersection points
are divided into two groups depending on the study design
(in vitro/in vivo) and colored differently (Figure 3). The
second evidence gap map takes only in vivo studies into
consideration and compares natural and synthetic scaffold
materials with the transplantation site chosen in the respec-
tive study. The color of the intersection points is dependent
on the cell type or species origin, respectively (Figure 7).

Results

Scaffold-based approaches in 3D cell culture
systems, enhancement of cell differentiation,
and clinical organ replacement therapy

The first evidence gap map shows that there is a lack of
experimental evidence for several scaffold materials in
combination with human islet cells (in vitro: n=22; in
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Figure 3. Boxplot of the aggregated study periods of
included in vivo studies. Median =35 days, minimum =6 days,
maximum =365 days, Q| =6 days, and maximum Q3 =84
days.

vivo: n=9) especially compared with the combination of
scaffold materials with non-human islet cells (in vitro:
n=281; in vivo: n=71) (Figure 2). This can be explained by
the lower availability of human islet cells. Hence, it is
important to consider the differences between human islets
and non-human islets when drawing conclusions with
regard to the applicability of the research objective for
clinical use in humans.

Islet size is considerably more variable in the human
species than, for example, in mice (in vitro: n=35, in
vivo: n=31), leading to earlier central core necrosis in
larger islets once the oxygen supply is insufficient.!6-18 It
has also been shown that murine islets contain a higher
proportion of insulin-secreting beta cells than human
islets. Buchwald et al. reported that insulin secretion
upon glucose stimulation per islet equivalent (IEQ) was 2
to 3 times lower in human islets than in a control with
murine islets.!” These differences have to be considered
to avoid misaligned interpretation of studies on non-
human islets, especially in terms of scaffold architecture,
oxygen, and nutrient diffusion, and the potential for scal-
ing up to reach therapeutic dosages. Even less evidence
was retrieved for in vivo studies on human islet cells
(n=9). The evidence gap map further emphasizes the
focus of studies on natural scaffold materials. In accord-
ance with the idea of mimicking nature, it seems logical
to use natural materials that either show similarities to
the body’s ECM or are a component of the ECM itself
before conducting research on synthetic materials.
Poly(ethylene glycol) (PEG) and its derivatives stand out
in this division (n=53 in total). In comparison, alginate
was the most often employed natural scaffold material
(n=42). PEG can be modified and functionalized with
reasonable effort and is easy to fabricate into a scaffold or
microcapsule.?’ In particular, crosslinking by means of
ultraviolet (UV) light may be useful. However, the focus
of future studies may shift to the fabrication of synthetic

or hybrid scaffolds, as certain techniques such as electro-
spinning and additive manufacturing are applicable to
these materials.

Scaffold materials serve as matrices to incorporate cells
for cultivation. The structure and properties of these scaf-
folds must be selected to ensure normal cell behavior and
performance of the cultivated tissue.!!2122 The cell-incor-
porating scaffolds support cellular viability and function
both before implantation and during remodeling of sur-
rounding tissue after implantation.!! First, in the reviewed
articles scaffold materials are used as a cell culture tem-
plate for ISC providing a three-dimensional environment,
more akin to nature than two-dimensional cell culture.?324
Second, the use of scaffold materials as cell differentiation
templates to enhance maturation of stem and progenitor
cells to specialized ISC is described. Eventually, scaffolds
will serve as logistic templates for the clinical application
of insulin replacement therapy in the future of regenerative
medicine. Bioartificial insulin-secreting tissue as a treat-
ment option for patients with a loss of endocrine pancre-
atic function, for example, due to type I DM or to
pancreoprive diabetes after surgical resection, needs to
fulfill certain requirements for in vivo usage. The reviewed
in vivo studies (n=91) had a median study period of
35 days during which the determined endpoints (e.g. meta-
bolic control, oxygen tension, functional mass, tissue
response, practical applicability, cell differentiation) were
assessed. There was significant variance of the study
period, with a minimum of 6days and a maximum of
365 days. Different observation periods may be expedient,
depending on the endpoints of the study. It has been shown
that the graft often shows impaired function shortly after
ISC transplantation but recovers after a number of days, or
up to several weeks.252¢ If proof of function is one of the
endpoints, it is therefore reasonable to choose a longer
study period. Moreover, long-term immunological reac-
tions and foreign body responses leading to pericapsular
fibrotic overgrowth (PFO) and thus impaired graft func-
tion can only be assessed appropriately after long-term in
vivo experiments. A study using a non-diabetic, non-
human primate model for implantation of macroencapsu-
lated islets proved the viability and function of the
encapsulated islets over an observation period of 365 days
before explantation.?”

Scaffold materials

Biomaterials have been defined as follows by the American
National Institute of Health:28

any substance or combination of substances, other than drugs,
synthetic or natural in origin, which can be used for any
period of time, which augments or replaces partially or totally
any tissue, organ or function of the body, in order to maintain
or improve the quality of life of the individual.
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Common biomaterials for scaffold-based tissue engineer-
ing can be divided into natural, synthetic, and hybrid mate-
rials. Furthermore, the physical condition, that is, whether
the biomaterial is hydrated and thus used as a hydrogel or
in a material-specific solid state, must be taken into con-
sideration. Hydrogels offer easy delivery of growth factors
and encapsulate cells, thereby shielding them from the
immune system of the host.2*3% The size of hydrogel cap-
sules or the diffusion distance, the permeability of the
material, and the difficult retrievability after implantation
may be detrimental factors, depending on the objective. As
both natural and synthetic materials have certain advan-
tages and disadvantages, the fabrication of composite scaf-
folds is becoming increasingly common.!? Scaffolds
provide a three-dimensional structure to facilitate the
ingrowth of cells and support their proliferation and dif-
ferentiation in vitro and in vivo. An ingrowth of cells can
be achieved through a porous, interconnective architecture
of the scaffold.’®3! The choice of the scaffold material
should be made in light of the cell type to be cultured. The
cell types applicable are differentiated cells derived from
cultured tissue and stem cells for differentiation in a 3D
culture process.!! In some studies growth factors and other
stimulating substances are added to support proliferation.
A variety of scaffold materials have been investigated for
their eligibility for ISC and progenitor cells that are to be
differentiated into ISC. Criteria such as biocompatibility,
mechanical properties and stability, potential for modifica-
tion and functionalization with supplementary substrates,
and the fabrication of a suitable scaffold architecture
within a scalable process in adherence to good manufac-
turing practice (GMP) have been described and should be
evaluated when choosing a scaffold material.!%32 Sixty dif-
ferent scaffold materials were investigated in the included
studies. A selection will be described briefly.

Biological scaffold materials. The idea of mimicking the struc-
ture and composition of natural tissues in order to achieve a
similar functional outcome leads to the use of natural mate-
rials with structural similarities to the ECM. Biologically
derived materials such as alginate (n=42), agarose (n=0),
collagen (n=27), fibrin (n=11), and gelatin (n=12) have
been investigated in many tissue engineering studies and
were also chosen as scaffold materials for ISC. Alginate is
biologically inert with good long-term stability.’3 The gela-
tion of alginate can be achieved by addition of divalent cati-
ons (e.g. Ca?*, Ba?").3* There are several blends available
with different compositions of L-guluronate (G) and
D-mannuronate (M) residues, which affect their mechanical
properties.’3 Alginates with high M content show higher
immunogenicity and a 10-fold cytokine production com-
pared with high G content.?® This finding has been disputed,
so purification is carried out before fabrication into a hydro-
gel to prevent adverse immunogenicity.>* Derivatives that
include peptide sequences for better cell adhesion have been

synthesized using carbodiimide chemistry, and signaling
molecules have been encapsulated together with cells.??
These characteristics led to the frequent usage of alginate as
a 3D culture system. In comparison with Matrigel® (n=4)
(gelatinous protein mixture from mouse sarcoma), the algi-
nate 3D culture platform can readily be translated to in vivo
trials. Alginate as a 3D culture platform was, for instance,
used for reaggregation of dispersed single islet cells with the
intention of creating similar-sized islets, in order to over-
come the problem of oxygen diffusion due to the wide size
range in human islets.?

Collagen is the main structural protein for most tissues
and has often been investigated due to its good mechanical
properties.’” Many biological scaffold materials incorpo-
rating collagen are biologically active and show therefore
good cell adhesion and proliferation properties. These
materials (e.g. collagen, fibrin) mimic some features of the
ECM such as the presentation of the RGD peptide (binding
motif of fibronectin to molecules), which is an important
sequence for cell adhesion.’”#? Gelatin is the denaturized
form of collagen but differs in some important characteris-
tics such as gelation time and the presentation of binding
site sequences.®

Synthetic scaffold materials. The most frequently used syn-
thetic material investigated in the reviewed studies was
PEG and its derivatives poly(ethylene glycol) diacrylate
(PEGDA) and poly(ethylene glycol) dimethacrylate
(PEGDM) (n=53 in total). The density of hydrogels fabri-
cated from these materials is adjustable by their molecular
weight, and as described above, they can be rapidly
crosslinked with UV irradiation (e.g. by addition of the
type 1 photoinitiator 2-hydroxy-4-(2-hydroxyethoxy)-
2-methylpropiophenone, Irgacure 2959®, or the type II
initiator eosin-Y) without the need for potentially harmful
crosslinking agents, high temperatures, or unphysiologic
pH.*47 There are possibilities for functionalization of the
reactive groups.??394749 Even a composite PEG/alginate
hydrogel was manufactured by means of Staudinger liga-
tion to take advantage of the positive characteristics of
each material >

Other synthetic polymers such as poly(lactic acid)
(PLA) (n=38), poly(glycolic acid) (PGA) (n=2), their co-
polymer poly(p,L-lactic-co-glycolic acid) (PLGA) (n=13),
poly(vinyl alcohol) (PVA) (n=6), polycaprolactone (PCL)
(n=6), and others have been used as scaffold materials.
They differ in elasticity and mechanical strength but are all
biocompatible and already used in medical devices.’!->*
Instead of hydration for the encapsulation of cells, these
materials are mostly used as solid scaffolds to provide
mechanical stability.>? The addition of hydrogel materials
to form a hybrid scaffold can lead to easier attachment of
the cells to the synthetic scaffold and can protect the hybrid
construct from the immune system. The fabrication of
scaffolds with a defined architecture, for example, using
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3D printing or electrospinning, can be applied for many
synthetic polymer materials, as the composition of the
polymer itself or the composition of several polymers
together is variable. Generally, due to their hydrophobic
characteristics, synthetic materials require further modifi-
cation prior to cell seeding to facilitate both cell adhesion
and proliferation and the compatibility of the polymer with
islets in general. PVA is an exception with its hydrophilic
characteristics. Human islet cells are influenced in terms
of function and cellular homeostasis by the choice of syn-
thetic polymer material used for the scaffold.>® The hydro-
phobic properties of synthetic polymer scaffolds promote
cellular outgrowth.>> Functionalization to increase the
hydrophilicity can be beneficial. The surface of a PLA
scaffold was thus treated with argon and oxygen plasma to
increase the wettability and surface roughness and was
subsequently loaded with a platelet—lysate mix.5! Heparin
functionalization of a 3D-printed PCL scaffold achieved
higher penetration of cells and vascular structures into the
scaffold and could be additionally further modified with
vascular endothelial growth factor (VEGF).52 Synthetic
polymer materials are increasingly used for scaffold fabri-
cation as they are amenable to new manufacturing tech-
niques capable of producing fine architectures. Their
eligibility for use with ISC can be further improved via
various functionalization strategies to attach growth fac-
tors or ECM components.

Techniques for scaffold creation

Droplet microencapsulation. One common technique used
to encapsulate ISC into a hydrogel is droplet microencap-
sulation. This relies on the basic concept of minimizing
distances that limit oxygen and nutrient diffusion while
retaining properties that prevent anoikis and immunologi-
cal host-reactions and has commonly been used for in
vivo studies in the reviewed literature.!8--° The impor-
tance of diffusion distance for the viability and function of
encapsulated ISC was shown experimentally by compari-
son of glucose-stimulated insulin secretion by free islets,
microencapsulated islets in alginate (diameter=700 pm),
and encapsulated islets in larger alginate capsules (diam-
eter=1800 um). The smaller microcapsules showed only
a slightly delayed and decreased insulin secretion, whereas
in the larger capsules the insulin secretion was>40%
decreased and the delay time was increased due to a larger
diffusion distance.!® Droplet microencapsulation is a fab-
rication technique used almost exclusively for hydrogels.®0
The challenge is to produce inert, mechanically stable
capsules that can be retrieved if necessary.?! The control-
lable generation of these droplets or the encapsulation of
cells in general can be achieved by various techniques
such as microfluidic devices (Figure 4(a)), pressure-
based air jacket microencapsulation, vibrational jet flow
technology, electrostatic droplet generation, or manual

syringe-based extrusion into a chemical crosslinking solu-
tion (Figure 4(b)).!8:1956,57.59.62-76 Most droplet-generation
methods for cell encapsulation used extrusion-based sys-
tems, where a cell-containing hydrogel solution will be
extruded through a needle. Depending on the viscosity of
the hydrogel, the diameter of the needle, and the flow rate
or extrusion pressure, a droplet will be generated.56:62:65.77
Once the droplet reaches critical size, it falls into a cross-
linking solution or hardening bath. The adjustment of the
above-described parameters defines the size and shape of
the cell-encapsulating hydrogel. Thus, either small-scaled
hydrogel spheres or long hydrogel fibers can be produced
depending on the hydrogel material and the parameters set
for encapsulation.>%5 For the fabrication of very small
microcapsules, further modifications of the extrusion-
based systems such as the vibrational nozzle technology
or the application of electrical fields with pulsing poten-
tials are possible.18:56:6265.73.77 The vibrating nozzle cuts
the droplets into smaller pieces of uniform size.”7’

Standard scaffold materials that can be applied for these
manufacturing methods are alginate,!8:19:56.57.59.62,63,65.66,68,
09.72-75.78.79 PEG,®7 or PEGDA,’® usually in combination
with permselective poly-L-lysine and/or poly-L-ornithine
to introduce positive charges on the hydrogel surface for
potential further modifications, to influence the permeabil-
ity for nutrients into the microcapsule, and to reinforce the
mechanical durability of the microcapsules.®>¢7 ECM
components and growth factors are easy to include in such
a microcapsule system.3? Droplet microencapsulation was
also used in an approach with the intention of shielding
cells from harsh chemicals or physical stimulation (e.g.
UV irradiation), that are potentially cytotoxic for crosslink-
ing by manufacturing hydrogel microcapsules without
encapsulated cells. These crosslinked microcapsules were
then cocultured with ISC to replicate some 3D tissue char-
acteristics by being the anchor for cell—cell and cell-ECM
interactions. %0

The different properties of these microcapsules com-
pared with solid cell-loaded scaffolds need to be consid-
ered when choosing a transplantation site for in vivo trials.
Cell-containing microcapsules are most suitable for
implantation into existing anatomical cavities such as the
peritoneal cavity or into an omental pouch.” The lack of
retrievability of the microcapsules is a disadvantage of this
technique, so different in vivo monitoring methods have
been investigated for non-invasive tracking of the micro-
capsules.>-0%8182 The application of new imaging tech-
niques can also provide information about cell morphology,
spatial distribution, and oxygen supply within a scaffold or
hydrogel encapsulation.$384

Lithography and casting. Scaffold-based tissue engineering
is highly dependent on the fabrication of a precise architec-
ture. Different lithography strategies enable the fabrication
of small 3D scaffold structures. For scaffold-based housing
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Figure 4. Scaffold fabrication methods: (a) droplet microencapsulation using either a microfluidic device or, (b) syringe-based
droplet extrusion into a chemical crosslinking solution, (c) casting of a scaffold through application of a negative scaffold and
selective polymerization using photolithography, (d) particulate leaching and solvent casting using evaporating organic solutions and
salts to induce a higher porosity, (e) electrospinning, and (f) 3D-printing or 3D-bioprinting, respectively, with the application of
different materials (polymers, hydrogels, cells) and different extrusion systems.

of ISC, some of the included studies used micropatterning
techniques such as photolithography (Figure 4(c)),3>88 soft
lithography,?” or lithographically patterned fabrication of
microwell templates.’®2 There are many feasible strate-
gies for using lithography techniques in scaffold fabrica-
tion. Buitinga et al.%! produced a poly(ethylene oxide
terephtalate)/poly(butylene terephthalate) (PEOT/PBT)
microwell scaffold by using a grid-patterned negative with
pillared wafers. Scaffold fabrication with this lithography
technique was further modified through solvent casting and
particulate leaching strategies.” 93 The scaffold material is
dissolved in an organic solvent, for example, chloroform.%*
After addition of salts, for example, NaCl, the solvent can
evaporate, creating a more porous scaffold (Figure 4(d)).
Inexpensive, rapid prototyping of such microwell scaffolds
was also achieved by using patterned ice templates as a
negative onto which poly(dimethylsiloxane) (PDMS) was
molded.?” Further modification of this method by inclusion
of growth factors or ECM molecules into the aqueous drop-
let solution that serves as a negative for the microwell fab-
rication might allow easy scaffold functionalization for
high-throughput screening for function-enhancing supple-
ments.”> Conversely, a pillar-patterned PDMS template,
manufactured with photolithography technique, was nega-
tive for the casting or molding of an islet-containing PEG
hydrogel.®> The pillars on the PDMS template were used as

a simple molding method to create microchannels. The
application of lithography techniques for scaffold fabrica-
tion can be simple and inexpensive. Lithography is a print-
ing technique and therefore designed for the manufacturing
of reproducible copies in a process that can be scaled up.
However, it reaches its limits when complex, delicate archi-
tectures containing potentially more than one scaffold
material are needed.

Electrospinning. Another technique that is being increas-
ingly applied for tissue engineering of ISC is electrospin-
ning (Figure 4(e)). This mode of fabrication is based on the
application of high voltages (e.g. 23 kV,>* 30 kV%) to a
polymer solution. A high-intensity electric field between
two electrodes, one in the polymer solution, the other one
on the collector, forces the extruded polymer solution to
overcome surface tensions and results in an ejected jet of
the material. The polymer solution in the spinneret will be
charged and accelerated toward a collecting plate, on
which the fabricated polymer fibers will form a scaffold
mesh.”” The resulting electrical forces produce polymer
fibers ranging in diameter from 2 nm up to several microm-
eters.”” The spun fibers offer the possibility of fabricating
scaffolds with a high surface to volume ratio, adaptable
porosity properties, and applicability for a broad spectrum
of materials.””-”8 Researchers used this relatively simple
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technique to produce polymer fibers from PLA,%-101
PVA,5399.100.102 PCL, 5396103104 polyolecaprone (PGC),%
PEOT/PBT,® gelatin,'® polyethersulfone,!9%:107  silk
fibroin, and collagen. One disadvantage of this fabrication
method might be the difficulty of scaling up these scaf-
folds to allow therapeutic human dosages. For example, a
scaffold made from electrospun PEOT/PBT microwells
containing human islets would require a diameter of 40 cm
to reach the capacity for therapeutic islet dosages.”® In
addition, the irregularity of the fiber mesh leads to irregu-
lar cell distribution after seeding. Normal, passive cell
seeding can thus result in a lack of cell migration and pen-
etration into the scaffold.” This effect was shown to be
increased with decreasing diameter of the fibers, as thinner
fibers displayed more fiber-to-fiber contacts and conse-
quentially smaller pore sizes.!%® Blackstone et al. actually
showed a positive correlation between increased fiber
diameter and inter-fiber distance with viability and func-
tion of the seeded cells.!% They produced an electrospun
scaffold from gelatin as a 3D cell culture platform.!0
Mostly, the electrospinning technique was applied for the
fabrication of 3D cell culture templates to achieve
enhanced differentiation of human adipose tissue-derived
stem cells (hADSC) and human-induced pluripotent stem
cells (hiPSC) into ISC33:99.101-103,106,107 byt also for the in
vivo transplantation of murine islets on electrospun PCL/
PGC to the intrarenal transplantation site, with greater pro-
liferation and functional output than the control without a
scaffold.?

Electrospinning is a fabrication technique with good
control over the porosity, pore size, and fiber diameter of
the produced scaffold.”® However, for clinical application
in organ replacement the cell-seeding capacity needs to be
improved and penetration of the cells into the whole scaf-
fold should be ensured, especially if whole islets of
Langerhans are used. A composite of different materials
including sacrificial scaffold materials that can be dis-
solved after fabrication to enlarge the pore sizes might be
beneficial.

3D printing and 3D bioprinting. The development of scaf-
fold materials as part of the tissue engineering triad!%-12 for
the creation of bioartificial organs is dependent on the
characteristics of the material itself but also from the tech-
nique used to create a scaffold. The standard in the past
was to seed cells onto scaffolds in order to adhere and pro-
liferate. In this scenario, randomly distributed cells will
start 3D tissue formation in a natural process with the scaf-
fold as a basic guide. The limits of this technique are obvi-
ous if it comes to more complex multicellular structures
that require sophisticated vascular trees. Biological input
has stimulated engineering in the development of new
technologies to leverage the scaffold materials for usage in
tissue engineering and regenerative medicine. 3D Bio-
printing is an example, in which additive layer-by-layer

manufacturing methods are refined to create 3D tissue-like
structures directly (Figure 4(f)).!% In addition to produc-
ing scaffolds alone, this manufacturing method allows the
integration of precise, reproducible spatial deposition of
cells or bio-inks, respectively.'!? Bio-ink is the term used
for any scaffold material that contains living cells in bio-
printing. Deposition of different cell types, bio-inks, and
other materials simultaneously by using several printer
heads and extrusion techniques allows to print complex
tissue structures. The fabrication of an architecture that
allows islet cells to be maintained in close proximity to
vascular structure with 3D printing was shown with PLA
as a scaffold material.’! The scaffold was then loaded with
cells and growth factor-enriched platelet hydrogel.>! 3D
Bioprinting, in comparison with conventional 3D printing,
is able to integrate these cell-containing hydrogels in the
printing process to build more complex architectures.

The development of scalable manufacturing processes
to GMP standard is critically important in ensuring suc-
cessful translation of tissue engineering strategies to clini-
cal practice.3l1'! A study in which cell-containing alginate
hydrogels were 3D-plotted showed that they had a greater
surface area than bulk hydrogels and still maintained the
soft-tissue like properties of the pancreas.!'? Although
high viability of the cells could be achieved, they showed
a low glucose diffusion coefficient and impaired function-
ality due to insufficient diffusion capacity of the viscous
hydrogel.!'? It can be concluded that the alginate/gelatin
composite hydrogel that was plotted is not the ideal bioma-
terial for the purpose of engineering an insulin-secreting
construct with this technique. A study by Daoud et al.82113
used PLGA to 3D-print a scaffold matrix. A cell-gel com-
posite containing human islet cells, collagen I, collagen IV,
and fibronectin was then added.!'3 This in vitro trial
showed improved viability and function of the cells when
seeded onto the PLGA scaffold, implying potential usage
for long-term in vitro cell culture but also for further in
vivo studies.!!?

This fabrication method requires expensive equipment
and is currently only applicable to a limited range of mate-
rials, but offers excellent control over scaffold architecture
and porosity. With the use of support materials that can be
dissolved in water after the printing process, there are
practically no limitations on scaffold architecture.

Significance of ECM components in scaffold-
based tissue engineering

The use of scaffolds to host ISC should replicate the natu-
ral cell environment. In healthy pancreatic tissue ISC are
also surrounded by a basic support structure, namely the
ECM, which can be seen as a natural scaffold. The signifi-
cance of specific cell-ECM interactions for cell viability
and function and the additional roles of the ECM network
in tissue homeostasis and mechanical stability have been
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described previously and are commonly accepted.38114-125
After loss of the natural ECM environment in the digestion
and isolation process, islet cells show signs of apoptosis
but also signs of redifferentiation to immature progenitors,
thus leading to multihormonal cells.!?6 As a logical conse-
quence, polymers and proteins that are found in natural
ECM networks have been used for building an artificial
construct to host the cells.!?’ Collagen is frequently used,
either alone in the form of a hydrogel or in combination
with other materials. A hydrogel made of rat collagen as a
3D culture medium proved to be a better platform than a
conventional two dimensional (2D) suspension culture
when used for the differentiation of hiPSC into ISC.!28 The
coculture of cells with the collagen hydrogel in the differ-
entiation period between day 7 and day 16 showed a higher
expression of mRNA for pancreatic transcription factors
and hormones in the cells.'?® ECM compositions differ
depending on the natural target tissue. The basement mem-
brane that surrounds human islets consists predominantly
of collagen 1V, laminin, and fibronectin.3$:120 The restora-
tion of the natural ECM environment using these basement
membrane proteins is beneficial for cell function, 117:120.129-134
Improved survival rates, better retention of morphological
structure, and the development of vasculature in islet cells
seeded in basement membrane extracts including collagen
IV, laminin, and heparin sulfate proteoglycan verified the
hypothesis.!?? In another study, collagen IV from porcine
tendon was processed to form a macroporous upper layer
on top of decellularized porcine pericardium as a stronger
bottom layer. A significantly higher proportion of mice
returned to normoglycemia, compared with the controls
without the scaffold, and these animals had stable blood
glucose levels for up to 300 days.'? However, this study
also demonstrates the difficulty that future clinical appli-
cation would involve if it comes to reproducible, precise
manufacturing of those bilaminar scaffolds, especially
once it will be necessary to scale up for use in humans.
Considering the fact that ISC show improved function in
scaffolds that mimic the natural islet cell environment as
closely as possible, it is not surprising that some studies
focused on providing exactly this extracellular milieu as a
scaffold for cell seeding. Thus, the decellularization of
organs such as lung,!3>13¢ kidney,!37 spleen,!38 liver,!3%-140
or pancreas,30:115:133.136,141-148 and their recellularization
with ISC was investigated. Two in vitro studies used dECM
of rat and mouse liver as a scaffold for iPSC with mouse
islet cells injected through the portal vein and showed
higher insulin gene expression than in 2D controls.!39:140
Other studies investigated dECM pancreas as a scaffold
material and confirmed its applicability. dECM pancreas
scaffolds were biocompatible over a period of 120 days,!4?
were functional upon glucose stimulation or showed up-
regulated insulin gene expression,!42:144145.148 accelerated
the differentiation of B-progenitor cells into ISC,'** and
could be further improved by using alginate encapsulation

strategies.!!5 After sufficient decellularization, the scaffold
itself should not cause immune responses of the host in
allo- or xenotransplantation and already includes a decel-
lularized vascular tree.'*® Among the studies using dECM
scaffolds, only one tried to recellularize this vascular net-
work with an endothelial cell (EC) line in vitro, which
resulted in a primitive vascular network.!4¢ Though pure
dECM scaffolds lack reproducibility and are more difficult
to scale up to the volumes necessary for clinical applica-
tion in humans, the strongest argument against their use for
clinical organ replacement therapy is impracticability
within a streamlined process for wide application in future
medical treatments if not combined with additional scaf-
fold materials. It also remains unclear whether the com-
plexity of the complete pancreatic ECM is necessary—at
least in the period until a new ECM has been built in the
weeks after implantation—for successful engraftment of
the ISC-loaded scaffold in vivo. However, for research
applications, dECM pancreas scaffolds might be a suitable
platform for cell proliferation and differentiation studies or
complex disease modeling.

A significant effect of ECM components on ISC viabil-
ity and function in scaffolds was also found when synthetic
scaffold materials were used. With the exception of use of
a collagen hydrogel or whole dECM organ, these studies
employed a combination of different materials or ECM
component additives in order to amalgamate the favorable
characteristics of each material. This could help to solve
some difficulties experienced when using an ECM-derived
scaffold alone, for example, by enabling production of
scaffolds with higher mechanical stability, influencing the
degradation time after implantation, and improving preci-
sion and reproducibility. A study that investigated the
effects of additional peptide sequences that can be found in
fibronectin, laminin-1, and/or collagen 1V, namely RGD
(Arg-Gly-Asp), IKLLI (Ile-Lys-Leu-Leu-Ile), IKVAV
(Ile-Lys-Val-Ala-Val), and YIGSR (Tyr-lle-Gly-Ser-Arg)
functionalized onto scaffold materials showed their bene-
ficial effect on insulin production upon glucose stimula-
tion of a beta cell line in vitro.?® The functionalization of
the RGD and the YIGSR sequence onto the scaffold
resulted in the greatest enhancement of cell functionality.?®
These results were supported by another study that modi-
fied microporous PLGA scaffolds with collagen 1V,
fibronectin, and laminin. After 72h of in vitro culture, the
functionality of murine islets seeded on the three ECM-
modified scaffolds was significantly higher than in the
control group with PLGA alone. The subsequent in vivo
trial showed a faster return to normoglycemia especially
for the collagen IV-containing PLGA scaffold.'*® The
question of whether addition of a combination of relevant
ECM components to the basic scaffold can lead to a syner-
gistic effect was also investigated.3%:117:150 An in vitro study
that added collagen IV and laminin in different composi-
tions to a protein—polymer hydrogel showed no synergistic
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effect on glucose-stimulated insulin secretion compared
with, for example, addition of collagen IV alone.'>° This
unexpected finding may be explained by the influence of
the scaffold material itself on the cell-ECM interactions
and the possible allocation of binding sites.!**!5! This
hypothesis is supported by other studies that indeed
showed synergy, first with simultancous application of
RGD, IKVAV and glucagon-like peptide 1 (GLP-1) agents
and second with rationally designed collagen IV and
laminin (in a 25:75 ratio), compared with the effects of the
ECM components alone.3%!17 The addition of ECM com-
ponents for improved viability and function of ISC within
scaffolds is more complex and depends on factors such as
the scaffold material, the investigated cell type and matu-
ration status, the functionalization method for correct
presentation of the protein or peptide sequence to the
cells, and the substitution rate of ECM components on the
scaffold.!32152 Different collagen IV and laminin ECM
components in alginate-encapsulated human embryonic
stem cells (hESC), for example, showed no significant
effect compared with the control and did not positively
influence the cell differentiation into ISC.!53

Vascularization for oxygen and nutrient supply

Although the endocrine pancreas represents only 1%—-2%
of the total organ volume, pancreatic islets receive 5%—
15% of the total blood flow.!3*155 During isolation of islets,
both in clinical islet transplantation and tissue engineering
techniques, islets will be separated from their surrounding
exocrine tissue and consequently lose their connection to
the vasculature.!’3 Prolonged absence of blood supply,
hypoxia, and accumulation of metabolic waste and cata-
bolic products lead to shortened survival of the islet cell.*0
In all tissue engineering approaches, the restoration of
oxygen and nutrient supply through adequate blood supply
is therefore essential. A sufficient supply of blood can be
achieved through (a) modulation of the scaffold structure
itself, for instance, in wall thickness, porosity, intercon-
nectivity, or channel networks to allow diffusion and blood
vessel ingrowth,*6:51.112.156 (b) neoangiogenesis or vasculo-
genesis occurring naturally in the host organism or through
additional stimulation by growth factors, or (¢) the addi-
tion of other cell types that enhance vessel formation*!-157
(Figure 5).

The fabrication of the scaffold structure that incorpo-
rates ISC needs to consider the closest connection to the
external environment. The most commonly accepted max-
imum distance from the closest pore or microchannel that
will allow sufficient oxygen diffusion is 200 pum.73.89158-160
In one study, even though the required proximity to the
external environment as was achieved, sufficient diffusion
could sometimes not be maintained and there was loss of
functionality.!'? In addition to the distance to the external
environment, the size of the pore or connecting structure,

and thus the diffusion capacity, also needs to meet the
requirements of the encapsulated cell types. Landers et al.
recommend that the pore size should be 5-10 times the
diameter of the encapsulated cell.’o! As human islets vary
in size from 50 to 500 um,'%!° the required pore size would
not allow protection from the immune system.

Other approaches tried to overcome this conflict by
functionalization of the scaffold and addition of signaling
molecules that promote vascularization (Figure 5(a)).
Instead of direct injection of growth factors into the trans-
plantation site, leading to leaking vessels and abnormal
vessel function, controlled local release of signaling mol-
ecules from scaffold materials has proved successful.37-116
This strategy can be enabled through incorporation into
hydrogels and cell-encapsulating systems, covalent bind-
ing to scaffold materials, or functionalization onto medi-
ating molecules such as heparin?>52 (Figure 5(a)).
Electrostatic binding of VEGF-A to heparin, which itself
can be covalently linked to a 3D-printed PCL scaffold
using carbodiimide chemistry, led to angiogenesis and
resulted in enhanced viability and function of islets.>?
Heparin as a mediation molecule between scaffold and
growth factor retained a much higher amount of VEGF-A
than the negative control without heparin. In addition, the
functionalization prevented burst releases of the growth
factor.2 A chicken chorioallantoic membrane (CAM)
assay showed that 200ng mL-' VEGF-A loading of the
PCL scaffold proved most effective for induction of de
novo vessel formation. Higher concentrations resulted in
aberrant vessels, reduced angiogenesis, or hemangioma
formation.>? Another study using VEGF in concentrations
of 0.5 pg mL-! and 5 ug mL-! confirmed the adverse effect
of high VEGF concentrations and showed host reactions
resulting in calcifications around the scaffold.’! A negative
control without heparin/VEGF-A showed no effect on ves-
sel formation.52 Rather than the total dose of VEGF, it is
the microenvironmental gradient and release kinetics that
define the therapeutic threshold, explaining discrepant
findings.!®2 Another study fabricated a fibrin—heparin/
VEGEF scaffold and performed in vivo experiments show-
ing penetration of cells and generation of new capillaries
into the whole fibrin-heparin/VEGF scaffold after subcu-
taneous implantation into diabetic mice. In contrast, a
fibrin/VEGF scaffold without heparin functionalization
showed these effects only around the scaffold margins.!6?
EC migration to the scaffold, promoted by heparin alone,
might be due to the different surface topography after hep-
arin coating of the scaffold, but also the high protein-bind-
ing capacity of heparin. Increased serum protein absorption,
and thus increased cell adhesion to the heparin-coated
scaffolds, may be a separate factor leading to vessel
ingrowth.> In addition to scaffold functionalization with
growth-signaling molecules, oxygen-producing materials
can further improve islet survival as they decrease irre-
versible cell damage caused by hypoxia in the initial period
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Figure 5. Vascularization strategies: (a) modifications of

the scaffold material by, for example, coating with covalent
bound heparin and association of growth factors and
signaling molecules; (b) coculturing of other cell types such as
endothelial cells or fibroblasts; and (c) the addition of oxygen
producing or releasing particles were described to promote
vascularization into the bioartificial construct.

after implantation!%3-165 (Figure 5(c)). Microparticles con-
taining hydrogen peroxide with a functionalized PLGA
shell to ensure retarded oxygen release were implanted
together with the fibrin-heparin/VEGF scaffold. Compared
with the controls, this approach proved to be the most suc-
cessful on 30-day observation of blood glucose and body
weight after transplantation into the omental pouch!®3
(Figure 5(c)). Other angiogenic factors were investigated
in a human umbilical vein EC (HUVEC) tube formation
assay comparing platelet derived growth factor (PDGF),
VEGF, aFGF, and bFGF (fibroblast growth factor) on the
angiogenic capacity of vascular EC.2%3794123 aFGF was
found to be superior to the other substrates investigated in
terms of angiogenic capacity.?*

Angiogenic growth factors directly or indirectly stimu-
late a multi-step process that involves migration and prolif-
eration of ECs. The inclusion of ECs and other cell types
besides ISC into a scaffold was therefore investigated*!57
(Figure 5(b)). Especially in the in vitro culture period, scaf-
folds will allow ECs to grow adherently. This method
proved to yield higher efficacy in the coating of islets, as
these usually grow in suspension culture, leading to low
attachment of the ECs in the absence of a scaffold microen-
vironment.>* Viability, function, VEGF expression, and
microvessel density were all better in the PGA scaffold
group.>* The beneficial effect on the insulin-secreting func-
tion of co-transplanted ECs was also shown when using
other scaffold materials, such as collagen.!3” The effect of
cocultured mesenchymal stem cells (MSC) instead on the

graft function was not consistent across studies.30.157.166,167
A doubling of insulin secretion after glucose stimulation
was seen when MSC were cocultured in PEG hydrogels.3°
In addition to effects on insulin secretion, MSC are known
to have paracrine and immunoregulatory functions that
might be beneficial in vivo.!% Further studies on other scaf-
fold materials might even use the EC coating of inner sur-
face areas, such as microchannels serving as artificial
capillaries. This method might provide a solution to the
conflict between larger pore sizes for diffusion and the need
to maintain a barrier that protects from inflammatory host
reactions. Fibroblasts have also been investigated in cocul-
ture with ISC on a scaffold, as they are known to produce
growth factors (e.g. VEGF, FGF) and to produce and sup-
port ECM components such as collagens and fibronectin,
and therefore play a role in tissue repair processes.!21:169-171
Fibroblast coculture with islet cells significantly increased
the insulin secretion upon glucose stimulation!”® (Figure
5(b)). In an in vivo trial using a fibroblast-populated colla-
gen scaffold, the marginal islet mass required to restore
normoglycemia was lower by half compared with the con-
trol with free islets and by a third compared with the ISC/
collagen scaffold alone.!® The synergistic effects of ECs
and fibroblasts engineered in agarose molds to form a
prevascularized sheet for islet cells were investigated and
showed the ability to build a vascular network that con-
nected to the host vessels in vivo.!7?

Whatever method is used for restoration of the islet vas-
culature, there is a certain formation period to be bypassed.
Recent strategies have been either to implant the scaffold
at least partially before addition of the cells for pre-vascu-
larization,2-26:51.92.94173 or to add oxygen-producing nano-
particles and substrates that ensure survival in the period
after implantation when new vasculature has yet been
formed!®> (Figure 5(c)). The in vitro treatment of cultured
islets prior to implantation with oxygen-generating disks
(OxySite; solid encapsulation of calcium peroxide in
PDMS disks) proved to have a positive impact on overall
graft efficacy by enhancing intra-islet vascularization and
decreasing the hypoxic expression of pro-inflammatory
cytokines without diminishing the hypoxia inducible fac-
tor (HIF)-induced VEGF-A release.'7 This pretreatment
of the islets before transplantation may lead to higher via-
bility, especially of bigger islets, and thus increased insu-
lin-secreting function in vivo.

Immunoprotection through scaffold material

One reason why long-term independence from insulin in
islet transplantation following the Edmonton protocol?175
usually cannot be sustained is early graft loss due to
IBMIR. It is estimated that a majority of transplanted islets
are lost rapidly due to coagulation, platelet aggregation,
complement activation, and invasion by neutrophilic gran-
ulocytes and monocytes.”-!76177 Treatment with chronic
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Figure 6. Encapsulation of insulin-secreting cells by a semi-
permeable membrane.

immunosuppressive regimens? and the infusion of a higher
number of islets, often retrieved from more than one
donor,'”> have been used to prevent further specific
immune reactions and diminish graft loss. The side effects
of immunosuppressive drugs'’® and the preexisting short-
age of donor organs have a negative impact on this treat-
ment option. Tissue engineering approaches offer a variety
of strategies to protect the islet cells to be implanted from
the host immune system.3%:179-182

Small molecules can still pass through the membrane to
ensure inflow of oxygen, glucose, and nutrients and outflow
of insulin and metabolic waste products!? (Figure 6).
Although the severity of immediate inflammatory reactions
against the grafts can be reduced by semipermeable encap-
sulation strategies and the selection of implantation sites
other than originally proposed in the Edmonton protocol,?
long-term reactions of the immune system, which go along
with cell migration toward the implant and consequent PFO,
are an additional diffusion barrier that leads to hypoxia and
a lack of nutrient supply. Various strategies to avoid PFO
have been investigated, including local controlled release of
a non-steroidal anti-inflammatory drug (NSAID) through
linkage with the encapsulating hydrogel (e.g. Na-Alg).
Although the functionalization of the drug avoided burst
releases shortly after implantation, it could only be sustained
for the first 14days of an overall observation period of
30days.?” In similar approaches, glucocorticoids!'$*18* and
other immunosuppressive agents (e.g. tacrolimus,'® tumor
necrosis factor a (TNFa)-antagonizing peptide,'®¢ interleu-
kin (IL)-4,'8 inhibitory peptide sequence for ISC surface
IL-1 receptor,’®” monocyte chemoattractant protein-1
(MCP-1) binding peptides, '8 and transforming growth fac-
tor (TGF-B))'% were linked to the scaffold material
(PDMS,'®#®  PLGA-PEG-DOPA nanoparticles,!®>  silk,!34
PLG,'® and PEG).!%6-18% At 30 days after implantation, only
low dosages of the glucocorticoid showed improved engraft-
ment of the islet-containing scaffold through modulation
of the inflammatory response; higher dosages showed
decreased engraftment and function.!83 The general idea of

linking immunosuppressive drugs to the scaffold material
may seem contradictory, as they have been demonstrated to
have cytotoxic effects on islet cells.318-191 The proposed
future investigations for different drug linkages to the scaf-
fold, drug dosages, or combinations of drugs might turn out
to be dispensable if one follows another approach where the
islets are embedded in a hydrogel scaffold (chemically tria-
zole-thiomorpholine dioxide-modified alginate), mitigating
the immune response itself.% The bioartificial organ pro-
vided glycemic control when implanted intraperitoneally
into immune-competent mice until removal at day 174.9

Further strategies that proved beneficial for long-term
immune protection include the coculturing of islets with
other cell types, such as indoleamine 2,3-dioxygenase
(IDO)-expressing (enzyme in tryptophan catabolism path-
way) fibroblasts, through increasing the population of
regulatory T-cells and preventing T-cell infiltration.!92193
Interestingly, the coculture of fibroblasts with ISC on a
collagen scaffold did not result in significant PFO.!%°

In addition to the findings above, it is conceivable that
physical properties of the scaffold such as size and shape
may also be relevant for the dimension of the foreign body
response. An in vivo study of rat islet-containing alginate
capsules showed that the foreign body response is inversely
correlated to the size of the scaffold (0.5mm vs 1.5mm,
results normalized to surface area) and is further dimin-
ished when the bioartificial organ shows a spherical
shape.%>:194 The resulting conflict between small microcap-
sules for sufficient oxygen and nutrient supply, as described
in the section above, and the increasing foreign body
response and fibrotic overgrowth for small microcapsules
is one of the challenges for current ISC tissue engineering
approaches.

Cell differentiation

The approach to integration of fully differentiated, adult
cells, such as pancreatic islet cells, into suitable scaffolds
for clinical transplantation into patients has several disad-
vantages and might only be a milestone on the road to
creation of bioartificial organs for regenerative medicine.
A global shortage of donor organs, immunological graft—
host reactions against non-autologous tissue, and the islet
isolation process itself, which is stressful and potentially
damaging, are not optimal preconditions for broad applica-
tion. For the future of organ creation, stem cells as an
unlimited source to form new tissue are favored. 3D cell
culture systems are a novel technique for studying cell dif-
ferentiation both in vitro and in vivo and were shown to
resolve the limitations of expensive and time-consuming
2D in vitro protocols.3!33.93,102.106,195-197 Fyrthermore, it
was shown that successful differentiation into early ISC is
possible in vitro; maturation, however, requires in vivo
conditions.3!-101.196-200 There has been extensive research
on the differentiation of insulin-secreting beta cells from
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human pluri- and multipotent stem cells (n=47 studies),
such as hiPSC,53.106.107.201.202 hES(,93.195.197-199.203-206 and
MSC.31.100-102.207-210 Again, these approaches are based on
mimicking the processes of natural pancreas embryology
by stepwise reproduction with the addition of growth
factors and other molecules. This process can be con-
trolled by monitoring gene expression along the devel-
opmental stages. To verify early pancreatic progenitor
stages the expression of pancreatic duodenal homeobox
1 (Pdx1) has often been detected; for later stages,
NKX6.1, a transcription factor in early beta cell devel-
opment; and in insulin-secreting mature states, MafA, a
transcription factor in adult beta cells that is described as
critical for insulin production, has been used as a marker
molecule 42.93.138.195,198,199,204,207

A 10-day differentiation protocol was able to produce
hESC-derived PDX1%, NKX6.1- early pancreatic progeni-
tor cells in more than 80% of the cell population.!®s
Together with mesenchymal and ECs, organoids were
formed in 3D cell culture with Matrigel®. After implanta-
tion into the peritoneal cavity of nude mice within a
3D-printed PLA scaffold that contained Matrigel® and
collagen I, the cells further differentiated into ISC in vivo.
Vascularization of the device and cell-ECM interactions
supported this process, and after 90 days in vivo 38.5% of
the cells were insulin-positive.'% In contrast to ESC, which
can be subject to ethical issues, hADSC can be obtained
repeatedly using minimally invasive techniques and are
thus eligible for autologous procedures.!? The electrospun
PLA/PVA 3D culture platform enhanced the differentia-
tion of those cells into ISC. The successful differentiation
of hADSC into ISC was proved by higher gene expression
of PDX1, glucagon, and insulin as well as a physiological
insulin response after glucose stimulation in comparison
with 2D culture.!% One challenge in many differentiation
protocols is the production of monohormonal ISC.204
Exenedin-4, a GLP-1 receptor agonist, was shown to not
only promote the sphere formation of progenitor cells but
also significantly increase the proportion of monohormo-
nal ISC after transplantation within a PCL scaffold.!00.201

Although the approach is intriguing, further research is
necessary before it can be successfully implemented as a
transplantation concept. In general, the reviewed literature
showed a dual-track strategy. On the one hand, there are
approaches that focus on the development of a suitable
scaffold for mature ISC, taking the points discussed above
into consideration. On the other hand, there are approaches
that particularly focus on the differentiation of ISC from
stem cells. Promising results from both strategies are then
brought together, thus reducing the variables that could
lead to failure.

Transplantation site

In contrast to the initial intraportal transplantation in the
Edmonton protocol, various other implantation sites can

be used for scaffold-based organ replacement treatments.
The liver and the portal vein may not be ideal transplanta-
tion sites due to IBMIR, low oxygen tension, and the
many toxins and drugs that are processed in the liver.8?
Scaffold-based implants allow the choice between a wider
spectrum of transplantation sites. A dense vascular net-
work for sufficient oxygen and nutrient supply, real-time
access to physiologically representative blood glucose
levels, low immune response rates, but also easy surgical
access and the possibility to retrieve the implant, are gen-
eral criteria when choosing a suitable implantation site for
the cell-loaded scaffold.2!! In addition to these factors,
more specific criteria may apply depending on the nature of
the cell-loaded scaffold itself. Scaffold size, mechanical
stability, and diffusion distances affect the choice further.
Among the in vivo studies included (n=91) the ISC/scaf-
fold construct was transplanted into subcutaneous locations
(n=31),27:51.69.92-94,112,115.120,133,135,145,147,156,157.171.212-225 the
peritoneal cavity (n=19),1826.56.63.65-68.101,134,135,173.195,226-232
an omental pouch (n=14),57.59811I8.119.163,174225233-238 the
renal capsule (n=18),3467.69.7596.120.121,131,135.169,185,192,193.228.239-
242 the epididymal fat pad (n=9),8591.129.149.183,189201236243 the
small intestinal mesentery (n=1),!1¢ alongside a vessel
(n=3)2526.244 and other sites (Figure 7). The evidence gap
map shows that most of the studies conducting in vivo
experiments focused on the subcutaneous site for implanta-
tion. Compared with the first evidence gap map (Figure 2),
the evidence map on transplantation sites, which included
only in vivo studies, presents a higher proportion of stud-
ies that used stem cells or cells intended for differentiation
into ISC. This can be explained by the findings above
showing that many differentiation protocols to produce
ISC require both in vitro and in vivo settings.!*8-200 The
tendency toward the use of natural materials for scaffold
fabrication is comparable with the first evidence gap map
(Figure 2). The only study that used a synthetic scaffold
material (PLA) together with human islet cells, published
in 2017, also used 3D printing technology to fabricate the
scaffold.>! This supports the assumption that there might
be a shift in future research toward the use of synthetic
scaffold materials or composite scaffolds due to the access
to new manufacturing techniques such as 3D (bio)
printing.

The subcutancous site offers both minimally invasive
access and the space for therapeutic transplant volumes, 7
and was the most frequently used transplantation site in the
reviewed articles. One simple and low-risk implantation
method is the subcutaneous injection of a cell-containing
scaffold—hydrogel.’57-213 The combination of a transient
cell-containing hydrogel that can be reloaded on demand
and a permanent scaffold made out of a mechanical stable
synthetic polymer was described as an important step in
the direction of long-term function.’! However, because
the vascular density is poor, several strategies have been
used to induce the vascularization that is necessary for sur-
vival of the ISC.170 A study that used an ISC/collagen
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scaffold compared the subcutanecous site with the renal
subcapsule and showed reduced graft function for the sub-
cutancous site as measured by blood glucose measure-
ment.'?0 The promotion of vascularization as discussed
above showed positive results in several in vivo studies.!
Especially when targeting the subcutaneous transplanta-
tion site, the question needs to be addressed of whether
these animal experiments are predictive for and transfera-
ble to humans. Mice made diabetic by injection of strepto-
zotocin or alloxan shortly before the experiment do not
have the secondary complications of diabetes such as angi-
opathy. It can be assumed that these secondary complica-
tions of diabetes will impede vascularization. A systemic

vascular disease will thus affect the subcutaneous site
more severely than other possible transplantation sites. In
direct comparison with other transplantation sites, the sub-
cutaneous site showed strong immune and foreign body
responses against the implanted ISC/scaffold graft.®
Intraperitoneal implantation or implantation into an
omental pouch of bioartificial organs in a mouse or rat
model may be transferable to future human applications,
although these have been reported to be pro-inflammatory
environments.8!2!! The peritoneum is richly vascularized,
which is a basic requirement for vascular ingrowth to pro-
vide sufficient oxygen supply, and offers the space for the
implantation of a therapeutic volume.?*? It should be noted
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that revascularization after intraperitoneal implantation
can only take place once the graft attaches at a defined
location.”” An advantage of the peritoneal cavity, and espe-
cially the omental pouch, is the physiological venous out-
flow of the produced insulin directly into the liver through
the portal vein. Depending on the size, architecture, and
biomechanical integrity of the device, retrievability is a
limiting factor for clinical applications, especially for
intraperitoneal implantations.’”-¢7 The injection or implan-
tation of hydrogel microcapsules into the peritoneal cavity
leads to difficulties if removal becomes necessary, for
example, due to graft-host reactions or other medical com-
plications. Even several peritoneal lavages may not suffice
to remove all of the microcapsules. Retrievability is an
important requirement for of a clinical implantation of
such a medical device in humans. The high number of
microcapsules necessary for the treatment of humans and
the complex anatomy of the abdominal cavity make a
complete retrieval of the implants practically impossible.
Another issue with both intraperitoneal implantation and
transplantation into an omental pouch, one that is not
addressed in the in vivo studies, is the problem arising if a
patient needs relaparotomy due to any other medical con-
dition. The implanted microcapsules or other ISC/scaffold
constructs would be damaged or removed in the course of
surgical intervention. The reviewed articles offer different
solutions to overcome this difficulty, especially when
choosing the peritoneal cavity or omental pouch for
implantation. The use of a 3D-printed porous PLA basket
with a lockable cover would be a way of trapping ISC,
hydrogel materials, and other compounds but still being
able to retrieve them.!%> The idea of somehow attaching
the cell-containing hydrogel was also utilized in a study
where a fiber made out of twisted surgical sutures was fab-
ricated as an inner scaffold that is mechanically stable.??8
This fiber was subsequently coated with a cell-containing
alginate hydrogel. Complete, undamaged retrieval via lap-
aroscopic surgery with low inflammatory tissue responses
were seen in a scaled-up dog model.22® Even though the
authors tested the viability and function of their device in
vivo and showed safe retrievability, it remains unclear
whether the geometry and size of such a structure will
cause medical complications such as adhesions, obstruc-
tion, and discomfort in the long term. The qualified eligi-
bility of the peritoneal cavity and omental pouches as
transplantation sites with regard to the discussed problem
of retrievability only goes to emphasize the importance of
adjustment of scaffold materials, scaffold architecture, and
designated transplantation site. Epididymal fat pad trans-
plantations (n=9) in rodent models were used to prove the
concepts of the respective studies in vivo. As this anatomi-
cal location does not exist in humans, with intraperitoneal
fatty tissue being the analog, the same considerations as
for the intraperitoneal cavity or omental pouch sites apply.

Interestingly, there is evidence that a higher number of
IEQ is necessary to restore normoglycemia, accompanied

by a later onset of insulin-secreting function for the omen-
tal transplantation site than for the renal subcapsular or
intrahepatic transplantation site.!18:238.245 [n direct compari-
son, the renal subcapsule showed the smallest marginal
mass of [EQ to restore normoglycemia, the fastest onset of
graft function, and the strictest glucose control in a mouse
model.?*> Furthermore, the renal subcapsule has also been
described as an immunoprivileged transplantation site.®
Although this transplantation site has been chosen fre-
quently in rodents (n= 18), clinical applicability in humans
is not feasible. The human renal subcapsule is inelastic and
does not offer the space necessary for the implantation of
therapeutic dosage.?*> In contrast to subcutaneous and
intraperitoneal implantation there is not enough space to
host macrocapsules and scaffold constructs larger than
microcapsules (<150 um).2!!

One research group investigated the transplantation of
an ISC-containing scaffold directly along a vessel.2526:244
The devices containing islet cells, scaffold material, and
growth factor supplements were implanted along epigastric
vessels or the femoral neurovascular pedicle.?526-24 This
transplantation site (n=3) is expected not only to show the
advantage of a sufficient vascular supply for the islets in
terms of oxygen and nutrient diffusion to maintain viability,
but also provide real-time access to the blood glucose con-
centrations and show a direct hormonal delivery pathway.2¢
In contrast to the conventional hepatic transplantation site
or intraportal injection, the ISC-containing scaffold is not
directly exposed to the bloodstream and therefore IBMIR is
minimal.2¢ In these studies, the cells were implanted
3—4 weeks after implantation of the scaffold to avoid initial
foreign body responses and bypass the period before suffi-
cient vascularization was developed. The epigastric vessels
were encased with a silicone tubing that included Matrigel®
and bFGF. In a second step, a gelatin sponge with the
loaded islet cells was implanted between silicone tubing
and vessel.20 Although Matrigel® cannot be translated into
clinical application and the choice of a peripheral site
shows significant delays before graft function can be meas-
ured, this study showed promising results for the use of this
transplantation site. A subsequent study of the same group
without Matrigel® again used a gelatin sponge with sup-
plemented nerve growth factor (NGF) for implantation
alongside the femoral neurovascular pedicle.?** This modi-
fied protocol showed enhanced viability of islets on the
gelatin scaffolds that were supplemented with NGF com-
pared with the controls without NGF. Finally, the suitability
of the transplantation site was shown by insulin secretion
after intraperitoneal glucose injection, similar to the non-
diabetic control.?**

Conclusion

Scaffolds serve as biomimetic materials designed to
resemble the models of nature and to imitate their function
for a broad spectrum of applications in the medical
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industry. There is already evidence proving the eligibility
of scaffolds as 3D culture platforms and also as platforms
for enhancing differentiation of immature cells to ISC. The
approach to create an insulin-secreting organ can be seen
as a perfect example for other future applications in tissue
engineering. The substitution of a single cell type, namely
the insulin-secreting beta cells, may be an alternative
future treatment for patients with a loss of endocrine pan-
creatic function and an advance in bioartificial organ trans-
plantation medicine. However, much needs to be done to
overcome the current limitations, specifically with regard
to long-term survival and function of the cells, the use of
suitable scaffold materials, and the design and fabrication
of a scaffold architecture that allows sufficient oxygen and
nutrient supply without compromising protection of the
graft from the host immune system. These problems have
to be solved before clinical application of any bioartificial
organ can become reality.

Direct comparison of the tissue engineering approaches
using scaffold materials on ISC is currently impossible due
to the variety of factors that need to be considered. Even
direct comparison of transplantation sites is difficult.
Different scaffold materials, scaffold architectures, spe-
cies, and maturation status of the donor cells, as well as the
different parameters defined to evaluate the outcome (e.g.
metabolic control, oxygen tension, functional mass, tissue
response, practical applicability, cell differentiation), all
preclude direct comparison. There is therefore an urgent
need for structured, evidence-based research. We have
shown that evidence gap maps can provide a synopsis of
research data, including experimental studies, to display
complex, multi-parameter objectives. The evidence gap
maps yield an easily accessible quantitative and qualitative
overview and allow determination of high-interest and
low-interest areas in published research. This method
allows us not only to identify gaps, but also to aggregate
related evidence and thus come up with new findings. The
reviewed literature shows promising results for of ISC/
scaffold constructs but not yet a final solution for clinical
application.

Both insufficient nutrient and oxygen supply due to per-
fusion limitations in scaled-up scaffold macrocapsules and,
in contrast, the increasing host reactions against smaller-
sized microcapsules will eventually lead to graft failure.!%*
Generally, the microencapsulation strategy might not be a
feasible approach for clinical application of ISC/scaffold
bioartificial organs. However, implantation of the number of
hydrogel droplets required to achieve therapeutic dosages for
human patients seems impractical, and the transplantation
procedure and follow-up will be impeded by, for example,
impaired retrievability due to the intrinsic properties of the
microcapsules. This conflict may only be resolved by fol-
lowing a complex, multi-dimensional strategy in which scaf-
fold materials, advanced scaffold manufacturing techniques,
cells, and signaling molecules will be adapted. Both hydro-
gel scaffold materials and polymer-based scaffold materials

can provide only some of the required scaffold characteris-
tics. The combination of several scaffold materials to form a
hybrid device seems to be a reasonable objective for future
investigations. New scaffolding technologies such as 3D bio-
printing may offer the possibility for combined fabrication of
several materials into a designed 3D architecture. This 3D
architecture can have higher complexity, for example, with
microchannels that mimic natural vascular trees rather than
microcapsules or bulked scaffold sheets. The inclusion of
simplified vascular trees or other routes for perfusion to the
scaffold core can ensure sufficient oxygen and nutrient sup-
ply for all ISC, no matter their location within the construct.
The significance of ECM components for ISC viability,
function, and successful differentiation of immature progeni-
tor cells was proved in the reviewed literature and should be
integrated into future investigations.

The creation of an implantation site with close proxim-
ity of the bioartificial tissue to blood vessels might improve
the long-term viability and function. Only three articles
that met the inclusion criteria of this systematic review
focused on this transplantation site.2520:244 As the subcuta-
neous site, the renal subcapsule, the epididymal fat pad,
and, in the majority of cases, also the peritoneal cavity and
omentum or the creation of omental pouches each have
specific disadvantages we strongly recommend research
into prospective new transplantation sites. Further devel-
opments in stem cell technologies and their differentiation
to insulin-secreting cells, DNA editing methods, and new
manufacturing techniques and materials may combine to
enable the vision of a bioartificial pancreas to become
reality.
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