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Abstract
There is a need for physiologically relevant assay platforms to provide functionally relevant models of diabetes, to acceler-
ate the discovery of new treatment options and boost developments in drug discovery. In this review, we compare several 
3D-strategies that have been used to increase the functional relevance of ex vivo human primary pancreatic islets and devel-
opments into the generation of stem cell derived pancreatic beta-cells (β-cells). Special attention will be given to recent 
approaches combining the use of extracellular matrix (ECM) scaffolds with pancreatic molecular memory, which can be used 
to improve yield and functionality of in vitro stem cell-derived pancreatic models. The ultimate goal is to develop scalable 
cell-based platforms for diabetes research and drug screening. This article will critically assess key aspects related to in vitro 
pancreatic 3D-ECM models and highlight the most promising approaches for future research.
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Abbreviations
DM  Diabetes mellitus
T1DM  Type 1 diabetes mellitus
T2DM  Type 2 diabetes mellitus
Islets  Islets of Langerhans
β-cells  Beta-cells
INS  Insulin
C-PEP  C-Peptide
GSIS  Glucose-stimulated INS secretion
ESCs  Embryonic stem cell
iPSC  Induced pluripotent stem cell
MSCs  Mesenchymal stem cells
ECM  Extracellular matrix
BM  Basement membrane
COL  Collagen

LN  Laminin
3D  3-dimensional

Introduction

Diabetes mellitus (DM) is a chronic metabolic disorder char-
acterized by progressive hyperglycemia, caused by insuffi-
cient production of, or resistance to, insulin (INS) which is 
produced by β-cells within the pancreatic islets [1]. Type 1 
diabetes mellitus (T1DM) occurs when the body’s immune 
system destroys the β-cells, resulting in insufficient INS 
supply or INS resistance leading to elevated blood-glucose 
levels. Type 2 diabetes mellitus (T2DM) is characterized 
by INS resistance where different organs no longer fully 
respond to INS. In response, β-cells increase INS production 
but overall β-cell function and mass continues to decline. 
Several secondary metabolic disorders can develop from 
this disease, including neuropathy, retinopathy, nephropa-
thy, stroke and heart failure [2, 3].

Common treatments for T1DM involves rigorous blood-
glucose control through daily injections of INS or through 
an INS pump [4]. An alternative to administration of 
exogenous INS is transplantation of allogenic islets, iso-
lated from cadaveric sources, however the amount of islets 
recovered from a single donor is often insufficient for a full 
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transplantation procedure [5]. Additionally, supply of human 
tissue is sporadic and dependent on organ donors, where the 
quality and timing of delivery of the tissue is variable. The 
physical structure of islets is commonly lost due to post-
isolation stress, leading to post-isolation reduced function-
ality [6]. For T2DM, a variety of anti-diabetic drugs are 
prescribed aiming to preserve or rejuvenate the β-cells [7, 8]. 
Nevertheless, current treatments do not alter the progressive 
nature of the INS secretory deficit and the islets decreased 
health.

The alarming projection for the increase in prevalence 
of diabetes has lead the World Health Organization to pre-
dict that diabetes will become the leading cause of fatal-
ity by 2030 (Reviewed June 2016) [9]. The prevalence of 
diabetes, primarily T2DM, is already placing a financial 
burden on worldwide healthcare systems [10] with a pre-
dicted rise of 5–20% in total health expenditure, as stated 
by the International Diabetes Federation in its 7th edition 
review (2015) [11]. A key goal is therefore development of 
improved in vitro cell models, based on physiologically rel-
evant human cells, to drive improvements in disease study, 
drug discovery research and diminish reliance on the use of 
cadaveric islets.

Human pancreatic islets are the ideal cell tool for T2DM 
disease modelling, however the reliance on cadaveric donor 
samples constrain research development, due to the sporadic 
availability and batch-to-batch variability. Furthermore, 
the islets isolation process disturbs the islet-Extracellular 
matrix (ECM) relationship and thereby limits islets viability 
and functionality in in vitro culture. In this review, special 
attention will be given to 3D-culturing and ECM strategies 
used to improve humans islets functionality in vitro. It is 
known that human islets are enclosed in a dense network 
of collagen and in direct contact with a laminin(LN)-based 
basement membrane (BM) (Fig. 1). It will be discussed how 

3D-culturing and ECM strategies used to improve humans 
islets functionality in vitro may be used to improve the func-
tionality of stem cell derived pancreatic β-cells, and lead to 
the generation of alternative and scalable cell sources for 
responsive INS-producing cells.

Endogenous Human Pancreatic Islets 
and β‑Cells

In Vivo Physiology and Function

The adult pancreas is a heterogeneous gland with both 
exocrine and endocrine compartments [14]. The exocrine 
portion of the pancreas is composed of secretory cells that 
produce digestive enzymes, which are released into the pan-
creatic ducts. The endocrine portion is composed of islets 
of Langerhans (Islets) that produce and release hormones 
to regulate glucose homeostasis. The human islet anatomy 
is described to have 50–60% INS-producing cells (β-cells), 
30–45% glucagon (GCG)-producing cells (α-cells), less than 
10% somatostatin (SST)-producing cells (δ-cells) and pan-
creatic polypeptide (PP)-producing cells (γ-cells), and less 
than 1% ghrelin (GHRL)-producing cells (ε-cells) [15, 16]. 
Human islets have been shown to be quite heterogeneous in 
terms of cell composition but also to have a substantially 
different architecture from widely studied murine islets. In 
isolated murine islets α- and γ-cells resided at the periphery 
of the β-cell core. However, human islets were markedly dif-
ferent in that α-, γ-, and β-cells were dispersed throughout 
the islet [17]. Furthermore, human islets contained propor-
tionally fewer β-cells and more α-cells than murine islets 
[15, 17]. These interspecies differences translate into differ-
ent functional properties. Cabrera et al. [15] also found that 
cell oscillatory activity was not coordinated throughout the 

Fig. 1  Schematic representation of human pancreatic islet cel-
lular composition and fibrillar ECM structure imaging. Human 
pancreatic islets are thought to be enclosed in a double layered base-
ment membrane (BM) composed of Laminins (LNs) and other ECM 

proteins [12], and further embedded in a dense collagenous network 
within the pancreatic tissue [13]. Imaging of fibrillar collagen (COL), 
in a label-free way using Second Harmonic Generation (SHG), is 
shown using fixed human pancreas tissue
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human islet as in mouse islets and human islets responded 
with an increase in  [Ca2+] when lowering the glucose con-
centration [15].

β-cells are extremely specialized cells that dedicate up to 
half of their protein synthesis to INS production, with newly 
translated INS packaged into specific INS granules [18]. The 
INS granule is an organelle in which many regulatory path-
ways cross and converge, and furthermore is the origin of 
several signals that regulate both β-cell activity and affect 
neighbouring and distant cell types [19]. INS is translated as 
a pro-peptide which is functionally matured through endo-
peptidase cleavage, resulting in a single C-peptide (C-PEP) 
being produced for every pro-INS that is cleaved. Hence, 
the C-PEP is the second most abundant cargo in the INS 
granule. β-cells use changes in plasma-membrane potential 
to couple variations in the blood glucose concentration to 
stimulation or inhibition of INS secretion [20, 21].

Isolated Islets In‑Vitro

It has been shown that the unique organization of islet cells 
observed within human pancreata is not maintained in 
cultured isolated islets [22]. In canine islets this phenom-
enon coincided with a diminished expression of integrins 
α3, α5 and αV [23]. Others reported critical post-isolation 
effects on human islets such as cell death involving primar-
ily β-cells [6], and loss of mature β-cell phenotype [24]. 
However, dissociated primary rat and human donor islets 

followed by controlled cellular reassembly resulted in islet 
microtissues with an average 4 to 2.5-fold GSIS, respectively 
[25]. Alongside with the functional phenotype, the authors 
also reported the generation of pseudo-islets of standard-
ized size with similar cellular composition as compared to 
the native counterparts. The cluster re-assembly and ECM 
re-establishment of the islet-matrix relationship may be the 
key factor in preserving islets functionality and a tool in the 
generation of stem cell-derived islets.

ECM and 3D‑Culture Effect on Islets 
Phenotype and Function In Vitro

Understanding of the roles of cell/matrix interactions in 
pancreatic structure and function remains incomplete, how-
ever the presence of several specific ECM proteins suggests 
that these proteins play critical roles in pancreatic biology. 
Table 1 highlights the most abundant pancreatic ECM-pro-
teins identified in the literature. It is likely that there are 
developmentally driven, spatially and temporally coordi-
nated changes to the ECM that contribute to cellular signal-
ling and β-cell development. This is, however, an area that 
has seen limited attention and where scientific literature is 
currently lacking. Strategies that reestablish the ECM micro-
architecture may further improve β-cell function through for-
mation of a more native-like cellular micro-environment. 
This initiative can be viewed as a spectrum of increasing 

Table 1  Summary of ECM 
proteins observed in pancreatic 
tissue

N/A not available
a Immunocytochemistry
b Immunohistochemistry
c Second Harmonic Generation

Tissue ECM Detection assay Ref.

Protein Subtype

Mice fetal pancreatic epithelium LN α1β1γ1 ICCa [26]
Human fetal pancreas FN N/A IHCb [27]

COL-IV N/A IHC [27]
VN N/A IHC [27]

Human fetal pancreas LN α1, α2, α4, α5 IHC [12]
Mice pancreas COL N/A Label-free:  SHGc [13]
Mice pancreas LN α2β1γ1

α2β2γ1
α2β1γ3
α5β1γ1
α5β2γ1

IHC [28]

Mice pancreas LN α2β1γ1
α2β2γ1
α4β1γ1
α4β2γ1

IHC [29]

Mouse pancreas LL α1, α2, α3, α4, α5 IHC [30]
Mouse pancreas COL-IV α1, α2 IHC [30]
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complexity, delivering improved biological relevance with 
growing complexity of culture conditions. These improve-
ments range from 2D-cell culture to inclusion of coatings of 
relevant ECM components and ultimately, to fully 3-dimen-
sional (3D) microphysiological systems (Fig. 2).

ECM Impact on 2D‑Culture Systems

Dispersed embryonic mouse pancreatic cells, cultured 
on ECM proteins including FN, LN111 or COL-IV have 
demonstrated active cytoskeleton remodeling, via integrin-
mediated activation of FAK/Src signaling [31]. This study 
revealed the importance of cellular signaling through base-
ment membrane (BM) receptor binding for pancreatic cell 
morphology and structure. Furthermore, binding of both 
fetal and adult human β-cells to a variety of ECM proteins, 
specifically VN and COL-IV, has been found to increase 
release of INS in vitro [32]. In fact, an earlier study reports 
that both fetal and adult β-cell adhesion, motility and INS 
secretion is mediated via integrin-dependent signalling 
mechanisms [33] which is commensurate with receptor 
binding to VN and COL-IV. The authors report α1β1 as the 
primary collagen-binding integrin, and further correlate its 
expression with increased collagen binding.

Human islet adhesion, survival and functionality can also 
be affected by the choice of protein substrates in the culture 
[34]. The same study shows that human islets cultured on FN 
coating display increased glucose stimulated INS secretion 
as compared to islets cultured on collagen type I (COL-I) 
and COL-IV or LN (isoform not specified). Interestingly, 
collagen esterification, both in 2D and 3D culture systems, 
was shown to enhance rat islet glucose stimulated INS 
release (GSIS) in vitro as compared to native collagen [35].

Similarly, dispersed rat islets cultured on recombinant 
human LN211, LN332, LN411, LN511 or human placen-
tal LN-coated surfaces showed a distinct GSIS profile [36]. 
LN332 surface coating was found to provide the highest 
INS secretion among all conditions. Other work describes 
co-culture of mice islets on a mouse monolayer of mesen-
chymal stem cells (MSCs) as a natural ECM source [37]. It 
was found that the direct contact with the MSC monolayer 
improved GSIS in vitro, and correlated with superior islet 
graft function in vivo.

ECM Impact on 3D‑Culture Systems

There has in recent years been an increasing number of 
reports showing the use of 3D-scaffolds as a mean of further 
improving the physiological mimicry of the cellular micro-
environment, while preserving and/or increasing in vitro 
longevity of islets and prolonging functionality in the form 
of INS secretion. Culture of islets in 3D-self-assembling 
peptide nanofiber hydrogels has been reported [38], as well 
as culture of islets embedded in multilayer microcapsules 
[39]. For both these approaches, 3D-encapsulation resulted 
in significant increase in stimulated INS secretion by in vitro 
cultured islets.

Human islets encapsulated in alginate microcapsules 
combined with different ECM motifs, also revealed the 
importance of the ECM protein identity, concentration and 
synergistic effects [40]. In this study, the LN derived recog-
nition sequences RGD and PDSGR promoted human islets 
viability and induced GSIS, at concentrations ranging from 
0.01 to 1.0 mM. Higher concentrations of the LN sequence 
LRE (1 mM) were required to observed similar GSIS effects. 
COL-IV also had beneficial effects, but only at 50 mg/ml 

Fig. 2  Schematic representation of 3D-culture strategies used 
for the in-vitro culture of Islets. Islet culture has been improved 
by increasing the complexity of the 3D-culture systems, from single 
cell culture in 2D, to suspension culture and 3D-enginnered scaf-
folds, composed of pancreatic ECM proteins and multi-hierarchical 
structures. Improved features observed under 3D-engineered ECM 

scaffolds are viability and improved hormonal functionality. The ben-
eficial effects of these improvements are models that can be in cul-
ture for longer periods of time with reduced functional damage. For 
simplification, only the three main hormone-producing cells are illus-
trated
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and no further improvement were observed at higher con-
centrations. Other sequences such as IKVAV and DGEA 
had no effect on human islets activity. The same authors 
also reported that synergistic effects were observed by add-
ing COL-IV/RGD, COL-IV/LRE, and CO-LIV/PDSGR to 
encapsulated human islets. Others have reported micro- and 
nano-fabrication techniques for islet in vitro culture compris-
ing both soft lithography and electro-spinning, [41] both 
of which provide structural cues mimicking the ultrastruc-
tural networks contributed by native ECM. Such systems 
effectively regulated the spatial distribution of the pancre-
atic cells on the platform, leading to regularly shaped cell 
aggregates and ultimately an increase in the intracellular 
levels of C-PEP per cell. Primary endocrine cells, from 
mouse and human sources, spontaneously re-aggregated to 
islets-like clusters once dispersed in 3D-silk matrices, with 
reestablishment of INS-secreting functions both in vitro and 
in vivo [42]. Encapsulation of rat islets in COL-alginate 
composites lead to higher viability, improved regulation of 
INS secretion in culture and glucose homeostasis of trans-
planted islets [43]. Similar results were observed by encap-
sulating rat islets in a fiber-shaped scaffold on COL-alginate 
composite [44, 45]. PEG hydrogels containing COL-IV and 
LN (isoform not specified), or 75% of LN content further 
increased islet INS secretion six-fold in comparison to islets 
encapsulated in the absence of these matrix proteins [46]. A 
similar response was observed in mice islets co-encapsulated 
with MSCs in the presence of LN (isoform not specified) and 
COL-IV proteins [47], as well as for h-islets encapsulated in 
COL-I hydrogel or PLGA scaffolds supplemented with FN 
and COL-IV [48]. Comparable INS regulatory effects were 
observed in 3D islet-like cell aggregates of the rat INS1 
β-cell line, by culturing the aggregates in a self-assembling 
peptide hydrogels combining ECM motifs derived from FN 
and COL-IV [49].

Taken together, these studies demonstrate the importance 
of creating a native-like 3D support for in vitro culture of 
viable and functional pancreatic islets, independently of spe-
cies source. They further highlight the importance of using 
ECM proteins from the microenvironment of pancreatic 
islets as tissue-specific factors.

ECM and 3D‑Culture Effect on Stem Cell 
Derived Pancreatic Models

Extensive work in the field has successfully demonstrated 
embryonic stem cell (ESCs) and induced pluripotent stem 
cell (iPSC) differentiation to pancreatic β-cells in vitro, indi-
cating the feasibility of ESC/iPSC-based cell therapy for 
diabetes [50–52]. A renewable and close to unlimited source 
of native-like pancreatic cells would reduce reliance on the 
finite and variable source of human islets that are available 

through donation of cadaveric islets. Figure 3 provides a 
schematic view of the relationship between complexity and 
functionality for the most common pancreatic differentiation 
platforms. These will be discussed in detail in the following 
sections.

2D and 3D‑Culture

The optimization of ESC differentiation to the definitive 
endoderm lineage has been described as a key step and pre-
requisite for efficient differentiation to mature endoderm 
derivatives [56]. Others have established differentiation 
protocols that drive stem cells to INS-producing cells using 
chemically-defined culture media while avoiding the use of 
feeders, stroma cells or serum, all of which can interfere 
with experimental outcomes [57]. The interplay of several 
factors has been found to be crucial for further endocrine 
commitment. EGF is reported to enrich for PDX1+ pan-
creatic progenitors [58], while others have reported the 
combined effects of RA and FGF4 in direct differentiation 
towards PDX1+ foregut endoderm [59]. In addition, the com-
bined actions of FGF-, ActivinA- and BMP-induced signal-
ing have been shown to promote formation of endoderm and 
subsequently pancreatic cells from ESCs [60].

Limited hormonal functionality of monolayer-based cell 
culture systems has driven the need to develop suspension 
cluster culture systems, aiming to mimic islets 3D-architec-
ture and morphology. In developing this methodology it was 
shown that expression of PDX1+/NKX6.1+ cells correlated 
with cell density in adherent cultures, which was further 
increased by aggregation of cells into islet-like clusters [61]. 
Cell clusters generated in suspension cultures under multi-
step differentiation protocols have been shown to express 
the hormones INS, GCG, SOM, PP and GHRL [62–64]. 
These cell clusters release INS in response to multiple secre-
tory stimuli, but with sub-physiological levels of response to 
glucose as compared to adult islets. However, the potential 
of these culture systems becomes clearer in the context of 
transplantation into animal models to further drive matura-
tion of cells. In this setting, the stem cell derived β-cells 
develop improved INS secretion in response to glucose and 
normalization of blood glucose levels in models of induced 
hyperglycemia [65–67].

Russ and colleagues have demonstrated the importance 
of precise temporal activation of endocrine differentia-
tion in pancreatic β-cell differentiation [68]. They show 
that PDX1+/NKX6.1+ progenitor cells convert to glucose-
responsive and INS-expressing β-like cells in vitro and 
in vivo. Furthermore, the application of the same stimuli of 
differentiation to a developmental precursor in the form of 
PDX1+/NKX6.1− cells results in precocious endocrine induc-
tion and generation of poly-hormonal, functionally immature 
cells. Pagliuca et al. have optimized the cluster suspension 
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protocol in order to deliver cluster suspension cultures capa-
ble of generating hundreds of millions of glucose-responsive 
β-cells from hiPSC in vitro [53]. Characterization of their 
stem-cell-derived β-cells revealed functional responses and 
morphological features characteristic of mature β-cells. The 
features described herein included  Ca2+ flux in response to 
glucose, packaging of INS into secretory granules and secre-
tion of INS at physiologically relevant levels comparable 
to adult β-cells in response to multiple sequential glucose 
challenges in vitro. Furthermore, transplantation of these 
cells into diabetic mice normalized experimentally induced 
hyperglycemia [53].

Translation into clinical applications for stem cell derived 
β-cells is currently being pioneered through the development 
of macro-encapsulation devices. Agulnick et al. have estab-
lished that hESC-derived INS-producing cells can mature 
and function in vivo in medical devices [54]. Others have 
characterized the glycemic correction in animal models upon 
transplantation [69]. In particular, Vegas et al. described 

long-term glycemic correction in a diabetic immunocompe-
tent animal model, using human mature β-cells derived from 
human ESCs. Implants retrieved after 174 days contained 
viable INS-producing cells and the human C-PEP concen-
trations and in vivo glucose responsiveness demonstrated 
a therapeutically relevant glycemic control [55]. Interest-
ingly, a first-in-human phase 1/2 study was recently initiated 
to test a stem cell-derived, encapsulated cell replacement 
therapy (VC-01™, Viacyte) in subjects with T1DM. Infor-
mation can be found at https://clinicaltrials.gov (Identifier: 
NCT02939118 and NCT02239354).

Adult multipotent stem cells, isolated from mesenchy-
mal sources, are often overlooked in favour of pluripo-
tent ESCs or iPSCs for β-cell differentiation and diabetic 
therapy. Nevertheless, an increased understanding of the 
utility of adult stem cells has demonstrated their potential 
and proved them to be a promising alternative for β-cell 
generation with the aim of cell-therapy [70]. MSCs iso-
lated from adipose tissue [71, 72], umbilical cord [73, 74] 

Fig. 3  Evolution of stem cell models developed for pancreatic 
TE. Initial studies of stem cells differentiated towards pancreatic 
lineage used 2D-monolayer cultures that showed poor functionality. 
Often, protein coatings were used, however, mostly to support stem 
cell culture in-vitro and little contribution was observed in terms 
of differentiation improvement. Suspension culture of stem cells, 
induced to form spheroids, changed the way pancreatic differentia-
tion was carried out. This way of culture promotes functional dif-
ferentiation of stem cells in-vitro and, thereby diminishing the need 
of in-vivo maturation [53]. A couple of reports have described stem 
cell-differentiated clusters/spheroids in bio-capsules as drug delivery 

systems for diabetic treatment in animal models [54, 55]. Encapsula-
tion in bio-capsules allows for tracking of the cell system within the 
organism, while reducing immune repression. The optimization of the 
bio-polymers used to entrap the clusters, can determine the speed of 
nutrients/hormones diffusion and/or induce specific cellular releases 
in response to changes in the animal blood stream. The applications 
of these responsive bio-capsules can be extended to overall diabe-
tes research, including drug screening. However, the combination of 
ECM interactions and 3D-scaffolds culture, remains mostly unex-
plored

https://clinicaltrials.gov
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and bone marrow [75] have all demonstrated the capacity 
to differentiate into physiologically functional islet-like 
cells or aggregates. These cell clusters showed in vitro 
functional responses with INS secretion in response to 
glucose stimulation and transplantation of MSCs-derived 
clusters restored near normo-glycemia in a diabetic model 
[71–74]. Further developments in the macro-encapsulation 
field may include 3D-printing devices that have already 
demonstrated some suitability for long-term culture of 
MSC-derived islet-like clusters [76].

Pancreatic‑Specific ECM for Stem Cell Differentiation

ESCs or iPSC-derived differentiation models under adherent 
culture conditions often use feeder layers [63] or Matrigel 
[58, 66], as active coatings to support cell culture [77]. 
A simplified protocol was reported using Synthemax as 
an active coating for hESCs pancreatic differentiation, in 
order to overcome some of the batch-to-batch variations of 
Matrigel [78]. The authors of this study reported a compara-
ble quantity and quality of the derived INS-producing cells 
on surfaces coated with either matrix. As a tradeoff between 
defined culture conditions and biological relevance, it is pos-
sible to use coatings of specific ECM proteins. The relevant 
extracellular matrix niche of the given tissue is thereby rep-
resented, notionally with the aim of more robustly driving 
cells towards the cell types that would normally populate 
this specific niche. An example of such an approach is the 
use of FN and/or LN (isoform not specified) [75] as a matrix 
to support improved differentiation of MSCs towards INS-
producing cells. The authors observed an increase in pro-
INS and INS protein levels and an increase in INS release 
in response to glucose concentration and confirmed that the 
stimulatory effects were mediated through activation of Akt 
and ERK pathways. It was not, however, specifically dis-
cussed if both of these pathways are regulated via FAK, 
which is activated through integrin binding [79] of, amongst 
other things, LNs [80]. Human umbilical cord MSCs (UC-
MSCs) cultured on LN-411 coated surfaces showed a sig-
nificant increase in the expression and secretion of INS. 
Moreover, transfusion of MSCs differentiated on the differ-
ent surfaces demonstrated superiority for LN-411 cultured 
cells in relation to survival of a rat experimental model of 
T1DM [74].

In addition to the biochemical cues provided by ECM 
surfaces, the mechanical properties of nanopatterned sur-
faces have also been shown to promote human ES and iPS 
differentiation into pancreatic progenitors that can give rise 
to pancreatic endocrine cells [81]. This study points to the 
fact that differentiation signals may also be triggered by 
nanotopographical patterns and physical cues of proteins, 
such as ECM.

Decellularized Pancreas: the Most 
Biomimetic Scaffold

The incorporation of every key (known and as yet uniden-
tified) ECM factor into a biomaterial substrate, to create an 
ideal platform for differentiation and maintenance of islet-
like cells, is a challenge of high complexity. Decellularized 
scaffolds have been reported as a source of native ECM 
structures, for applications in regenerative medicine [82]. 
These ECM-based materials, either from a xenogeneic 
or allogeneic origin, elicit a variety of favorable cellular 
responses that improve stem cell differentiation, matura-
tion and/or functional tissue reconstruction [83–85].

In the pancreatic arena, rat-islets cultured on decellu-
larized pancreatic slices showed a constant GSIS during 
long-term in vitro incubation [86]. Similarly, lyophilized 
and solubilized decellularized pancreatic matrix, com-
bined with microbeads, enhanced the survival and function 
of rat pancreatic β-cells, by creating closely-packed 3D 
structures that include cell-to-cell and cell-to-ECM inter-
action [87]. Adult human liver cells and human MSCs, 
induced to differentiate into β-like cells, showed increased 
INS regulation when encapsulated in hydrogels derived 
from decellularized pancreatic tissue. In vivo, the encap-
sulated cells were shown to be non-immunogenic, and to 
significantly improve the glycemic control in a diabetic 
mouse model [88]. Mice islets cultured on non-pancreatic 
decellularized tissue, pericardium tissue combined with a 
tendon derived collagen layer, also promoted rapid reversal 
of the hyperglycemic condition in a diabetic mouse model 
[89].

Decellularization followed by re-cellularization of 
whole mouse pancreas has been reported [90]. The authors 
successfully removed the cellular material, while preserv-
ing the 3D-ECM architecture, and then re-cellularized with 
a β-cell cell line (MIN-6). This resulted in a significant 
cellular engraftment within the decellularized pancreas, 
and gave rise to strong up-regulation of INS expression. 
Similar results were observed, upon the reintroduction of 
primary pig islets in whole organ decellularization of pig 
pancreas [91, 92].

Concluding Remarks and Future 
Perspectives

Increased understanding of the cellular and extracellu-
lar microenvironment within the pancreas is of critical 
importance for the generation of native-like, predictive 
pancreatic cells and microtissues for research and therapy. 
Mimicking the pancreatic ECM, in both composition and 
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ultrastructure in in vitro culture of pancreatic islets, has 
been shown to effectively improve viability, ECM remod-
eling and functionality also in prolonged culture. An excit-
ing perspective is the steady progress that is being made 
towards realization of an ability to generate human pan-
creatic 3D-microtissue models in vitro.

The scarcity of human pancreatic islets is a key driver 
for the focus surrounding development of stem cell-based 
models of pancreatic endocrine cell types. iPSCs technology 
has significantly impacted this field, eliminating many of 
the ethical issues associated with ESCs. Overall, literature 
reported herein provides support for the concept that 3D-cell 
culture and use of specific ECM scaffolds, to support deri-
vation of specific cell types, effectively enables increased 
yield and functionality of differentiated hormone-expressing 
cells. Recent breakthroughs in whole organ decellularisa-
tion/recellularisation are to be considered a critical part of 
future success in the application of pancreatic 3D-model 
generation. Even though decellularized products are gain-
ing clinical importance and marketspace [93], decellular-
ized pancreas is not yet on the market for clinical applica-
tions [94]. Extrahepatic transplantation studies still favor 
the use of carefully designed polymeric scaffolds [95], by 
optimizing the selection of biomaterials and/or combined 
with active factors that positively influence islets explant 
functionality [96]. Several examples can be found in the 
literature, such as microparticle-conjugated heparin/VEGF 
collagen scaffold [97], porous scaffolds with a well-defined 
pore size and spacing [98, 99], or combined with FGF deliv-
ered by liposomes [100], macroporous scaffolds combined 
with a heparin release function [101] or microspheres con-
taining exendin-4 [102]. All these bio-scaffold studies have 
focused resources to ensure that islets composite retention 
at the extrahepatic transplantation site facilitates islet revas-
cularization, while promoting normalization of glucose 
responsiveness.

The roles of dynamic culture conditions and microvas-
culature by co-culture with endothelial cells remains poorly 
explored in the context of pancreatic 3D-models, in par-
ticular regarding potential synergistic effects on stem cell 
differentiation. The endocrine tissue of the pancreas has a 
dense microvascular structure [103, 104] such that β-cells 
are not more than one cell away from arterial blood [105]. 
The islet endothelial cells function not only as a barrier, but 
also produce a number of vasoactive substances, angiogenic 
substances and growth factors [106]. In fact, the islet vascu-
lar system is essential for normal insulin secretion into the 
blood [103, 106–108], and also in regain of islet function 
following transplantation [109, 110]. It has been shown that 
mice islets transplanted using pro-vascularization hydrogels 
incorporating VEGF-A had superior glycemic function in 
diabetic animals when compared to islets delivered intra-
hepatically [111]. Likewise, higher insulin content was 

detected in rat islet grafts transplanted using PLGA-loaded 
VEGF constructs [112].

Lab-on-a-chip technology is also attracting interest due 
to its potential to miniaturize scaffold constructs, integrate 
dynamic perfusion, automatization to reduce sample-han-
dling steps, minimize consumption of reagents and samples, 
and enable multiplexed analysis. Microfluidic chips have 
been used to monitor release of pancreatic hormones from 
islets and to study complex secretion kinetics [113–115], and 
others have combined these kinetic properties with simulta-
neous fluorescence imaging of calcium influx and mitochon-
drial potential changes [116, 117], or hypoxia events [118]. 
The feasibility of chip-based cellular assays opens up a new 
dimension for informative analysis and cell-based screening 
of 3D-pancreatic systems. A recent study combined array 
cultures with human iPSC aggregate differentiation, over 
a 30 day protocol in a closed-channel device composed of 
382 micro-wells [119]. There is still a need to develop lab-
on-a-chip models with 3D culture of cell aggregates with 
or without scaffolds, and to further incorporate multi-organ 
arrays for multifunctional assays.

The mentioned approaches may be combined to deliver 
a “step change” in the ability to create functional pancreatic 
micro/nanophysiological systems, in order to advance the 
tools for preclinical drug discovery and breakthroughs in 
cell-based therapies towards diabetes research.
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