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Type 1 diabetes results from autoimmune destruction of pancreatic B-cells, and
while whole-organ pancreas and islet transplantation can restore endogenous
insulin secretion, both are limited by donor scarcity, early inflammatory injury,
hypoxia, and the need for lifelong immunosuppression. Pancreatic tissue
engineering has therefore emerged as a strategy to generate scalable,
transplantable constructs capable of reestablishing physiological glucose
regulation. However, as native islets depend on a robust microvascular
network for oxygen delivery, nutrients and coordinated hormone secretion,
insufficient vascularization remains the dominant cause of engineered graft
failure. This review provides an overview of (a) the current state of pancreas
transplant, (b) strategies for vascularized and immunoprotective pancreatic
constructs, (c) cell differentiation strategies beyond of pancreatic B-cells, (d)
translational progress in animal and human clinical trials, (e) key challenges in
clinical translation, (f) ethical and regulatory considerations, and (g) future
directions for tissue engineered pancreatic constructs. Our goal is to provide
the reader with a translational overview that spans biology, tissue engineering,
and clinical translation.

Impact statement: This translational review provides a concise review of tissue
engineering efforts to date within the context of engineered pancreatic
constructs. Our paper systematically and logically discusses current
developments, challenges, and novel approaches in pancreatic tissue
engineering. It provides a digestible starting point for understanding the
various approaches and the implications of successful tissue engineering
strategies that can be used to develop transplantable pancreatic constructs.

KEYWORDS
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1 Introduction

Diabetes mellitus affects over 500 million individuals worldwide and represents a
major driver of cardiovascular disease, renal failure, blindness, and premature mortality
(1). Type 1 diabetes (T1D) arises from autoimmune destruction of pancreatic beta (f)-
cells, while insulin-dependent type 2 diabetes (T2D) reflects progressive B-cell failure
superimposed on insulin resistance (1, 2). Despite major advances in insulin delivery
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systems and glucose monitoring, exogenous insulin therapy fails
to replicate physiologic glucose regulation, leaving patients
vulnerable to hypoglycemia, hyperglycemia, and long-term
complications (3).

Whole-organ pancreas and islet transplantation demonstrate
that restoration of endogenous insulin secretion can normalize
glycemic control and eliminate hypoglycemia unawareness
(4, 5). However, both approaches are constrained by donor
shortages, immune rejection, operative morbidity, and early
graft loss (6, 7). As a result, pancreatic tissue engineering has
emerged as a compelling alternative strategy aimed at generating
transplantable, immune-protected, and scalable pancreatic
constructs.

Early efforts focused primarily on the replacement of insulin-
producing B-cells. However, the pancreas is not a monocellular
organ. Glucose homeostasis is governed by a multicellular
endocrine network composed of B-, alpha (a)-, delta (8)-, and
pancreatic polypeptide (PP) cells embedded within a richly
vascularized microenvironment that enables rapid nutrient
sensing and hormone exchange (8, 9). Native islet cells receive
disproportionately high blood flow relative to their mass, and
this vascular specialization is essential for maintaining adequate
oxygenation, nutrient exchange, and tightly coupled hormone
secretion (10).

Across engineered systems, failure of early and robust
vascularization remains the dominant cause of graft hypoxia,
apoptosis, and long-term functional decline. Experimental
studies show that transplanted islet cells experience prolonged
periods of low oxygen tension and reduced vascular density
compared to native islets (11). Consequently, improving graft
vascularization enhances insulin secretory function and survival.
Thus, effective B-cell replacement will require not only the

10.3389/frtra.2026.1768497

appropriate endocrine cell composition and maturation, but also
the deliberate engineering of the vascular interface (12). This
review critically examines the current state of pancreatic tissue
engineering with emphasis on strategies that integrate
multicellular endocrine biology with immunoprotective and pro-
angiogenic design. We review decellularized pancreas scaffolds,
stem cell-derived organoids, 3-dimensional (3D) bioprinting and
fabrication technologies, encapsulation and immune-protection
platforms, and clinical-stage bioartificial pancreas devices. We
then focus on mechanisms to reduce immunogenicity,
vascularization strategies, and translational progress, from small-
animal models to human trials. Finally, we discuss remaining
ethical and regulatory challenges that must be addressed to

realize a durable, bioengineered cure for diabetes.

2 Current landscape of pancreas
transplantation and limitations

Pancreas transplantation (whole organ and islet cell) has
evolved into a recognized therapeutic option for select patients
with insulin-dependent diabetes mellitus, offering the potential
for durable glycemic control and improved quality of life (5-7,
13). Despite significant advances in perioperative management,
surgical techniques, immunosuppressive regimen, the procedures
remain constrained by challenges related to donor availability,
graft survival, and long-term consequences. The following
sections will critically examine the contemporary landscape of
(whole cell),
highlighting prevailing practices, clinical outcomes, and the

pancreas transplantation organ and islet

inherent limitations that continue to shape its role within
modern transplant medicine (Figure 1).

Whole Organ Pancreas
Transplantation (PTx)

BENEFITS

¢ Durable insulin independence
e Excellent long-term outcomes
¢ Sustained glycemic control

LIMITATIONS

¢ Donor organ shortage
¢ Morbidity of surgery
¢ Life-long immunosuppression

FIGURE 1

Current landscape of pancreas transplantation and their limitations. Made with BioRender.

Islet Cell
Transplantation

BENEFITS

¢ Improves glycemic stability
e Less invasive compared to PTx
¢ Reduced surgical morbidity

LIMITATIONS
e Scarce donor tissue availability
e Progressive graft attrition
¢ Life-long immunosuppression
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2.1 Whole organ pancreas transplantation

Whole-organ pancreas transplantation (PTx) remains the only
established therapy capable of restoring durable, insulin-
independent normoglycemia in patients with complicated T1D,
particularly when performed as a simultaneous pancreas-kidney
(SPK) transplant in individuals with end-stage renal disease
(13-15). Registry analyses from the International Pancreas
Transplant Registry demonstrate that SPK offers excellent long-
term outcomes, with 5- and 10-year pancreas graft function
rates of approximately 73% and 56%, respectively, and parallel
improvements in patient survival compared with historical
cohorts managed medically (7, 13). More contemporary data
show 3-year patient survival exceeding 90% and SPK pancreas
graft survival >86% in the modern era, underscoring the
durability of whole-organ transplantation when early graft loss is
avoided (6, 14). These outcomes translate into sustained near-
normal glycemic control, reductions in severe hypoglycemia,
diabetes-related

appropriately

and stabilization or improvement of
microvascular  complications,
selected SPK recipients (13-15).

Despite these benefits, whole-organ PTx requires major intra-

particularly in

abdominal surgery in a population frequently burdened by
diabetes
comorbidities.  The

advanced complications  and  cardiovascular

operation is followed by lifelong
immunosuppression, typically tacrolimus- and mycophenolate-
based regimens with or without corticosteroids. This carries
cumulative risks of opportunistic infection, malignancy,
nephrotoxicity, and metabolic complications (16). Such adverse
effects must be weighed against the anticipated gains in
glycemic control and survival, especially in candidates without
established renal failure (13, 15).

Perioperative morbidity after pancreas transplantation remains
higher than for many other solid organs. Early “technical failures”
are most often related to vascular thrombosis, hemorrhage, graft
leak, and

complications

pancreatitis, anastomotic intra-abdominal ~ sepsis,

whereas later include vascular stenosis or
pseudoaneurysm, fluid collections, ureteral or enteric leaks,
chronic rejection, and recurrent infections (14, 17). Interventional
radiology now plays a central role in managing many of these
vascular and nonvascular complications, but graft loss and re-
operation remain clinically significant risks (17).

Furthermore, whole-organ PTx is fundamentally constrained
by donor availability and stringent donor selection criteria.
Pancreas allograft acceptance is markedly more selective than for
other solid organs, and the number of pancreata recovered that
are ultimately utilized for transplantation remains insufficient to
meet clinical demand, particularly for candidates awaiting SPK
(18). This occurs within the broader context of a global organ
shortage, where an increasing reliance on older, comorbid, or
donation-after-circulatory-death donors has not fully offset the
growing waitlist, and is associated with higher discard rates and
fewer usable organs per donor (19). These limitations in supply,
coupled with the morbidity of major surgery and lifelong
immunosuppression, highlight the need for complementary
strategies, such as islet cell transplantation and emerging
bioengineered pancreatic tissue constructs. This would expand
access to B-cell replacement beyond the small subset of patients

who can undergo whole-organ pancreas transplantation.
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2.2 Islet cell transplantation

Islet cell transplantation (ICT) has emerged as a less invasive
B-cell replacement strategy for patients with brittle TID
complicated by severe hypoglycemia unawareness and glycemic
lability refractory to intensive medical therapy. Unlike whole-
organ pancreas transplantation, ICT involves the percutaneous
intraportal infusion of isolated donor islets into the liver via the
portal vein, thereby avoiding major abdominal surgery and
reducing perioperative morbidity (4, 5).

The landmark Edmonton Protocol, introduced in 2000,
demonstrated that steroid-free immunosuppression combined
with transplantation of a sufficient islet mass could achieve
short-term insulin independence in patients with T1D (5).
Subsequent multicenter trials confirmed that ICT reliably
restores endogenous
improves glycemic stability, with marked reductions in severe

C-peptide secretion and substantially

hypoglycemic events even when long-term insulin independence
is not sustained (4, 20, 21). Contemporary series report that
approximately 40%-60% of recipients maintain insulin
independence at 1 year, while over 80%-90% retain measurable
graft function and hypoglycemia protection at 3-5 years (20-22).

Despite these advantages, long-term durability of insulin
independence after ICT remains inferior to that of whole-organ
pancreas transplantation. Progressive graft attrition occurs due to
a combination of instant blood-mediated inflammatory reaction,
alloimmune

exhaustion in the relatively hypoxic hepatic microenvironment

rejection, recurrent autoimmunity, and islet
(20, 23, 24). In addition, exposure of infused islets to portal
venous pressure and low oxygen tension contributes to early
apoptotic loss of up to 50%-70% of transplanted islet mass within
the first 48 h (25). Furthermore, like whole-organ PTx, ICT still
requires lifelong systemic immunosuppression, which limits its
application in otherwise healthy patients with diabetes due to
risks of infection, nephrotoxicity, malignancy, and metabolic
toxicity (20, 21). Moreover, donor supply remains a fundamental
bottleneck, as most recipients require islets from multiple
cadaveric donors to achieve insulin independence, further
amplifying organ scarcity (22).

Collectively, while islet transplantation offers meaningful
physiological benefits and hypoglycemia protection with reduced
surgical morbidity, its limited long-term durability, dependence
donor tissue, and requirement for

on scarce systemic

immunosuppression continue to constrain its widespread
clinical utility. These limitations have driven intense interest in
alternative strategies such as immunoprotective encapsulation
devices, stem cell-derived B-cells, and vascularized tissue-

engineered pancreatic constructs.

2.3 Barriers to long-term graft survival

Despite advances in surgical technique, immunosuppression,

and perioperative management, long-term graft survival
following both whole-organ PTx and ICT remains limited by a
convergence of early inflammatory injury, alloimune rejection,
recurrent autoimmunity, and inadequate graft vascularization

(Table 1; Figure 2) (4, 25-27). These barriers result in
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TABLE 1 Barriers to long-term graft survival.

10.3389/frtra.2026.1768497

Barrier Mechanism Consequences Reference
Instant blood-mediated Intraportal islets trigger the activation of coagulation, >50% islet loss within 24 to 48 h before (25, 26)
inflammatory reaction complement, platelets, and innate immune cells. engraftment.

Hypoxia or Inadequate Disruption of native capillaries; delayed neovascularization; B-cell apoptosis, oxidative stress, impaired (4, 27)

vascularization lower oxygen tension in transplantation sites compared to

native pancreas.

insulin secretion, and graft failure.

Alloimmune rejection & Donor-specific antibodies, memory T/B cells, autoreactive

recurrent autoimmunity clones, and macrophage mediated inflammation.

Progressive graft injury; recurrent diabetes after

transplant despite immuno-suppression.

(4, 28-31, 33, 34,
36)

Life-long immunosuppression Calcineurin inhibitors, anti-metabolites, and corticosteroids

cause B-cell toxicity and unwanted systemic side effects.

Nephrotoxicity, hypertension, dyslipidemia, and

increased risk of opportunistic infections.

(4, 16, 36)
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Fibrotic Capsule
Formation

Barriers to long-term graft survival and sustained endocrine function following islet cell transplantation. Schematic illustrating three major biological
constraints that limit durable graft function following islet cell transfer. (A) Diffusion limitations restrict oxygen and nutrient delivery to approximately
200 um from the nearest vascular interface, resulting in central hypoxia, progressive cellular stress, and apoptotic loss of transplanted islets over time.
(B) Immune-mediated graft destruction secondary to host immune activation drives inflammatory infiltration, direct cytotoxicity, and apoptosis. (C)
Foreign body reaction and fibrotic capsule formation following immune-mediated graft destruction, which drives graft attrition following islet cell
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progressive graft attrition and remain the primary obstacles to
durable insulin independence.

In islet transplantation, the immediate exposure of
transplanted islets to the intraportal circulation triggers the
instant blood-mediated inflammatory reaction, which is
characterized by activation of coagulation, complement, platelets,
and innate immune cells (25, 26). This response leads to rapid
ischemic and inflammatory destruction of a substantial fraction
of the transplanted islet mass, often exceeding 50% within the
first 24-48 h, before engraftment can occur (26). Even with
modern immunosuppressive regimens, transplanted pancreatic
tissue remains vulnerable to two distinct immunological treats:
(1) alloimmune rejection and (2) recurrent autoimmunity
(28-31). Rejection is the dominant barrier in allogeneic
transplantation and occurs independently of the patient’s
underlying disease. This process is driven by the recognition of
donor HLA molecules by host CD4" and CD8" T-cells, the
activation of indirect antigen-presentation pathways, and the
development of donor-specific antibodies (32). This mechanism
graft attrition despite

recurrent autoimmunity,

results in  progressive systemic

immunosuppression. In the pre-
existing memory T-cells, B-cells, and autoreactive memory
clones, create an inflammatory islet microenvironment that
continue to target P-cell antigens in T1D patients (33, 34). This
autoimmune component has been clearly demonstrated in islet
graft biopsies, demonstrating that tolerance to

transplanted  B-cells incomplete

immune
despite
immunosuppression (35). Together, alloimmune rejection and
recurrent autoimmunity represent synergistic barriers to durable

remains systemic

graft survival, underscoring the need for strategies that address
both pathways in engineered pancreatic constructs
Compounding these immune-mediated injuries, the very
immunosuppressive agents required to control alloimmunity and
metabolic and cellular

autoimmunity introduce additional

stressors.  Chronic  exposure to calcineurin  inhibitors,
antimetabolites, and corticosteroids further compromises long-
term graft survival through both direct P-cell toxicity and
systemic adverse effects. Tacrolimus and sirolimus impair B-cell
insulin secretion and promote apoptosis, while also exacerbating
nephrotoxicity, hypertension, dyslipidemia, and infection risk (4,
36, 37). These toxicities limit broader application of B-cell
replacement therapies in patients without renal failure and
constrain repeat transplantation as graft function declines. This
interdependence highlights a central paradox of current f-cell
replacement strategies in which the immune responses that
threaten graft survival then necessitate therapeutics that may
compromise graft longevity

Furthermore, successful long-term graft survival is critically
dependent on rapid and stable vascularization of the islets.
Transplanted islets experience profound hypoxic stress
immediately after infusion due to disruption of their native
capillary network and delayed neovascularization within the
hepatic parenchyma (4). Oxygen tension in the intraportal
environment is significantly lower than in the native pancreas,
impairing B-cell survival and insulin secretory capacity (4, 27).
Diffusion limitations and inadequate microvascular integration
promotes apoptosis, oxidative stress, and functional exhaustion,
ultimately contributing to gradual graft failure (38). Altogether,
these barriers highlight the critical need for engineered
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pancreatic constructs that provide durable immune protection
and rapid, stable vascularization to achieve lasting graft function.

3 Engineering strategies towards
transplantable pancreatic constructs

B-cells are highly receptive to microenvironment cues and
destruction, such as hypoxia and vascular dysfunction, where
then nutrients and oxygen restriction lead to ischemic loss and
islet transplant failure. B-cell survival and proper insulin delivery
that
microenvironment communication between the surrounding

is dependent on  paracrine  signals maintain
extracellular matrix (ECM), insulin-producing cells, a properly
functioning vasculature, and underlying immunomodulatory
mechanisms (12). Therefore, current bioengineering strategies
aimed at creating transplantable pancreatic constructs integrate
key elements such as advanced scaffold design, scalable sources
of insulin-producing cells, vascularization, and finely tuned

immunomodulation (Table 2 and Figure 3).

3.1 Decellularized extracellular matrix-
based scaffolds

Recent advances in biomaterials allowed for the development
of synthetic scaffolds for tissue engineering. However, the
successful pancreatic organ regeneration requires ideal scaffold
material to mimic the tissue-specific ECM and microvascular
architecture that help guide islet organization, survival, and
insulin secretory function. The vascular basement membrane
and ECM help manufacture islet architecture and functionality,
therefore bioengineered scaffold designs should reflect these
same properties and mechanisms to stimulate vascular ingrowth
and P-cell survival (39, 40). Specifically, decellularized pancreatic
scaffolds are being increasingly utilized as they preserve the
native ECM and vascular architecture while providing a
biocompatible platform for insulin-producing cells and
endothelial cells (ECs). This provides researchers with a
regenerative platform that supports the functional reconstruction
and integration of pancreatic tissue via structural and
biochemical cues that guide proper insulin secretion, with
preserved vascular networks to stimulate angiogenesis and
reduced immunogenicity. The effects of incorporating live,
functional cells within a decellularized construct, also known as
recellularization, were found to maintain structural integrity
while stimulating insulin secretion (41). Most recellularization
involves induced pluripotent stem cells (iPSCs) or mesenchymal
stem cells (MSC), and pancreatic progenitor cells embedded
within scaffolds to help restore endocrine functionality, while
many also incorporate ECs for enhanced vascularization and
insulin delivery. These natural constructs can be re-
functionalized using the patient’s own MSCs, that were able to
bypass immune rejection, lower blood glucose levels, and restore
endocrine and exocrine function.

Additionally, vascularization remains a key limiting factor in
tissue regeneration. Hao et al. demonstrated the angiogenic
potential of decellularized pancreatic ECM derived hydrogel
with adhesion

increased and proliferation of ECs and
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TABLE 2 Engineering strategies for transplantable pancreatic constructs.

Strategy

Decellularized pancreas

scaffolds

Barrier Addressed

Lack of native ECM vascular

microarchitecture

Rationale

Biocompatible platform to replicate the
natural pancreatic microenvironment;
maintenance of structural integrity and

vascular support.

10.3389/frtra.2026.1768497

utcome

Preservation of ECM and vascular
architecture; reduced immunogenicity;

recellularization.

References

(37-41, 43, 102)

Stem cell-derived B-cells and

ESC ethical concerns;

Self-renewal and developmental

Smart biogel development; integration of

(48-55, 57-60,

alloimmune rejection

immune-regulatory ligands; co-
transplantation of accessory cells; porous

scaffolds allow full vascularization.

islet organoids immune rejection; scalability; | plasticity; differentiation potential; vascularization; creation of 3D organoid 151)
functional maturity of iPSCs- | precision medicine. systems.
derived B-cells
3D bioprinting & Replicating native islet Enables precise spatial placement of Improved B-cell functionality; enhanced (62-66, 106)
fabrication technologies vascular architecture; central critical peri-islet microenvironment vascularization and viability; controlled
necrosis and poor diffusion elements; tissue-specific bioinks; mechanical and cellular integration;
integration of vascular conduits and architectural precision.
customized architectures.
Angiogenic growth factor Insufficient vascularization Controlled and/or sustained delivery of | Enhanced vascularization and graft (67-71)
delivery after islet transplantation; growth factors (e.g., VEGF) accelerate survival; Improved revascularization of
significant ischemia; hypoxic | host angiogenic responses. biomaterials.
injury and poor graft survival
EC and MSC co- Delayed or insufficient Accelerates vascular network formation, | Reduces fibrosis and promotes chimeric (73, 74)
transplantation vascularization; fibrotic mimics the native pancreatic vessel formation, better graft survival.
encapsulation around grafts; microenvironment for better
limited inosculation with host | engraftment. immunomodulatory and
circulation anti-fibrotic effects.
Pre-vascularized Diffusion distance; delayed Development of a pre-vascularized niche | Robust vascularization; improved graft (75-77)
implantation constructs vascularization; hypoxia prior to islet implantation, ensuring survival; long-term diabetes reversal
adequate blood supply and oxygenation. | without systemic immunosuppression.
Vasculogenic Functionalized hydrogels with Enhanced vascular density; improved (78, 79)
hydrogelsDiffusion distance; angiogenic cues (e.g., VEGF, FGF) to oxygen/nutrient delivery; prolonged islet
delayed vascularization; promote host vessel ingrowth around function in rodent and large animal
hypoxia grafts. models.
ECM-guided angiogenesis Lack of native ECM signals in | Incorporation of ECM proteins Development of organized capillary (61, 74)
synthetic scaffolds and (collagen, laminins, fibronectin) mimics | networks; improved islet survival;
subsequent delayed native pancreatic microenvironment, enhanced physiologic insulin secretion
vascularization; hypoxia guiding EC behavior. compared to inert materials.
Alginate-based Fibrotic overgrowth and Semi-permeable alginate shell allows Reduction in fibrosis and maintenance (81-84)
microcapsules Immune rejection nutrient and hormone diffusion but of insulin secretion for up to 6 months
blocks immune components; chemical in early NHP studies.
modifications reduce fibrosis;
vascularized sites offset diffusion
distance.
Zwitterionic Net-neutral, hydrated surfaces resist Reduction of cellular overgrowth in (86, 87)
hydrogelsFibrotic non-specific protein binding and cell mice, dogs, pigs; improved long-term
overgrowth and protein adhesion; preservation of peri-capsular graft function without
absorption, immune space for neovascularization. immunosuppression; maintenance of
rejection immune protection while supporting
vascularization of device.
Conformal surface coatings Diffusion distance and Ultrathin PEG hydrogel directly coats Coated islets restore euglycemia in mice (88, 89)
transplant volume islet cells, minimizing physical barrier with normal vascularization without
and preserving vascular access. systemic immunosuppression.
Immunomodulation Autoimmune and Local delivery of immunosuppressants or | Suppressed immune infiltration, (90-93)

improved engraftment, and glycemic

control in animal studies.
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upregulation of proangiogenic genes such as MMP2, VEGF, and
PAR1 when compared to conventional scaffolds (42). Others
employ decellularized scaffolds to dissect their translatable utility
in PB-cell survival and vascularization (antidiabetic effects),
highlighting that while they may retain ECM architecture and
low immunogenicity, the scaffolds still encounter structural
variability and limited clinical translation (43, 44).

Fibrotic encapsulation is a well-recognized limitation in many
synthetic islet delivery devices and polymeric scaffolds. In fact,
studies have shown that implant shape, size, or architecture can
independently modulate foreign body response and fibrotic
encapsulation, even when material chemistry is similar (45, 46).
As a result, efforts at mitigating this foreign-body response
remains a central design target in various bioengineering
encapsulation strategies (47). In contrast, decellularized ECM
scaffolds signals and
immunomodulatory components. Thus, these decellularized

retain native biochemical
ECM scaffolds typically elicit lower fibrogenic, foreign body
responses compared to synthetic delivery devices and polymeric
scaffolds. When fibrosis is observed in dECM, it is often linked
to residual detergent or suboptimal decellularization (48). Thus,
biologic, decellularized ECM often integrates more favorably
than purely synthetic analogues.

Beyond the pancreas, emerging studies demonstrate the
feasibility of alternative ECM sources, including decellularized
kidney (49), liver (50, 51), spleen (52, 53), lung (52, 53), and
placenta (54, 55) for the development of organ-derived bioactive
scaffolds. Similiar to decellularized pancreatic scaffolds, these
alternative ECM sources have been shown to retain native
biochemical cues and vascular architecture and can support
various cell types. These alternative sources of ECM are
currently being explored for cross-organ applications, including
tissue and vascularized endocrine

pancreatic engineering

constructs.  Specifically, recent studies on lung-derived
decellularized ECM platforms have demonstrated the capacity to
Efforts at
reendothelialization have achieved approximately 75% relative

vascular coverage, stable barrier function, and patency following

preserve an extensive vascular architecture.

orthotopic transplantation, demonstrating its potential as a pre-
vascularized endocrine platform (53). Notably, Bogomolova and
colleagues compared decellularized ECM from porcine lung and
pancreatic tissue as potential islet platforms in vitro. They found
that on day 7, islets cultured on decellularized lung matrix
maintained 95% viability, which was significantly higher than
controls (60%) and the pancreatic matrix (83%). This suggests
that alternative organ-derived ECM sources could be repurposed
for the development of pancreatic constructs (56). Together,
these findings suggest that alternative organ-derived ECM
platforms may be strategically repurposed for development of
vascularized endocrine constructs for pancreatic bioengineering.

3.2 Emerging strategies for B-cell
replacement

Advances in B-cell replacement are essential for the
development of effective therapies for diabetes. The current
progress is in two main areas: (1) stem-cell-derived B-cells that
are supported by organoid platforms that mimic the structure of
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human islets and (2) xenogeneic B-cell sources that use
engineered spheroid systems to improve the survival and
function of grafts. These strategies demonstrate the influence of
human-engineered constructs and enhanced porcine spheroids
on the advancement of future B-cell therapies.

3.2.1 Stem cell-derived B-cells and islet organoids

Human pluripotent stem cells (hPSCs), including embryonic
stem cells (ESCs) and iPSCs, have been instrumental in the
creation of scalable, insulin-producing cells and relevant
pancreatic endocrine lineages. ESCs clinical usage is minimal, as
ethical concerns overshadow their regenerative potential, so,
researchers have increasingly utilized iPSCs (57-59). Irrespective
of their source, hPSCs retain significant utility within diabetes
and regenerative medicine research as they offer self-renewal
abilities, developmental plasticity, and offer patients a
personalized therapeutic modality (60, 61). Researchers may
utilize these hPSCs to differentiate toward definitive endoderm
layers including the pancreas, liver, and gut, through influencing
key differentiation factors such as Fibroblast growth factor
(FGF)-10, retinoic acid for posterior foregut, Pancreatic and
duodenal homeobox 1 (Pdxl) and NK6 homeobox 1 (Nkx6.1)
for pancreatic progenitors, Notch inhibition and Epidermal
Growth Factor for endocrine commitment while also assessing
endocrine markers of key cells such as Insulin (B-cells),
(a-cells), (6-cells) (62-66). These

differentiation abilities highlight their utilization in creating cell

Glucagon Somatostatin
therapies for diabetic conditions, in-depth disease modeling of
B-cell dynamics, and drug screening. iPSC-derived B-cells are at
the forefront of
pancreatic tissues for diabetic therapies or ischemic conditions.
While iPSC-derived B-cells offer significant potential, they still
encounter hurdles to clinical implementation as they have

regenerative approaches to bioengineer

limited functional maturity with many resembling fetal B-cells
rather than adult, immune rejection, and scalability restraints
(67-69). To address these concerns and advance the clinical
potential of iPSCs-derived B-cells researchers have moved to
create smart biomaterials, hydrogels dynamically interact with
the microenvironment to curb excess immunoreaction while
leveraging pro-regenerative and pro-angiogenic mechanisms (70,
71). These efforts have also integrated vascularization, where a
pre-vascularized construct or a co-culture with ECs provide
enhance engraftment and oxygen delivery to the site.

Building on these advances in improving graft integration,
researchers have also turned to chemical reprogramming as an
alternative approach for generating iPSC lines capable of
producing more mature islet-like cells. Instead of relying on the
conventional method of forcing somatic cells to overexpress
reprogramming transcription factors, chemically induced PSCs
(CiPSCs) use defined small-molecule compounds that are easily
manufactured, non-genome-integrating, highly controllable, and
compatible for large-scale production. CiPSCs’ clinically suitable
properties have allowed for their application in generating islet-
like cell clusters, which demonstrate enhanced functional

maturity when compared with previous attempts using

traditional hPSC-derived islet cells. By incorporating pancreatic

lineage reporter systems, researchers have improved the

differentiation process to yield CiPSC-derived islets with
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transcriptomic identity, endocrine composition, and insulin
secretory function that closely resemble native human islets. The
of this
transplantation of CiPSC-derived islets into individuals with
T1D under immunosuppression, resulting in sustained insulin

impact approach was demonstrated through the

independence and improved glycemic control (72).

In addition to these efforts to better recapitulate the multi-
cellular pancreatic microenvironment, researchers have also
created 3D culture systems or organoids. These organoids allow
for self-organization of vital pancreatic cellular elements such as
B, o, o cells (endocrine), ductal and acinar cells (exocrine), and
supporting stomal/vascular cells (pericytes/ECs) (65, 73, 74).

Chimeric spheroids have been explored as a way to better
understand the multicellular pancreatic environment. Recent
work on stem cell-derived islets has focused on reaggregation
approaches, where immature f-like cells are broken apart and
then reformed into islet-sized clusters. These enriched B-clusters
(eBCs) show many features of mature B-cells, including stronger
insulin secretion, better calcium signaling, and improved
mitochondrial activity. This shows that allowing endocrine cells
to cluster naturally can help guide them to maturation (75).
Other studies have created smaller chimeric spheroids that mix
islet cells with other cell types. When mesenchymal stromal cells
(MSCs) are added, research showed that islet viability is
strengthened due to the protective layer that the MSCs add.
However, increasing the amount of MSCs in the co-cultured
mix and increasing the spheroid size has led to a decline in -
cell function. These chimeric spheroids show poor glucose-
stimulated insulin secretion because the addition of MSCs
disrupts the islet structure enough to reduce insulin secretion
(76). In contrast, co-culturing islets with endothelial cells (ECs)
tend to improve function. When islet clusters are grown with
human umbilical vein endothelial cells, they form small vascular
networks that support the islets, increase their survival, and
improve insulin secretion in response to glucose. Unlike MSCs,
ECs provide ECM components and paracrine signals that
activate pathways like integrin-pf1, which help regulate insulin
production, calcium entry, and insulin release. In these
vascularized organoid models, the presence of endothelial cells
boosts B-cell function.

Overall, iPSCs-derived cells and organoid systems offer
revolutionary outlooks in creating an unlimited source of
patient-specific treatments combating diabetic related conditions
while avoiding ethical concerns presented with the use of ESCs.

3.2.2 Alternative xenogeneic B-cells sources

Beyond human donor islets and pluripotent stem cell
constructs, which aim to mimic the multicellular pancreatic
niche, xenogeneic B-cells are emerging as a relevant alternative
source. One notable strategy involves neonatal porcine islets,
which are islet cell clusters taken from newborn pig pancreata
that can be dispersed and reaggregated into designed shapes.
When these neonatal pig islets are coupled with human cord
blood derived blood outgrowth endothelial cells, they produce
pre-vascularized 3D spheroids that improve early graft survival
and time to functional engraftment. The spheroid architecture
provides improved survivability at transplanting, upregulates
protective porcine stress response genes, enhances production of
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proangiogenic factors, and yields larger intragraft vascular
density. These findings suggest that pig islets are a practical
xenogeneic source, and that combining them with supportive
human cells or proangiogenic cues might reduce early ischemia
and inflammatory loss (77). The field has also evolved from
preclinical studies to early human translation utilizing
genetically altered swine organs. Since pigs breed rapidly, have
large litters, and can be size matched to humans when
successfully engineered, organs such as lung, heart, and kidney
have been implanted in exploratory or compassionate use
contexts. By eliminating major xenoantigens, adding human
protective transgenes, regulating cellular immunity, and
performing organ level and ex vivo therapies coupled with
surgical immunomodulation, source pigs are being prepared for
rigorous preclinical validation and tiered clinical testing. These
developments directly inform f-cell sourcing tactics. Genetically
modified pigs and engineered porcine islet structures, such as
pre-vascularized newborn swine islet spheroids, offer a scalable
near-term approach to deliver functioning xenogeneic f-cells.
Integrating genetic safeguards with cell level engineering and
delivery technologies gives a feasible avenue for implementing
swine f-cell therapies alongside stem cell and bioprinted
alternatives (78). Recent advances in genome

engineering have

porcine

markedly improved the immunologic
compatibility and functional potential of xenogeneic B-cell
sources. Modern gene-edited porcine donors frequently
incorporate triple-knockout modifications targeting GGTAI,
CMAH, and B4GALNT2 to key xenoantigens

responsible for antibody-mediated rejection (79-82). Parallel

eliminate

human complement-regulatory transgenes such as CD46, CD55,
and CD59 are often incorporated to further modulate immune
response by mitigating the complement-mediated injury and
antibody triggered cytotoxicity (83, 84). Recent advances in
enforced

immune-checkpoint such as the

expression of PD-L1 or other inhibitory ligands, allow for

engineering,

attenuation of T-cell mediated xenoreactivity to improve long-
term graft acceptance (85, 86). Other gene edits aim to reduce
early coagulation-mediated loss of islet cells following
intravascular exposure via thromboregulatory edits, in which
human thrombomodulin or endothelial protein C receptor is
introduced (87). These modifications reduce hyperacute
rejection and prolong xenograft survival in preclinical models.
Moreover, these gene-edited porcine islets can be integrated
with  encapsulation  platforms, conformal coatings, or
vascularized implantation systems to create a multi-layered
immune protection
engineering  and

strategy. The convergence of genetic
biomaterial-based =~ immunomodulation
represents a synergistic path forward in xenogeneic P-cell
therapy. Together, these integrated genetic
underscore the expanding clinical relevance of gene-edited

innovations
porcine fS-cell sources for pancreatic tissue engineering.
3.3 3-dimensional (3D) bioprinting and
fabrication technologies

3D bioprinting specifically enables controlled placement of B-

cells, ECs, pericytes, stromal cells, and ECM components within a
pre-defined architecture that more closely mimics the native islet-
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vascular units. Using extrusion or microfluidic-associated
bioprinting, bioinks can be patterned into porous networks that
support perfusion while maintaining high cell viability. Tissue-
specific bioinks incorporating pancreatic decellularized ECM (pd-
ECM) have been particularly effective in preserving pS-cell
phenotype and glucose responsiveness. Kim et al. developed a pd-
ECM based bioink to print islet-laden constructs. On in vitro
analysis, cell culture in the pd-ECM matrix increased expression of
pancreatic markers and improved glucose-stimulated insulin
secretion compared with generic hydrogels. Furthermore, co-
culture with ECs reduced central necrosis in these 3D constructs (88).

Recent work has extended this approach by combining pd-
ECM with photocrosslinkable polymers such as hyaluronic acid
methacrylate or alginate to control stiffness, print fidelity, and
transport properties. Wang et al. utilized hyaluronic acid
methacrylate/pd-ECM hydrogels to strategically print pancreatic
islet organoids that maintained high viability while restoring
diabetic
Additionally, they found robust CD31" neovascularization

throughout the graft, demonstrating the of these engineered

normoglycemia in mice for up to 12-weeks.

matrices to support endocrine function while allowing for
vascular ingrowth (89). Likewise, alginate-pd-ECM bioinks
optimized for human islet cell printing allowed for development
of constructs that sustained insulin secretion and supported
effective nutrient and drug effusion in vitro, pointing towards
scalable manufacturing of patient-specific grafts (90).

Beyond the bulk bioink composition, 3D bioprinting allows for
explicit patterning of vascular conduits alongside endocrine
compartments. Idaszek et al. created alginate-based, tissue-specific
bioinks that enabled printing of intertwined pancreatic and
vascular structures. The porcine islets embedded within a
pancreas-specific bioink adjacent to human umbilical vein
endothelial cells and human MSCs-laden filaments were able to
form vessel-like networks while retaining glucose-responsive
insulin secretion, representing a step towards architecturally
defined vascularized pancreas grafts (91). Moreover, Kim and
colleagues successfully bioprinted “bespoke” islet niches using pd-
ECM and basement membrane proteins arranged to mimic the
peri-islet microenvironment. These constructs promoted intimate
islet-capillary juxtaposition and enhanced revascularization in
vivo, demonstrating that geometric guidance can be leveraged to
reconstruct physiological islet-vessel relationships (92).

Multicellular printing strategies are increasingly integrating
stem cell-derived endocrine cells with vascular and stromal
components. Edri et al. used advanced 3D bioprinting to
generate multi-cellular, stem cell-derived vascularized pancreatic
constructs in which endothelial networks interconnected with
endocrine clusters, improving oxygenation, and coordinated
insulin secretion (93). Collectively, these studies highlight 3D
bioprinting as a powerful platform to bioengineer vascularized
pancreatic grafts in which endocrine, stromal, and vascular
elements are co-organized, providing a bridge between in vitro
organoid biology and fully implantable bioengineered organs.

3.4 Vascularization strategies

The
fundamentally constrained by its ability to rapidly establish a

success of endocrine pancreatic construct is

Frontiers in Transplantation

10.3389/frtra.2026.1768497

dense, functional microvascular network. Thus, modern
pancreatic tissue engineering strategies place vascularization at

the center of construct design.

3.4.1 Angiogenic growth factor delivery

One of the most widely explored strategies involves the
controlled delivery of angiogenic growth factors to accelerate
host-derived neovascularization. Vascular endothelial growth
factor (VEGF) is the dominant driver of EC migration,
proliferation, and capillary sprouting (94, 95). Native islets
upregulate VEGF expression in response to hypoxia, but this
response is often insufficient to overcome the profound ischemia
that follows transplantation.

Localized VEGF delivery from biomaterial scaffolds, including
collagen, fibrin, alginate, silk, fibroin, and polyethylene glycol
(PEG)-based  matrices
vascularization and reduce hypoxic injury. Mao et al. fabricated
silk  fibroin
allowing for sequestration of endogenous VEGF and enhancing

have been shown to increase

macro-porous scaffolds that released heparin,
VEGF receptor 2 signaling. Co-transplantation of islets with this
scaffold in diabetic mice accelerated islet vascularization and
improved long-term graft survival compared to non-heparinized
scaffolds or islets alone (96, 97). Another strategy is to develop
hydrogels incorporated with proangiogenic factors. Phelps et al.
PEG-maleimide  hydrogels
incorporated with VEGF. When transplanted into the small

examined  biofunctionalized
bowel mesentery of rats, they found that the islets showed
robust graft attachment and revascularization as early as 4
weeks. In addition, the incorporation of VEGF led to a
substantively greater vascularization response compared to
hydrogels without VEGF (98).

3.4.2 Endothelial cell and mesenchymal stem cell
co-transplantation

An alternative strategy is the direct incorporation of vessel-

forming cells into engineered pancreatic constructs. Co-
transplantation of islets with ECs, endothelial progenitor cells,
and MSCs have repeatedly shown to accelerate inosculation with
the host circulation, increase vessel density, and improve graft
survival (99, 101). Fransson et al. examined co-transplantation
islets with luciferase-GFP-transduced MSCs

immunodeficient mice. They found that MSCs not only reduced

of human into
fibrotic encapsulation around the grafts, but it also promoted
the migration of ECs from islets to the host tissue, forming
chimeric blood vessels (100). Recent studies have examined co-
transplantation of islet cells alongside multiple cell types.
Zacharovova et al. Examined co-transplantation of islet cells
with adipose-derived MSCs (adMSCs) alone compared to islet
cells with adMSCs and ECs. Similar to other studies, they found
that co-transplantation of islets and adMSCs demonstrated
preservation of islet morphology and viability with significant
vascularization within the decellularized pancreatic scaffold.
However, when islet cells were co-transplanted with both
adMSCs and ECs, they found further improvement in vascular
network density and complexity compared to adMSCs alone.
The presence of ECs appeared to accelerate the formation of
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functional microvasculature, suggesting a synergistic angiogenic
effect (101).

3.4.3 Pre-vascularized implantation constructs

Instead of attempting to establish vascular constructs de novo
following implantation, the use of pre-vascularized niches seeks to
establish a mature microvascular bed prior to endocrine cell
delivery. Subcutaneous tissue is normally poorly perfused and
hostile to islet survival. Pre-vascularization strategies fall into
three conceptual categories: (1) angiogenic
subcutaneous priming, (2) chamber-based or scaffold-based

Deviceless

revascularization, and (3) implantable NICHE devices with
local immunomodulation.
Biomaterial-induced  subcutaneous

priming  leverages

controlled foreign-body responses to generate a dense,
microvascular bed prior to islet cell implantation. Pepper et al.
Demonstrated that transient placement of a vascular access
catheter can create a device-less, pre-vascularized subcutaneous
niche that supports islet engraftment in murine models (102).
This demonstrated that angiogenic conditioning of subcutaneous
tracks can transform poorly perfused anatomical sites into
permissive endocrine niches without permanent device
implantation.

Various studies have examined the utilization of pre-
vascularized tissue-engineered chambers as a strategy to improve
vascularization of transplanted islets (103-105). Chamber-based
pre-vascularization involves implantation of an empty chamber
to induce host-driven neovascularization. Utilization of a staged
pre-vascularization approach led to the development of robust
microvascular networks and improved engraftment of
transplanted islets (103, 105). Furthermore, these islets offered
improved glycemic control and glucose tolerance compared to
non-pre-vascularized controls (104-106).

Lastly, Grattoni and colleagues developed a NICHE device that
integrates a pre-vascularized implantable cell reservoir with a
separate  immunosuppressant  reservoir  for  localized
immunosuppressive delivery (107). This platform enables site-
specific immune modulation while also supporting vascular
ingrowth promoting long-term islet survival and reducing
reliance on systemic immunosuppression. The NICHE device
will be further discussed in later sections of the paper (see
Section 3.6).

These principles have now been translated clinically, as
demonstrated by Sernova Pouch System (see Section 5.2.2), and
the Diabetes Research Institute Omental BioHub (see Section

5.3.1) that will be discussed in later sections of this paper.

3.4.4 Utilization of vasculogenic hydrogels and
ECM guided angiogenesis

Engineered hydrogels that actively instruct vascular growth
form a major class of vascularization strategies. Modulation of
hydrogel porosity, stiffness, and bioactive ligands have shown to
support EC migration, lumen formation, and vessel stabilization
(108-110). In the
constructs, the utilization of pd-ECM hydrogels allow for

context of transplantable pancreatic

enhancement of B cell function and angiogenesis following
implantation (88, 101). It is thought that pd-ECM retain native
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basement membrane proteins, integrin-binding motifs, and
growth factor-binding domains that allow for preservation of
morphology and rich vascularization.

Despite major advances in promoting rapid and stable graft
perfusion, vascularization alone cannot overcome the persistent
challenge of immune rejection. Even well-vascularized constructs
remain susceptible to alloimmune, and autoimmune destruction
once exposed to the host’s immune surveillance.

3.5 Encapsulation strategies

Encapsulation approaches aim to protect transplanted islets
from both autoimmune destruction and alloimmune rejection,
while preserving diffusion of oxygen, nutrients, and insulin.
Encapsulation platforms can be broadly categorized into: (1)
alginate-based microcapsules, (2) zwitterionic hydrogels, (3)
conformal surface coatings, and (4) immunomodulatory scaffolds.
archetypal

immunoisolation strategy for islet transplantation (111-113).

Alginate  microencapsulation  remains the
Conventionally, islets are suspended in alginate and gelled into

spherical microcapsules cross-linked with divalent cations,
sometimes with a polycation overcoat. The semi-permeable shell
permits diffusion of glucose, oxygen, and insulin but excludes
immune cells. Depending on pore size, the shell may also exclude
complement and large antibodies. Early large-animal work showed
that alginate macro- and microencapsulation could correct diabetes
in primates using xenogeneic pig islets for up to six months without
systemic immunosuppression, supporting the feasibility of alginate
as a barrier material for immunoisolation (111).

More recent formulations emphasize chemically modified
alginates and extrahepatic, richly vascularized implant sites to
reduce foreign-body reactions while decreasing diffusion
distances. Bochenek et al. identified alginate derivatives that
minimized pericapsular fibrotic overgrowth in a combinatorial
screen. The new alginate derivative was then used to encapsulate
allogeneic islets and transplanted into the omental bursa of
macaques (112). The omental bursa provided highly vascular,
retrievable bed allowing for rapid vascularization of the capsule
(114). offsetting the diffusion distance created by the capsule
themselves. Following implantation, these grafts maintained
glucose-responsive insulin secretion for four months without
immunosuppression.

Furthermore, alginate microcapsules are also being combined
with local chemokine delivery to modulate the immune infiltrate
without sacrificing vascular integration (112). Alagpulinsa et al.
co-encapsulated human stem cell-derived B-cells with chemokine
CXCL12 in When

immunocompetent diabetic mice, these capsules prolonged graft

alginate microcapsules. implanted in
survival and function without systemic immunosuppression (113).

These studies illustrate the central trade-off to alginate
systems; thick, highly cross-linked shells and fibrotic overgrowth
protect against immunity but have the propensity to increase
diffusion distance, resulting in hypoxic stress. This limitation
could be partially overcome by combined utilization of highly
vascularized implantation beds (i.e., omentum).

Zwitterionic hydrogels present a net-neutral, highly hydrated
surface that strongly resists non-specific protein absorption and
cell adhesion (115). Liu et al. synthesized sulfobetaine- and
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carboxybetaine-modified alginates and showed that these
zwitterionic alginates markedly reduce cellular overgrowth
around the microcapsules in mice, dogs, and pigs. When
utilized to encapsulate islets and transplanted into diabetic mice,
the zwitterionic alginate microcapsules improved long-term graft
function compared to unmodified alginate (116). By limiting
fibrotic encapsulation, these preserved a thin

pericapsular space where neovascularization could occur and

materials

remain functional, effectively decoupling immune protection
from the progressive loss of vascular access that plagues
conventional capsules.

Beyond the bulk gels, zwitterionic chemistries have been
integrated into thin-film and device architecture designed to
maximize host-device vascular interface while maintaining low.
For example, zwitterionically modified hydrogels in microdevice
formats have been used to encapsulate B-cells in thick constructs
without severe fibrosis, enabling the pre-vascularization of the
device surface prior to cell loading, improving oxygenation
across the device (117). Although these macrodevices continue
to face intrinsic diffusion limitations; their zwitterionic surfaces
support a more stable microvascular network, which is critical
for thick grafts, or grafts with high cell burden.

An alternative strategy to overcoming immune reactivity while
also mitigating diffusion limitations is utilization of conformal
coatings. Conformal coating minimizes the physical barrier
between the islets and the host vasculature by deposition of an
ultrathin, continuous hydrogel layers directly onto the islet
surface, rather than entrapping the islet in a large capsule (118).
This dramatically reduces the transplant volume and diffusion
distances, preserving near-native access to host microvasculature
while still providing a controllable interface for immune
modulation (118, 119).

Tomei et al. developed a microfluidic process to conformally
coat islets with a thin PEG-based hydrogel and systematically
optimized coating thickness and mechanical properties. In
diabetic mouse models, conformally coated islets maintained a
normal glucose-stimulated insulin secretion in vitro and restored
long-term euglycemia in vivo with revascularization that was
comparable to naked islets. This demonstrates that the thin
coating does not impede vascular integration with host tissue (118).

Stock et al. extended this approach of stem cell-derived islets
and fully MHC-mismatched recipients. Conformal PEG coatings
were applied to stem cell-derived islets and transplanted into a
confined, well-vascularized site. In this setting, conformally coated
stem cell-derived islets achieved long-term diabetes reversal in
allogeneic mice without systemic immunosuppression. This
demonstrates that a thin PEG coating is sufficient for immune
protection  while for of robust

allowing development

microvascular integration within host tissue (119).

3.6 Immunomodulation strategies

An alternative option to autoimmune and alloimmune
responses is to develop immunomodulatory scaffolds and
devices that create a pro-tolerogenic microenvironment around
the graft. This allows for direct host-graft contact, which allows
for full vascularization of the graft. These platforms typically
incorporate local delivery of small-molecule drugs or biologics,
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presentation of immune-regulatory ligands, or co-transplantation
of accessory cells within a 3D scaffold, that is intentionally
porous to vessels (107, 120-123).

One class of systems utilizes drug-eluting macroporous
scaffolds at extrahepatic sites. Jiang et al. Incorporated
dexamethasone into polydimethylsiloxane-based macroporous
scaffolds designed for subcutaneous islet transplantation. Local
dexamethasone releases accelerated islet engraftment and
improved early glycemic control by skewing host macrophages
towards an anti-inflammatory M2 phenotype, while the open
scaffold architecture supported revascularization (120). Frei et al.
utilized similar polydimethylsiloxane scaffolds to locally deliver
fingolimod (FTY720). Although sustained drug delivery allowed
for local immunomodulation, high levels of local fingolimod
affected islet viability, underscoring the importance of precise
control of local drug dose to preserve both vascular health and
B-cell functionality (120).

More recently, Paez-Mayorga et al. Introduced the NICHE
device, a pre-vascularized, implantable niche with dedicated
reservoirs for immunosuppressants. Allogeneic islets were loaded
into the vascularized NICHE alongside locally delivered
Cytotoxic T-Lymphocyte-Associated Protein 4 (CTLA-4)-Ig and
anti-lymphocyte serum in immunocompetent diabetic rats. This
strategy achieved diabetes reversal for >150 days without
systemic immunosuppression. Further histological analysis
confirmed robust revascularization of the graft. Early nonhuman
primate (NHP) work demonstrated device biocompatibility and
short-term allogeneic islet engraftment (107). This design
couples enhanced vascularization using a pre-formed vascular
network with localized pharmacologic immune protection.

Additionally, immunomodulatory scaffolds also have the
capacity to present biochemical cues that indirectly favor
vascularization. Wang et al. engineered mesenchymal stromal
cells to express Programmed Death Ligand-1 (PDL-1) and
CTLA-4-Ig and co-transplanted them with islets. These
accessory cells created a localized immunosuppressive milieu,
reducing effector T-cell infiltration, increasing regulatory T-cells
within the graft, and prolonging allogeneic islet survival in mice
without systemic immunosuppression. Furthermore, the absence
of a physical barrier allowed for normal revascularization of the
islets (122).

Complementing scaffold approaches, genome editing can
produce  hypo-immune that with
immunosuppression to minimize transplant recognition and

cells work local
rejection. In one work, researchers dissociated primary human
islets to single cells and used CRISPR to knock-out B2M and
CIITA, so the cells no longer express HLA class I or II. They
then overexpressed CD47 and reaggregated the cells into
pseudoislets. These synthetic pseudoislets sustained normal
insulin production, resisted both T-cell and innate effector
assaults, engrafted, and restored blood-glucose control in
allogeneic and autoimmune humanized mice models. The grafts
could be removed, if necessary, with an anti-CD47 antibody as a
safety switch (124). The similar principle was applied to
pluripotent stem cells: CD47 overexpression paired with MHC
class T and II inactivation produced hypoimmunogenic iPSCs
and differentiated derivatives (endothelial cells, smooth muscle
cells, cardiomyocytes). Those derivatives persisted over term in
fully allogeneic recipients without systemic immunosuppression.
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TABLE 3 Endocrine and exocrine cell subtypes, function, and current engineering strategies.

Cell Type Cell Function

Alpha (a)-cells Secretes glucagon, endocrine hormone

responsible for increasing blood glucose levels.

Delta (8)-cells Secretes somatostatin, hormone that inhibits
glucagon and insulin to maintain glucose

homeostasis.

Pancreatic Secretes pancreatic polypeptide responsible for

polypeptide (PP) exocrine secretion and GI motility.

cells

Exocrine cells Secretes digestive enzymes such as amylases,

(Acinar cells) lipases, and proteases for digestive function.

Development of a cells from iPSCs; PSC differentiation via pre-a

10.3389/frtra.2026.1768497

Strategy References

(136, 137, 141,

intermediates and with controlled expression of NKX6.1. 142)
Differentiation from PSCs into -cells FGF receptor-1 signaling pathway (100, 101)
using FGF-2 and -7; somatostatin analogues tested clinically to reduce

glucagon secretion and improve glycemic control.

Limited studies available on bioengineering strategies for isolated PP cell (143-145)
differentiation.

Exocrine pancreas regeneration through pancreas derived MSCs that (146-150)

express islet specific and mature exocrine markers; trans-differentiation of

exocrine pancreas cells into B-cells with exposure to various growth factors

and transcription factors.

Exocrine cells

(Ductal cells)

Secretes bicarbonate to neutralize acidic chyme

from the stomach as it enters the duodenum.

This research defines a feasible technique for linking inherent
immune evasion with scaffold-delivered tolerogenic signals.
They also indicate that complementary surface characteristics,
such as nano-thin immunomodulatory coatings, might be
applied to scaffolds to further influence local immune signals.
Furthermore, nano-thin immunomodulatory coatings can be
integrated with scaffolds to combine direct vascularization with
local immune signaling. Barra et al. conjugated CTLA4-Ig to
antioxidant poly(N-vinylpyrrolidone)/tannic acid nanolayers on
islet surfaces. The resultant localized checkpoint blockade led to
suppression of macrophage STAT1 signaling, increase
regulatory and anergic T-cell populations, and significantly

in

prolonged allograft survival in mouse models (123). When such
coatings are used in conjunction with vascularized scaffolds, they
offer chemical, rather than physical, immune protection while
preserving the intimate contact between islets and host capillaries.

4 Engineering endocrine cell types
beyond B-cells

The pancreas is a complex structure with endocrine and
exocrine tissue. The pancreas is predominantly (~98%) of
exocrine tissue and only ~1%-2% of endocrine tissue (125).
While the endocrine pancreas is responsible for the maintenance
of blood
responsible for secretion of pancreatic enzymes for digestion.

glucose homeostasis, the exocrine pancreas is
Consequently, there are a multitude of endocrine cells that can
be found within the native pancreatic tissue. B-cells are insulin
producing cells that make up approximately 40%-60% of the
endocrine pancreatic niche in humans (126). As such, a large

been dedicated to engineering
B-cell (57, 127-130).

However, B-cell bioengineering alone does not replicate the

amount of research has

transplantable pancreatic constructs
multitude of functions of the pancreas. In this section, we
critically examine the current landscape in bioengineering of
alpha (a)-, delta (8)-, pancreatic polypeptide (PP)-, and exocrine
cells of the pancreas (Table 3).
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In addition to secretion of glucagon, alpha (a)-cells play a
significant role in islet vascular development. Wieland and
colleagues developed pseudo-islets composed of a-cells, B-cells,
and ECs and showed that following self-assembly, ECs were
found in proximity to a-cells. Additionally, with the increase in
size of the pseudo-islet there was also an increase in presence of
a-cells and ECs (131). Furthermore, this also holds true during
development. At 19-21-week gestation, two separate cell clusters
form, one composed of P-cells and the second composed of
a- and O-cells. These clusters merge to form the islet of
Langerhans. During this time, ECs are preferentially found in
clusters with a-cells (132). In turn, ECs are involved in the
development  of vascularization, providing ECM
components such as type IV collagen, laminins, and connective

islet

tissue needed for endocrine cell development and function
(133-135). There are several studies that have demonstrated
development of a-cells from progenitor cells. Peterson et al.
developed stem cell-derived human pancreatic a-cells from
pluripotent stem cells (PSCs) via a pre-a cell intermediate.
These cells demonstrate a structure similar to a-cells and
express and secrete glucagon that increased glucose levels upon
transplantation into mice (136). Yabe et al. also demonstrated
that human PSCs can be differentiated into a-cells by
controlling the expression of NKX6.1 (137).

Delta (8)-cells somatostatin,
paracrine hormone that inhibits the secretory cells (a- and f-

secrete an autocrine and
cells). Abnormality in &-cell expression has been implicated in
the development of T2D and progression of the disease.
Previous studies have shown that B-cell: 3-cell ratio is lower in
young adults with diabetes and is unchanged in healthy adults,
indicating that higher number of d-cells (138). Other studies
have shown that infusion of somatostatin or its analogues in
diabetic patients control
secondary to reduction of glucagon secretion (139, 140).
Therefore, 5-cells may play a pivotal role in development of
therapeutics for diabetes. Multiple studies showed that FGF7
promotes endoderm differentiation, and FGF2 directs progenitor
cells toward &-cell signaling through FGF receptor-1 signaling.

resulted in improved glycemic
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They were successfully able to differentiate hPSCs into 8-cells that
secreted somatostatin and contributed to balanced paracrine
regulation (141, 142).

PP cells secrete pancreatic polypeptide, which regulates
exocrine secretion and gastrointestinal motility. They make up
less than 5% of the islet cell population (143-145). Due to their
scarcity, there have been limited studies evaluating PP cell
potential in regenerative medicine.

Exocrine pancreas is composed of acinar cells and ductal
cells. The acinar cells are the main secretory units of exocrine
pancreas. Acinar cells secrete digestive enzymes, while the
ductal cells secrete bicarbonate into the duodenum (125).
There is a complex interplay between the endocrine and
exocrine pancreas, which may have implications in
management of multiple pancreatic diseases including diabetes.
Kou et al. demonstrated that pancreas derived MSCs express
islet specific markers and mature exocrine markers such as
amylase, cytokeratin and acinar and ductal cell differentiation
markers (NGN3, PTFla and HNFI1b). Additionally, they
successfully demonstrated that pancreatic MSCs regenerated
levels in

exocrine pancreas improved blood glucose

streptozotocin induced diabetic mice (146). Exocrine pancreas
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cells have plasticity and the ability to transdifferentiate into
other cells. Several studies have shown that acinar cells can be
differentiated into P-cells in the presence of various growth
factors and transcription factors. They can secrete insulin;
however, their secretory capacity is low compared to native
B-cells (147-150).

5 Translational progress

Over the last two decades, the advances in vascular biology,

biomaterials, and stem-cell engineering have propelled
pancreatic tissue engineering from proof-of-concept studies
towards clinically relevant therapies. Translational progress has
been driven by rigorous validation in animal models (102, 106,
151-156) and the parallel development of bioartificial pancreas
devices, together defining the translational progress towards
This

milestones in the translational progression of vascularized

early human application. section will address key
pancreatic tissue engineering, encompassing validation in animal
models and the evolution of bioartificial pancreas devices

intended for clinical deployment.
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5.1 Animal models

Preclinical animal models have been crucial for demonstrating
the translational potential of vascularized pancreatic tissue
engineering in diabetes treatment. Most early research used
streptozotocin-induced diabetic mouse and rat models, which
offer a rigorous platform to evaluate graft survival and glucose
These that
sites, subcutaneous

regulation. models  showed pre-vascularized
the space and

perivisceral niches, reliably support long-term normoglycemia

extrahepatic such as
when loaded with sufficient endocrine tissue. Tissue-engineered
chambers and angiogenic biomaterial-conditioned subcutaneous
tracks achieved sustained diabetes reversal for over 100 days in
rodents, even with minimal islet mass (102). These findings
that poorly perfused
transformed into functional endocrine environments through

indicate anatomical sites can be
controlled vascular priming. Such effects were associated with
stable glucose-responsive insulin secretion and significantly
improved graft survival. Forster and colleagues established a pre-
vascularized chamber model in mice, which was later expanded
by Pepper and Vlahos to demonstrate scalable, device-free
angiogenic subcutaneous sites in both mice and rats (106).
Biomaterial-based strategies have further refined vascular and
structural control of engineered pancreatic grafts in rodent and
diabetic

accelerated

models. In mice,
scaffolds the
normoglycemia and increased vascular density compared to

large-animal macroporous

polycaprolactone return  to
rapidly degrading polymers, while similar constructs maintained
mechanical stability and endocrine architecture in pig models,
demonstrating scalability beyond rodents (151). Collagen- and
fibrin-based matrices likewise improved subcutaneous islet
engraftment efficiency and reduced early hypoxic graft loss in
diabetic rat models (152). Collectively, these studies established
that scaffold porosity, degradation kinetics, and mechanical
integrity strongly influence vascular patency and long-term
endocrine function across species.

At the organ level, decellularized pancreas models have
enabled reconstruction of perfusable vascularized pancreatic
tissue. Perfusion-decellularized rat and porcine pancreata
preserve native ductal and vascular architecture and support
endocrine differentiation following recellularization (153). In
diabetic rat models, re-cellularized pancreatic matrices restore
glycemic control and insulin production. Importantly, non-
pancreatic scaffolds have also been repurposed for endocrine
reconstruction. Citro et al. used decellularized lung scaffolds
reseeded with ECs and neonatal islets to generate a perfusable
vascularized endocrine organ that restored normoglycemia in
diabetic mice, demonstrating that intact hierarchical vasculature
rather than pancreas-specific anatomy alone is sufficient to
sustain endocrine tissue function (154). Recent advances in 3D
bioprinting and organoid-based pancreatic tissue engineering
have introduced precise spatial control of endocrine and
in vivo. In diabetic mouse models,

ECM-based

perfusable vascular channels rapidly inosculated with host

vascular architecture

bioprinted  pancreatic constructs  containing
vessels, preserved islet architecture, and improved glucose-

responsive insulin secretion compared with non-specific
matrices (92). In parallel, self-organizing pancreatic organ buds

composed of endocrine, endothelial, and mesenchymal cells
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rapidly connected to host circulation and sustained coordinated
hormone secretion following transplantation, demonstrating that
multicellular pancreatic micro-tissues can self-assemble into
adult (155). The
integration of PSC-derived pancreatic tissue with vascular

functional vascularized units in mice
engineering represents one of the most advanced directions in
animal-model translation. Campo and colleagues generated fully
hPSC-derived vascularized pancreatic micro-organs that became
perfusable in vitro and rapidly corrected hyperglycemia after
implantation into diabetic immunodeficient mice (44). These
constructs  displayed coordinated glucagon, and
secretion, isolated  B-cell

replacement toward reconstruction of multicellular pancreatic

insulin,
somatostatin moving  beyond
endocrine tissue with physiological vascular coupling.

To address clinical scalability, vascularized pancreatic tissue
engineering strategies have been extended into large-animal and
NHP models, which better reflect human
hemodynamics, and immune complexity. The omentum has

anatomy,

emerged as a particularly effective implantation site due to its
intrinsic vascularity. In diabetic NHPs, bioengineered omental
platforms using plasma-thrombin matrices enabled rapid and
sustained insulin independence using allogeneic islets from a
single donor per with
occurring within one week (156). Earlier omental scaffold

recipient, glycemic normalization
studies in primates similarly demonstrated long-term glucose
control. Additional NHP platforms incorporating bioengineered
artificial interstitium systems with localized immune modulation
have enabled prolonged xenogeneic islet survival without
systemic immunosuppression, directly addressing two major
translational barriers which are hypoxia and immune rejection
(157). Overall, animal-model studies have demonstrated that
vascularized pancreatic tissue constructs ranging from pre-
vascularized endocrine niches and scaffold-based systems to
decellularized organ matrices, bioprinted platforms, and fully
human stem cell-derived pancreatic micro-organs can
reproducibly restore endocrine function in vivo.

5.2 Bioartificial pancreas devices

Bioartificial pancreas systems aim to restore endogenous
insulin secretion by combining living insulin-producing cells
with mechanical or biomaterial-based immunoprotective
platforms. These devices are designed to physically shield
transplanted B-cells from host immune attack while maintaining
sufficient diffusion of oxygen, glucose, nutrients, and insulin.
Unlike conventional islet transplantation, bioartificial systems
the

immunosuppression while enabling long-term graft survival and

seek to eliminate or reduce need for systemic

physiologic glucose responsiveness (158-160).

Broadly, these platforms fall into two categories: (1) macro-
encapsulation devices, which house large numbers of cells
within retrievable devices implanted subcutaneously or
intraperitoneally, and (2) pre-vascularized pouch systems, which
create a biologically permissive niche for later cell implantation.
Leading clinical-stage examples include ViaCyte, Sernova Cell
Pouch, and TheraCyte/Boettler-based encapsulation devices. The

aim of this section is to briefly introduce commercially available
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bioartificial pancreas devices. Pertinent clinical trials will be
discussed in a later section (See Section 5.3).

5.2.1 Viacyte

ViaCyte has developed a series of stem cell-derived pancreatic
progenitor cell devices utilizing a macro-encapsulation strategy
designed for subcutaneous implantation. The first-generation of
PEC-Encap (VC-01) system encapsulated human ESC-derived
pancreatic progenitors within a semi-permeable membrane
(Encaptra®), allowing for immunoisolation while maintaining
exchange of key nutrients and insulin secretion.

ViaCyte later partnered with Clustered Regulatory Interspaced
Short Palindromic Repeats (CRISPR) Therapeutics to develop
gene-edited immune-evasive cell platforms (VCTX210) aimed at
eliminating the need for systemic immunosuppression.

5.2.2 TheraCyte/Boettler devices

TheraCyte is another macro-encapsulation device consisting
of a bilaminar Polytetrafluoroethylene membrane that allows for
diffusion of oxygen and nutrients while blocking immune cells.
Pre-clinical studies demonstrated short-term protection of
xenogeneic islets from rejection (160). However, long-term graft
survival was severely limited by fibrotic capsule formation and
hypoxia driven B-cell loss.

The Boettler device platform introduced refinements in
polymer chemistry and membrane permeability to improve
diffusion kinetics and mechanical stability. Although animal
studies demonstrated glycemic correction, translation to durable
human application has been hindered by foreign body response,
insufficient oxygen delivery, and necrotic graft cores; a recurring
failure mode across diffusion-dependent encapsulation platforms

(158, 159).

5.2.3 Sernova cell pouch system

The Sernova Cell Pouch System employs a different strategy
based on pre-vascularized tissue engineering. The device is
initially implanted subcutaneously as an empty scaffold to
induce host-driven neovascularization and formation of highly
vascularized stromal pouch prior to cell-delivery. Following
vascularization, donor islets or stem cell-derived endocrine cells
are secondarily implanted into the pre-vascularized device.

Phase I/II clinical trials in patients with brittle T1D
demonstrated successful vascularized engraftment, sustained
C-peptide  production, improved glycemic control, and
protection from severe hypoglycemia, even with relatively
modest islet numbers (161, 162). More importantly, histologic
and imaging analyses confirmed the formation of dense,
functional microvascular networks within the pouch, directly
supporting B-cell survival and function.

Unlike fully immunoisolated macro-encapsulation devices,
Sernova still requires systemic immunosuppression. However, its
success highlights that pre-established vascular integration
strategy dramatically improves graft survival and function

compared with diffusion-limited macro-encapsulation devices.
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5.3 Clinical trials

5.3.1 Omental bioHub (Diabetes Research
Institute, USA)

The BioHub is a tissue-engineered platform developed at the
Diabetes Research Institute that repurposes the omentum as a
vascularized implantation site for pancreatic islets. In an
ongoing clinical study of allogeneic islet transplantation onto the
omentum (CI: NCT02213003), a woman with long-standing
T1D and hypoglycemia unawareness received ~602,000 islet
equivalents from a single donor embedded in a plasma-
thrombin biodegradable scaffold and implanted laparoscopically
onto the omentum under systemic immunosuppression. Insulin
was discontinued 17 days after transplantation, and at 12
months the patient maintained euglycemia with an HbAlc of
~6.0%, sustained endogenous C-peptide secretion, and complete
elimination of severe hypoglycemia. Although insulin secretion
declined modestly over time, the patient remained insulin-
independent with stable glycemic control, establishing the
omentum as a functional, vascularized extrahepatic site for
bioengineered islet transplantation in humans (163).

5.3.2 pair device (Beta-O2 Technologies, Israel)

The SAir system is a macro-encapsulation device designed to
maintain islet viability through active oxygen supplementation
while physically isolating the graft from host immune cells.
Islets are housed within a sealed chamber separated from host
tissue by diffusion membranes, and oxygen is supplied through
a refillable subcutaneous port to prevent hypoxic injury. In a
Phase I clinical study (CI: NCT02064309), the device was
implanted subcutaneously in individuals with long-standing
T1D. Each subject received 1-2 devices containing 155,000
180,000 allogeneic human islet equivalents and was monitored
for 3-6 months before device retrieval. The device proved safe
and effectively prevented immune rejection and transplanted f3-
cells remained viable. However, only minimal circulating
C-peptide was detected with no significant metabolic benefit,
alongside fibrosis, immune cell accumulation, blunted glucose-
stimulated insulin secretion, and amyloid formation, indicating
limited functional efficacy despite cell survival. The pAir
platform is currently in phase 2 clinical evaluation (159).

5.3.3 PEC-Encap (VC-01, ViaCyte, USA)

PEC-Encap-derived grafts have pushed the field further
toward scalable, engineered endocrine organs. Early trials of
human ESC-derived pancreatic endoderm in subcutaneous
(VC-01/PEC-Encap)
engraftment and insulin expression in humans but only modest

encapsulation  devices demonstrated
C-peptide and limited glycemic benefit, largely because peri-
device fibrosis impeded vascular ingrowth, and the program was
discontinued (CI: NCT04678557). In a follow-on approach, non-
immunoprotective macro-encapsulation devices that allow direct
vascularization but require systemic immunosuppression (VC-
02/PEC-Direct) yielded more robust endocrine function: in a
phase 1/2 cohort, 63% of explanted devices showed engraftment,
and 6/17 patients developed new fasting and glucose-responsive
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mixed-meal C-peptide secretion, though none became insulin-
independent. (CI: NCT03163511) (164, 165).

5.3.4 VX-880 (Zimislecel) from Vertex
pharmaceuticals

VX-880 (Zimislecel) is a suspension of fully differentiated
allogeneic stem cell-derived pancreatic islet cells developed by
Vertex Pharmaceuticals. Unlike progenitor-based approaches,
VX-880 delivers mature insulin-producing cells directly into the
portal circulation, allowing immediate integration with the
native hepatic vascular network. This approach requires
standard systemic immunosuppression but eliminates the need
for macro-devices. In the ongoing Phase I/II forward trial (CI:
NCT04786262), VX-880 produced the most striking clinical
outcomes in stem cell-based diabetes therapy to date. All fully
dosed participants developed durable endogenous C-peptide
secretion, elimination of severe hypoglycemia, and marked
and HbAlc.
approximately 80% of fully dosed patients achieved insulin

independence at 1 year, prompting advancement of VX-880 into

improvements in time-in-range Importantly,

a pivotal Phase I/II/III clinical program (166). A sister product
VX-264, is currently in Phase II. Collectively, these trials show
that clinically effective bioengineered pancreatic replacement is
already achievable, but long-term success still hinges on
balancing robust vascular integration with durable immune
protection and acceptable immunosuppression.

Early clinical exploration of stem-cell derived islet replacement
has taken a notable step with development of an alternative site for
islet cell implantation. Conventionally, pancreatic islet cells are
delivered through the portal vein and transplanted into the liver
where they are allowed to revascularize. However, this method is
limited by graft loss secondary to IBMIR. Thus, alternative
(e.g.,
marrow, anterior rectus

subcutaneous
sheath)
proposed to prevent long-term graft attrition. Wang et al

implantations sites omentum, space,

intramuscular, have been
Demonstrated feasibility of a self-contained extraperitoneal
transplant site using the anterior rectus sheath at the abdomen.
Furthermore, they found that implantation in the anterior rectus
sheath led to superior CiPSC-islet survival and maturation.

6 Key challenges in clinical translation

Although
vascularized ~ pancreatic

that
restore

clinical trials now clearly demonstrate

tissue  engineering can
meaningful endocrine function in patients with diabetes, several
broad

implementation. Foremost among these is immune rejection, as

critical ~ challenges  continue to limit clinical
virtually all strategies that achieve strong metabolic outcomes
currently depend on lifelong systemic immunosuppression.
While effective for graft survival, chronic immunosuppression
exposes patients to risks of infection, malignancy, renal toxicity,
and metabolic complications, making it an imperfect long-term
solution for a disease that is otherwise manageable with
exogenous insulin. Encapsulation-based approaches were
developed to avoid these risks; however, clinical experience has
shown that immune isolation often comes at the cost of

inadequate vascular integration, leading to hypoxia, diffusion-
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limited nutrient delivery, and insufficient insulin output. This
persistent tension between robust vascular access and durable
immune protection remains one of the most fundamental
unresolved problems in the field. A related concern is long-term
graft durability. Even in the most successful trials, declines in
endogenous insulin secretion have been observed over time, and
truly long-term human follow-up beyond five to ten years is still
lacking. It remains unclear whether engineered pancreatic grafts
will maintain stable function over decades or whether periodic
retreatment will be required. This uncertainty complicates both
patient selection and long-term therapeutic planning. At the
same time, the scalability and manufacturing consistency of
these therapies pose substantial barriers to widespread clinical
use. The production of stem cell-derived pancreatic tissue under
good manufacturing practice conditions is technically
demanding, resource-intensive, and costly, raising important
questions  about  affordability, accessibility, and health
system integration.

Finally, surgical complexity and device management continue
to impose practical limitations. Some platforms require invasive
implantation procedures or rely on anatomical sites that are
difficult to access for monitoring or retrieval, complicating long-
term follow-up and graft replacement. Device-based systems
may also face issues related to mechanical failure, fibrosis, or
Together, these biological,
engineering, and logistical challenges underscore that while

loss of function over time.
vascularized pancreatic tissue replacement has moved from
experimental concept to clinical reality, its routine clinical use
will ultimately depend on achieving immune-compatible
vascularization, long-term graft stability, scalable manufacturing,
and safe, practical surgical delivery

7 Ethical and regulatory
considerations

The convergence of stem cell biology, genome edition,
biomaterials, and implantable devices in vascularized pancreatic
tissue engineering raises a distinct set of ethical and regulatory
challenges. At the most basic level, B-cell replacement therapies
are being developed for a chronic, otherwise manageable disease,
which heightens the threshold for acceptable risk relative to
oncology or terminal indications. Thus, invasive implantation
procedures, lifelong or intermittent immunosuppression, and
uncertain long-term graft behavior must be weighed against the
risks or burdens of intensive insulin therapy. Transparent
these trade-offs,
expectations about durability and retreatment, is essential to

communication  of including  realistic
ethically sound informed consent.

PSC-derived products raise additional concerns. Human ESC-
derived B-cells remain ethically contentious in some jurisdictions
due to embryo use, leading to divergent national regulations and
funding restrictions. iPSCs mitigate many of these concerns but
introduce tumorigenicity risks if residual undifferentiated cells
or proliferative off-target populations persist within the final
product (69, 167, 168). Regulatory agencies now expect rigorous
biodistribution and tumorigenicity testing for pluripotent stem
cell-derived therapies. Furthermore, they require long-term in
vivo follow-up and sensitive assays to detect rare proliferative
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clones (119-121). These requirements influence trial design,
patient monitoring, and manufacturing stringency.

Gene-edited B-cells
ethical and oversight questions. Programs such as VCTX210,
which combine CRISPR-mediated editing of HLA and immune
checkpoints with stem cell-derived pancreatic progenitors, are

“immune-evasive” introduce further

explicitly designed to avoid systemic immunosuppression (169).
While the CRISPR-mediated edits are somatic rather than
germline, they result in permanent genomic modifications.
Thus, these are not without theoretical risks of off-target
mutations, altered immunosurveillance, or unexpected fitness
advantages. Long-term registries and transparent data sharing
will be necessary to assess whether immune-evasive cell lines
behave predictably long-term, or if they contribute to secondary
malignancies or opportunistic infections. Equitable access is a
concern; gene-edited and autologous iPSC products are likely to
be costly, raising the risk that transformative therapies will be
restricted to a small subset of patients in high-resource settings.

Regulation of bioartificial pancreas therapies is complicated by
their hybrid nature as cell-device combination products. In the
United States, allogeneic islet products are regulated as biologic
drugs requiring a Biologics License Application with potency,
purity, and manufacturing standards (170, 171). Simultaneously,
encapsulation devices, macro-chambers, and pre-vascularized
pouches fall under medical device or combination-product
regulation, covered by separate pathways and post-market
obligations (172, 173). This fragmented framework can slow
clinical translation and create uncertainty over classification. In
the United States, professional societies like the American
Society of Transplant Surgeons continue to advocate for islet cell
allotransplantation to be regulated as an organ transplant rather
than a drug (174, 175). In contrast, Canada and Europe
recognize ICT as a standard of care in select patients (176, 177).
Ethically, this divergence raises questions about global justice in
which patients in some regions have access to established islet
therapies under organ transplant rules, while others must wait
for drug-like approval of similar or related products.

Finally, robust governance is needed around trial design, risk-
benefit balance, and patient selection. Early-phase studies of
encapsulation devices and stem cell-derived products have
generally enrolled individuals with severe hypoglycemia and
impaired awareness. With more evidence for strong glycemic
control from islet products, there will be pressure to expand
to broader TID populations. Regulators and
investigators will need to define clear thresholds for safety,

indications

durability, and quality-of-life improvement prior to offering
these interventions to patients who can achieve near-normal
glycemic with
Furthermore, it is imperative that commercial incentives do not

control advanced insulin  technologies.

outpace evidence-based patient selection.

8 Future perspectives
8.1 Nanoenabled oxygen delivery
Nanoenabled oxygen delivery is a rapidly evolving area of

biomedical engineering and involves the use of nanotechnology-
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based systems [e.g., catalytic oxygen-generating nanocarrier,
(PEC) oxygen microfluidic
oxygenators] to transport or generate oxygen in targeted tissues.

perfluorocarbon carriers, or
Particularly, this technology has shown efficacy in reversal of
tumor hypoxia, a major contributor to radiation treatment
resistance, in preclinical models. Studies on hypoxic tumor cells
using Oil-based and synthetic PFC droplets have demonstrated
appropriate accumulation of PFC agents in solid tumors and
subsequent reoxygenation of tumor cells without inhaled
supplemental oxygen in mice (178-180). This is a rapidly
evolving area in biomedical engineering and has emerged as a
promising strategy to overcome hypoxia in tumors, chronic
wounds, and other native tissues following ischemic injury (e.g.,
heart, brain, lungs). A major limitation to islet or engineered
pancreatic tissues engraftment is acute hypoxic stress secondary
to diffusion limitations, vascularization following
(38). While strategies  (e.g.,
vascularization, angiogenic factor delivery) help, oxygen supply
a critical bottleneck. To this date, the role of
nanoenabled oxygen delivery in overcoming hypoxic stress in

poor

implantation current pre-

remains

islet grafts or engineered pancreatic constructs has not been
examined. However, this technology may be useful in providing
transplanted cells/tissue  post-
implantation, which may lead to subsequent islet viability

immediate oxygenation to

during the pre-vascularization period.

9 Conclusion

Pancreatic tissue engineering has progressed from conceptual
promise to tangible clinical reality. Whole-organ pancreas and
ICT established that restoration of endogenous insulin secretion
can normalize glycemic control and eliminate hypoglycemia
unawareness. However, both approaches remain constrained by
donor scarcity, operative morbidity, and dependence on
systemic immunosuppression. These limitations have driven the
development of vascularized pancreatic constructs as an
alternative for B-cell replacement strategies.

Across various platforms, vascularization remains the critical
bottleneck of durable

Continued progress will require not only sustained technological

bioengineered pancreatic construct.
innovation but also careful ethical oversight and regulatory
adaptation. If these challenges can be met, vascularized
pancreatic tissue engineering may move beyond experimental
of brittle diabetes

bioengineered cure.

rescue towards a broadly accessible,
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