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Abstract

While significant progress has been made in treatments for type 1 diabetes
(T1D) based on exogenous insulin, transplantation of insulin-producing
cells (islets or stem cell–derived β cells) remains a promising curative strat-
egy. The current paradigm for T1D cell therapy is clinical islet transplanta-
tion (CIT)—the infusion of islets into the liver—although this therapeutic
modality comes with its own limitations that deteriorate islet health. Bioma-
terials can be leveraged to actively address the limitations of CIT, including
undesired host inflammatory and immune responses, lack of vascularization,
hypoxia, and the absence of native islet extracellular matrix cues. Moreover,
in efforts toward a clinically translatable T1D cell therapy, much research
now focuses on developing biomaterial platforms at the macroscale, at which
implanted platforms can be easily retrieved andmonitored. In this review,we
discuss how biomaterials have recently been harnessed for macroscale T1D
β cell replacement therapies.
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1. INTRODUCTION

Type 1 diabetes (T1D) is a chronic disease caused by the autoimmune destruction of insulin-
producing β cells, located in clusters called islets of Langerhans in the pancreas. The irreversible
destruction of functional β cell mass manifests as insufficient insulin levels and loss of glycemic
control. When glycemic levels are left unmanaged, T1D patients face possible consequences
of permanent organ damage (1) and secondary complications, such as neuropathy, retinopathy,
nephropathy, and cardiovascular disease (2).

Current clinical treatment modalities are based on lifelong, daily exogenous insulin therapy
and frequent blood glucose measurements. Since the discovery of insulin in the 1920s, signifi-
cant technical advances have assisted T1D patients in maintaining tight glycemic control: Insulin
analogs now vary in onset, peak time, and duration (3); routes of administration range from subcu-
taneous injections and pump infusions to nasal sprays (4); and closed-loop systems exist, wherein
glucosemonitoring technologies are combinedwith automated insulin delivery (5).Notwithstand-
ing such progress, T1D patient outcomes remain unstandardized and poor (6). Exogenous in-
sulin treatments are associated with delayed kinetics, failing to recapitulate physiological levels of
glucose response and insulin secretion. Furthermore, exogenous insulin treatments require high
patient compliance and, thus, are inconvenient (5). Hence, cell therapies are a promising alter-
native, for they harness a β cell’s inherent capability to produce and secrete endogenous insulin
on demand.

One form of β cell replacement therapy (BCRT), clinical islet transplantation (CIT), involves
the infusion of human cadaveric donor islets through the hepatic portal vein. The Edmonton
Protocol sparked enthusiasm for CIT in 2000, when seven out of seven patients, each receiv-
ing islets from an average of two human donor pancreata [∼11,500 islet equivalents (IEQ)/kg of
body weight], demonstrated independence from exogenous insulin for an average of 12 months
(1, 7). IEQ is the standard measurement for counting islets; one IEQ equals one spherical islet
of 150 μm in diameter. The Clinical Islet Transplantation Consortium, comprising 13 clinical
centers worldwide, was established to enhance CIT’s safety and long-term success. A multicenter,
single-arm, phase 3 trial conducted by this consortium (NCT00434811) demonstrated restora-
tion of hypoglycemia awareness and that 87.5% of the 48 adult diabetic subjects met the primary
end point, HbA1c (a measure of long-term glucose levels) <7.0%, after 1 year (8). As of 2017,
approximately 1,500 patients have undergone islet transplantation, and 50–70% of patients have
maintained insulin independence (i.e., independence from exogenous insulin) at 5 years (9).

Whereas substantial progress in islet isolation protocols, intraportal surgical procedures, and
immunosuppressive drug regimens has positioned CIT as a promising therapeutic modality
(9), several significant limitations restrict CIT to a marginal subset of T1D patients. First, the
required systemic immunosuppression of CIT is associated with morbidities, which then limit
CIT to the most critical cases of T1D—defined as frequent hypoglycemia and unstable metabolic
control (10). Second, a scarcity of quality human donor pancreata exists, especially because
multiple donors may be required for each recipient under current CIT protocols (9). Third, high
early loss of islets (>60%) and long-term islet dysfunction are expected due to the suboptimal
nature of the liver transplant site (11).

Biomaterials have the potential to revolutionize BCRTs by addressing current limitations. A
subset of BCRT research focuses on nano- and microscale BCRT technologies, which, respec-
tively, coat individual islets and encapsulate individual islets in microsized capsules (diameter
<1 mm) (12, 13). Upon implantation, nano- and microscale BCRT technologies are virtually irre-
trievable, challenging to monitor, and likely to clump in body cavities (14). In contrast, macroscale
BCRT technologies confer retrievability. All therapeutic cargo is confined and transplanted in one
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Figure 1

Size range of current β cell replacement therapies: macro-, micro-, and nanoscale technologies. Each rodent islet ranges from ∼30 to
400 μm in diameter. Macroscale technologies confine many islets in a defined site, either in a hydrogel or scaffold (diameter >1 mm).
Microscale technologies enclose each islet in a microsized capsule. Nanoscale technologies coat each islet.

or multiple defined site(s), such that facile implantation and retrieval procedures may be possible.
Figure 1 summarizes the size range of current BCRTs.

Retrievability has escalated as a critical clinical attribute with the advent of alternative cell
sources such as xenogeneic porcine islets and human stem cell–derived β (SC-β) cells. Xenogeneic
porcine islets are a promising alternative cell source, given that porcine insulin differs from human
insulin by a single amino acid (15) and pigs are readily available with farming techniques. Indeed,
Ludwig et al. (16) have demonstrated the practicality of using porcine islets in BCRTs. SC-β cells
are a replenishable, renewable source for BCRTs (17). Twomajor companies have initiated clinical
trials with SC-β cells; these trials will provide significant insight into the feasibility of using SC-β
cells in humans. ViaCyte, the first company to introduce SC-β cells to treat T1D in clinical trials,
has multiple ongoing clinical trials for its proprietary SC-β cells (NCT02239354,NCT02939118,
NCT04678557,NCT03163511, andNCT03162926). In the ViaCyte clinical trials, the SC-β cells
are allowed to differentiate and mature in vivo. In March 2021, Vertex announced its phase I/II
clinical trial for VX-880, the first fully differentiated SC-β cells to treat T1D; VX-880 will be in-
fused into the hepatic portal vein of patients under systemic immunosuppression (NCT04786262).

While xenogeneic porcine islets and SC-β cells may provide a virtually unlimited therapeu-
tic cell supply, several safety concerns exist. A major concern with porcine islets is the possible
infectious risk associated with the transmission of porcine endogenous viruses, though efforts in
genome engineering and CRISPR-Cas9 aim to minimize this concern (18). Subpopulations of
undifferentiated SC-β cells can form teratomas in vivo, and undesired polyhormonal, heteroge-
neous populations may result during differentiation (19). The concerns of using SC-β cells may
be addressed by the outcome of Vertex’s clinical trial (NCT04786262). In the meantime, until
these safety concerns are addressed, macroscale BCRTs must prevent undifferentiated cell escape
by incorporating safety precautions, such as complete retrieval capabilities.

Herein, we review current biomaterial technologies under development for macroscale T1D
BCRTs. First, we address the fundamentals: We begin with native islet microarchitecture and
CIT, specifically looking at what aspects of CIT present challenges to islet viability and function.
Although the focus is on islet transplantation, the underlying issues are also relevant to human
SC-β cells and xenogeneic insulin-producing cells.We then provide a rationale for, a definition of,
and the types of macroscale BCRTs.Next, a detailed summary of pertinent biomaterial advances is
presented, highlighting four areas: (a) mitigation of the host inflammatory and immune responses,
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Figure 2

Overview of biomaterial strategies for macroscale β cell replacement therapies: mitigation of host
inflammatory and immune responses, vascularization, reduction of hypoxia, and recapitulation of the native
islet niche. Abbreviations: ECM, extracellular matrix; VEGF, vascular endothelial growth factor.

(b) vascularization of transplanted cells, (c) reduction of hypoxia, and (d ) recapitulation of the native
islet niche (Figure 2). Finally, we discuss current clinical trials and provide future considerations
for this evolving field.

2. FUNDAMENTALS: NATIVE ISLET STRUCTURE AND CLINICAL
ISLET TRANSPLANTATION

To justify the biomaterial-mediated strategies discussed in the following sections, we provide the
context for how CIT builds an inhospitable milieu, unlike the native islet microenvironment.
This section briefly reviews vital components of the native islet architecture, consequences of
islet isolation, and undesired host responses in the liver.

2.1. Native Islet Microarchitecture

The islet of Langerhans is a micro-organ that comprises various cell types: glucagon-producing
α cells, insulin-producing β cells, somatostatin-producing δ cells, ghrelin-producing ε cells, and
pancreatic polypeptide-producing cells. A rich microvasculature runs within and around each
micro-organ. Islets receive approximately 15% of pancreatic blood flow while composing only
1–2% of total pancreatic mass (20). This microvasculature, which includes dense and fenestrated
capillaries, delivers necessary signaling hormones, metabolites, and nutrients (such as glucose) to
endocrine cells. It also initiates the systemic distribution of secreted hormones from endocrine
cells. The result is glucose homeostasis: Islets can sensitively detect glucose and quickly secrete
insulin on demand.

The rich intraislet blood flow also supplies a continuous oxygen supply, with a mean partial
pressure of oxygen of 40 mm Hg (21). Moreover, islets have elevated oxygen consumption rates
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compared with many other cells (22), and β cells have been shown to metabolize glucose nearly
exclusively by aerobic glycolysis (i.e., oxidative metabolism) (23). Evidence suggests that islets
exhibit up to a 50% loss in insulin secretory function under even minor oxygen tension variations
and acute exposure to hypoxia (24).

The extracellular matrix (ECM) imparts critical biophysical and biochemical cues to islets.
As an acellular component of the tissue microenvironment, the ECM comprises polysaccharides
(glycosaminoglycans) and proteins (fibronectin, collagens, and laminins) (25). For islets, the ECM
is found in the basement membrane that surrounds capillaries and in the interstitial ECM be-
tween islet cells. Integrin transmembrane receptors bind to ECM molecules, thereby activating
intracellular pathways that ultimately regulate cell activities. For instance, the α1β1-collagen IV
interaction upregulates metabolic function and inhibits apoptosis; also inhibiting apoptosis are
the αvβ3-laminin and α5β1-fibronectin interactions, via Bcl-2 activation (25). The α6β1-laminin
interaction regulates insulin release (26).

2.2. Islet Isolation Procedures Inevitably Destroy Native Islet Microarchitecture

Although necessary for BCRT, isolation procedures destroy native islet microarchitecture. Islet
isolation techniques include mechanical disruption and enzymatic digestion. The result is the
separation of endocrine tissue from exocrine tissue. Inevitably, islets are left avascular, ischemic,
denervated, and detached from cellular contacts and the endogenous ECM (27). Isolated islets can
then undergo anoikis, cell death induced by detachment from the ECM (28). A recent report sug-
gests that focal adhesion activation in β cells exclusively occurs where β cells contact the capillary
ECM (29), underscoring the need for rapid revascularization.

2.3. The Liver Is an Inhospitable Transplant Site for Islets

Although clinically accessible, the liver transplant site further contributes to islet dysfunction and
death. Complete revascularization of islets may take upward of 14 days (30). Thus, islets must
rely on passive diffusion of nutrients, thereby undergoing a transient hypoxia period and delayed
kinetics of nutrients. Exposure to hypoxia causes islets to produce danger-associated molecular
patterns (31); generate nitric oxide (32); upregulate proinflammatory cytokines such as monocyte
chemoattractant protein (33); and activate hypoxia-inducible factor-1α (HIF-1α)-related pathways
that stimulate inflammatory pathways, impair glucose responsiveness, and terminate in apoptosis
(34). Additionally, direct contact with blood within the hepatic vasculature triggers an instant
blood-mediated inflammatory reaction (IBMIR), leading to complement activation and leuko-
cyte infiltration (35). Due to IBMIR, 60% of transplanted islet mass is lost within the first few
days of transplantation (36). Alloreactivity and autoimmunity further exacerbate the host immune
response. Moreover, studies indicate that the systemic immunosuppressive drugs used in CIT—
aimed to lessen the impacts of IBMIR, alloreactivity, and autoimmunity—also lead to islet dysfunc-
tion (37). In summary, in CIT, a high loss of functional islets is expected due to the immunologic,
anatomic, and physiologic factors of CIT and the liver transplant site.

3. RATIONALE AND DEFINITION OF RETRIEVABLE, MACROSCALE
β CELL REPLACEMENT THERAPIES

Macroscale BCRTs can be categorized as either closed, cell-restrictive systems or open, cell-
permissive systems, depending on if the platform encourages host cell and vessel infiltration
(Figure 3). Both approaches have advantages and disadvantages.
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Types of macroscale β cell replacement therapies: open (cell- and vessel-permissive) and closed (cell- and
vessel-restrictive) systems. Open systems have pores or channel diameters large enough to allow vessels and
host cells—including host immune mediators such as antibodies, T cells, and C1q—to infiltrate the
biomaterial platform and, thus, allow direct integration of grafted cells with the recipient. Closed systems
include permselective membranes that physically prevent the entry of large host immune mediators and
allow the bidirectional transport of necessary small molecules such as insulin, glucose, and oxygen.
Abbreviations: C1q, complement component 1q; IgG, immunoglobulin G; IgM, immunoglobulin M.

Closed systems are designed on the principle of immunoprotection, the physical sequestra-
tion of donor cells from host cells by permselective membranes. Primarily on the basis of size
exclusion, permselective membranes prevent the entry of large host immune mediators such as
T cells and antibodies yet allow bidirectional transport of necessary small molecules such as in-
sulin and oxygen (10). Closed, immunoprotective systems are further categorized as intravascular
or extravascular. The former involve direct anastomosis of therapeutic platforms to host vascula-
ture and are historically associated with high bleeding and infection rates (38, 39). On the other
hand, extravascular devices have shown high promise and have even progressed to clinical tri-
als.While we recognize that some intravascular macroencapsulation devices have been developed
(40), we focus our review on extravascular macroencapsulation devices. Although closed systems
inevitably cause mass transfer limitations of necessary nutrients to islets, closed systems reduce
and may eliminate the need for immunosuppression.

Conversely, open systems allow direct integration of grafted cells with the recipient but require,
at a minimum, some immunomodulation or immunosuppression.Traditional open systems are 3D
biomaterial constructs with pores or channel diameters large enough for cell and vessel infiltration
(41). Macroporous scaffolds are characterized by pores larger than 50 μm (42). Recently, device-
less (DL) platforms have emerged as open technologies. In a DL platform, a biomaterial construct
loaded with no therapeutic cargo is first implanted at the transplant site. After prevascularization
is achieved, the construct is removed and replaced with a cell-only graft (27).
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Approaches for the mitigation of host inflammatory and immune responses. (a) Material physical and
chemical properties (e.g., surface topography, surface charge, and degree of hydrophilicity) and material
choice. (b) Permselective membranes, through which insulin, glucose, oxygen, and waste products (shown in
green and blue) may traverse freely, but host immune cells such as T cells and antibodies (shown in orange)
cannot. (c) Delivery of anti-inflammatory, immunosuppressive, or tolerogenic agents from biomaterials.
Abbreviations: MSC, mesenchymal stem cell; SA-FasL, streptavidin-modified Fas ligand; SA-PD-L1,
streptavidin/programmed cell death-ligand 1; Treg, T regulatory cell.

4. BIOMATERIAL STRATEGIES FOR MACROSCALE β CELL
REPLACEMENT THERAPIES

4.1. Mitigation of Host Inflammatory and Immune Responses

This section discusses strategies to mitigate the host inflammatory and immune responses to
BCRTs (Figure 4).

4.1.1. Mitigation of fibrosis. Virtually all implants instigate the foreign body response (FBR)
(see 43 for a comprehensive review on FBR). The development of fibrotic capsules surrounding
implants over time can negatively impact in vivo therapeutic platforms, especially β cell–delivering
macroencapsulation devices that rely on the diffusive transfer of crucial nutrients. Indeed, the
clinically tested macroencapsulation devices PEC-Encap and βAir demonstrated acceptable safety
profiles, preserved islet viability, and mechanical robustness (NCT02239354,NCT02939118, and
NCT02064309); however, unfortunately, they also showed reduced overall graft efficacy due to
strong FBR between host tissue and the synthetic membranes (44).

Promisingly, the degree of FBR may be regulated by the mechanical and chemical properties
of biomaterials. To reduce fibrosis via biomaterial microarchitecture, researchers may consider
smooth, well-contoured edges over sharp edges due to less shear stress between tissues and bio-
materials (44). Also, soft biomaterial surfaces may be used over rigid surfaces due to less difference
in stiffness between soft tissue and biomaterials (44). In terms of chemical properties, it is generally

www.annualreviews.org • Biomaterial Macroscale Constructs 491



accepted that protein adsorption at the host tissue-material interface and the subsequent cellular
response are significant drivers of FBR. Hydrogels, which are highly hydrophilic materials, are
commonly used for BCRTs given their high water content, mechanical properties similar to soft
tissue, ease of fabrication, and biofunctionalization (44). Markedly, some researchers have har-
nessed, rather than mitigated, the early fibrotic response to promote islet graft efficacy (discussed
in the section titled Prevascularization).

The choice of material also influences FBR.Types of biomaterials used in BCRTs are primarily
categorized as natural or synthetic.Recently, zwitterionicmaterials,which have separate negatively
and positively charged groups, have shown promise in mitigating FBR (45).

Natural materials are extracted from biological sources via solvents and/or enzymes. Natu-
ral biomaterials are further categorized as polysaccharides (e.g., alginate, agarose), proteins (e.g.,
collagen, fibrin), or decellularized ECM scaffolds (e.g., decellularized pancreas). The most inves-
tigated natural material for BCRTs is alginate for its cytocompatibility, mild cross-linking condi-
tions, availability, and low production cost (1, 44). Natural materials based on proteins or ECM
scaffolds have inherent cell-binding sites that support cell attachment, migration, proliferation,
and differentiation (13). Nevertheless, despite their resemblance to native tissue, natural biomate-
rials typically have low mechanical stability, manufacturing issues, and limited capacity for precise
tuning of mechanical properties and degradation rates (13).

Standardization of purification practices is a top priority for users of natural materials,
especially for researchers using alginate. Due to unstandardized purification protocols and
batch-to-batch variability (e.g., varying mannuronic/guluronic ratios), alginate-based findings
are difficult to compare and reproduce among groups working with different alginate prepa-
rations. Commercially available ultrapure-labeled alginate may still contain detectable levels
of contaminants such as endotoxins, which can lead to fibrosis via fibroblast recruitment (46).
Furthermore, batch characteristics influence gelation, stability, and stiffness of the material (47).
Ongoing controversy surrounds a pivotal study that demonstrated that 500-μm-diameter algi-
nate microcapsules exhibited more macrophage and fibroblast adhesion than 1,800-μm-diameter
counterparts (48). Although this size-dependence mechanism was observed across a wide span of
materials (alginate, glass, and ceramic, among others), other groups report no such fibrosis with
500-μm-diameter alginate microcapsules; Hu & de Vos (49) postulate that this discrepancy is
due to differences in alginate purification.

Synthetic materials confer the advantages of high durability, stability, reproducibility, and tun-
ability of mechanical and chemical properties (e.g., pore size and composition). Simple, facile
biofunctionalization of synthetic materials is also possible through processes such as tethering
of adhesive peptides (50). Synthetic biomaterials used in BCRTs are typically organic polymers,
including polyethylene glycol (PEG), polydimethylsiloxane (PDMS), polylactic-coglycolic acid
(PLGA), polycaprolactone (PCL), and polytetrafluoroethylene (PTFE). Some are typically em-
ployed as soft hydrogels; others are frequently used as rigid scaffolds (PDMS, PTFE, PCL, and
PLGA). Some synthetic polymers, especially aliphatic polyesters, are known to gradually degrade
via hydrolysis (51), while other synthetic materials require manufacturing processes or harsh sol-
vents that are potentially harmful to cells.

In some cases, researchers have combined natural and synthetic biomaterials in a single
platform. Beta-O2 Technologies’ βAir macroencapsulation device combines an alginate hydrogel
and a gas-permeable PTFE membrane (52). Likewise, through 3D fiber deposition, Marchioli
et al. (53) combined a ring-shaped PCL scaffold with an alginate hydrogel core. In the former
example, the PTFE membrane provided enhanced mechanical stability along the host-material
interface. In the latter, Marchioli et al. manufactured the PCL scaffold with highly precise pore
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sizes to facilitate vascularization. In both cases, alginate hydrogels encapsulated islets to preserve
islet viability and function.

Zwitterionic polymers have emerged as novel materials to mitigate fibrosis. These polymers
incorporate zwitterions, molecules with equal numbers of cationic and anionic moieties, thereby
presenting an overall neutral charge. Zwitterions drive the creation of hydration shells upon the
material surface—achieving superhydrophilicity and strong electrostatically induced hydration.
The result is a significant reduction of nonspecific protein adsorption and cell adhesion. Indeed,
the Jiang group (45) reported that zwitterionic hydrogels prevented FBR for at least 3 months
in mice. Zwitterionic polymers have recently been used in T1D applications. The use of a zwit-
terionic polymer to coat T1D continuous glucose monitors (CGMs) augmented the reliability
of CGMs and significantly reduced noise (54). Incorporation of specific zwitterions onto alginate
mitigated cellular overgrowth onmicrocapsules in a diverse array of animals (mice, dogs, and pigs).
Importantly, delivery of xenogeneic islets in modifiedmicrocapsules achieved andmaintained nor-
moglycemia in four out of six diabetic mice for 200 days until retrieval (55). Zwitterionic polymers
present a promising outlook for macroscale BCRTs, as ongoing work aims to enhance their sta-
bility and functionality (56).

4.1.2. Delivery of immunomodulatory agents: anti-inflammatory, immunosuppressive, or
tolerogenic. In addition to selecting biomaterials that mitigate fibrosis, researchers have lever-
aged anti-inflammatory, immunosuppressive, or tolerogenic agents to support islet survival and
function. Drugs and cytokines may be loaded onto BCRTs for soluble release or chemically con-
jugated to biomaterials with prescribed release kinetics. With biomaterials as delivery vehicles,
immunomodulatory cells such as mesenchymal stem cells (MSCs) and T regulatory cells (Tregs)
may be codelivered with islets. Compared with systemic infusion of immunosuppressive drugs for
CIT, localized and controlled delivery from biomaterials decreases systemic burden and reduces
off-target effects (57).

As previously mentioned, one of the major drawbacks of CIT is early posttransplant in-
flammation. Accordingly, anti-inflammatory drugs have been incorporated into BCRTs. Several
anti-inflammatory drugs target macrophages, crucial players in modulating early inflammation
posttransplant. Macrophages release inflammatory cytokines and reactive oxygen species that
later activate cells of the adaptive immune system, such as antigen-presenting cells, helper T cells,
and cytotoxic T cells (58).

Two types of anti-inflammatory, macrophage-targeting drugs are the glucocorticoid dex-
amethasone (Dex) and Clodrosome. Dex polarizes monocytes toward the anti-inflammatory
macrophage phenotype (M2) while preserving migratory function for wound healing and angio-
genesis (57). Clodrosome, based on liposomes and clodronate, depletes macrophages. Local deliv-
ery of Dex from macroporous PDMS scaffolds demonstrated dose-dependent effects in murine
diabetes treatment (59). Low dosages of Dex (0.25% and 0.1%) promoted M2 macrophage po-
larization and suppressed inflammatory pathways within the first week of implantation, whereas
high loadings (0.5% and 1%) precluded desired host cell and vessel infiltration, thereby negatively
impacting islet engraftment.Normoglycemia (defined in this study as two consecutive readings of
<200 mg/dL) was observed within 10 days of implantation in >90% of mice receiving low Dex.
Clodrosome, upon subcutaneous codelivery with rat islets in Matrigel, depleted macrophages and
assisted islet survival in 83% of recipient mice for >60 days (60).

Immunosuppressive drugs have likewise been incorporated into biomaterials for T1D treat-
ment. FK506, an immunosuppressant routinely used for CIT, impairs helper T cell–mediated
macrophage activation and cytotoxic T cell–mediated graft rejection by obstructing gene
transcription of interleukin-2 (IL-2) (61). Subcutaneous injection of FK506-loaded PLGA
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microparticles and xenogeneic islets in Matrigel elicited minimal immune cell infiltration and
prompted glucose clearance rates comparable with those of nondiabetic mice at 2 and 4 weeks (62).

A significant drawback of biomaterial-mediated drugmonotherapy is drug depletion over time.
In the previous examples, Dex (at 18 and 45 μg per PDMS scaffold implant), Clodrosome (at
6.25 mg/kg), and FK506 (at 10 mg/kg) were depleted after 10, 14, and ∼25 days, respectively.
While major strides have prolonged the duration of drug release—such as Farah et al.’s (63) com-
pact, solvent-free crystal platform—it is unlikely that biomaterial-mediated drug monotherapy
alone can adequately protect allo- and xenografts long term.Conversely, antigen-specific immune
tolerance induction strategies have the potential to achieve indefinite graft acceptance (64, 65).
Tregs may be the key to permanent graft acceptance. They sustain self-tolerance by suppressing
effective immune cell types such as helper T cells or dendritic cells, either by direct cell con-
tact or through secretion of immunosuppressive cytokines [e.g., IL-10 or transforming growth
factor beta 1 (TGF-β1)]. In an autoimmune diabetes murine model, Graham et al. (65) found
that localization of Tregs with islets in PLG scaffolds prevented autoimmune destruction of islets
and prolonged islet graft survival. Intriguingly, in a subset of recipients that had their first grafts
removed and then replaced with a second, Treg-free graft, normoglycemia was achieved for the
remaining 43 days of the study, 140 days from the initial transplantation. Immunostaining revealed
Foxp3+ cells neighboring the first grafts in the abdominal fat and the second grafts in the kidney
capsule, suggesting systemic tolerance.

As the isolation of Tregs could produce undesired heterogeneous T cell populations, strategies
focused on the promotion of Treg generation have been explored. Our group demonstrated that
cotransplantation of microgels (150 μm in diameter) presenting a chimeric form of FasL with
allogeneic islets induced long-term immune acceptance of the graft and restored normoglycemia
in a diabetic mouse model (64). The FasL-presenting biomaterial generated Tregs, which were
required for allograft acceptance and function. Also, Coronel et al. (66) developed a biomaterial
platform that presented chimeric streptavidin/programmed cell death-ligand 1 (SA-PD-L1) on
the surface of biotin-PEG microgels and found augmented populations of Tregs and CD4+T
anergic cells in the transplantation microenvironment. Future work may focus on scaling this
application to grafts delivered in macrosized constructs.

4.1.3. Permselective membranes. Immunoprotection via permselective membranes is a sim-
ple, effective way to overcome the CIT requirement of chronic immunosuppression. Ideally, de-
sired elements (nutrients, glucose, insulin, oxygen, and waste products) must be able to traverse
permselective membranes, while host immune mediators (immune cells, antibodies, and comple-
ment) should not. A rich body of literature suggests that elements of the former category typically
have lower molecular weights than those of the latter.Table 1 summarizes relevant molecule sizes
(67, 68).Of note, insulin is a significantly larger molecule than glucose and, thus, undergoes higher

Table 1 Summary of molecule sizes relevant to type 1 diabetes β cell replacement therapies

Category Molecule Properties
Desired molecules Glucose 180 Da; Stokes radius 0.4 nm

Insulin Monomer/hexamer: 5.8–34.2 kDa; 1.35–2.75 nm
Host immune

mediators
Inflammatory cells Approximately 10 μm
IgG 150 kDa; Stokes radius 5.9 nm
C1q 410 kDa
IgM 910 kDa

Abbreviations: C1q, complement component 1q; IgG, immunoglobulin G; IgM, immunoglobulin M.
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diffusional limits that influence its kinetics. Additionally, it is generally agreed that increased im-
munogenicity correlates to lower permeability (i.e., xenogeneic sources require lower effective ex-
clusion sizes than allogeneic sources) (13, 57).While molecular weight cutoff (MWCO) has been
used as a design parameter for permselective membranes, we recognize that diffusive molecules
exhibit a range of molecular weights and that molecular weight does not always correlate to size,
shape, and relative charge. Permeability and diffusion coefficients, dependent on material chem-
istry, may provide better insight into the design of permselective membranes (13, 69).

Importantly, host immune mediators can be similar in size to desired molecules and can tra-
verse through immunoprotective membranes. Indeed, free radicals have molecular weights be-
tween oxygen and glucose, and cytokines are of comparable molecular weight to insulin, growth
factors (GFs), and albumin (68). In encapsulation systems, which may have membranes that have
MWCOs as low as 70 kDa, donor cells can shed antigens that can later traverse membranes and
subsequently prime host antigen-presenting cells (70). In summary, on the basis of pore size ex-
clusively, permselective membranes are effective against cell contact-mediated and complement-
mediated cytotoxicity, yet ineffective against proinflammatory cytokines (71) and indirect T cell
activation (70). Other approaches to prevent undesired host immune reactions must be consid-
ered, such as the aforementioned immunomodulatory approaches and modifications in biomate-
rial properties. Also, as discussed in future sections, developing a viable 3D microenvironment for
transplanted cells can mitigate inflammatory signals elicited from transplanted cells.

4.2. Vascularization

This section examines approaches aimed to induce vascularization within and/or around BCRTs
(Figure 5).

4.2.1. Selection of transplant site. Rapid reconstruction of robust, mature vasculature begins
with the selection of an appropriate transplant site. Open and closed macroscale systems benefit
from revascularization within and around the chosen platform, respectively. In either case, sev-
eral factors are desired: First, as evidenced by the native pancreas, dense vasculature and portal
drainage are important for nutrient and oxygen delivery, as well as insulin secretion responses to
blood glucose levels (42). Second, the site should be clinically relevant; it should permit minimally
invasive methods for graft implantation, monitoring, biopsy, replenishment, and retrieval (27).

Several sites are dismissed, as follows. The kidney capsule, which has provided encouraging
results in rodents, remains undesirable as an islet transplant site for larger animals due to invasive
surgery, risk of diabetic nephropathy, and limited space for transplant volumes (72). Similarly,
some immune-privileged sites such as the thymus and anterior eye chamber lack the volume to
support the sizeable loading requirements of macroscale BCRTs (73). Other extrahepatic sites
have been investigated for islet transplantation, all with varying degrees of neovascularization and
inflammatory responses (as investigated in 11): striated muscle (NCT02872571), bone marrow
(NCT01722682), venous sac (74), small bowel mesentery (11), gastric submucosa (75), omentum
(76) (NCT02213003), and the subcutaneous space (77–79).

In particular, the omentum/peritoneal cavity and subcutaneous space are employed in most
of the studies reviewed herein. The omentum is an attractive transplant site for BCRT, given its
arterial supply, accessibility, and, distinctly, venous drainage that facilitates physiological insulin
secretion through the portal system (42).Themurine surrogate to the clinically relevant omentum
is the gonadal fat pad (FP). The subcutaneous space is an appealing transplant site due to its large
surface area for nonmarginal transplant volumes and accessibility for implantation, monitoring,
biopsy, and retrieval. While the subcutaneous space is not inherently well vascularized, major
efforts currently aim to induce vascularization at the site (27, 80–82).

www.annualreviews.org • Biomaterial Macroscale Constructs 495



PE
G

-4
M

A
L

H
yd

ro
ge

l
Po

re

a
b

c

+
+

d
e

Sm
al

l b
ow

el
m

es
en

te
ry

Su
bc

ut
an

eo
us

sp
ac

e
G

on
ad

al
 fa

t
pa

d

RG
D

VE
G

F

D
eg

ra
da

bl
e

cr
os

s-
lin

ke
r

Is
le

ts
di

st
rib

ut
ed

in
 g

el
 

Pr
ei

m
pl

an
ta

tio
n

Im
pl

an
ta

tio
n

of
 c

el
l-f

re
e 

m
at

er
ia

l 
Pr

ev
as

cu
la

riz
at

io
n

En
gr

af
tm

en
t

Is
le

t
M

SC
, fi

br
ob

la
st

, o
r E

C 

H
yd

ro
ge

l

Fi
gu

re
5

A
pp

ro
ac
he

s
fo
r
va
sc
ul
ar
iz
at
io
n.

(a
)S

el
ec
tio

n
of

an
ap
pr
op

ri
at
e
tr
an

sp
la
nt

si
te
.(
b)

M
at
er
ia
lp

ro
pe

rt
ie
s
su
ch

as
po

re
si
ze
.(
c)
D
el
iv
er
y
of

gr
ow

th
fa
ct
or
s
fr
om

bi
om

at
er
ia
ls

th
ro
ug

h
m
ec
ha

ni
sm

s
su
ch

as
ch

em
ic
al
co
nj
ug

at
io
n.

(d
)P

re
va
sc
ul
ar
iz
at
io
n,

w
he

re
in

a
ce
ll-
fr
ee

m
at
er
ia
li
s
im

pl
an
te
d
fo
r
at

le
as
ta

w
ee
k
to

ac
hi
ev
e
ne

ov
as
cu
la
ri
za
tio

n
be

fo
re

en
gr
af
tm

en
t.
(e
)C

od
el
iv
er
y
of

pr
oa
ng

io
ge
ni
c
su
pp

or
tin

g
ce
lls
.P

an
el
s
a
an
d
ca

da
pt
ed

w
ith

pe
rm

is
si
on

fr
om

R
ef
er
en

ce
11

.C
op

yr
ig
ht

T
he

A
ut
ho

rs
,s
om

e
ri
gh

ts
re
se
rv
ed

;e
xc
lu
si
ve

lic
en

se
e
A
A
A
S
(C

C
B
Y-

N
C

4.
0)
.A

bb
re
vi
at
io
ns
:E

C
,e
nd

ot
he

lia
lc
el
l;
M
SC

,m
es
en

ch
ym

al
st
em

ce
ll;

P
E
G
-4
M
A
L
,m

al
ei
m
id
e-
te
rm

in
at
ed

fo
ur
-a
rm

po
ly
et
hy

le
ne

gl
yc
ol
;R

G
D
,a
rg
in
in
e-
gl
yc
in
e-
as
pa
rt
at
e;
V
E
G
F,
va
sc
ul
ar

en
do

th
el
ia
lg

ro
w
th

fa
ct
or
.

496 Quizon • García

https://creativecommons.org/licenses/by-nc/4.0/legalcode


4.2.2. Physical properties of biomaterials. Physical properties of biomaterials, especially pore
size, can prompt vasculogenic activity (28). In a seminal study, Brauker et al. (83) found that while
pore diameters of 0.8–8 μm permitted host immune cell infiltration, this diameter range also was
associated with increased numbers of vascular structures directly at the material-tissue interface.
The study was conducted in the subcutaneous space of rats. Significantly, across four different
synthetic commercial membranes, no intervening inflammatory cells populated the newly formed
vasculature, demonstrating a reduction in fibrotic capsule thickness and indicating an altered for-
eign body reaction.A different conclusion was reached in amore recent study investigating cardiac
implantation of acellular scaffolds; angiogenesis and reduced fibrotic response (as specified by a
macrophage shift to the M2 phenotype) were only associated with pore diameters of 30–40 μm
(84). For porous PEG hydrogels, mature vascular ingrowth was marked for pore diameters of
>100 μm following subfascial implantation in rats (85). For PLGA scaffolds transplanted in the
subcutaneous space of mice, large blood vessels at low densities were observed only for pore di-
ameters of >200 μm (86). Together, these studies suggest that the ideal pore size depends on the
scaffold material and inherent vascular properties of the transplant site. However, specifically for
BCRTs, studies support the use of platforms that limit the escape of islets approximately 30 to
400 μm in diameter (87). Regardless, investigation of pore-mediated vascularization has directly
informed the designs of cell-permissive constructs and the designs of closed systems that incor-
porate cell-permissive outer layers adjacent to immunoprotective cores (53).While not discussed
here, other parameter considerations besides pore size include porosity, surface roughness, win-
dow size, pore continuity, pore interconnectivity, and surface pore size (28, 86).

4.2.3. Delivery of proangiogenic factors. An elegant, facile strategy to promote neovascular-
ization is the biomaterial-mediated delivery of proangiogenic factors. Such factors are conjugated
to biomaterials or loaded into biomaterials for soluble release. Vascular endothelial growth factor
(VEGF) has been commonly explored for BCRTs, as it promotes the growth of endothelial cells
(ECs) and is a major regulator of native islet vascularization and development (88). In an alginate
application, Gebe et al. (89) explored the synergistic potential of a macroporous polyvinyl alcohol
scaffold (500-μm average pore size) and VEGF-releasing alginate core to prompt angiogenesis.
Modest additions of VEGF (20 ng) released from the alginate core facilitated host microvessel
infiltration into the surrounding scaffold (500-μm average pore size). Compared with VEGF-
free constructs, VEGF-releasing constructs demonstrated a twofold increase in vascularity within
the subcutaneous space and achieved a 30% time reduction to normoglycemia. Our group has
employed VEGF in a two-part PEG-maleimide macroencapsulation platform, wherein the in-
ner, nondegradable hydrogel (500 μL) encapsulated islets while the outer, degradable hydrogel
released VEGF upon proteolytic degradation (90). Whole-mount imaging and lectin perfusion
conducted 4 weeks posttransplant confirmed enhanced vascular ingrowth and density at the en-
capsulation material interface, which correlated with improved islet viability.

OtherGFs,GF-recruitment strategies, and non-GF agents have been employed for graft revas-
cularization. Fibrin hydrogels presenting platelet-derived growth factor (PDGF) functioned syn-
ergistically with macroporous PDMS scaffolds to increase vessel branching and mature intraislet
vessels for a syngeneic diabetic mousemodel (91).Likewise, heparin-releasing silk fibroin scaffolds
improved syngeneic islet transplantation outcomes in diabetic mice, owing to heparin-mediated
activation of endogenous VEGF/VEGFR2 pathways that promoted revascularization and prolif-
eration (92). A minority of studies have employed non-GF angiogenic molecules, such as NECA
(5′-(N-ethylcarboxamido)adenosine) released from PLGA sheets (93) and FTY720 released from
PHBV-PCL membranes (94).
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Collectively, these studies indicate that the reconstruction of robust vasculature is a complex
process that many factors can influence. Interventions that focus on the delivery of proangiogenic
cues must address issues associated with pharmacokinetics and must prevent the formation of
leaky, dysfunctional vessels. Future macroscale BCRT studies should thoroughly investigate the
synergistic effects of multiple GF codelivery or the sequential codelivery of GFs (95, 96). It has
been suggested that some GFs, such as VEGF, may be more beneficial in the nascent stages of
vascularization, while others, such as acidic fibroblast growth factor (FGF), are more suited to
assist later stages of vascularization, which includes tube formation and vessel maturation (97).

4.2.4. Prevascularization. Prevascularization can reduce the time of revascularization at a
selected transplant site. In this two-step strategy, a vascularization-inducing material is first
implanted for a predetermined time, after which it is loaded with insulin-producing cells or com-
pletely removed to create a DL site. The FBR is used to generate a vascularized collagen network
that is formed before mature fibrotic scars characteristic of a chronic inflammatory response (27).

Some prevascularization efforts employ biological agents. For example, after 1 week of pre-
vascularization by agarose rods functionalized with basic FGF and heparin, the transplantation of
3,000 allogeneic rat islets in the dorsal subcutaneous space led to normoglycemia within 3 days
and was sustained for >100 days (98). Therapeutic efficacy was accomplished with no immuno-
suppression and observed across three different allogeneic pairs of rat strains.

Other prevascularization strategies employ no biological factors. In one prevascularization
method, scaffolds based on poly(D,L-lactide-coε-caprolactone) were each loaded with ∼3,500
islets from Albino Oxford rats and implanted in the dorsal subcutaneous space of Rowett nude
rats for 28 days (99). Recipients of islet-loaded scaffolds in the prevascularized, subcutaneous site
behaved comparably to positive controls (recipients of islets transplanted under the kidney cap-
sule). Both groups achieved normoglycemia within 3 days and maintained such for the entire
16-week duration of the study.

In another approach, no materials are left behind following prevascularization. To create a pre-
vascularized DL subcutaneous space in mice, Pepper et al. (27) implanted a nylon angiocatheter
for 28 days. After catheter removal, 500 syngeneic islets were loaded into the resultant lumen.
In 91% of DL recipients, normoglycemia was maintained for >100 days, and glucose clearance
rates were comparable to those of kidney capsule recipients. This DL prevascularization method
has since been used for human embryonic stem cell–derived pancreatic endoderm cells (PECs),
eventually leading to diabetes correction in immunodeficient B6/Rag−/− mice (100).Unlike recip-
ients of PECs in the unmodified subcutaneous space and recipients of PECs in the FP, recipients
of PECs in the DL subcutaneous space demonstrated insulin independence at ∼100 days post-
transplant and higher levels of human C-peptide at 8 and 12 weeks following transplantation. A
biomarker for insulin production, C-peptide is a measure for graft efficacy and function.

Remarkably, prevascularization can reduce the curative dosage of islets required for diabetes
reversal. Building upon previous work that demonstrated methacrylic acid (MAA)-based bioma-
terials could generate vessels in rodent models by insulin growth factor-1 and sonic hedgehog
signaling pathways (101, 102), Vlahos et al. (82) prepared a prevascularization platform based on
a silicone tube coated with MAA and isodecyl acrylate. After a 14-day prevascularization period in
the subcutaneous space, the coated tube was removed and replaced with a marginal mass of islets
suspended in collagen (250 IEQ/20 μL of collagen in mice and 4,000 IEQ/110 μL of collagen in
rats). The average vessel density of the MAA-coated group exhibited a twofold increase compared
with that of the unmodified subcutaneous group (105 vessels/mm2 versus 54 vessels/mm2). Ther-
apeutic efficacy was observed in both SCID/beige mice and rats. However, rat studies required
immunosuppression, and graft destabilization occurred by day 70 as rats grew out of their grafts.
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As described above, the length of time for prevascularization often depends on the inclusion of
biological factors. With biological factors, adequate prevascularization can take only 1 week (98),
while without biological factors, the transient period can take at least 3 weeks (27, 82, 99). Intrigu-
ingly, Komatsu et al. (103) circumvented this nonbiologic delay and achieved 1-week adequate
vascularization by combining intermittent normobaric oxygen inhalation with conventional pre-
vascularization. The advantages of prevascularization could outweigh the disadvantages of multi-
ple, necessary surgical procedures, and these strategies should be validated in larger animalmodels.

4.2.5. Cotransplantation of supporting cells. An alternative strategy for graft revasculariza-
tion is the cotransplantation of islets with key proangiogenic accessory cells such as MSCs, fi-
broblasts, or ECs.While these approaches have their benefits, as discussed below, techniques that
employ proangiogenic supporting cells must consider interactions with insulin-producing cells,
as both groups must compete for nutrients and oxygen, especially at early time points (104). Also,
additional technical and regulatory burdens are present when multiple cell types exist in a graft.

MSCs are multipotent progenitor cells that confer the dual functions of proangiogenic and im-
munomodulatory properties.They secrete trophic factors that are proangiogenic (e.g., VEGF and
TGF-β) and immunomodulatory (e.g., IL-10, IL-6, and indoleamine 2,3-dioxygenase). This mul-
tidimensionality has recently been leveraged in an islet xenograft that delivered neonatal porcine
islets to diabetic Rag−/− mice (105).

Fibroblasts are another key cell population that secrete proangiogenic factors (VEGF, FGF,
PDGF) and provide structural support to blood vessels via the production of ECM molecules.
The inclusion of autologous dermal fibroblasts in rat islet-delivering, autologous plasma scaffolds
correlated to overexpression of proangiogenic cytokines (IL-6, IL1-β, and chitinase-3) (106). Such
gene overexpression was associated with reduced apoptosis and enhanced viability of rat islets in
immunodeficient mice.

ECs are strong candidates for BCRTs, given that native β cells typically neighbor ECs, and
ECs deposit components of the vascular basement membrane, assisting in β cell proliferation
and survival (107). Vlahos et al. (108) developed endothelialized collagen pseudoislets. Islets were
deaggregated to form single-cell suspensions and embedded into submillimeter type I collagen
rods coated with ECs. A total of 750 pseudoislet modules (750 modules ≈ 750 IEQ) were then
subcutaneously injected in diabetic SCID/beige mice. Compared with modules loaded with reg-
ular islets, pseudoislet modules assisted faster returns to normoglycemia (10 versus 16 days) and
demonstrated comparable therapeutic effects, as measured by intraperitoneal glucose tolerance
tests. Likely due to the even distribution of ECs, the average distance of an insulin+ β cell from a
perfusable vessel was 5 μm, similar to lengths in the native pancreas.

4.3. Reduction of Hypoxia

Oxygen supplementation in macroscale BCRTs has both immediate and long-term benefits. Dur-
ing the immediate, posttransplant period that precedes adequate graft neovascularization (∼7–
14 days), oxygen supplementation can enhance oxygen tension at the graft site, thereby mitigat-
ing hypoxia-induced stress on insulin-producing cells (30, 109). In the long-lastingmaintenance of
graft survival, oxygen supplementation can overcome the mass transfer limitations imposed by im-
munoprotective membranes and the inevitable formation of fibrotic capsules (110). Furthermore,
an increased supply of oxygen can inform the design of BCRTs. The number of therapeutic cells
could be reduced, as increased oxygen levels have been shown to minimize islet death (109). Also,
researchers could reduce the dimensions of macroscale BCRTs and increase loading densities,
as oxygen supplementation could reduce competition for oxygen among insulin-producing cells
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Approaches for the reduction of hypoxia. (a) In situ oxygenation strategies, such as OxySite (111), based on calcium peroxide. Panel a
adapted with permission from Reference 111. (b) Improvements to the surface-area-to-volume ratio of BCRT geometries, including
enhancements in mechanical robustness to fiber geometries. Interconnected toroidal hydrogels minimize the diffusional distance
between islets and available oxygen. Panel b adapted with permission from Reference 121. (c) Exogenous oxygen chambers, such as the
βAir macroencapsulation device. Panel c adapted with permission from References 1 and 16. Abbreviations: BCRT, β cell replacement
therapy; PTFE, polytetrafluoroethylene.

(111). In this section, we discuss several key initiatives to enhance the oxygenation of macroscale
BCRTs (Figure 6) (for a more comprehensive review, see 2).

4.3.1. In situ oxygen generation. In situ oxygen generators can be cotransplanted with islets in
the 3D microenvironments of macroscale BCRTs. Perfluorocarbons (PFCs)—chemically stable,
highly fluorinated compounds—exhibit low intermolecular cohesion forces that lend themselves
to high physical solubility of gases such as oxygen (112). Indeed, due to this high physical solubility
of gases, O2 diffusion rates are 2.5-fold higher in PFCs than in culture medium (113). Emulsified
perfluorodecalin added to fibrin scaffolds correlated to increased glucose stimulation indices 24 h
after isolation and decreased islet levels of HIF-1α (114). Of note, however, PFCs do not generate
new oxygen but, rather, only improve oxygen solubility in the transplant environment. Thus, the
efficacy of delivered PFCs depends on the established oxygen levels of a transplant site.

Understanding this limitation, the Ma group (115) exploited atmospheric air as a virtually un-
limited supply of oxygen. Their biphasic BCRT comprised (a) a subcutaneous-facing alginate
hydrogel that housed islets and (b) a PFC oil-infused film directly exposed to atmospheric air. At-
mospheric oxygen tensions measure ∼160 mm Hg, more than four times that of the unmodified
subcutaneous space (8–35 mm Hg). When loaded with 500 rat IEQ, the transcutaneous biphasic
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device reversed hyperglycemia (blood glucose <200 mg/dL) within 1 day and maintained such for
15 days in immunocompetent, chemically induced diabetic mice.

Alternatively, calcium peroxide can be leveraged to supply oxygen to grafts, as it reacts with
water to produce oxygen. The Stabler group (111) has developed OxySite, a hydrolytically reac-
tive oxygen-generating system based on PDMS-encapsulated solid calcium peroxide.TheOxySite
disc was coencapsulated with islets in an agarose hydrogel. For a mouse-scale agarose macroen-
capsulation construct (10-mm diameter × 4-mm height), OxySite discs (5-mm diameter × 1-mm
height) tripled oxygen concentrations compared with standard oxygen controls (0.39 mM versus
0.11 mM). This supplemental oxygen helped maintain the human islets’ viability and function
in mouse-scale constructs under hypoxic conditions, demonstrating that OxySite could support
elevated loading densities of therapeutic cells. Specifically, for 48 h under 0.01 mMO2, 1,500 hu-
man IEQ in each OxySite macroencapsulation device demonstrated a 1.6-fold increase in overall
metabolic activity and glucose stimulation indices 3.7-fold higher than islets in control constructs.
A key advantage of OxySite is its scalability: While this study focused on mouse- and rat-scale de-
vices, researchers estimated that human-scale devices would only measure 12.5 cm in diameter,
assuming a loading density of ∼250,000 IEQ.

4.3.2. Improvements in surface-area-to-volume ratio and fiber robustness. Enhancing
surface-area-to-volume ratios of macroscale BCRT geometries can improve oxygen delivery to
insulin-producing cells. Microencapsulation technologies often are more equipped to preserve
islet health than their macroencapsulation counterparts due to higher surface-area-to-volume ra-
tios, as confirmed by recent mathematical modeling (116). Traditional macroscale, immunopro-
tective constructs have disc (111, 117), sheet (118), or fiber (119) geometries. Current material
fabrication technologies enable the development of precise yet mechanically durable geometries,
decreasing diffusion distances between islets and available oxygen.

Though favorable in terms ofmass transfer, traditional fiber-based geometries typically lack the
mechanical robustness necessary for macroscale applications. Promisingly, the Ma group has en-
gineered two distinct, resilient geometries that still afford the facile mass transport offered by fiber
geometries: the nanofiber-enabled encapsulation device (NEED) (14) and the thread-reinforced
alginate fiber for islets encapsulation (TRAFFIC) device (120). For NEEDs, An et al. (14) elec-
trospun nylon nanofibers and collectively shaped them into macroscopically sized tubes or sheets.
For tubular NEEDs, an islet-laden Matrigel hydrogel was loaded into the lumen while an al-
ginate hydrogel was used to coat the nanofibrous shell; device dimensions for murine models
were 1 inch long and 800–1,000 μm in diameter. Intraperitoneal implantation of 500 rat IEQ
in NEEDs facilitated 8 weeks of diabetes correction (blood glucose <200 mg/dL) until graft re-
trieval in immunocompetent, diabetic mice. Also successful in xenograft feasibility, the TRAFFIC
device included a centralized Ca2+-releasing thread,whichmechanically reinforced the islet-laden
alginate hydrogel coating (120). The TRAFFIC device’s overall diameter thickness was 1.3 mm,
so encapsulated islets were near the surface and able to receive available oxygen in the peritoneal
cavity. The sustained reversal of hyperglycemia was observed in immunocompetent, chemically
diabetic mice receiving rat islets for 3 months and in immunodeficient SCID/beige mice receiving
human islets for 4 months. Moreover, to demonstrate clinical translation, An et al. demonstrated
the retrievability and scalability of the TRAFFIC device in dogs.

Building upon typical fiber-based geometries, the Ma group (121) has also developed inter-
connected toroidal hydrogels: donut-shaped, elastomer-reinforced alginate hydrogels weaved to-
gether in a chain pattern. With more surface area than spherical constructs of the same volume,
these interconnected toroidal hydrogels accommodated facile mass transfer and demonstrated
12-week diabetes correction in mice. Furthermore, better than islet-loaded microcapsules, this
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platform’s reversible deformation permitted uncomplicated yet complete graft retrieval in the in-
traperitoneal cavity.

Other geometries for macroscale BCRTs have been explored to enhance oxygen availability
to insulin-producing cells. In one macroencapsulation device, islets were individually seeded
in microwells to prevent islet aggregation that would have obstructed individual oxygen con-
sumption (122). In a different BCRT, the incorporation of triple hydrogen-bonding clusters
in p(APMA-co-THMA) hydrogel matrices led to highly adhesive hydrogels (123), or tissue
bandages. The combination of the adhesive hydrogel and an islet-encapsulating alginate hydrogel
(together forming a bilayered hydrogel sheet of 1.5-mm thickness) facilitated 1 month of diabetes
correction (blood glucose readings <200 mg/dL) in chemically induced diabetic mice receiving
rat islets, upon stable adhesion of the platform along the body wall of the peritoneal cavity.
Additionally, ex vivo glucose-stimulated insulin secretion and immunohistochemistry upon graft
retrieval confirmed glucose responsiveness and normal morphology after 1 month.

4.3.3. Exogenous oxygen systems. To achieve theoretically infinite windows of oxygen pro-
duction, researchers have employed exogenous oxygen systems such as chambers. Arguably the
most effective oxygen-delivery system currently engineered for BCRTs, the βAir macroencap-
sulation device features subdermal access ports to refill oxygen (16). Daily oxygen tensions in
the βAir device are replenished to supraphysiological levels; in the rat-tested device, the partial
pressure of oxygen ranged from 198 to 304 mm Hg, a considerable increase from the typical
100 mm Hg of arterial blood (110). The supraphysiological levels of oxygen allow for high islet
packing densities in compact devices (117). Favorable therapeutic efficacy outcomes in both ro-
dents and nonhuman primates have led to clinical trials (discussed in the section titled Clinical
Trials and Future Directions) (16, 110). Daily replenishment of exogenous oxygen requires high
patient compliance. Still, perhaps the advantages of having a permanent oxygen supply in im-
munoprotective devices will overcome the drawbacks of absent intraislet vascularization. Another
system, based on modified TheraCyte membranes and wearable electrochemical oxygen genera-
tors, may potentially generate and supply oxygen, thereby requiring less patient compliance than
the βAir device (2).

From the Beta-O2 clinical trial, as evidenced by minute, transient levels of circulating
C-peptide, supplemental oxygen may not be enough to facilitate full metabolic efficacy (i.e., phys-
iological insulin secretion and glucose response). However, supplemental oxygen maintains islet
viability (NCT02064309) (77). Future work may focus on exploiting the biomaterial strategies
highlighted in this review to improve insulin and glucose kinetic profiles.

4.4. Recapitulation of the Native Islet Niche

The prevention of anoikis is crucial to the engraftment of BCRTs. In this section, we reviewmeth-
ods employed to recapitulate the native islet niche (Figure 7).

4.4.1. Decellularized extracellular matrix scaffolds. For restoration of the native ECM,
decellularized tissues have been extensively used for artificial tissue and organ replacement.
Numerous decellularization protocols exist and, in general, include enzymatic, chemical, and/or
mechanical processes to isolate the ECM from cells. The ideal result is a naturally sourced scaffold
that has retained its ECM structural and chemical integrity without any cellular components,
thus significantly reducing immunogenicity. One choice for BCRT is decellularized pancreata.
Considerable in vitro work analyzing animal decellularized pancreata has been published (124).
Compared with those of animals, decellularizing pancreata from humans is more difficult due to
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Figure 7

Approaches for recapitulation of the native islet niche. (a) Decellularized tissues. (b) ECM-based materials, such as collagen. (c) Artificial
replacement of ECM components, such as the tethering of adhesive peptides. Abbreviations: ECM, extracellular matrix; GFOGER,
glycine-phenylalanine-hydroxyproline-glycine-glutamate-arginine; IKVAV, isoleucine-lysine-valine-alanine-valine; PEG-4MAL,
maleimide-terminated four-arm polyethylene glycol; RGD, arginine-glycine-aspartate.

higher lipid content; however, including homogenization during decellularization has improved
lipid removal and gelation capability under physiological temperatures (125).

In the context of BCRT,minimal in vivo data exist for decellularized pancreatic scaffolds.There
are results for other organs, namely, the lung (126) and pericardium (127).Citro et al.’s (126) decel-
lularized lung scaffold preserved laminin V and collagen IV, two crucial ECM components specific
to both the lung and the islet-specific pancreatic ECM. Subcutaneously implanted decellularized
lung scaffolds, each loaded with 500 IEQ, maintained normoglycemia (<250 mg/dL) for 30 days
in 5 of 13 NOD scid gamma mice recipients. On the other hand, all animals that received islets
in a prevascularized, DL subcutaneous site or in an unmodified subcutaneous site required sup-
plemental insulin pellets to maintain normoglycemia. Wang et al. (127) combined decellularized
porcine pericardium and porcine collagen to create a bilaminated scaffold. Both layers provided
ECM cues, and, separately, (a) the collagen was macroporous and degradable to promote vascular
integration, and (b) the pericardium afforded mechanical, elastic stability. When loaded with 500
syngeneic IEQ and transplanted in the FP, this platform facilitated hyperglycemia reversal within
9 days andmaintained hyperglycemia reversal in 83% of recipients over 300 days. (Hyperglycemia
was defined as a nonfasting blood glucose level of>16.7 mMon 2 consecutive days.) Notably, with
250 IEQ, the pericardium platform achieved hyperglycemia reversal within 20 days, faster than
the 38 days previously reported with fibrin gels.

4.4.2. Extracellular matrix–based materials. Another strategy to recapitulate the ECM
is to employ materials based on a single ECM component. Collagen is a rational choice for
macroscale BCRTs, given that several collagen structural types (I–VI) have been identified in the
peripheral ECM of mature human islets (128). One recent study focused on the subcutaneous
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transplantation of islets admixed with a type I human collagen mixture, referred to as an islet
viability matrix (IVM) (79). Xenogeneic porcine islets admixed with IVM into immunocompetent
mice demonstrated preserved function even at 51 days posttransplantation under systemic im-
munosuppression. Analysis of human islets in several immunodeficient murine models revealed
high, early gene expressions of glucose receptor SLC2A2 and insulin, correlating with glucose
homeostasis achieved within 6 h postengraftment. Intriguingly, in a diabetic cynomolgus monkey,
subcutaneous transplantation of autologous islets loaded into IVM led to the preservation of
islet morphology even at 918 days and insulin independence up to posttransplantation day 820.
Researchers proposed that the success of IVM was mediated by the GLP1R signaling pathway,
known to upregulate the antiapoptotic Bcl-2.

Fibrin matrices have also been employed in macroscale BCRTs. Fibrin is the byproduct of
fibrinogen and thrombin in blood clotting; also, to promote islet survival, each fibrin monomer
presents two pairs of arginine-glycine-aspartate (RGD) ligands as integrin recognition sites to
promote islet survival (129). Importantly, fibrinmatrix products haveUS Food andDrug Adminis-
tration approval in various settings, reducing the regulatory burden for this application. Preclinical
studies have demonstrated fibrin’s proangiogenic properties on islet function and that islet func-
tion is modulated by fibrinogen-thrombin ratios (130). In a preclinical study, islets were mixed
with recipient-derived, fibrinogen-rich blood plasma; after deposition of the islet-plasma slurry
onto the omentum’s surface, recombinant human thrombin was then added to activate gelation
(131). Enhanced metabolic function and reduction of islet inflammatory biomarkers in serum
were demonstrated across islet immunogenicity (syngeneic and allogeneic), diabetic animal mod-
els (rat and nonhuman primate), and islet purity (endocrine:exocrine ratios of 30:70% to >95%
endocrine). In an active phase I/II clinical trial (NCT02213003), the fibrin BCRT was tested on a
43-year-old woman with a 25-year history of T1D (76). A total of 602,395 allogeneic IEQ (from
one donor) were laparoscopically delivered to the omentum with patient-derived, fibrinogen-rich
blood plasma. Then, the islets and blood plasma were gelled together upon thrombin application.
While systemic immunosuppression was required, insulin independence was achieved at 17 days
posttransplantation and maintained for 1 year. Graft decline was attributed to the switch from
tacrolimus to sirolimus for immunosuppression.

4.4.3. Artificial replacement of extracellular matrix components. As an alternative to de-
cellularized ECMmaterials and ECM-based materials for BCRTs, researchers have, instead, arti-
ficially recapitulated the ECM. Artificial replacement of the ECM includes coating biomaterials
with ECMproteins (132), recapitulating theECMfibrous topographywith electrospun nanofibers
(124), delivering GFs or supporting cells that deposit an ECM (133, 134), and tethering adhe-
sive ligands to biomaterials (90). Tethering adhesive ligands is typically associated with synthetic
biomaterials. However, some biologically derived materials (e.g., agarose from seaweed and algi-
nate from algae) also benefit from the controlled presentation of ECM molecules. For example,
ECM peptide functionalization of alginate preserved porcine islet function in vitro compared
with unfunctionalized alginate (135). In a separate study with alginate microcapsules, peptide type
(laminin-, fibronectin-, and collagen-derived peptides), peptide concentration (0.01–1.0 mM), and
select combinations thereof modulated human islet viability and function in vitro (136).

For ECM-mimicking cues from trophic factors and supporting cells, the Shea group (133)
has employed PLG microporous scaffolds to deliver trophic factors such as exendin-4 (Ex4) and
insulin-like growth factor-1 (IGF-1). Ex4 is known for glucose-dependent insulin secretion and
protection from apoptosis; IGF-1 decreases apoptosis, maintaining β cell mass. Fibronectin ex-
pression from BCRT sheets, developed from human dermal fibroblasts, enhanced the in vitro
IL-6 expression and insulin secretory response of seeded human islets (134).

504 Quizon • García



In pursuit of a reproducible platform for BCRT, minimizing the presentation of ECM com-
ponents to a single component (or a select few) may be desired. Nevertheless, the selection of
effective ECM protein or peptide motifs to present on biomaterial platforms remains controver-
sial. In one study, Salvay et al. (132) found that collagen IV–coated microporous scaffolds outper-
formed fibronectin- and laminin-coated counterparts, as measured by the most vigorous insulin
response to glucose bolus and the lowest number of days required to reverse hyperglycemia.How-
ever, another study found the high collagen IV concentrations (>100 μg/mL) did not impact islet
insulin secretion in alginate microcapsules (136). Furthermore, Medina et al. (135) showed that
porcine islets encapsulated in alginate microcapsules most benefitted from RGD (fibronectin)
versus collagen- and laminin-derived peptides. The presentation of ECM components in various
platforms and biomaterials (coencapsulation versus tethered presentation, and microscale versus
macroscale) must be considered when comparing different studies.

5. CLINICAL TRIALS AND FUTURE DIRECTIONS

Tables 2 and 3 summarize completed and ongoing clinical trials of macroscale BCRTs. Such
clinical trials range from closed systems without systemic immunosuppression (Table 2) to open
systems with systemic immunosuppression (Table 3). The ultimate goal of BCRTs is the restora-
tion of tight, autonomous glucose control—physiologically efficient glucose metabolism. Long-
term insulin independence remains the holy grail of BCRTs, although it is still unattainable in
most clinical trials (13). Nevertheless, we remain optimistic, as BCRTs continue to demonstrate
graft survival and only minor surgical complications as well as reductions in severe hypoglycemic
episodes and exogenous insulin requirements—stepping stones of progress.

The synthesis of highlighted research suggests that the design of an effectivemacroscale BCRT
must employ a multipronged approach. However, efforts to address one major challenge often
conflict with those for another. Both open and closed systems have advantages and disadvan-
tages. Perforated, cell-permissive membranes allow vascular integration yet require immunosup-
pression. Encapsulation approaches can eliminate the need for immunosuppression yet present

Table 2 Clinical trials of macroscale closed systems

Platform Overview Clinical trial
ViaCyte PEC-Encap
(VC-01)

Macroencapsulation of hESC-derived pancreatic progenitors, allowed to
mature in vivo

Subcutaneous implantation
Two, four, or six implants per recipient
No immunosuppression

I/II
NCT02239354
NCT02939118

ViaCyte VC01–103 Macroencapsulation of hESC-derived pancreatic progenitors utilizing Gore
proprietary material

Subcutaneous implantation
Monitored for up to 12 months for safety, tolerability, and efficacy
No immunosuppression

I/II
NCT04678557

Beta-O2’s βAir device Macroencapsulation of allogeneic islets paired with exogenous oxygen
chamber for daily refilling of oxygen

Subcutaneous implantation
One to two devices for each patient
155,000–180,000 IEQ (1,800–4,600 IEQ/kg) for each device
No immunosuppression

I/II
NCT02064309

Abbreviations: hESC, human embryonic stem cell; IEQ, islet equivalent.
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Table 3 Clinical trials of macroscale open systems

Platform Overview Clinical trial
Sernova Cell Pouch Cell pouch loaded with allogeneic islets following prevascularization

Subcutaneous implantation
≥6 weeks of prevascularization
>3,000 IEQ/kg for each device
Requires immunosuppression

I/II
NCT03513939

Plasma-thrombin gel Gel formed with recombinant thrombin and patient-derived plasma, then
loaded with allogeneic islets

Laparoscopic delivery to the omentum
≥5,000 IEQ/kg
Requires immunosuppression

I/II
NCT02213003

ViaCyte PEC-Direct
(VC-02)

Perforated membrane (to allow for vascular integration) loaded with
hESC-derived pancreatic progenitors

Subcutaneous implantation
Requires immunosuppression

I/II
NCT03163511
NCT03162926

Abbreviations: hESC, human embryonic stem cell; IEQ, islet equivalent.

mass transfer limitations for nutrients and oxygen. Some notable combinatory approaches include
(a) the dual-reservoir encapsulation system that integrates in situ prevascularization and local im-
munosuppressant delivery (137) and (b) the combination of a proangiogenic scaffold with oxygen-
generating microparticles (109).

Moving forward, efforts to develop biomaterial-based, macroscale BCRT platforms must con-
verge with efforts to optimize alternative cell sources. One fixed type of macroscale BCRT will
not accommodate all types of grafts. Subtypes of porcine islets and SC-β cells require different
transplant conditions. For example, neonatal, juvenile, and mature porcine islets differ in oxy-
gen demand and transcriptomes (138); specifically, neonatal islets are more resistant to hypoxia-
induced apoptosis than their mature counterparts (139).Tunability in biomaterial design will assist
in accommodating various cell types.

New technologies and chemistries will inform the design of future macroscale BCRTs. Three-
dimensional printing and bioprinting have already begun to revolutionize BCRTs, as they could
be used to print high-resolution vessel networks near islets (140). As previously discussed, zwit-
terionic polymers are promising materials to mitigate FBR against implants. Novel technologies
may allow researchers to noninvasively monitor oxygen and the formation of vasculature; they
include luciferase signaling (141) and photoacoustic imaging of angiogenesis (142).

Additionally, research conducted at the nano- and microscales can be applied to macroscale
BCRTs. Microphysiological systems and organ-on-a-chip platforms, such as those based on algi-
nate microcapsules (143) and decellularized tissue (144),may provide insights into necessary ECM
cues and biomaterial properties and could be used to screen both pharmaceuticals or biomaterials
in time periods shorter than complete transplantation studies.

In pursuit of translation to humans, biomaterial design for macroscale BCRTs should in-
clude desirable clinical traits. Retrievability and, consequently, safety are critical attributes for
macroscale BCRTs. Still, other features are merited, including material choice that will accelerate
regulatory approval (e.g., synthetic biomaterials, alginate, and fibrin), reproducibility of constructs
(achievable through synthetic biomaterials and/or advanced fabrication technologies), scalability
from rodent to large animal models (16, 82, 111, 120, 121), and ease in the replenishment of
therapeutic cells (115, 145). Advances in biomaterial research and technologies have paved
the way for functional macroscale BCRTs. The ideal macroscale BCRT should limit early
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posttransplant inflammation and FBR; be specific in manipulating the host immune response;
and provide a hospitable transplant microenvironment with robust vascularization, adequate
oxygen, and necessary ECM cues.
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