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Abstract

Islet transplantation is a promising long-term, compliance-free, complication-preventing treatment 

for type 1 diabetes. However, islet transplantation is currently limited to a narrow set of patients 

due to the shortage of donor islets and side effects from immunosuppression. Encapsulating cells 

in an immunoisolating membrane can allow for their transplantation without the need for 

immunosuppression. Alternatively, “open” systems may improve islet health and function by 

allowing vascular ingrowth at clinically attractive sites. Many processes that enable graft success 

in both approaches occur at the nanoscale level—in this review we thus consider nanotechnology 

in cell replacement therapies for type 1 diabetes. A variety of biomaterial-based strategies at the 

nanometer range have emerged to promote immune-isolation or modulation, proangiogenic, or 

insulinotropic effects. Additionally, coating islets within nano-thin polymer films has burgeoned as 

an islet protection modality. Materials approaches that utilize nanoscale features manipulate 

biology at the molecular scale, offering unique solutions to the enduring challenges of islet 

transplantation.
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1. Introduction

Type 1 diabetes (T1D) is a chronic metabolic disease where affected individuals are unable 

to produce a sufficient amount of insulin and consequently lack glycemic control [1]. 
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Although the pathophysiology of T1D is widely heterogeneous and incompletely 

understood, it is generally caused by the gradual autoimmune destruction of insulin-

secreting β-cells, which are found within clusters known as islets of Langerhans in the 

pancreas [2]. T1D has historically been treated by frequent blood glucose (BG) 

measurements and insulin injections; more recently, continuous glucose monitoring systems 

and insulin pumps have become available for patients as well [3]. Despite improvements in 

diabetes care, these therapies require constant patient attention, which can cause a high 

degree of psychological stress. Moreover, available treatments do not achieve optimally 

regulated BG homeostasis, resulting in life-threatening complications such as vascular 

disorders [4], nerve damage [5], and episodes of hypoglycemic unawareness [6]. The 

development of a technology that can provide physiologic BG control without the 

requirement of frequent patient intervention would thus substantially improve the lives of 

type 1 diabetics.

Two strategies have emerged to address these shortcomings in diabetes care: closed-loop 

insulin delivery systems (i.e. glucose-responsive insulin pumps, also referred to as artificial 

pancreases), and β-cell replacement therapies (i.e. bioartificial pancreases). The commercial 

closed-loop product MiniMed 670G (Medtronic) represents the first of such technologies to 

enter the market [7]. Despite remarkable advances and reduced patient burden achieved by 

this device, glucose control still requires patient interaction. β-cell replacement therapies, 

where primary animal [8] or human [9] islets or stem cell-derived islet-like clusters [10] are 

transplanted into diabetic patients to replace those destroyed by autoimmune attack, have the 

potential to provide long-term, stress-free euglycemia restoration.

Allogeneic islet transplantation into the liver via the portal vein was established by the 

Edmonton protocol in 2000, with 50–70% of recipients attaining insulin independence [9, 

11]. However, enduring systemic immunosuppression is a compulsory adjunct to the surgical 

procedure to deter an immune attack on the transplanted tissue; thus, the application of islet 

transplantation is limited to the most severely impacted patients [11]. Two materials-based 

strategies have been developed in parallel to improve upon the limitations of the Edmonton 

protocol: islet immunoisolation and “open” islet transplantation systems.

Encapsulating islets within a semipermeable immunoisolating material or device which 

maintains the free passage of nutrients, oxygen, and insulin to and from the encapsulated 

cells, while preventing direct immune contact, promises to greatly expand the scope of islet 

transplantation by, in most cases, obviating the need for systemic immunosuppression [12–

18]. Graft function is dependent on the timely interchange of nutrients and insulin between 

the transplanted tissue and the host bloodstream. However, diffusion distances are increased 

by the addition of the semipermeable barrier, exacerbating the problem of oxygen and 

nutrient delivery to the already poorly serviced layers of the cell clusters. As the islet 

isolation procedure dissociates islets from the vasculature, this nutrient exchange is limited 

to slow, passive diffusion [19]. Further, many accessible transplantation sites suitable for 

encapsulated islet transplantation, such as the intraperitoneal and subcutaneous space, are 

poorly oxygenated [20, 21]. Given the high respiratory rate of islet tissue [22], and the 

detrimental effects of hypoxia on β-cell insulin secretion [23, 24], low oxygen levels impair 
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islet survival and limit graft function. Overall, achieving acceptable mass transport is a 

major consideration for transplanted immunoisolated islets.

Alternatively, “open” systems do not employ an immune barrier and seek to improve β-cell 

replacement therapies by modulating the transplantation site. Although not physically 

immunoisolating, “open” systems can permit host interaction, deliver therapeutics, and 

provide mechanical support at clinically attractive sites. Therapeutics can be delivered to 

modulate the immune system, attract blood vessel and neural investment, and act directly on 

islets to support function. The reestablishment of the islet vasculature theoretically provides 

the most efficient means to confer adequate bidirectional mass transport. Because material 

and cell engineering may one day be able to establish immune tolerance to transplanted 

cells, “open” systems may become the leading cell transplant modality. Nanotechnology 

plays a key role in the advancement of material design and methods to engineer cells, 

producing enabling technologies for either encapsulation or “open” systems for cell 

replacement therapies.

Nanoscale considerations permeate all aspects of cellular replacement therapies. Insulin, for 

example, has a hydrodynamic diameter of approximately 2 nm [25] or 3.5 nm [26] for the 

monomer or hexamer respectively, whereas the cellular length scale is roughly microns. 

Thus, the pore size of an immune barrier must consistently be between these values to 

provide necessary selective permeability. Consequently, nuanced approaches have been 

developed to achieve tight nanoscale control of material pore size. Implanted materials also 

dependably induce a foreign body reaction (FBR) driven by the host innate immune system, 

resulting in the formation of a fibrotic capsule surrounding the implant [27]. The FBR can 

potentiate chronic inflammation at the graft site, and the deposited collagenous sheath can 

further occlude the essential bidirectional mass transport required for cell survival and 

diabetes correction [28]. The recipient immune system can also mount an attack against the 

antigens of the therapeutic cells through a wide variety of methods, some of which can be 

ameliorated by an immunoisolating membrane. These focal challenges currently limit the 

application of materials-assisted islet transplantation.

This manuscript reviews the literature at the interface of nanotechnology and islet 

replacement therapies, although many of the principles explored herein are applicable to the 

broader practice of tissue engineering and regenerative medicine. It will begin by reviewing 

the various strategies where nanotechnology has been and could be applied to overcome the 

fundamental challenges of islet replacement therapies, including mitigating the immune 

response, ensuring acceptable mass transport, and revascularizing the graft. It will then 

examine nanoscale engineering techniques applied to translatable macro-scale devices. 

Finally, it will survey techniques and outcomes of cellular nanoencapsulation technologies 

and provide an evaluation of their merit in the broader context of islet transplantation.

2. Nanotechnology in Materials-Assisted Islet Replacement Therapy

Molecular scale physical and cellular processes often determine the fate of islet 

transplantation outcomes. It is unsurprising then that nanotechnological innovations have 

been applied to biomaterials-assisted cell transplantation to overcome its major limitations. 
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Broadly, encapsulation devices must limit the immune response and provide adequate mass 

transfer to and from the encapsulated cells. The latter requirement may be accomplished by 

ensuring adequate nutrient transport across an isolating membrane, or by introducing 

vasculature near the graft. On the other hand, open systems seek to reintegrate transplanted 

islets with the host vasculature as soon as possible to minimize cellular loss. The application 

of nanotechnology to manipulate the immune response, ensure islet survival, and integrate 

the transplanted matter with the host vasculature is reviewed below.

2.1 Nanotechnology in Immune Isolation and Manipulation

Danger signals in the body are created in response to the introduction and continued 

presence of an implant [29–31], which stimulates the immune system. The attenuation of 

fibrotic growth is a key goal for encapsulation device success. The FBR begins with 

nonspecific protein adsorption, the recognition of which induces a cellular response of the 

innate immune system resulting in inflammation and the formation of a fibrotic capsule 

around the implant [27]. It has been shown that macrophages largely regulate the FBR [32], 

to the extent that mice with dysfunctional macrophages were not observed to have fibrosis 

[33]. Macrophages localized at the graft site can polarize into classically activated pro-

inflammatory (M1) or alternatively activated anti-inflammatory (M2) phenotypes as 

characterized by their interleukin (IL) and matrix metalloprotease (MMP) secretion profiles 

[34–37]. Although thorough characterizations have suggested that this bimodal framework is 

a simplification and that a range of subtypes exist [38, 39], manipulating macrophage 

polarization towards the M2 phenotype is generally recognized as a means to mitigate the 

FBR [40]. Neutrophils are another type of immune cell that contribute to the cellular 

response to a foreign body following implantation. They exacerbate the inflammatory 

response by secreting both chemokines and cytokines and synthesizing neutrophil 

extracellular traps (NETs) atop foreign implants [41]. Physiologically, NETs trap and kill 

pathogens for phagocytosis [42, 43]. It has been found that neutrophil numbers increase by 

30–500-fold in mouse peritoneal exudate cells in reaction to insertion of implanted materials 

when compared to those receiving saline [41]. Of the adaptive immune system, regulatory T-

cells (Tregs) play an important role in establishing immune tolerance to implanted 

biomaterials by secreting a set of anti-inflammatory cytokines [44]. Each of these 

components of the multifaceted immune response represent an engineering target to mitigate 

the effects of the FBR.

Both material and cellular components of the graft contribute to the immune reaction. 

Modulation of the immune system in cellular transplantation systems is differentiated from 

some forms of immunosuppression in that it does not result in the broad ablation of a cell 

type or eliminate immune responses to life-threatening infections. Cellular engineering 

strategies have been developed to reduce the immunogenicity of the transplanted tissue. 

Genome editing to match (donor to recipient) or eliminate human leukocyte antigen (HLA) 

genes has been suggested as a promising approach to improve the immune compatibility of 

stem cell-derived β-cells [45]. The safety of xenogeneic tissue has been improved by gene 

editing strategies as well [46, 47]. Islet-like clusters differentiated from human T1D patient-

specific induced pluripotent stem cells have been shown to have similar function to those 

derived from healthy patients, which may represent a source of autologous tissue with lower 
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immunogenicity than allogeneic tissue [48]. Alternatively, islet transplantation in immune-

privileged sites (e.g. the testis [49], brain [50], thymus [51, 52], and anterior chamber of the 

eye [53]), has been explored, but these sites are generally undesirable for large-volume 

transplantation. This section will continue with a focus on nanoscale materials strategies to 

mitigate the immune response.

Nanomaterials-based immune system modulation may occur through the introduction of 

chemically-modified host-interfacing surfaces, or the local delivery or presentation of 

immunosuppressive drugs and biological agents (Fig. 1). Such technologies have also been 

reviewed previously [54]. Nanotechnological innovations in all these areas are advancing our 

ability to more precisely and specifically manipulate the immune system and are discussed 

below.

2.1.1 Chemical Modification—Maximizing material biocompatibility is a critical goal 

in many biomaterials applications, including biosensor development [55], orthopedic 

implants, [56] and regenerative medicine [57]. The FBR is generally considered to be 

initiated by the cellular recognition of denatured nonspecific proteins, which are 

spontaneously adsorbed on the material surface beginning within nanoseconds following 

implantation [58–60]. Although it has been suggested by Blaszykowski et al. that preventing 

the irreversible unfolding of select proteins at the biomaterial-host interface is the critical 

factor that endows a material with biocompatibility [61], a large body of research in low-

fouling polymers has sought to comprehensively reduce protein adsorption altogether [62]. 

The magnitude of fibrosis in response to a material is dependent on several nanoscale 

biological, physical, and chemical processes. Accordingly, the rational design of materials at 

this scale can mitigate the fibrotic response.

Hydrophilic nanoscale polymer networks, which form hydrogels following crosslinking, are 

commonly employed in cell encapsulation systems due to their high water content and 

natural extracellular matrix (ECM) mimicry [63]. These properties make them suitable 

polymers for host-interfacing applications as well. Sodium alginate, an unbranched 

polysaccharide derived from brown seaweed [64], is likely the most widely used material for 

islet encapsulation as it is recognized as relatively biocompatible and can be gelled under 

mild conditions by complexation with divalent cations [65]. Further, the alginate matrix 

mesh size under gelation conditions used in cell encapsulation is in the nanometer range 

[66], permitting insulin and smaller molecule diffusion while barring the transport of larger 

molecules. Complexation with poly-L-lysine (PLL) provides a means by which to further 

tune this permeability [67, 68].

As alginate is derived from natural sources, polymer inconsistency and residual endotoxin 

levels remain concerns in its use [64]. Despite its presumed biocompatible characteristics, it 

has also been observed that alginate alone provokes some degree of fibrosis [69], possibly 

by macrophage surface recognition and activation [70]. A study by the Langer/Anderson lab 

found that triazole-modified alginates significantly lessened the FBR in immune-competent 

mice and nonhuman primates [21, 71]. Interesting nanoscale events seem to be responsible 

for success of these alginate analogues: the authors concluded that surface-localized triazole 

groups deterred macrophage recognition and hence fibrotic capsule deposition [71]. It was 
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also noted that the lead triazole-modified group (Z1-Y15) was more hydrophilic than other 

high performing candidates [71], suggesting a positive relationship between hydrophilicity 

and biocompatibility. Providing evidence to support the hypothesis posited by Blaszykowski 

et al. (discussed above) [61], net protein adsorption was not correlated with the fibrotic 

predisposition of such polymers [71]. Intraperitoneal transplantation of human stem cell-

derived islets encapsulated in 1.5 mm diameter Z1-Y15 modified alginate spheres restored 

euglycemia for 174 days in immune competent mice [72].

In terms of fouling proclivity alone, it has been suggested that the strength and degree of a 

hydration layer around the polymer may be negatively correlated with protein adsorption 

[73]. In addition, proteins, which often have surface-exposed charged residues, 

spontaneously bind to charged surfaces via electrostatic interactions [74]. These hypotheses 

may explain the success of several zwitterionic polymers, which bind to water strongly via 
ionic solvation and are net neutral in charge [75]. For example, zwitterionic 

poly(carboxybetaine methacrylate) (PCBMA) hydrogels synthesized by Zhang et al. 
substantially reduced the magnitude of fibrosis in comparison to poly(2-hydroxyethyl 

methacrylate) (PHEMA), when implanted subcutaneously for three months in mice [76]. 

Again, macrophages near the implant in PCBMA treated groups expressed more anti-

inflammatory markers than those near PHEMA controls [76]. The zwitterionic phospholipid 

phosphorylcholine (PC), which mimics the surface of blood cells, has been found to have 

anti-fouling and anti-thrombotic characteristics as well [77, 78].

Polymer chain flexibility is also negatively correlated with the fibrotic response due to the 

effects of steric repulsion [75]. Thin polymer brushes have been designed to limit protein 

adsorption by this mechanism [62], though many of the applications from this line of 

research are beyond the scope of this review. In the context of cell encapsulation, 

poly(ethylene glycol) (PEG) has often been employed to this end (see Section 4.1). The 

examples provided above show that a variety of nanoscale chemical, physical, and biological 

properties of interfacing polymers modulate the immune response to a graft.

It is worth acknowledging that bulk material properties affect the fibrotic response as well. 

Several authors have reported a relationship between implant geometry and the FBR in 

immune competent animals [79–82]. An important finding for the practice of spherical islet 

microencapsulation is the observation that larger spheres (greater than 1.5 mm in diameter) 

resist fibrotic deposition to a greater degree than smaller spheres across a wide spectrum of 

biomaterials [79]. It has also been suggested that smooth-contoured implants induce a 

weaker FBR than those with rough edges [81]. Additionally, material stiffness has also been 

positively correlated with the magnitude of the FBR by several studies [76, 83]. Such 

findings emphasize that design considerations at length scales ranging from the nanometer to 

millimeter must be considered in FBR-resistant material design.

2.1.2 Immunosuppressive Drug Delivery—Several drugs have been developed for 

immunosuppression in organ transplantation, including glucocorticoids, non-steroidal anti-

inflammatory drugs, and polyphenols [84]. Because many of these drugs have adverse side-

effects when delivered systemically or chronically [84], local delivery can both reduce the 

effective dosage manifold and localize its effects in an effort to establish an anti-
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inflammatory microenvironment at the graft site. Expectedly, these strategies have been 

adopted in a variety of cell encapsulation systems via nanotechnology.

Cyclosporine-A (CsA) is a clinical immunosuppressive drug widely used to prevent 

transplant rejection by inhibiting T-cell proliferation [85]. Poly-lactide nanoparticles, where 

CsA is used as the initiator for lactide polymerization, have been explored as a method to 

increase the effectiveness of the drug. Similar dose-dependent suppression of T-cell 

proliferation and inflammatory cytokine production levels were observed in vitro with the 

nanoparticles [86]. Effectiveness in vivo was postulated to be dependent on transportation to 

draining lymph nodes by dendritic cells [86]. Similarly, ketoprofen release from slightly 

larger biodegradable capsules (5 and 20 μm mean diameter) reduced pericapsular 

overgrowth of alginate-based microcapsules transplanted in the peritoneal cavity of mice 

[87].

Combinations of drugs with islet coatings can be quite effective. The employment of 6-arm-

PEG-catechol in tandem with tacrolimus, an immunosuppressive drug used in the Edmonton 

islet transplantation protocol [88], and anti-CD154 monoclonal antibody (mAb) (MR-1), 

which blocks CD4+ T-cell activation, provided murine transplant recipients with up to 50 

days of normoglycemic levels [89]. Three different PEG layers and a systemically dosed 

anti-inflammatory drug cocktail including tacrolimus, rapamycin, MR-1, anti-CD19 mAb, 

and clodrosome significantly boosted median survival time of islet xenografts [90]. A 

separate study translated this layered surface camouflage approach to non-human primates, 

finding that such strategies increased post-transplantation survival to 150 days as opposed to 

roughly 5.5 days with untreated and unaltered islets, and roughly 77.5 days with islet and 

immunosuppressive drug combinations [91]. Functionalized nanocoatings, including those 

engineered for immunosuppression, are discussed in more detail in Section 4.3.

Local delivery of compounds may offer possibilities for combination with nanoscale 

materials. Co-encapsulating pentoxifylline with islets in alginate microcapsules, for 

example, decreased IL-2 levels in an in vitro model [92]. Dexamethasone and curcumin 

were identified to have the greatest mitigation of host immune response following 

subcutaneous biomaterial injections when compared with 14 other small molecule anti-

inflammatory drugs [93]. Likewise, this same group showed improved glycemic control and 

reduction of fibrotic overgrowth in diabetic mice as a result of combining curcumin with rat 

islet microcapsules [93]. Dexamethasone released from a macroporous 

polydimethylsiloxane (PDMS) device improved transplant engraftment by initiating M2 

macrophage polarization as well [94].

Likely working through a different mechanism in addition to a delivery route, nano-

curcumin (a micelle formulation that increases oral bioactivity) administration to type 2 

diabetic human subjects significantly decreased their HbA1c, fasting BG, triglyceride, and 

body mass index levels as opposed to those treated with a placebo [95]. Exosomes, a kind of 

naturally derived nanoparticle, for the delivery of curcumin have also been reviewed by 

Oskouie et al. [96]. Dexamethasone alleviated fibrosis when included in the preparation of 

electrospun fibers as well [37]. Several successful studies noted above involving the local 

delivery of dexamethasone suggest it may improve clinical outcomes. Nanoscale materials 
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such as nanoparticles, exosomes, and micelles, as well as macro-materials that release drugs 

through nanoscale phenomena, are well-suited technologies for localized drug delivery. 

Their integration in islet transplantation platforms will continue to improve the state of the 

science.

2.1.3 Biological Modulation and Manipulation—Biological factors and cells can 

also modulate the immune response with a greater degree of specificity than 

immunosuppressive drugs. Introducing biological factors into materials with nanoscale 

techniques permits spatiotemporal control of their presentation and release in cell delivery 

systems. Both immobilization and controlled delivery techniques have been explored in this 

effort and are discussed below.

PEG hydrogels were functionalized to adsorb monocyte chemotactic protein (MCP)-1, a 

chemokine that recruits inflammatory cells, via tethered affinity peptides [97]. Encapsulating 

β-cells in these functionalized hydrogels substantially decreased MCP-1 secretion from 

encapsulated MIN-6 cells following stimulation with interferon (IFN)-γ, IL-1β and tumor 

necrosis factor (TNF)-α [97]. This group also functionalized a PEG hydrogel with an IL-1 

receptor recognition peptide which conferred protection against IFN-γ, IL-1β, and TNF-α 
[98]. A similar structure developed by Su et al. protected MIN-6 cells from cytokine and β-

cell-specific T lymphocyte destruction in vitro [99]. The prevention of cytokine-islet 

interactions within the immune barrier may prevent critical destructive events with 

encapsulated tissue.

Similar to immunosuppressive small molecule delivery, biological agents may be delivered 

from nanoscale structures [100]. Several studies presented the design of anti-CD4-coated 

poly(lactic-co-glycolic acid) (PLGA)-based nanoparticles for the targeted delivery of 

leukemia inhibitory factor (LIF) to T-cells, which stimulated their differentiation into Tregs 

[101, 102]. Nanoparticle-encapsulated LIF attached to PEG-coated islets increased the cure 

rate in full major histocompatibility complex (MHC) mismatch diabetic recipient mice over 

PEG coating alone [103]. In a multifaceted approach, integration of transforming growth 

factor (TGF)-β, IL-2, and rapamycin into nanoparticle systems successfully induced FoxP3+ 

Tregs in vitro in mouse and human cells [104]. Unutmaz et al. were able to differentiate 

inflammatory cytokine-resistant stable and functional CD25+ FoxP3+ regulatory cells from 

human CD4+ cells in vitro, providing more insight into this possible treatment pathway 

[105].

The importance of Tregs in establishing immune tolerance is also evidenced by outcomes 

upon their co-delivery with islet grafts. Co-localized Tregs in an abdominal fat pad site, 

transplanted via poly(lactide-co-glycolide) (PLG)–scaffolds, established normal glycemic 

levels in non-obese diabetic (NOD) mice [106]. The authors suggested that systemic 

tolerance was induced, as a second transplant into the kidney capsule was not rejected when 

the scaffold-assisted islets were removed [106]. Other accessory cells derived from immune-

privileged sites have also been shown to improve graft function when simultaneously 

transplanted with islets [107–109]. These cellular co-delivery strategies may provide 

advantages over other methods due to the wide range of cytokines secreted by these 

supporting cells, though regulatory hurdles to using more cell types in a therapy do exist.
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In an effort to find potent, but potentially simpler avenues for immunomodulation, factors 

can also be expressed or presented on the islet surface to impart function directly at the islet-

host interface. Grafts were enhanced with the addition of Jagged-1 (JAG-1) on PEG-

conjugated islet surfaces, leading to an increase in Treg levels and a shift towards an anti-

inflammatory cytokine signature [110]. Fas ligand (FasL), a T-cell apoptotic factor [111], 

and CXCL12, a T-cell chemorepellent [112], have been expressed and presented on the 

surface of islets, delivering signals to approaching T-cells [113, 114]. Remarkably, an 

immune-tolerant microenvironment at the graft site was established by presenting FasL on 

the surface of microparticles that were co-transplanted with unencapsulated islets [115]. 

Attachment to biomaterial beads further increased the translatability of this approach as it 

requires less processing of the islets and can be shelf stable [115]. Interestingly, temporary 

systemic rapamycin delivery extended the survival of the FasL microgel islet grafts [115], 

suggesting efficacy of combinatorial strategies to maximize graft tolerance. Combining both 

peptide-MHC multimer and anti-Fas mAb onto microparticles also achieved allogeneic 

histocompatibility [116]. Likewise, adding anti-Fas mAb to encapsulated islet PEG hydrogel 

surfaces induced T-cell apoptosis [117]. These studies represent promising potential for 

diabetic immunomodulation utilizing apoptotic interventions.

Conversely, preventing apoptosis of the islet cells themselves may improve transplant 

success. Notably, islet allografts were shielded from rejection and 70% of NOD mice did not 

develop autoimmune diabetes when an adeno-associated virus expressing X-linked inhibitor 

of apoptosis (XIAP) was administered [118]. This approach differs from those discussed 

earlier in that the goal was to reinforce islets with resistance to stressors rather than 

manipulate the immune response itself.

The developing understanding of the progression of events in the immune response against 

implanted biomaterials and tissues allows researchers to target specific pathways and events 

to manipulate courses of action. The versatility and precision bestowed by nanotechnology 

provide a means by which to exploit this knowledge.

2.2 Nanotechnology in Improving Islet Survival and Graft Function

In addition to avoiding a deleterious host response, encapsulated islets must receive an 

adequate nutrient supply and positive extracellular cues in order to survive and function in 
vivo. Further, insulin must be delivered to the bloodstream in a timely manner for the graft 

to provide a therapeutic function. Immunoisolated islets, rendered avascular during isolation, 

must accomplish adequate mass transport by diffusion across the immune-excluding 

membrane [19]. Within common transplantation sites, dissolved oxygen levels are several 

orders of magnitude lower than other nutrients (e.g. glucose) [20, 21]. Notably, such 

constraints are likely even more limiting following the formation of the fibrotic capsule 

[119]. Consequently, improving oxygen delivery to encapsulated tissues has been 

extensively studied; relaxing the requirement for immunosuppression, islets may also be 

vascularized to improve bidirectional mass transport. Nanotechnological innovations for 

each of these paradigms are discussed below.
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2.2.1 Oxygen Delivery—Inadequate islet oxygenation was suspected as a major 

challenge when necrotic cores were observed in islets cultured at atmospheric oxygen levels 

(21%) in nutrient-rich media [120, 121]. Evidence mounted in support of this notion when 

this phenomenon was observed in explanted microencapsulated islets even in the absence of 

a fibrotic response [122]. Subsequent mathematical modeling and observations revealed that 

the high respiratory rate, low physiological oxygen levels in common transplantation sites, 

and poor diffusional capacity of oxygen limited oxygen transport to the cells at the cluster 

center leading to islet core necrosis [20, 22, 119, 123–128]. Even at oxygen levels above a 

critical threshold needed for survival, modestly reducing islet oxygenation significantly 

impairs the insulin secretory capacity of the cell cluster [23, 24, 129]. A variety of strategies 

have henceforth been developed to improve islet oxygenation during culture and 

transplantation (Fig. 2). Several of those which utilize nanoscale engineering are discussed 

here.

Many approaches improve oxygen delivery by increasing oxygen solubility near the islet. 

Perfluorocarbons (PFCs) are fluorinated oils which dissolve high levels of oxygen and have 

a low oxygen affinity and thus are efficient oxygen delivery vehicles [130]. Islet culture 

within PFC-supplemented media was shown to improve insulin secretion [131], providing a 

strategy to reduce cell loss prior to transplantation. Preoxygenation of a PFC emulsion-

enriched media, stabilized in particulates at roughly 80 nm in diameter using egg yolk-

derived lipid surfactants, protected islets from hypoxia as evidenced by reduced expression 

of apoptotic markers and morphological analysis [132]. Further, incorporating a PFC 

emulsion in barium alginate microspheres improved islet health after several days in hypoxic 

culture, although some cytotoxicity to the surfactant was observed [133]. Medical grade 

silicones such as PDMS also have a high oxygen carrying capacity [134] and desirable 

properties (e.g. biocompatibility and flexibility) for certain biomedical applications [135]. In 

the context of islet encapsulation, their use in larger devices as a scaffolding material may 

provide dual functionality as mechanical reinforcement and a material for improved oxygen 

solubility. For example, a PDMS-containing polyurethane nanomat was integrated into an 

islet macroencapsulation device to this end [136, 137].

Similar to cytokine-quenching hydrogels, nanoscale matrix modification with biological 

agents may improve islet oxygenation as well. An islet encapsulating hemoglobin-

conjugated hydrogel significantly improved graft outcomes in diabetic mice following 

intraperitoneal transplantation [138, 139]. The authors suggested that in addition to its 

oxygen carrying capacity, the ability of hemoglobin to scavenge damaging reactive oxygen 

species contributed to graft success. Hemoglobin has also been attached to polymer 

nanoparticles to facilitate oxygen transport [140, 141], though, to our knowledge, this 

technology has not yet been applied to β-cell replacement therapies.

Oxygen generating materials comprised of inorganic peroxide particulates can provide an 

additional source of oxygen to cells during culture and transplantation. Such compounds 

generally generate oxygen by reacting with water to produce hydrogen peroxide, which then 

decomposes into water and oxygen [142]. Manganese oxide nanoparticles were 

demonstrated to both produce oxygen and catalyze hydrogen peroxide decomposition during 

in vitro culture with murine insulinoma cells [143]. Furthermore, the co-encapsulation of 
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islets with calcium peroxide particulates in alginate capsules improved islet health during in 
vitro culture [144]. The Stabler group integrated calcium peroxide particulates within a 

PDMS scaffold [145, 146]. PDMS significantly impeded water transport to the particulates 

due to its hydrophobicity, which prolonged the duration of oxygen generation for over one 

month and improved the survival of cells encapsulated in a hydrogel surrounding the 

scaffold under hypoxic conditions [145]. Further, the culture of islets on the oxygen 

generating scaffold improved graft outcomes following transplantation [146]. The calcium 

peroxide particles used in the above studies were larger than nanoscale. Their reference in 

this section was nonetheless pertinent given that smaller particles (which have been 

previously fabricated [147]) may generate more oxygen per weight [148]. To the authors’ 

knowledge, the application of such technology to generate oxygen in an encapsulation 

structure in vivo has not been reported.

Many strategies for achieving adequate oxygenation or resistance to oxygen-related 

stressors, such as electrolysis [149], genetic engineering [150–152], preconditioning [153, 

154], in situ generation by photosynthetic algae [155, 156], and exogenous oxygen 

injections [157] have been explored but are beyond the scope of this review. Readers are 

directed to several excellent reviews on this subject [20, 158]. Ongoing nanotechnological 

considerations related to oxygen transport will continue to improve oxygen delivery in islet 

replacement therapies.

2.2.2 Matrix Mimicry and Vascularization—Survival and engraftment of islets 

following transplantation is low [159], stressing the supply of available transplantable tissue, 

and necessitating larger transplant volumes. In addition to increasing local oxygen levels, 

islet survival has been improved by a number of techniques including matrix mimicry, 

growth factor supplementation, and vascularization (Fig. 3). A given technique may have a 

primary target but often also has parallel effects. For instance, recruiting vasculature can 

improve the supply of nutrients and waste product removal, but productive crosstalk between 

endothelial cells and islets also occurs. Similarly, ECM produced by endothelial cells further 

support islet health. The ECM is a natural material with nanoscale properties which provides 

cells with receptor binding ligands (e.g. integrins) and mechanical signals (e.g. stiffness, 

tensile strength, density, etc.). Thus, mimicking the ECM requires consideration of 

nanoscale materials features.

Evidence suggests that the ECM is partially responsible for the maintenance of cell 

arrangement in pancreatic islets. When removed during the isolation procedure, cell 

arrangements (i.e. the relative locations of β- and α-cells) change but are then capable of 

moving back toward the native arrangement following transplantation or embedding in 

Matrigel [160], presumably due to sensing matrix ligands. Matrix proteins that may support 

islet function include collagen I, collagen III [161], collagen IV, fibronectin, and laminin. 

Matrigel or other cell derived matrices, which may include many of these proteins, can 

improve islet health, though translatability due to complexity and batch-to-batch variation is 

a concern. Therefore, reduction and simplification are important to prepare for regulatory 

approval.
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Decellularized ECM has made it to the clinic for certain applications, such as dermal 

reconstruction, despite its inherent complexity. Several methods have been explored that 

utilize the pancreas as tissue source including repopulating decellularized pancreas [162–

165], culturing islets on decellularized pancreas [166], and differentiating stem cells into β-

cells using β-cell line produced matrix [167]. Techniques have also included other tissue 

sources and methods such as processing decellularized ECM into hydrogels [168, 169] and 

culturing islets on decellularized liver [170]. Pancreatic or liver matrices have been used 

inside an encapsulation device [171], and construction of a bilayer transplantation device 

was accomplished from porcine pericardium and tendon [172]. Further, Peloso et al. showed 

that human pancreas retained tolerogenic properties and bound factors following 

decellularization [173]. Chaimov et al. utilized decellularized pancreas ECM as a matrix to 

form capsules, where an alginate capsule was temporarily used and is then removed 

following ECM crosslinking [174]. In trying to simplify the decellularized matrix approach, 

a controlled number of matrix components can be used.

Collagens are an important part of the ECM in nearly every tissue. Collagen has been used 

in modules that increase vascularization for a therapeutic cell cargo [175]. Yap et al. selected 

collagen IV modified scaffolds for in vivo studies after in vitro comparison against 

fibronectin and laminin, showing that collagen IV modification improved the function of 

implanted islets and increased their vascularity [176]. In addition, Salvay et al. found that 

collagen IV outperformed fibronectin and laminin-322 in vivo as a coating for microporous 

scaffolds supporting islet transplantation in alternative sites [177]. Research has shown that 

islets receive signals from collagen through α1, α3 and β1 integrins [178, 179]. Another 

way to mimic the natural islet matrix is to blend an ECM protein with a scaffold material. 

Marchioli et al., for example, blended gelatin with alginate to make a 3-dimensional (3D) 

printable matrix that maintained the viability of INS1E β-cells [180]. In a study that 

obtained super-resolution microscopy images of primary β-cells, Phelps et al. demonstrated 

that collagen IV or laminin facilitated the attachment of dissociated primary islet cells 

(human or rat respectively), provided a neuronal culture media was used [181]. Stephens et 
al. transplanted islets into the subcutaneous space in an oligomeric collagen gel, which 

retained more naturally occurring crosslinks than monomeric collagen; better cure rates and 

even some allogeneic islet transplantation engraftment was observed [182]. Bernard et al. 
also investigated coating 1 μm melamine beads with various ECM proteins [183]. Single 

matrix components do not completely recapitulate the in vivo microenvironment but do 

simplify the process and can have positive functional outcomes.

Another method to simplify the presentation of ECM ligands is to functionalize scaffolds 

with specific peptide binding sites. Peptide amphiphile matrices can incorporate functional 

proteins. Lim et al. incorporated ECM binding peptides IKLLI, IKVAV, YIGSR, and RGDS, 

all of which can be found in laminin. Results showed that YIGSR and RGDS increased 

glucose responsiveness and related gene expression profiles better than IKLLI and IKVAV 

[184]. Lin and Anseth combined peptide presentation with fusion proteins. A PEG hydrogel 

framework was used to show that with presentation of EphA5-Fc receptor, ephrinA5-Fc 

ligand, and RGD, the individual cell density required to produce functional cells could be 

reduced by a factor of 10 for a MIN-6 cell line and primary dissociated islets [185]. Li et al. 
utilized EphA5-Fc and ephrinA5-Fc, but in this case the fusion proteins were attached to the 
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surface of cell-sized beads constructed of PEG and PLL with a coating of decellularized 

pepsin digested pancreas ECM. Single cells were free to aggregate and showed 

responsiveness in vitro using this system [186].

Rather than functionalize hydrogels with ECM peptides, Chen et al. covered nanofiber 

scaffolds with β-cell membranes. Glucose-stimulated insulin secretion (GSIS) increased 

steadily over a 7-day period on these fibers, while it declined in uncoated fibers and 

coverslip controls [187]. It may also be useful to note that 3D culture environments for islets 

generally support islet health to a greater degree than 2-dimensional ones [188]. As a 

possible method to alleviate the concerns with variability and batch-to-batch variations in 

natural ECM proteins, it is feasible to use expression systems to synthesize analogs directly 

[189], perhaps reducing the concerns with material batch control. Overall, ECM derived 

from natural sources or synthetically constructed can be a powerful approach to improve 

islet viability.

Bioactive or soluble molecules bind to the ECM physiologically, offering another strategy to 

improve the survival of islets. Glucagon-like peptide-1 (GLP-1), an incretin hormone 

secreted by the digestive tract L-cells in response to food intake [190], is an insulinotropic 

agent [191], implicated in stimulating insulin secretion [192], promoting β-cell proliferation 

[193], and inhibiting β-cell apoptosis [194]. PEG hydrogels functionalized with GLP-1 

protected β-cells from cytokine induced apoptosis [195]. Similarly, insulin-like growth 

factor (IGF)-2 has been found to promote the survival [196] and differentiation [197] of 

islets. Collagen microwell scaffolds were used as a natural reservoir for IGF-2 [198]. Some 

positive results on viability and insulin secretion have also been found with combinations of 

RGDS, GLP-1, IKVAV and MSCs combined in a PEG hydrogel [199]. Treatment of islets 

with growth hormone-releasing hormone agonist JI-36 can also improve transplantation 

results [200]. ECM mimicry and factor presentation are powerful techniques to address 

limitations surrounding islet transplantation.

Vascularization is one of the major limiting factors in attempts to replace or regenerate 

defective tissues. Because cells of most tissues are near a vascular supply (with the 

exception of some tissues such as cartilage [201, 202]), the thickness of an engineered tissue 

is severely limited without vascular intervention. The pancreatic islet is particularly sensitive 

to a lack of blood flow considering that the intra-islet capillaries are highly specialized and 

provide much of the ECM scaffolding that supports cells [203]. Furthermore, many of the 

complications arising from hyperglycemia are related to the microvasculature [204], making 

a diabetic transplant recipient a challenging environment in which to grow a mature 

vasculature. Several nanotechnological efforts to induce vascularization in islet grafts are 

discussed here. The reader is also referred to several excellent reviews on this subject [205–

209].

A few broad categories of vascularization strategies utilize nanotechnology: surface 

roughness, porosity, factor release, and cellular tethering. Metal as well as polymer surface 

roughness tends to positively correlate with increases in vasculature [210, 211]. The 

development of the Theracyte device, discussed in Section 3, is an example of this approach. 

Bruker et al. established that pore size, independent of membrane material, could affect the 
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number and proximity of vessels near the membrane [212]. Larger pores through the bulk of 

a device can act as effective scaffolding for vasculature [213]. These same materials can act 

as vehicles for therapeutic factors, in addition to providing a material shape that stimulates 

vascular growth. Nanocoatings (discussed in Section 4) are often functionalized for inducing 

blood vessel growth. For instance, immobilized vascular endothelial growth factor (VEGF) 

can be released from heparin, a cationic glycosaminoglycan, on the islet surface [214]. 

Factors can also be released in a variety of ways. VEGF, for example, has been released 

from a PEG hydrogel [215–217], a collagen gel [218], PLG scaffolds [219], chitosan or 

PLGA [220], and a planar membrane diffusion chamber [221]. Platelet-derived growth 

factor (PDGF)-BB has been delivered through a fibronectin fragment in a macroporous 

scaffold [222], while fibroblast growth factor (FGF)-2 has been delivered from gelatin 

microspheres [223], and from heparin-binding peptide amphiphiles [224]. FGF-1, on the 

other hand, has been delivered from a layer in an alginate capsule [144].

Finally, cells that form or support blood vessels can be included using nanotechnological 

approaches such as tethering [214]. When the goal is to vascularize the transplanted islets, it 

is presently not possible to impose full immune protection with an encapsulation membrane. 

Thus, when an immunoisolating membrane is part of the treatment system, the goal is 

instead to induce vasculature growth as close as possible to the device. Every approach 

outlined in this review is affected by the degree of vascularization, just as it is affected by 

other aspects of the transplantation process including the immune system, tissue quality, and 

material compatibility.

3. Nanotechnology in Macroscopic Islet Delivery Devices

Macroencapsulation refers to using implantable devices that are capable of housing large 

volumes of therapeutic cells. These devices often have a planar or cylindrical design and 

have several advantages. Due to their large capacity, sometimes only a single device is 

required to provide a curative dose using hundreds of thousands of islet equivalents. An 

ability to locate the entire graft following a period in the recipient is a benefit of a macro-

device as compared to microencapsulated islets, where random dispersal from the original 

graft site can be observed. Larger devices must be transplanted into sites that can 

accommodate the implant volume and device shape, such as the subcutaneous or 

intraperitoneal locations. While that is a limitation in the versatility of macro-scale cell 

delivery devices, lower surgical complications, as compared to intraportal infusion, in those 

larger sites may balance that concern [12, 14, 225]. In addition, islets may respond to 

glucose better when in proximity with each other due to improved inter-islet synchronization 

[226], though competition for oxygen and nutrients ultimately imposes an upper constraint 

on the maximum supportable islet density [124, 227–230].

Macroencapsulation research was initiated by Dr. Bisceglie in 1933, who inserted 

insulinoma tissue into selectively-permeable membranes to determine the role of 

vascularization absence on transplanted tissue [231]. Algire et al. are credited with 

developing the first extravascular macrocapsule, initially intending to understand 

mechanisms of tissue rejection and cellular overgrowth. In this research, a nitrocellulose-

based planar capsule was used to investigate the immune response to non-pancreatic cells, 
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demonstrating improved cell viability of encapsulated cells and highlighting the role of 

humoral versus cell mediated immunity [232–235]. Encapsulation membranes can prevent 

cell contact with the protected cargo by operating in the micrometer range, while preventing 

transport of molecular mediators of immunity requires nanoscale material features. Some 

mediators of immunity are near the same length scale as insulin, requiring another method 

such as capturing or selective adsorption to a material to prevent their infiltration (discussed 

in Section 2.1.3).

As discussed above, the selectively permeable membranes that define the device boundaries 

are often comprised of nanoporous materials that exclude based on size. Nanotechnological 

interventions may be used to bestow devices with additional properties as well. Selected 

examples of macroscopic devices, which exhibit nanoscale features connected to a 

functional outcome, are discussed in this section (Fig. 4). Here the devices selected for 

discussion are divided into two broad categories: those that are designed to prevent immune 

cell infiltration (Fig. 4B) and those that support the engraftment of islets without strict 

immunoisolation (Fig. 4A).

3.1 Cell Penetration Restrictive Devices

Immune cell migration through an immunoisolating membrane can threaten graft function. 

Additionally, escape of cells with pluripotent characteristics which avoided full 

differentiation into β-cells and have the potential to generate tumors [236, 237], poses a 

significant safety concern [10]. Thus, membranes that prevent cell penetration can dually 

facilitate graft performance and provide safety to the recipient in stem cell-derived insulin 

producing cell transplant schemes. Baxter Healthcare used a preliminary 

polytetrafluoroethylene (PTFE) device (data from which would later inform the TheraCyte 

device) in 1998 to implant allografts in the epididymal fat pad of mice for up to 12 weeks 

with initially promising results [238]. The TheraCyte device uses laminated PTFE 

membranes to address the balance of diffusive and vascularization requirements with 

exclusion. An inner immunoisolating PTFE membrane has a pore size of 450 nm, while the 

outer PTFE membrane has a pore size of 5 μm, designed to facilitate angiogenesis [212]. A 

polyester mesh on the outside of the device provides mechanical stability, collectively 

providing an example of engineering at the nanoscale up to the macroscale.

Multiple studies have demonstrated that prevascularization of the TheraCyte device is 

beneficial for graft survival. Prevascularization can significantly decrease the curative dose 

of islets needed to reverse diabetes [239, 240]. Studies have shown 2–3-fold growth of new 

blood vessels when VEGF infusion was provided [221] and stabilization of microcirculatory 

flow by approximately two weeks post implant [241]. In an allograft study, immune-

competent rats did not destroy the Theracyte encapsulated islets despite being pre-

immunized with allogeneic islets to stimulate a vigorous memory reaction [242]. Other 

studies have even demonstrated that human embryonic stem cells (hESCs) can be derived 

into pancreatic progenitors and subsequently mature into β-cells within the implanted 

TheraCyte device to reverse diabetes in mice [243]. Some positive results from bone-marrow 

derived insulin producing cells transplanted into dogs have also been recently reported 

[244].
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The TheraCyte device has been one of the most widely investigated encapsulation platforms, 

perhaps only second to microcapsules. Companies such as ViaCyte are continuing to 

develop the concept [12]. ViaCyte uses a semipermeable membrane device, branded as 

“Encaptra,” to encapsulate pancreatic progenitor cells for in vivo differentiation (with or 

without immunoisolation in PEC-Encap and PEC-Direct respectively) [123, 245]. It is very 

effective in allowing pancreatic progenitor cells to develop into mature β-cells, co-

expressing classic β-cell differentiation genes (e.g. PDX1, Nkx6.1) [246]. Results from a 

clinical trial that is currently recruiting will add to our knowledge regarding integrated 

encapsulation and stem-cell differentiation technologies [247] (clinical trial number 

NCT03163511).

The TheraCyte/ViaCyte device was one of the first devices to show the importance of using 

pore sizes at the micro and nano scale. Twenty nanometer pores were shown to be 80–100-

fold less effective in facilitating the growth of useful vessels near the membrane compared to 

5 μm pores, while nanoscale pores are required for immune effector exclusion [212, 248]. 

Despite pore sizes that are certainly large enough for oxygen to pass, the distance of 

diffusion through a liquid filled pore is a limiting factor.

More recently, a nanoporous encapsulation device was developed by Chang et al. involving 

the casting of polycaprolactone (PCL) around nano-templated sacrificial zinc-oxide rods 

(Fig. 4C) [249]. Uniform controlled diameter template rods (as low as 15 nm) were very 

easily dissolved with weak acid [250]. Nanoporous PCL thin film membranes, with pore 

sizes of 20 nm and 200 nm showed nonsignificant differences in glucose diffusion when 

directly compared to a 400 nm PTFE immunoisolating membrane. Experiments showed 

little in vivo fibrosis and function during in vitro GSIS [251]. The membrane protected the 

graft from antigen-specific T-cell priming while also demonstrating viability of stem cell 

derived β-cells, which successfully responded to glucose challenge even after 6 months 

[249]. The fact that PCL slowly biodegrades is a useful property for delivering agents but 

may not be able to provide long-term immune protection.

To address the lack of oxygen transport through immunoisolating membranes, the Beta-O2 

device supplements oxygen supply with gaseous oxygen. A user-refillable gas module is 

attached to the islet containing module, separated by a Silon IPN (an interpenetrating 

network of PDMS and polyetherfluoroethylene) oxygen permeable membrane, with an outer 

200 nm PTFE immunoisolation membrane. An early study demonstrated reversal of diabetes 

in streptozotocin (STZ)-induced diabetic rats until explant at 90 days [252]. The authors 

attributed excellent insulin kinetics in intravenous glucose tolerance test (ivGTT) and islet 

functionality, following explant, to hypervascularization and the increased oxygen supply. If 

extraneous oxygen was dosed through the subcutaneous port on schedule, reduced HbA1c 

and near normal ivGTT curves were possible [123, 157], in both allogeneic and xenogeneic 

grafts [123]. During clinical trials, nonsignificant reduction of HbA1c levels and transient 

circulating C-peptide levels were observed [253]. The difficulty of translation [12, 254], 

including patient satisfaction factors [253], is an important design consideration for future 

development. The use of supplemental technology (for oxygen or other nutrients) in 

conjunction with an immunoisolating macroscopic device could be a defining factor of a 

clinically successful device.
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Alginate and other hydrogels have been a material of choice for encapsulation [245, 248, 

255]. Low energy to deformation, and rupture from physical wear suggest that a supporting 

material with enhanced mechanical properties may be required to enable practical 

application. The Islet Sheet is reinforced with a polymer mesh to reduce alginate fracture 

from friction against tissues. The device was made by sequestering and crosslinking alginate 

solution with islets between two already highly crosslinked layers of alginate, which is used 

as a semipermeable membrane to guard the islets [256]. A key advantage of the Islet Sheet is 

the tunability of the outer alginate layer, which can, for example, completely eliminate IgG 

transport via size exclusion [256]. Euglycemia was achieved in pancreatectomized dogs for 

84 days, with improving ivGTT results over time [247, 256]. However, the Islet Sheet is 

deformable due to the mechanical weakness of the hydrogel used for encapsulation, which 

caused the device in many cases to deform or fold upon itself.

In addition to planar geometries, cylindrical macrocapsule designs were also explored for 

islet encapsulation, which often incorporated nanotechnological properties for mechanical 

reinforcement and chemical permselectivity. In the early 1990’s, Lacy et al. described the 

fabrication of a cylindrical device comprising a heterogeneous acrylic copolymer shell with 

islets seeded within alginate in the core (Fig. 4D) [257]. Here, the outer acrylic copolymer 

shell was fabricated in a trabecular structure for mechanical strength and an inner membrane 

for immune exclusion [257]. More recently, the Thread-Reinforced-Alginate-Fiber-For-

Islets-enCapsulation (TRAFFIC) was produced from nylon sutures coated with nanoporous, 

Ca2+-releasing poly(methyl methacrylate) (PMMA) (Fig. 4E) [258]. Islets suspended in 

alginate solution were then used to coat the modified suture [259]. The TRAFFIC device 

was shown to reduce rejection compared to unencapsulated islets (similar to alginate 

microcapsules) in 3-month rat-to-mouse experiments [258]. In addition, the device was 

scalable and completely retrievable as demonstrated in large animal studies. Despite 

reinforcement provided by the nylon fibers, there are still concerns of hydrogel breakage and 

cell escape. To overcome these concerns, the Nanofiber-Enabled Encapsulation Device 

(NEED) was developed (Fig. 4F). The NEED device takes advantage of nanoscale fluidic 

phenomena to strengthen the mechanical properties of alginate and other hydrogels for 

macroencapsulatory purposes while providing a robust physical barrier composed of 

nanofiber networks to prevent any potential cell escape [260–262]. Additionally, the 

diameter of the nanofibers, being roughly correlated to the pore size of the membrane, can 

be tuned [263–265] to prevent or permit cell migration through the membrane. Mass transfer 

in any alginate utilizing device can be complicated by a fibrotic capsule, a problem that may 

be mitigated by recently explored technologies (see Section 2.1.1).

Control of pore dimensions as a result of uniform and precise nanofabrication techniques 

characterizes the following devices (Fig. 5). Utilizing a microfabrication approach based on 

a sacrificial layer, the NanoGland is a silicon microfabricated membrane device that hosts 

islets inside individual compartments, while in relatively close proximity [266]. This could 

be beneficial because it allows islets to communicate with each other while preventing islet 

aggregation. Knowing that pore sizes ranging from 3.6 nm to 60 μm were feasibly produced, 

Sabek et al. included a characterization of diffusion in a wide spectrum of nano- and micro-

channels (Fig. 5A) [267]. The authors determined that channels on the micron scale should 

be pursued in experiments due to diffusional limitations imposed by nano-sized pores [267]. 
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It is important to note that the NanoGland’s nanopores were sandwiched between 

micropores in an L-shape configuration, which may have impeded passive diffusion by 

increasing path length and decreasing pore density [268].

While polymeric membranes have advantages centered around consistency, potential for 

modification, and easy fabrication [269], inadequate mechanical strength, broad pore size 

distributions, and potential degradability could compromise the graft [14]. In contrast, some 

proposed macrocapsules have utilized metals, such as alumina, which tend to be relatively 

bioinert [270]. Inorganic membrane development is novel in nature and has not been as 

extensively tested for macroencapsulation of islets. Flamme et al. demonstrated a simple 

two-step anodization etching process that can be used to create a device with large pore 

densities of 1010 pores per cm2 which selectively excluded immunoglobulin. The pore size 

was easily controlled (standard error of 2.35 nm) by anodization time and voltage [271]. 

Encapsulated MIN-6 cells were shown to be responsive to different glucose concentrations, 

while IgG diffusion was significantly diminished. Titania porous membranes have been 

fabricated, and also benefit from tight nanometer pore size distributions, but unfortunately 

were not mechanically robust [272]. In a composite approach, Randall et al. demonstrated 

that gold-coated self-folding porous membranes, made by lithographic patterning, could 

exhibit precisely controlled pore sizes based on the gold deposition duration (Fig. 5B). 

Cubes with 78 nm pores allowed insulin transport while preventing IgG diffusion [273]. 

These materials may prove to be highly valuable in the near future, due to their chemical and 

mechanical advantages compared to polymeric macroscopic encapsulation devices, and the 

nanoscale technologies that can create well-controlled pore size distributions for specific 

immunoisolation requirements.

3.2 Cell Permissive Devices

Immunoisolating devices have a high safety profile; however, the external barrier adds a 

diffusional delay which can impair graft function. Blood vessel growth into the device could 

significantly improve the engraftment and function of the therapeutic cells. As discussed in 

Section 3.1, ViaCyte is testing a cell permeable version of their device (PEC-Direct), which 

features macro-sized pores. Pores that are large enough to allow blood vessel ingrowth are 

above the nanoscale; however, some nanoscale phenomena and materials processing 

techniques can still be used to regulate these types of devices. In order to better understand 

these innovations, we also discuss some other influential macroencapsulation devices.

Sernova’s Cell Pouch device includes a focus on pre-vascularizing the device without a 

membrane that is strictly immunoisolating. A cylindrical device was implanted 

subcutaneously into the host for 4–5 weeks to allow for angiogenesis through the porous 

structure of the device followed by plug removal at the time of cell transplant. Successful 

reversal of diabetes in mice was reported in both subcutaneous and omental sites [274, 275]. 

Unfortunately, clinical data using multiple parallel chambers to provide sufficient volume for 

islets did not show signs of graft function, as shown by early loss of C-peptide [276]. A 

similar study utilized a nylon access catheter as the pre-implantation material to create a 

vascularized space that has no device once the islets are introduced. BG correction was 

observed in BALB/c and C57BL/6 mice, supporting the idea that a foreign body reaction can 
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be productive if it is appropriately formed and vascularized [277]. Sernova is recruiting for a 

clinical trial to test the cylindrical device with removable center design (clinical trial number 

NCT03513939), promising to advance the understanding of subcutaneous transplantation.

Pore sizes that are shown to be resistant to cell penetration sometimes exhibit reduced 

diffusion kinetics. Examination of nanopore experimental data suggest that the channel 

architecture may play an important role since many alginate capsules (with average pore 

sizes near 5 nm [278]) can be functional for islets [279–282]. In addition, a large pore size 

distribution could compromise the immune barrier integrity of the device by facilitating cell 

penetration in certain areas [213]. Thus, some research seeks to create highly controlled 

macro-pores to fabricate cell permissive devices. Research from van Apeldoorn’s group has 

introduced pore formation in thin films combined with thermoformed wells for islets (Fig. 

5C). After testing particulate leaching, casting on a pillared template and laser drilling, laser 

drilling was found to give the greatest control over pore dimensions, even following 

microthermoforming to create the wells for islets [283]. Islets in this device allowed blood 

vessel ingrowth and were able to restore murine glucose control.

Recently, researchers have investigated 3D printing as a method to create a mechanically 

robust structure for cell delivery [180]. 3D-printed poly(lactic acid) (PLA) scaffolds 

demonstrated in vitro functionality after four weeks, and supported differentiation of new 

insulin producing cells [284]. An advantage of using PLA is the potential polymer 

functionalization via covalent modification [284–287]. In continuation of this idea, 300 μm2 

sized microwells were printed for individual islets to avoid clustering and hypoxia [288]. 

This device utilizes prevascularization before islet introduction. The nanoscale surface 

roughness of the material was modified by plasma etching and the device supported 

supplementation with a variety of factors including pro-vascularization factors [245, 288]. 

3D printing can provide individual customization in size and shape as well as the ability to 

control features in the inner regions of the device that can be difficult to replicate with other 

fabrication techniques, thus more development is warranted.

3.3 Convection Enabled Devices

Macroscopic encapsulation and cell delivery devices for transplant are challenging to 

construct. Innovative ideas are still emerging to reach design goals. As discussed up to this 

point, macrodevices are prone to inadequate oxygenation and nutrient exchange as a result 

of larger reservoir volumes [255]. While synthetic polymers have low material batch-to-

batch and formulation-to-formulation variations [289–291], and fabrication utilizing 

nanotechnology can improve on the limitations, there are still opportunities for 

improvement. When manipulating channels on the nanoscale, it is easier to create pores that 

significantly restrict diffusion of very small molecules (even if there is detectable passage); 

however, this can completely prevent overall device function.

Placing a device in direct contact with blood opens the possibility of high diffusion rates or 

convective transport. An exemplary configuration of an intravascular device is a hollow tube, 

embedded within a blood vessel where diffusion is the primary mode of transport across the 

membrane [12, 292]. On the other hand, ultrafiltration approaches utilize a connection to an 

artery for nutrient sensing and a shunt to a vein sets up convective flow through the device. 
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Intravascular devices are accompanied by a high risk of thrombosis, and therefore require 

anticoagulation therapy (e.g. heparin). Multiple groups have shown that intravascular hollow 

fiber diffusion devices can reverse diabetes in mouse models and even support xenografts 

into dogs without immunosuppression [248, 293, 294]. However, risks, exemplified by a 

case of sudden death in canines due to acute complications, have tempered enthusiasm [12]. 

Nevertheless, Prochorov et al. reported encapsulated rabbit islets transplanted into human 

patients in nylon macrocapsules into either the femoral artery or the forearm cubital vein 

[295]. Diabetes was ameliorated in 14 of 19 diabetic recipients without immunosuppression, 

perhaps motivating future investigation.

The concept of ultrafiltration utilizing nanoscale technology has recently been recently 

reconsidered. Song et al. characterized a macrocapsule grafted similarly to an arterial-

venous graft, utilizing the pressure difference between artery and vein to drive diffusion of 

glucose and nutrients in and insulin out [268, 296]. Using micro-electromechanical systems 

technology, slit nanopores 7 nm in width and 300 nm in depth were constructed with a linear 

path rather than a tortuous one (Fig. 5D). The device excluded TNF-α, IFN-γ, and IL-1β, 

while permitting passage of glucose and insulin. The pressure difference may have been 

responsible for overcoming the diffusive limitations of the nanopores [268]. While nanoscale 

features can be given to macroscale devices, it is also possible to protect transplanted islets 

with only nanoscale layers.

4. Nanoencapsulation

Within most immunoisolating macro- or micro-encapsulation devices, islets are separated 

from the host by the encapsulant by tens or hundreds of microns. However, several 

prevailing limitations of these approaches can be overcome by engineering semipermeable 

polymer barriers directly onto the islet surface at length scales well below the standard 

distance.

Spherical microcapsules, for example, typically feature diameters ranging from 250 μm to 

1500 μm [16, 254, 297]; however, theoretical analyses of physiological oxygen transport 

suggest that the thickness of a spherical microcapsule should be controlled below 100 μm to 

avoid central islet hypoxia and necrosis in common transplantation sites [298]. Buchwald et 
al. also demonstrated that 1800 μm-diameter microspheres delay and reduce insulin 

secretion as a result of the large distance which must be traversed by passive diffusion [129]. 

An earlier study by Chicheportiche and Reach showed that capsule diameter as small as 350 

μm may still impair insulin secretion [299]. Logically, nanoscale immune barriers can 

mitigate the effects of these diffusional limitations.

Graft void space (i.e. the transplant volume occupied by nonbiological material) also 

imposes several problems [19, 300]. Microencapsulated islets exceed the size that can be 

administered into the liver via the portal vein [301], whereas nanoencapsulated islets are 

compatible with transplantation into this clinically proven site [302]. In addition, many 

common droplet-generating techniques for islet microencapsulation often cannot ensure total 

islet coverage for each cell cluster, especially when capsule diameter is reduced. Islets 

protruding from the capsule surface are not immunoisolated and can thus initiate an immune 
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cascade which targets the entire graft [303, 304]. Simply tuning the parameters of spherical 

microencapsulation techniques to produce smaller capsules is therefore not a viable strategy 

to minimize capsule size. While core-shell structures have been developed which may 

prevent islet protrusion [305–309], these structures do not address the diffusional problems 

discussed earlier, nor some challenges related to blood contact.

During intraportal islet transplantation, exposure to blood elicits an immediate blood-

mediated inflammatory reaction (IBMIR) [310]. The IBMIR is characterized by thrombosis 

and complement pathway activation, which results in the acute loss of a substantial fraction 

of the graft [310–313], and suspected reduced function of the surviving cells [314]. 

Although nanoencapsulated islets are mainly considered for the long-term prevention of 

immune destruction, coatings can be functionalized to confer protection from the IBMIR 

[315], which we discuss further in this section.

Challenges associated with conventional microcapsules motivated the broad exploration of 

engineering nano-thin polymer films which conform to the islet surface (Fig. 6). While 

microcapsule fabrication is achieved by droplet-generating techniques such as electrospray 

[316–318], emulsion-based strategies [319, 320], submerged jet extrusion [321], or 

microfluidic systems [322, 323], nanoencapsulation methods typically feature direct 

polymer deposition on the islet surface. Many techniques have been developed from early 

approaches in employing PEG as a polymer coating; in addition, the layer-by-layer (LBL) 

method has been used to produce versatile islet polymer films. The techniques, merits, and 

function (Fig. 6A) of these approaches are discussed in this section.

4.1 PEG-Based Coatings

PEG and its derivatives are among the most widely applied biomaterials in tissue 

engineering [324–326]. PEG has many desirable properties for cell encapsulation, such as 

versatile and relatively mild gelation conditions [327], ECM mimicry [328], the ability to 

conceal surface antigens [329], and the ability to be functionalized with a wide variety of 

biological agents [324, 330]. It is also a suitable host-interfacing material because of its high 

hydrophilicity, which endows the polymer with low-fouling and low-opsonization 

characteristics [331, 332]. Several processes have been developed through which islets may 

be decorated with a thin coating of the polymer (i.e. PEGylated), including interfacial 

photopolymerization, covalent interactions, and non-covalent interactions.

4.1.1 PEGylation by Interfacial Polymerization—Early approaches developed in the 

1990s by Hubbell’s group exploited the photopolymerizable properties of PEG diacrylate to 

conformally coat islets with the polymer [333–336]. Briefly, eosin Y, a photoinitiator, was 

adsorbed to the islet surface during incubation; the islets were then exposed to a PEG 

diacrylate precursor solution, and in situ crosslinking was facilitated outward from the islet 

surface by exposure to visible light and the addition of an accelerating agent [333]. The 

thickness of this conformal coating was tunable between several tens of microns by 

modulating various design parameters, such as laser exposure time and concentrations of the 

system’s components (e.g. eosin Y) [334]. By varying the concentration and molecular 

weight of precursor PEG diacrylate, the investigators were able to control the matrix pore 

Ernst et al. Page 21

Adv Drug Deliv Rev. Author manuscript; available in PMC 2020 February 02.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



size (and thus selective permeability) with sub-nanometer sensitivity to exclude larger 

immune components such as IgG, IgM, and C1q, while permitting passage of glucose, 

dissolved gases, smaller metabolites, and insulin [335]. Porcine islets encapsulated via this 

method were transplanted into the IP space of STZ-induced, immune-competent diabetic 

Sprague-Dawley rats [336]. The results indicated that islet viability was maintained in vivo 
for one month and xenoprotection was conferred by the conformal coating [336].

A modified version of this technology was patented (US Patent #6911227) and licensed by 

Novocell, now ViaCyte, wherein translation to larger animal models was pursued. A 

preclinical study in the subcutaneous space of diabetic baboons showed sustained islet 

function for 6 months (longer function was observed in some pilot studies in non-human 

primates as well) [12, 337], prompting a clinical trial in human patients. Following three 

successive subcutaneous implants of PEG-coated islets totaling roughly 50% of the islet 

dose expected to restore euglycemia, insulin dependence was significantly reduced, and 

response to an oral glucose tolerance test was improved. Notably, however, complete 

glycemic restoration was not achieved, and C-peptide levels were disappointingly low [12]. 

The investigators suggested that the highly fibrotic nature of the human diabetic 

subcutaneous space might inherently limit islet transplantation in this site [12]. Nevertheless, 

these early studies presented the robust exploration of a novel paradigm for islet 

encapsulation, which initiated a large body of research in this space in the proceeding 

decades.

More recently, microfluidic approaches have been developed to generate thin PEG coatings. 

Tomei et al. presented a method whereby islets, suspended in an aqueous phase with PEG, 

were extruded within an immiscible oil phase; flow through a conical constraint disrupted 

the aqueous jet, creating a thin coating on the islet surface [338]. A crosslinking agent was 

introduced into the PEG layer via diffusion through the oil phase, and gelation was induced 

by a pH change [338]. Importantly, this method achieved full islet coverage [338]. An 

optimized coating developed via this method (Fig. 6B) was tested in vivo in an allogeneic 

mouse model, where it significantly prolonged graft survival in comparison to naked islets in 

the absence of immunosuppression [339].

The mechanism of the early approaches relied on the diffusion of free radicals to propagate 

the crosslinking reaction, which raised concerns of cytotoxicity inflicted on the encapsulated 

cells. Further, these methods did not aim to achieve chemical attachment to the islet surface, 

and the encapsulation thickness could not be reduced below several microns. In the 

following sections, chemical polymer-islet association is discussed.

4.1.2 Covalent PEGylation—It was hypothesized by several investigators that covalent 

islet PEGylation could realize more mechanically robust and thinner polymer coatings. 

Native islets are surrounded by a peripheral protein-rich ECM, the thickness and 

composition of which varies considerably between species [340]. While this peripheral ECM 

is largely lost during the isolation procedure, a new matrix is gradually reestablished during 

culture [341]. Proteins within the ECM, as well as surface proteins on peripheral islet cells, 

provide conjugation sites for chemical modification.
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Covalent PEGylation is often accomplished by using PEG terminated with an activated ester 

such as N-hydroxysuccinimide (NHS), which forms an amide bond with free amines on 

peripheral proteins. An early study pursued by Panza et al. assessed the treatment of islets 

with PEG-NHS and PEG-isocyanate whereby they confirmed the presence of the coating on 

the islet surface via fluorescent staining, suggested low cytotoxicity of the coating based on 

a metabolic assay, and observed similar responses to insulin secretagogue challenges in 

comparison to uncoated islets [342]. Contreras et al. successfully coated porcine islet 

surfaces with succinimide-activated PEG using membrane surface proteins on peripheral 

cells as a conjugation site [343], as porcine islets largely lack an ECM capsule [344]. A 

collection of studies using monomethoxy PEG (mPEG)-NHS show that raising polymer 

concentration and molecular weight may increase the immunoprotective properties of the 

coatings, but also increase their cytotoxicity [345–347]. Thus, these parameters must be 

optimized to address these competing requirements.

More recently, a heparin-functionalized, NHS-activated, star-shaped PEG (starPEG) 

polymer was developed to create a nanofilm on islet surfaces without adverse effects to islet 

health or secretagogue responsiveness, providing a versatile platform to functionalize such 

coatings with biological compounds [348]. Rengifo et al. introduced a biorthogonal scheme 

to coat islets with covalently-linked, stable starPEG and starPEG/alginate nano-films, using 

an NHS-based strategy to facilitate conjugation to the islet surface [349]. Over 50% of mice 

receiving strain-mismatched kidney-capsule allografts of islets coated with this method 

exhibited long-term diabetes correction, providing preliminary evidence that this strategy 

may have translational potential [349]. This group also showed that co-administration of a 

short-term immunosuppressant regimen improved graft outcomes of similarly encapsulated 

islets [350]. Continued studies will reveal the efficacy of covalent PEGylation for 

encapsulated islet transplantation.

4.1.3 PEGylation by Hydrophobic Association—Despite general success in 

maintaining the viability and secretory capacity of islets, it has been speculated that covalent 

PEGylation may have a damaging effect on surface membrane structures [351, 352]. 

Covalent PEGylation also may not be applicable for long-term encapsulation of porcine 

islets as they have a diffuse capsular ECM [344], and many islet membrane proteins are not 

permanently available structures as they eventually turnover [353]. This has prompted the 

study of alternative strategies to adhere nano-thin PEG coatings to the islet surface.

Lipid-conjugated PEG (lipid-PEG) chains can spontaneously associate with the cell 

phospholipid bilayer membrane via hydrophobic interactions of lipid alkyl tails [354], 

whereby they diffuse laterally to create a coating [355]. Teramura, Iwata, and colleagues 

developed a versatile platform based on this approach and have demonstrated it to have a 

minimal effect on islet survival or secretagogue-responsive insulin secretion [352, 356–363]. 

This group leveraged this encapsulation method to permit coating with additional layers of 

polymers such as poly(vinyl alcohol) (PVA) [360], alginate [352], or other PEG derivatives 

[363]. Further, a variety of factors were added to this LBL platform to improve insulin 

secretion, lessen fibrosis, or mitigate the IBMIR [356, 359, 361, 364]. Short-term graft 

success was reported following an intraportal infusion of xenogeneic islets coated with lipid-
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PEG via this method [357]. Additional characterization is necessary to evaluate the clinical 

potential of such coatings.

4.1.4 Perspectives on PEGylation—The use of PEG has been shown in numerous 

studies to be an effective polymer for micro- or nano-thin islet coatings. However, a few 

concerns and limitations must be noted. Again, covalent PEGylation may damage peripheral 

membrane proteins and impact islet health [351, 352, 365]. On the other hand, PEG coatings 

achieved via hydrophobic interactions have been shown to gradually dissociate from the cell 

surface [362, 366], which limits their viability as a long-term immunoisolating membrane. 

In general, these coatings may suffer from weak mechanical properties similar to many 

hydrogels and require further characterization. Additionally, the thickness of single-layer 

PEG coatings has been suggested to be too thin to offer full coverage of cell surface 

antigens, with mechanical properties potentially too weak for long-term immunoisolation 

[360]. Islet-surface PEG matrices are also noted to lack well-defined pore arrangements and 

primarily depend on the effects of steric exclusion to act as an immune barrier [367]. 

Confirming some of these concerns, rigorous characterization has occasionally revealed gaps 

in the nanocoatings [349].

It is worth mentioning that some of the suggested benefits of PEG, discussed at the 

beginning of Section 4.1, are not always observed [368]. For example, in contradiction with 

the prevailing notion, several studies have shown that PEGylation can increase nonspecific 

protein adsorption [369–371], which may hasten the onset of the FBR. Beyond fibrotic 

concerns, chronic PEG presentation can induce the generation of anti-PEG antibodies, which 

may precipitate an immune cascade against the graft [372–376]. At the very least, it may be 

concluded that materials other than PEG are worth considering for host-interfacing 

applications.

4.2 Layer-by-Layer Assembly

Motivated by the potential limitations of PEGylation, and in the interest of broadening the 

polymers which may be applied to islet nanoencapsulation, the LBL assembly method 

emerged, wherein alternating nano-thin films are formed on the islet surface. A technique for 

producing nanoscale bilayers on a charged substrate (such as that of a cell surface) was first 

reported in the early 1990’s [377]. Many early alginate-based microencapsulation systems 

applied this technique and incorporated a thin polyelectrolyte (often PLL or poly-L-

ornithine) layer, and often another alginate coating [67, 378–381]. Applying polymer 

matrices directly on the islet surface was thus a logical progression of this practice.

An advantage of the LBL approach is the ability to tune the encapsulation structure at the 

nanoscale through the coordination of materials and deposition methods and investigate the 

consequences thereof. For example, Zhi et al. found that during in vitro culture with anti-

islet antibodies, the deposition of one 1.5 nm chitosan/alginate bilayer was insufficient to 

prevent antibody penetration, whereas two- and three-bilayer encapsulation with these 

polymers provided a much greater isolation effect [382]. In vivo allogeneic transplantation 

in the kidney capsule in a follow-up study by this group revealed that 8 bilayers conferred 

substantially improved immune protection compared to 4 bilayers, suggesting a direct 
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relationship between coating thickness and immunoisolation [383]. Expectedly, the optimal 

number of layers varies according to material selection and fabrication method [109, 384]. 

The LBL approach provides a versatile platform to study these relationships.

LBL assembly methods predominantly make use of electrostatic complexation, although 

several studies show the efficacy of leveraging hydrophobic interactions, hydrogen bonding, 

or covalent bonding to fabricate multilayer coatings. These strategies are discussed below.

4.2.1 Layer-by-Layer Assembly by Electrostatic Interaction—The islet surface is 

negatively charged [385], making it an available site for polycation deposition. The 

incorporation of additional polymer layers can be accomplished by polyelectrolyte 

complexation of oppositely charged polymers upon this basal layer. This is possible because 

the surface charge is effectively reversed with the deposition of each polyelectrolyte layer 

[377]. For the most part, this complexation reaction is self-limited (i.e. the bilayers are 

naturally restricted to nanoscale sizes) and can be achieved by simple incubation with 

alternating polymers [386].

Numerous studies have investigated the production of stable, nano-thin cell and cell-cluster 

coatings via electrostatic LBL assembly showing success in a laboratory setting with a wide 

variety of materials. Studies by the Pickup group show that polysaccharides such as chitosan 

and alginate can be complexed in nano-bilayers on the islet surface [382, 383]. In another 

investigation, this group also produced natural/synthetic bilayers featuring PLL/alginate, 

PLL/PC-heparin, and PLL-condroitin-4-sulfate with success [109]. The authors cited a 

modest increase in packed tissue volume of coated islets in comparison to free islets as 

evidence that the nanocoatings improved the mechanical strength of the clusters as well 

[383]. Miura et al. combined the previously described lipid-PEG membrane integration 

approach with LBL assembly using PLL as the alternating polymer; the PEG chain was 

terminated with amino groups to provide a positive charge for polyion complexation [352]. 

Recently, Syed et al. tested and characterized a 9-bilayer chitosan/poly(styrene-sulfonic acid, 

sodium salt) (PSS) human islet coating in a xenogeneic mouse transplantation model [387]. 

This coating method conferred robust protection against proinflammatory agents in vitro, 

and significantly reduced BG levels were reported for one month following the 

xenotransplant in the kidney capsule site [387]. To the authors’ knowledge, studies with 

multilayer nanoencapsulated islets have not been pursued in larger animal models.

A serious consideration for electrostatic LBL assembly design is the cytotoxicity of the 

polymer. It has been widely observed that polycations impair cell viability [388–391], 

although this may be mitigated by certain pairings with other polymers. Illustrating this 

point, it is widely known that PLL/alginate encapsulation has poor biocompatibility due to 

PLL incorporation [17, 392], whereas PLL/heparin and PLL/PEG pairings have been 

implemented for cell nanoencapsulation with a minimal impact on cell viability [352, 384]. 

It has also been suggested that the net surface charge of the coating should closely resemble 

that of an uncoated cell; Bhaiji et al., for example, ensured that the outermost layer was 

negatively charged [109]. Nonetheless, these potential limitations inspired the investigation 

of alterative LBL approaches.
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4.2.2 Layer-by-Layer Assembly by Alternative Approaches—Concerns of 

cytotoxicity associated with polycation deposition may be addressed by utilizing 

hydrophobic interactions, hydrogen bonding, or covalent bonding. Totani et al. introduced 

alkyl chains in a PVA-based polymer, whereby the alkyl chains spontaneously integrated 

within the cell phospholipid bilayer by hydrophobic interactions, creating a thin coating on 

the surface of human embryonic kidney cells (HEK293) [361]. Cholesterol also 

spontaneously organizes itself within the cell membrane by hydrophobic interactions [393]. 

Our group exploited a functionalized cholesterol to covalently attach dextran-based drug 

eluting nanoparticles on the surface of individual cells [394]. Kozlovaskaya et al. created an 

LBL conformal coating technique by incorporating tannic acid, a natural polyphenol with 

antioxidative and immunomodulatory properties [395], and poly(N-vinylpyrrolidone) 

(PVPON) via hydrogen bonding [396]. The authors reported total nanoscale coating of 

several different mammalian islets, preserved islet function under cytokine co-culture, and in 
vitro stability under simulated physiological conditions for at least one week [396]. Islets 

coated via this method restored euglycemia in an allogeneic mouse transplant model for over 

40 days, and characterization revealed that inflammatory macrophage activity was 

significantly depressed in nanoencapsulated islets in comparison to naked islet controls 

[397].

PEG can be introduced in LBL schemes to improve the biocompatibility, cytotoxicity or 

opsonization potential of the coating. Teramura et al. functionalized a lipid-PEG polymer 

with maleimide moieties to facilitate covalent crosslinking to a thiolated PVA by thiol-

disulfide exchange reactions, which they used to create a conformal bilayer on islet surfaces 

[360]. In 2017, Yang et al. deposited a cationic and anionic gelatin bilayer on the surface of 

HeLa cells and utilized thiol-maleimide click chemistry to facilitate covalent conjugation to 

an external layer of thiol-functionalized PEG [398]. Over a series of papers, the Chaikoff 

group utilized a PLL-g-PEG copolymer for generating nano-thin multilayer coatings (Fig. 

6C) [302, 399, 400]. One of these studies leveraged biotin-streptavidin binding, among the 

strongest noncovalent interactions found in nature [401], to adhere the bilayers [302]. In 

another study, biotinylated mPEG was covalently linked to the surface of an islet via amine 

reactions [103]. A PLGA nanoparticle surface coating was added via biotin-avidin 

interactions as a biodegradable drug delivery platform [103]. In summary, researchers have 

utilized a wide variety of materials and binding chemistries to assemble nano-thin multilayer 

coatings by the LBL approach.

4.3 Nanocoating Functionalization

The mechanical rigidity, charge distribution, topography, and hydrophobicity of 

nanocoatings are parameters that influence islet function and host response following 

transplantation [402]. As previous text has foreshadowed, thin polymer coatings are also 

highly versatile templates for chemical and biological functionalization and drug delivery. 

The scale of such coatings ensures that certain agents may be localized within nanometers of 

the islet, which can be especially useful when proximity is critical to impart functions such 

as ECM mimicry or insulinotropic properties. For example, the peptide sequence RGD, 

discussed in more detail in Section 2.2.2, mediates cell-matrix interactions in the native 

ECM [403], promotes isolated islet survival via integrin interactions in vitro [404], and has 
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been incorporated in LBL assembly schemes to confer cell adhesion [405]. GLP-1 

incorporation within the basal layer of a PEG-based LBL islet coating scheme increased 

insulin secretion in comparison to naked islets [406]. Similar results were obtained for 

insulin-secreting cells encapsulated in a GLP-1-mimetic peptide amphiphile nanogel [407]. 

Localized presentation at the islet surface, which can be accomplished by nano-thin 

coatings, may improve its efficacy as GLP-1 interacts with the GLP-1 receptor on the islet 

cell surface to impart function [191].

Alternatively, components may be presented at the outer surface of the coating to manipulate 

the host response. Islets injected into the liver, for example, interface directly with the 

bloodstream, potentially precipitating thrombotic reactions and the IBMIR. Functionalized 

nanostructures have been developed to mitigate this response. In the studies discussed in 

Section 4.2.1, the Pickup group incorporated a PC-modified chondroitin-4-sulfate surface 

layer to provide an anticoagulatory effect [382, 383]. The zwitterionic PC moiety is also 

theorized to reduce protein adsorption and cellular recognition [408]. Several investigators 

have achieved success with the surface presentation of thrombomodulin, an upstream 

enzyme implicated in anticoagulation pathways [409, 410], grafted to nanocoatings to 

abrogate this reaction at the islet-host interface [351, 356, 411]. Urokinase is another 

enzyme which activates fibrinolytic pathways [412]. Engraftment to the surface of lipid-PEG 

islet coatings degraded a fibrin gel in an in vitro assay and improved outcomes in a STZ-

induced diabetic syngeneic mouse model following intraportal transplantation [358]. In 

addition to its role as an ECM glycosaminoglycan, heparin is well known for its role in 

anticoagulation [413]. Conjugation of heparin to nano-thin islet coatings enhanced 

vascularization [348] and mitigated thrombotic reactions [109, 348, 357, 364]. Soluble 

complement receptor 1 (sCR1) mitigates complement pathway activation during the IBMIR 

[414]. Integration of sCR1 within islet nanocoatings has been realized [415] and has been 

suggested to address the dual mechanisms of the IMBIR when co-presented with heparin 

[364]. Importantly, in the absence of sustained release mechanisms, the bioactivity of 

conjugated factors may be limited to a few days [358]. Further research is required to 

understand if this short therapeutic window is sufficient to overcome obstacles in long-term 

islet transplantation.

Cell surface engineering approaches have been applied to graft accessory cells to the islet 

surface. Cellular co-delivery may have advantages over ligand and factor incorporation as 

they perform more diverse functions at the graft site and have extended and potent 

bioactivity. Chondrocyte monolayer coatings were originally explored as cellular islet 

capsules due to their immune-modulating functions [416, 417]; however, these coatings were 

achieved solely by strategic coculture and thus the chondrocytes were not chemically 

adhered to the islet surface, nor was the system viable over a physiologically meaningful 

time. In 2009, HEK293 cells were conjugated to the islet surface via biotin-streptavidin 

interactions [418]. In a follow-up study, complementary single-strand DNA-functionalized 

lipid-PEG conjugates were incorporated into surface islet cell membranes and HEK293 cell 

membranes; HEK293 cells were immobilized to the islet surface by the binding of 

complementary DNA strands [419]. Importantly, the HEK293 cells proliferated while 

maintaining their attachment to the islet surface, creating a more complete coating [419]. 

Sertoli cells, which play a role in establishing immune tolerance in the testis [420], were 
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immobilized to islet surfaces via a similar nucleotide-based strategy by this same group 

[421]. Sertoli cell surface localization was maintained when following transplantation in 

mice via intraportal infusion, suggesting robust conjugation of the cell line to the islet 

surface [421].

Following this early work, carefully chosen cell lines were selected to impart immune 

tolerance and mediate the IBMIR. Tregs have been delivered in islet transplantations as a 

means of establishing immune tolerance to the graft [44, 422]. Islet coating with islet-

antigen specific Tregs has been realized to impart local tolerance [423, 424], though, to the 

authors’ knowledge, in vivo studies with this technology have not yet been pursued. Various 

endothelial cell types have been used to coat islets as well via simple coculture [425, 426], 

because of their noted resistance to reactive oxygen species [427], anticoagulatory properties 

[428], and role in vascular recruitment [429]. One study showed that endothelial colony-

forming cell-coated islets greatly minimized the effect of the IBMIR and suggested this cell 

source to be more appropriate than mature endothelial cells [425]. Similarly, islet coating 

with neural crest stem cells (again via coculture) was shown to improve graft innervation 

and vascularization in a diabetic mouse model [430].

The practice of functionalizing the islet surface with accessory cells has the potential to be 

even more powerful in future islet transplantation. It has been suggested that one could 

decorate islets with the patients’ own cells, comprising an immune interface of “self” 

biological matter [431]. The potential for these methods to significantly improve islet 

transplantation graft outcomes, as evidenced by these select studies, warrants their further 

exploration.

4.4 Prospects of Nanoencapsulation

The broad survey of islet nanoencapsulation methods presented herein illustrates that this 

technology holds tremendous promise as a platform for islet replacement therapy. Ongoing 

research will certainly refine this practice and many of the method-specific problems above 

will be resolved. It is, nevertheless, worth discussing some potential broadly-relevant 

limitations of nanoencapsulation.

Despite the theoretical diffusional advantage of thinner hydrogel structures, several seminal 

studies spanning multiple decades have reported improved outcomes in larger capsule 

transplants [71, 72, 79, 303, 432]. Within the intraperitoneal space, larger (800 μm) hydrogel 

capsules remain free-floating in the peritoneal fluid while smaller (500 μm) capsules 

aggregate and adhere to peritoneal organs [303]. It has also been shown that decreasing 

spherical capsule size from 1.5 mm to 300 μm induces a progressively stronger fibrotic 

response [79]. Projecting this trend to the diameter of a nanoencapsulated islet (roughly 150 

μm), a high degree of aggregation and a substantial fibrotic response can be predicted. 

Moreover, it has also been posited that such thin membranes may not provide adequate 

immune isolation [432]. Lastly, nanoencapsulation may be incompatible with stem cell-

derived β-cells as it may be very difficult to prevent the migration of undifferentiated cells 

out of such coatings. These outstanding uncertainties can be addressed by future research.
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5. Concluding Remarks

Many biological processes happen at the nanoscale where molecules interact and carry out 

their physiological functions. Nanotechnology allows scientists and engineers to manipulate 

processes at this scale. Such control in cell encapsulation and delivery systems has enabled 

fundamental advances in moderating the immune response, achieving adequate mass 

transfer, and designing devices across a broad range of length scales.

Nanotechnology enhances precision in material design, drug delivery, tethered factor 

presentation, deterrence of adverse protein adsorption, delivery or generation of oxygen, and 

specification of molecular weight cut-offs, all of which are pivotal considerations for cell 

replacement therapies. Likewise, delay of a fibrotic reaction is critical to the function of 

metabolic cell encapsulation devices and may be achieved through nanoscale chemical and 

biological material modification. Factors that can be delivered range from small synthetic 

molecules to large antibodies, the choice of which dictates the appropriate delivery method 

and nanomaterial characteristics.

Ensuring cell survival, resistance to hypoxia and graft function is equally important and may 

be enabled by materials engineering on the nanoscale. Appropriately tailored emulsions 

improve islet oxygenation during culture and encapsulation. Certain approaches have been 

developed to produce oxygen locally as well. Additionally, factors may be incorporated 

within the encapsulating polymer matrix that aid in oxygen transport, reduce islet apoptosis, 

stimulate β-cell proliferation, provide ECM mimicking signals, and specifically adsorb or 

neutralize known detrimental factors. Such technologies may also leverage nanoscale 

manipulation to induce a mature, specialized and functional blood vessel network within or 

near the graft.

Many technologies surveyed herein may also be applicable to the broader practice of tissue 

engineering, regenerative medicine, and synthetic implants as similar problems plague these 

fields. Efforts to minimize the FBR or vascularize cell-laden grafts are challenges in many 

transplantation applications [433, 434]. The fibrotic response also degenerates the function 

of closed-loop artificial pancreas systems as the build-up of collagenous deposits impedes 

glucose-sensing and insulin delivery [435]. Improved oxygen delivery strategies may be 

applicable in wound healing [436]. Nanotechnology also fundamentally enables other 

modalities of diabetes treatment not covered in this text, such as long circulating insulin 

[437], wound healing [438], controlled insulin delivery, and glucose sensing [315, 439, 440].

As the field of cellular replacement therapy progresses, nanotechnology will continue to 

play an invaluable role in the improvement of these technologies. Macroencapsulation 

devices provide ease of monitoring and assurance of retrieval at the end of the graft life 

cycle. The nanoscale features of encapsulation membranes have been recognized from the 

earliest observations of molecular exclusion. Recent approaches to achieve fine nanoscale 

control have been developed to further tune this selective permeability and bestow devices 

with a variety of other desirable properties. Finally, nanoencapsulation is a promising 

example of nanotechnology which addresses critical areas of concern with traditional 

approaches, such as transplant volume and diffusional limitations. The bio-functionalization 
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of thin polymer films holds potential to enable their clinical translation. Promising data on 

cellular replacement therapies in the lab and limited success in the clinic spur the search for 

continuous design improvements in which the nanoscale must be considered.
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Abbreviation Definition

3D 3-dimensional

BG blood glucose

CsA cyclosporine-A

ECM extracellular matrix

FasL Fas ligand

FBR foreign body reaction

FGF fibroblast growth factor

GLP-1 glucagon-like peptide-1

GSIS glucose-stimulated insulin secretion

HEK human embryonic kidney

IBMIR immediate blood-mediated immune reaction

IFN interferon

IGF insulin-like growth factor

IL interleukin

ivGTT intravenous glucose tolerance test

JAG-1 Jagged-1

LBL layer-by-layer

LIF leukemia inhibitory factor

lipid-PEG lipid-conjugated PEG

M1 inflammatory macrophage phenotype

M2 anti-inflammatory macrophage phenotype

mAb monoclonal antibody
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MCP monocyte chemotactic protein

MHC major histocompatibility complex

mPEG monomethoxy poly(ethylene glycol)

MR-1 anti-CD154 monoclonal antibody

NEED Nanofiber-Enabled Encapsulation Device

NET neutrophil extracellular traps

NHS N-hydroxysuccinimide

NOD non-obese diabetic

PC phosphorylcholine

PCBMA poly(carboxybetaine methacrylate)

PCL polycaprolactone

PDGF platelet-derived growth factor

PDMS polydimethylsiloxane

PEG poly(ethylene glycol)

PFC perfluorocarbon

PHEMA poly(2-hydroxyethyl methacrylate)

PLA poly(lactic acid)

PLG poly(lactide-co-glycolide)

PLGA poly(lactic-co-glycolic acid)

PLL poly-L-lysine

PMMA poly(methyl methacrylate)

PSS poly(styrene-sulfonic acid, sodium salt)

PTFE polytetrafluoroethylene

PVA poly(vinyl alcohol)

PVPON poly(N-vinylpyrrolidone)

sCR1 soluble complement receptor 1

starPEG star-shaped PEG

STZ streptozotocin

T1D type 1 diabetes
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TGF transforming growth factor

TNF tumor necrosis factor

TRAFFIC Thread-Reinforced Alginate Fiber for Islets Encapsulation

Tregs regulatory T-cells

VEGF vascular endothelial growth factor

XIAP X-linked inhibitor of apoptosis

Z1-Y15 triazole-modified alginate derivative
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Fig. 1: Nanomaterial strategies to mitigate the immune response.
Chemical modification of host-interfacing polymers and encapsulants can provide specific 

functions including (starting top right, proceeding clockwise): tuning macrophage 

polarization by presentation of chemical structures including zwitterions, hydrophilic 

polymers, and polymer brushes; controlling factor (e.g. dexamethasone, curcumin, 

cyclosporine-A) release from nanoparticles; providing cytokine or factor (red) capture by 

peptide-recognition in functionalized hydrogels; enabling co-delivery of immunomodulatory 

molecules (e.g. biotin-streptavidin-FasL), not always requiring the use of an encapsulating 

hydrogel.
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Fig. 2: Nanotechnology for improved oxygenation.
Increases in dissolved oxygen tension can support cell survival as well as glucose responsive 

function. Local solubility facilitated by hemoglobin-conjugated (red) hydrogels or 

perfluorocarbon (PFC, yellow) emulsions (left); and positioning of islets near an oxygen-

generating source that may be comprised of metal peroxide particulates (right). Depicted 

oxygen represents idealized dissolved oxygen flow.
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Fig. 3: Islet health improved by nanoscale materials engineering.
Providing environmental support that mimics the native pancreatic environment can increase 

islet survival and function. Peptide-functionalized hydrogels (e.g. RGD, blue spheres) for 

ECM mimicry (left, cell surface receptors shown in red); and factor (e.g. VEGF, red cones) 

release by degradation of labile bonds stimulates vessel recruitment (right).
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Fig. 4: Nanotechnology in Macroscopic Encapsulation and Cell Delivery Devices.
(A) Cell permissive (“open” or non-immunoisolating) macroencapsulation devices (such as 

PEC Direct) allow blood vessel penetration through pores from the host, supporting islet 

survival and regulation of glucose. Insulin (red) and glucose (blue) shown. (B) 

Immunoisolating macroencapsulation device with pores on the nanoscale. Host immune 

cells are prevented from accessing the graft, while glucose and insulin must diffuse through 

the permselective membrane. (C) Digital image of a folded immune-protective planar device 

described by Chang et al. [249] (left); top-view scanning electron microscopy image of 

nanoporous immunoisolating PCL membrane (right; scale bar: 200 nm; adapted with 

permission from [249]). (D) Microscope image of stained cross section of cylindrical hollow 

fiber device described by Lacy et al. [257] (left; magnification: ~41×); scanning electron 

microscopy image of acrylic copolymer membrane (right; magnification: ~400×; adapted 

with permission from [257]). (E) Thread reinforced alginate tubes use a nanoporous coating 

(shown in transparent gray over yellow thread) to crosslink alginate from the inside, while 

(F) a cylindrical nanofiber mat provides mechanical support and can function as a cell 

penetration resistant membrane.
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Fig. 5: Pore Configurations in Cell-Seeded Substrates.
(A) Schematic (left) of NanoGland device and scanning electron microscopy image (right) 

of islet seeded at the bottom of a sample well, rectangular nanopores in silicon substrate, 

fabricated by a sacrificial layer technique, shown in dark gray (adapted with permission 

from [267]; scale bar: 40 μm). (B) Scanning electron microscopy images of gold cell 

encapsulation device (left; scale bar: 200 μm), and close-up of pore structure (right; scale 

bar: 10 μm); pore size varied by modulating gold deposition time atop a substrate (adapted 

with permission from [273]). (C) Light-microscopy (left) and scanning electron microscopy 

(right) images of islets within poly(ethylene oxide terephthalate)/poly(butylene 

terephthalate) copolymer porous wells. Pores were forged by laser drilling (adapted with 

permission from [283]; scale bars: 200 μm). (D) Scanning electron microscopy images of 

nanoporous region of silicon nanopore membrane (left; scale bar: 20 μm), and close-up of 

rectangular pore structure (right; scale bar: 300 nm), fabricated by micro-electromechanical 

systems technology (adapted with permission from [296]).
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Fig. 6: Nanoencapsulation.
(A) Nano-thin coatings may be generated by (top right, proceeding clockwise): PEGylation; 

layer-by-layer (LBL) assembly of alternating polymer layers (e.g. polycations, pink, and 

polyanions, blue) deposited directly on the islet surface. Nano-coatings can be 

functionalized with (continuing clockwise): bioactive accessories such as insulinotropic 

agents including glucagon-like peptide (GLP)-1 (green; insulin shown as blue circle); blood 

vessel recruiting factors (e.g. heparin, orange circles); immunomodulatory and thrombolytic 

agents (red; e.g. soluble complement receptor (sCR)-1, thrombomodulin, urokinase, 

phosphorylcholine, heparin); or a cellular layer (e.g. endothelial cells, immunomodulatory 

cells). (B) Examples of conformal coating: phase contrast images of mouse islets 

conformally coated with a PEG-alginate composite gel (left) and rat islets conformally 

coated with a PEG-Matrigel composite gel by the method described in Manzoli et al. [339] 

(right; scale bars: 100 μm; adapted with permission from [339]). (C) Example of LBL 

nanocoating: brightfield image overlaid with confocal micrograph of 8-bilayer (PLL-g-PEG/

fluorescein-labeled alginate, green) coating, fabrication described in Wilson et al. [400] (left; 

scale bar: 50 μm); confocal micrograph showing coating localized on peripheral islet 

extracellular surface (right; scale bar: 10 μm; adapted with permission from [400]).
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