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General introduction

Shuxian Hu, Paul de Vos

1

This chapter is an adaptation of the review:
Polymeric Approaches to Reduce Tissue Responses Against 

Devices Applied for Islet-Cell Encapsulation. 
Front. Bioeng. Biotechnol. 2019. 7:134

Department of Pathology and Medical Biology, University of Groningen, 
University Medical Center Groningen, Groningen, The Netherlands
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IntroductIon

Type one diabetes mellitus (T1D) impacts 1.25 million individuals in the US alone and is 

associated with an annual health care cost of $9.8 billion [1]. These costs can be reduced 

by tight regulation of the blood glucose levels such as can be done with allogeneic 

transplantation of pancreatic islets. Up to now these islets are obtained from cadaveric 

donors that regulate glucose levels from a minute-to-minute level [2]. This replaces 

insulin injections and prevents regular hypoglycemic events and thereby contributes 

to improved quality of life. The mandatory use of immunosuppression to prevent graft 

rejection is unfortunately an obstacle for large scale application. Application may be 

facilitated with effective encapsulation technologies for immunoprotection of islets 

that prevent graft rejection and autoimmune destruction of islets [3]. To generate 

immunoisolative membranes, several materials have been explored but an ongoing 

challenge remains prevention of too strong tissue responses that might lead to graft 

failure [4]. The tissue responses might manifest in vivo as immune cell adhesion and 

fibrotic overgrowth on the surface of micro- or macrocapsules but also strong responses 

in the immediate vicinity of the capsules might lead to cytokine production and death 

of islet-cells [5, 6]. Here we review current and past approaches in which polymer 

engineering has been applied to improve biocompatibility of natural and synthetic 

polymers applied for islet micro- or macroencapsulation.

N e e d f o r  i s l e t  t ra n s p l a nt a t i o n i n  T1D

In T1D insulin-producing pancreatic β cells are destroyed by a specific autoimmune 

reaction resulting from a complex of environmental and genetic factors [7]. This 

autoimmune destruction is irreversible, which implies lifelong insulin administration 

by injections to regulate homeostasis of blood glucose [8]. Although this therapy 

is life-saving, it has a major impact on the quality of life of patients. Patients need to 

be taught to self-monitoring blood sugars and to adjust insulin dosing according to 

daily needs. Despite this intensive way of regulating glucose levels, it cannot regulate 

blood glucose on a minute-by-minute basis. As a consequence, of this lack of precise 

regulation diabetic complications may develop such as retinopathy, neuropathy, and 

cardiovascular disease [2]. Also, intensive insulin therapy holds the threat of regular 

hypoglycemic episodes which might eventually lead to hypoglycemic unawareness [9].
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I s l e t s  e n c a p s u l a t i o n t e c h n o l o g y

An advantage of islet-transplantation over whole pancreas transplantation is that islets 

are clumps of cells that can be packed in immunoisolating membranes. Immunoisolation 

is a technology that potentially allows for transplantation of islets in the absence of 

life long immunosuppression. Within this technology, islets are encapsulated inside 

semi-permeable membranes that can isolate islet grafts from immune cells and 

antibodies of recipients while allowing ingress of nutrients, oxygen and glucose and 

egress of insulin [18]. In the past three decades, three major categories of encapsulation 

approaches were studied for islet immunoisolation. These include intravascular 

macrocapsules, extravascular macrocapsules and extravascular microcapsules [19, 20]. 

Intravascular devices are connected to the bloodstream which implies fast correction 

of changes in blood-glucose levels due to faster exchange of glucose and insulin [21]. 

However, its clinical application was and is limited by high risks for thrombosis and 

infections, and the demand for major surgery for implantation. Although some groups 

still publish novel approaches for intravascular devices that are associated with less 

risks [21, 22], the majority of research papers in the past decade focus on extravascular 

devices. Extravascular devices are therefore the major focus of this review. 

Extravascular devices can be distinguished into macro- and microcapsules. 

Macrodevices contain groups of islets inside the membrane (Figure 1A). The technique is 

rather simple in concept. Groups of islets are encapsulated in the devices and implanted 

either subcutaneously or intraperitoneally without direct connection to the blood stream. 

Within days blood vessels grow towards the surface for mandatory nutrient supply, 

but also to exchange glucose and insulin. A major issue in the field of macrocapsules, 

however, is the unfavorable surface to volume ratio [23]. As a consequence, diffusion 

of essential nutrients such as oxygen is slow and islets inside the capsules compete for 

these nutrients. Because of this there is a limitation in seeding density that almost never 

exceeds 5–10% of the volume of the devices [24].
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Figure 1. Immunoisolating devices. (A) In macrocapsules, groups of islets are encapsulated 
in a selectively permeable membrane. Because of the unfavorable volume to surface ratio 
in macroencapsules insufficient supply of nutrients such as oxygen is a major issue. (B) 
Schematic illustration of Beta-O2 device. Beta-O2 is equipped with a refillable oxygen 
chamber that allows the diffusion of oxygen to the islet-containing chamber. (C) Schematic 
illustration of microcapsules with a better surface to volume ratio than macrocapsules which 
facilitates ingress of oxygen and glucose and egress of insulin.

A promising solution for this diffusion issue is the so-called Beta-O2 device 

(Figure 1B). Beta-O2 is a bioartificial pancreatic device, which is implanted under the skin 

or into the pre-peritoneal cavity with minimal surgery. The Beta-O2 device consists of 

two modules. A chamber is connected with an oxygen port that allows infusion of gas 

into a chamber by an injector that is operated manually. The other module is the islet 

graft containing capsule which is surrounded by a perm-selective membrane consisting 

of three layers, i.e. a polytetrafluoroethylene, a high mannuronic acid alginate gel, and 
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a silicon rubber [3].  The multilayer membrane allows free diffusion of oxygen, glucose, 

and insulin and forms an effective immunoisolating membrane [25]. Due to the presence 

of an oxygen supply module more islets can be encapsulated into a predefined volume 

without hypoxia. In the original concept of the Beta-O2 device, 2400 IEQ/device were 

loaded at a surface density of 1000 IEQ/cm2 with a refueling every 2 h with atmospheric 

air [26]. With this device, diabetic rat recipients maintained normoglycemia through up 

to 240 days which was the end point of the experiment. Also, efficacy of this approach 

was demonstrated in a large animal model, i.e. mini-pigs.  The device with 2 separated 

islet modules attached to a gas chamber containing 6,730±475 rat IEQ/kg body weight 

(BW) was introduced in diabetic mini-pigs. The rat islets induced normoglycemia up to 

75 days without immunosuppression demonstrating efficacy and safety as well as the 

ability to use xenogeneic approaches with the device in larger mammals [27]. Efficacy 

of xenogeneic porcine islets was recently also shown in a nonhuman primate model 

with T1D with 20,000 islets/kg BW [28]. The device induced a persistent stable glycemic 

control even during a stepwise reduction in daily exogenous insulin dose up to 190 days 

after which the devices were explanted [28]. Upon retrieval, a strongly vascularized 

fibrous capsule was observed around the device that according to the authors facilitates 

the exchange of substances in and out of the device [28].

 Microcapsules in contrast to macrocapsules do suffer less from diffusion issues 

as they have a very optimal volume to surface ratio (Figure 1C). Other advantages are 

that when a minority of microcapsules are suffering from cell adhesion due to local 

imperfections [29, 30] the grafts will not immediately fail while such a response is more 

deleterious for macrodevices. Additionally, microcapsules are mechanically stable and 

encapsulation can be done with nontoxic molecules and reagents [31]. The majority of 

encapsulation approaches use alginate as core material followed by poly-amine thin 

coating to provide immunoprotection or to enhance mechanical stability [32]. To enhance 

biocompatibility many different alginates with a large variation of chemical modifications 

have been tested. In one of the studies, 744 alginate analogs were tested, which revealed 

two hundred analogs associated with lower immune cell activation compared to the 

others [33]. The evaluation of alginate analogs in both rodents and non-human primates 

identified three analogs that showed little presence of macrophages and fibroblasts 

on the capsule surface demonstrating that alginates are biocompatible in the correct 

chemical structure [33, 34]. A challenge in this area is however to identify and document 
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the relationships between the surface properties and biocompatibility because even the 

microcapsules tested in the studies had different surface properties [33] and provoked 

different degrees of tissue responses.

Although the large surface to volume ratio of microcapsules facilitates oxygen and 

nutrient diffusion, the optimal size of capsules to prevent tissue responses has recently 

become subject of debate [5, 35]. It was reported that microcapsules with a diameter 

of 500 μm induced significantly more macrophage and fibroblast adhesion on the 

surface than capsules of 1800 μm [35]. Remarkably, we and others using microcapsules 

in the 0.5 mm range [36-39] never observed these responses. A possible explanation 

form this [5] might be a variation in the level of alginate purity used by the different 

groups [4, 36, 40]. Veiseh et al did not apply alginates that were purified and were free 

of endotoxins [35]. These endotoxins will diffuse after capsule formation to the surface. 

As smaller capsules have a higher surface to volume ratio than larger capsules, more 

immune stimulatory endotoxins will be present on the surface of the smaller capsules, 

leading to stronger tissue responses [4, 5, 36, 40]. It is well known that alginate which is 

not sufficiently purified may provoke stronger tissue responses than purified alginates 

[41, 42]. We but also others [43-46] do not see severe responses against small capsules 

and also recognize that larger diameters for capsules also implies lower oxygen supply 

to the islets [44-48] which unfortunately is not discussed in the Veisah study [35]. For this 

reason, we prefer and keep on working on smaller capsules [49-52] which will be further 

discusses in the next sections.

As mentioned above a major advantage of encapsulation is the possibility to 

use cells from non-human sources or a replenishable cell source from animal or human 

origin. World-wide there is a huge gap between supply and demand for cadaveric 

pancreata [53, 54]. This might be solved by using stem cell-derived insulin-producing 

cells or by using islets obtained from animals [55]. Encapsulation and protection from 

the recipients’ immune system may facilitate clinical use of these cell sources. Due to 

significant progress in the field of stem-cell research and creation of a replenishable 

insulin-producing cell source, fundamental research towards better capsule 

formulations has revisited. Several groups report that encapsulated porcine islets, which 

is considered to be a replenishable insulin-producing cell source, successfully survived 

in non-human primates for over 6 months with both microencapsulation [56] and 

macroencapsulation [56] approaches. Another study with microencapsulated porcine 
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islets reported up to 70 days survival in non-human primates which might be improved 

by enhancing oxygen supply [57]. Successes also have been shown in human patients 

transplanted with microencapsulated porcine islets [58]. A clinical study has reported 

improved HbA1c levels and reduced hypoglycemic episodes for more than 600 days 

[59]. Living Cell Technologies has performed a larger clinical study using Diabecell®, 

which is a commercial microencapsulated porcine islet graft which in humans resulted 

in a reduction in exogenous insulin use [60, 61]. Also, with stem-cells the usefulness of 

encapsulation technologies has been demonstrated.  Pagliuca et al [62] transplanted 

alginate microencapsulated glucose-responsive stem-cell-derived β cells without any 

immunosuppression into T1D mice models which induced normoglycemia until their 

removal at 174 days after implantation [63]. More recently, the maturation of human 

stem-cell-derived β cells was stimulated by forming islet-sized enriched β-clusters that 

responded to glucose stimulation as early as 3 days after transplant [64]. This, however, 

is not the only development in replenishable cell sources in which cell-encapsulation is 

instrumental. Genome-editing techniques have been creating a novel field that might 

lead to new insulin-producing cell sources [65].

Despite its revisiting and promising application, cell encapsulation in 

extravascular systems still suffer from a common issue which is host responses against 

the capsules. These responses might ultimately lead to adhesion of inflammatory cells, 

fibroblast, collagen deposits that interfere with nutrition of the cells in the devices [6]. 

Some groups report more and stronger host responses than others [23] with seemingly 

similar approaches. In this review we discuss progress made in the field and novel 

approaches to reduce or delete these responses on extravascular devices. This involves 

choice of type of polymer, the absence of proinflammatory residues or contaminants in 

the devices or polymers, insights in chemical conformation of surfaces to reduce host 

responses but also novel approaches for biofouling or immunomodulating biomaterials 

and application of polymers that form polymer brushes. In addition, we discuss possible 

beneficial effects of local release of immunomodulation molecules or inclusion and/or 

co-encapsulation of immunomodulatory cells.

AttenuAte host responses by rAtIonAl choIces for polymers

The original promise of the islet encapsulation technology is to hide islets from the 
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host immune system and to make them untouchable [66]. This is still the basis of many 

membranes that have been developed over the past decade [4, 36, 50, 67]. Another 

pertinent aim is to use and design encapsulation materials that are biocompatibility 

and are having a permeability that guarantees protection against larger immune 

mediators such as immunoglobulins and complement factors but at the same time 

allowing exchange of essential nutrients in and out of capsules [68]. The polymers that 

have been tested are derived from both natural sources or synthetic. There are different 

classes of natural polymers i.e., polysaccharides, polypeptide, and polynucleotides, of 

which polysaccharides are the most commonly used in cell encapsulation. They offer 

several advantages over the other two natural sources. They can provide cells with 

a membrane in a relatively mild fashion and generally without application of toxic 

solvents [69]. Furthermore, the majority of polysaccharides form hydrogels that are as 

flexible as natural tissue, mechanically stable [70], and reportedly associated with minor 

host responses [71]. Synthetic polymers are also widely investigated. Theoretically 

synthetic polymers can be reproducibly produced without batch-to-batch variation. 

Another relevant advantage is that synthetic polymers can be tailor-made to improve 

biocompatibility or to induce other desired properties [72-74].

Al g i n a t e

The most commonly applied and detailed studied polymer in encapsulation is alginate 

and applied in both macro- and microencapsulation approaches [75, 76]. Alginate can be 

extracted from several organisms including Azotobacter vinelandii, several Pseudomonas 

species, and a variety of algae [77]. Alginate is a natural anionic linear polysaccharide 

consisting of 1,4’-linked β-D-mannuronic acid (M) and α-L-guluronic acid (G) in different 

sequences or blocks, namely G-G blocks, G-M blocks, and M-M blocks [69]. The ratio and 

molecular weight of the blocks depends on the applied natural raw material for alginate 

extraction and is used to form capsules with different physical and chemical properties 

[69, 78]. Alginate capsules are usually formed by collecting cell-containing alginate 

droplets in a solution with a high concentration of cations. The cations in the solution 

bind to uronic acid blocks in alginate according a so-called egg-box model (Figure 2) 

[79]. The pliability and rigidity of alginate capsules depends on both the type of alginate 

and type of cation applied. Ca2+, Sr2+, and Ba2+ are having a  high affinity and are in the 

concentration and duration of exposure not toxic for cells [80]. Gels generated from 
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alginates with a high guluronic acid (High-G) content also form stronger gels [31, 81, 82]. 

It was reported that the proinflammatory properties of alginate also depends on alginate 

types [68]. Intermediate-G alginate provoked a lower immune response than low- and 

high-G alginate [36]. This however can be changed by varying the cation types. E.g. 

using barium instead of calcium in high-M alginates results in stable and biocompatible 

capsules. Barium in contrast to calcium can bind to both G-G and M-M and produces 

capsules with completely different properties. Duvivier-Kali et al demonstrated with this 

approach survival of islet grafts in diabetic BALB/c and NOD mice for more than 350 days 

[83].

Figure 2. Manufacturing islet-containing alginate-based microcapsules. Islets are suspended 
in an alginate solution solved in a balanced physiological salt solution in the absence of 
calcium. Alginate containing islet droplets are formed by an air- or electrostatic driven 
droplet generator. Droplets are collected in a CaCl2 solution to form microcapsules. The basis 
of the gel formation is calcium crosslinking constitutive alginate molecules according to the 
egg-box model.

O t h e r  n a t u ra l  p o l y m e r s

In addition to alginate, there are many other natural polymers used in encapsulation, 

which have received less attention than alginate but have shown some success. These 

include agarose, chitosan, cellulose, and collagen [69].

Agarose is produced from agar and associated with minimal immune responses 

[84, 85]. Some successes have been shown in diabetic dogs with allogeneic islets in 

agarose microcapsules inducing normoglycemia for up to 49 days without significant 

accumulation of inflammatory cells and fibroblasts around the capsules [86]. In diabetic 
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Balb/c mice agarose microencapsulated mouse islets induced normoglycemia for 

up to 56 days without inflammatory cell infiltration [87]. Also, agarose macrocapsules 

have been tested in diabetic mice [88] and pancreatectomized dogs [89]. The main 

challenge with agarose is to create a gel with sufficient immunoprotection as it does 

not block diffusion of cytotoxic immunoglobulin G (IgG) [90, 91]. In principle, the 

immunoprotective properties of agarose gels are determined by the concentration 

of agar solution to form perm-selective membranes. Usually 5% agarose is used to 

generate immunoprotective capsules [92]. However, to enhance immunoprotection 

in in vivo studies, the agarose concentration was raised to 7.5% - 10% [88]. Another 

approach to enhance immunoprotection has been coating of agarose microcapsules 

with poly-acrylamide, which successfully prevented the entry of antibodies but 

provoked major host responses [93]. To overcome the host responses more complex 

three layer agarose-based immunoisolation systems were introduced [94]. To improve 

immunoprotection and mechanical stability, 5% polystyrene sulfonic acid (PSSa) 

was added together with 5% agarose to form the core of microcapsules. A polybrene 

layer coating was applied to prevent the leakage of PSSa that may stimulate host 

responses. Another layer of carboxylmethyl cellulose as the outermost shell offered 

biocompatibility of microcapsules [94]. In addition to fine tuning permeability to enhance 

immunoprotection, researchers also investigated the possibility to combine local 

immunosuppression by co-encapsulating SEK-1005. SEK-1005 is an anti-inflammatory 

agent [95]. The rod was explanted ten days after implantation leaving a subcutaneous 

transplant site that was surrounded by highly vascularized granulomatous tissue [96]. 

Islet transplanted in the site survived more than 100 days without immunosuppression 

owning to regulatory T cells in the granulomatous tissue that regulated immune 

reactions against islet grafts [85].

Also chitosan has been proposed as alternative for alginate. Several groups 

have shown success with chitosan as a coating layer for alginate-based microcapsule to 

reduce pericapsular fibrosis [97]. Chitosan-alginate complexes have been suggested to 

improve long-term mechanical stability [98]. However, the application of chitosan in islet 

encapsulation is somewhat limited due to low solubility of chitosan under physiological 

pH [99-101]. PH values as low as 4 are needed to solve the polymer. Islets are very 

sensitive for low pH. Significant attempts have been made to modify chitosan as such 

that it is soluble under more physiological pH. Novel water-soluble chitosan derivatives 
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have been developed [102] that can be dissolved at pH 7.0. These novel formulations are 

obtained from oligochitosan and different aliphatic amines. When applied as membrane 

for alginate/calcium beads, no negative effects were observed [102]. Another study 

focusing on chitosan derivatives synthesized methacrylated glycol chitosan (MGC) in 

a saline solution at pH 9. These MGC membranes on the outside of alginate capsules 

enhanced mechanical stability and were associated with less fibroblast overgrowth 

than alginate/poly-L-ornithine/alginate capsules [103]. Another approach to generate 

chitosan hydrogel that allow capsule formation at physiological pH values is adding 

glycerol 2-phosphate disodium salt hydrate into acetic chitosan solution [101]. Rat islets 

macroencapsulated in this hydrogel reversed hyperglycemia in diabetic mice with a 

progressive increase in body weight as a consequence [101].

Cellulose is also proposed for cell encapsulation but a poorly soluble 

polysaccharide and has been chemically modified to hydroxypropyl cellulose [104], 

carboxymethyl cellulose [94], and ethylcellulose [105] for better solubility facilitating 

application in cell-encapsulation processes. Cellulose has been applied as encapsulation 

material with rat [106], porcine [107] and mouse islets [108]. A pertinent issue with 

cellulose derivates is controversies about its biocompatibility. Some groups report 

absence of host reactions to cellulose-based capsules [109, 110], whereas other authors 

report visible tissue reactions involving immune infiltrates and fibrous capsular formation 

in vivo [108]. Another issue is that in contrast to alginate-based membranes, cellulose 

molecules can arrange closely together and form rigid structures which impact the 

permeability of the membranes. It has been shown that cellulose membranes prevent 

contact between activated complement proteins and the encapsulated islets [111], but 

the low-permeability also delays insulin responses [108].

Collagen is also able to form microcapsules for cell encapsulation. An advantage 

is that collagens are associated with minimal host responses [112]. Although there are five 

major types of collagens, collagen type I is the most commonly applied polymer and also 

the most abundant type in the human body [113, 114]. However, application of collagen 

in capsule manufacturing was limited by short-term mechanical stability and unstable 

permeability due to rapid enzymatic degradation post-transplantation [115]. An enzyme 

resistant outer shell is required to maintain the integrity of the inner collagen core. A 

tetrapolymer of 2-hydroxyethyl methylacrylate - methacrylic acid - methyl methacrylate 

(HEMA– MAA–MMA) has been tested for this purpose [112, 116]. The capsules showed 
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enhanced mechanical stability, a smoother surface and absence of protruding cells 

resulting in enhanced cell survival and function [116, 117]. Other approaches involve 

application of crosslinkers to achieve long-term stability [118]. Glutaradehyde was used 

as crosslinker to increase collagen stability but experiments were limited to in vitro 

studies due to severe host immune reactions [119]. Success has been shown in reversing 

hyperglycemia in a diabetic rat model with hyaluronic acid-collagen hydrogel (HA-COL) 

encapsulated rat islets. These collagen based capsules were functional for up to 80 

weeks with minimal fibrotic overgrowth or cellular rejection [120]. This might be due to 

more durable covalent crosslinks between HA and COL.

Sy nt h e t i c  p o l y m e r s

Compared with natural polymers, synthetic materials do not suffer from batch-to-batch 

variations and can be chemically modified to achieve different physical, chemical 

and biological properties [121]. However, toxic conditions such as non-physiological 

pH or temperature, UV illumination or harsh solvents needed during manufacturing 

of immunoisolating devices might compromise cell viability and function of cells in 

synthetic polymer-based capsules [122-124]. This is the reason why in the majority of 

studies with synthetic molecules focus on macrocapsules which can be manufactured in 

absence of islets. With macrocapsules in contrast to microcapsules membranes are first 

produced and islets loaded later when all solvents are washed out. This is more difficult 

with microcapsules were islets have to be packed in the capsules and polymerization has 

to occur when islets are embedded in the polymers.

Poly (ethylene glycol) (PEG) is one of the most versatile synthetic polymer and also 

the most commonly applied synthetic molecule for encapsulation of pancreatic islets 

[125, 126] and coating microcapsules [127]. PEG is a water-soluble polymer, which allows 

application in microencapsulation in absence of too harsh solvents. Several groups have 

shown success with PEG as an immunoprotective membrane to prolong islet functional 

survival [128, 129]. In contrast to most synthetic polymers, PEG forms hydrogels with a 

high water content that offers a mild microenvironment [130, 131] for encapsulated cells 

inside and a protein-resistant surface outside [132]. Although without harsh solvents, a 

threat to islet survival still exists during the photopolymerization crosslinking process 

[133, 134], which is associated with free radical generation and, consequently, functional 

cell loss [135]. However, novel approaches have emerged. A microfluidic strategy for 
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generation of PEG-maleimide (PEG-4MAL) was developed [136]. PEG-4MAL showed 

minimal toxicity to islets and inflammation in vivo. The PEG-4MAL microcapsule was 

generated by enveloping cells in the core of the PEG-4MAL solution and subsequently 

rapid crosslinking the droplets with dithiothreitol, which was associated with short 

residence time, minimal cell stress in absence of generation of free radicals. The system 

is still versatile as the network structure of PEG-4MAL can be tuned by applying PEG 

of different molecular weights to fine-tune molecular weight cut-off [123] Recently, an 

innovative four-arm PEG-4MAL polymer carrying vascular endothelial growth factor 

(VEGF) has been introduced for coating macrocapsules in order to accelerate device 

vascularization post-transplantation [137].

Aliphatic polyesters have also been proposed for cell encapsulation [138] but its 

mechanical instability and difficult to tune permeability due to its biodegradability [139] 

has limited its application. Poly (lactic-co-glycolic acid) (PLGA) is a linear, polymerized 

aliphatic polyester that may overcome some issues as it possesses better biostability 

[140]. However, PLGA still undergoes hydrolysis under physiological conditions and 

produces lactic acid and glycolic acid [141] but these two monomers are non-toxic at 

normal physiological dose. It has been reported however that the degradation of PLGA 

lowered the surrounding pH and subsequently created an autocatalytic environment 

for proteins [142]. The low pH in the microenvironment may influence the release of 

insulin and may even evoke host responses [143]. PLGA microencapsulated porcine islets 

have been xenotransplanted into diabetic rats and reduced hyperglycemia significantly, 

but hyperglycemia could be completely reversed [144]. The PLGA encapsulated islets 

release less insulin than islets placed in diffusion chambers in vitro, which might illustrate 

a negative impact of PLGA degradation products on islet function or insulin releasing 

capacity [144]. If the degradation of PLGA can be inhibited by modifying its structure, 

or its degree of crystallinity or amount of residual monomer [145] it still is a promising 

material for cell encapsulation because of its biocompatibility.

Another synthetic polymer that has been tested for cell-encapsulation is 

polyacrylate. This has been applied for both microencapsulation and macroencapsulation 

of pancreatic islets [146, 147]. Initial formulations of polyacrylate-based capsules had 

insufficient membrane permeability for water-soluble nutrients [148]. A modification 

that enhanced its applicability in cell encapsulation was that polyacrylate can 

be copolymerized with different acrylate units to tailor capsules with optimal 
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biocompatibility and permeability [149]. To get an optimal rigidity and permeability, 

the hydrogel poly (2-hydroxyethyl methylacrylate) (HEMA) was copolymerized with the 

glassy poly (methyl methacrylate) (MMA) to manufacture the copolymer HEMA-MMA 

that can form flexible hydrogels for microcapsule generation [150]. A comparison of 

permeability between EUDRAGIT® RL (a commercially available copolymer of ethyl 

acrylate, methyl methacrylate and methacrylic acid ester) and HEMA-MMA indicated 

sufficient permeability offered by both of the two materials to insulin and glucose [151]. 

However, it was too porous to protect enveloped cells for immunity and consequently 

only postponed graft destruction [152]. The molecular weight cut-off of HEMA-MMA is 

around 100 kDa [153], which cannot protect for escape of antigens and subsequent T cell 

activation [152]. The application of HEMA-MMA microcapsules needs a novel approach 

to reduce and fine-tune permeability.

As a derivative of polyacrylate, polyacrylonitrile (PAN) was copolymerized with 

methallylsulfonate to produce AN69 (polyacrylonitrile-sodium methallylsulfonate) [154]. 

AN69 has been applied in macrocapsules [154-157]. The AN69 membrane possesses 

optimal immunoisolation ability and is permeable to small molecular water-soluble 

substances [158]. However, the in vivo studies of AN69-based macrocapsules showed 

a reduced permeability for nutrients and insulin [156], as a consequence of extreme 

protein adsorption [159].

Current challenges in application of many synthetic polymers for cell 

encapsulation are overcoming the use of hazardous solvents [160], reducing strong 

host responses (i.e. polyurethane and polypropylene) [161, 162], or preventing fibrotic 

overgrowth (i.e. polyvinyl alcohol and polypropylene). Probably because of these 

issues combinations of natural and synthetic materials have attracted much attention 

from researchers. Several new concepts and multilayer encapsulation systems have 

emerged, which are discussed in following sections. However, first a common issue in 

application of synthetic and natural polymers needs to be discussed which is possible 

contaminations with endotoxins or better, pathogen-associated molecular patterns 

needs to be discussed.

Pa t h o g e n - a s s o c i a t e d m o l e c u l a r  p a t t e r n s (PA M Ps)  i n  p o l y m e r s

A still ongoing and pertinent consideration in application of any polymer in 
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cell-encapsulation is the need to use the polymers as pure as possible. Taking the most 

widely used natural polymer alginate as an example, all commercially available crude 

alginate contains proinflammatory PAMPs, including flagellin, lipopolysaccharide, 

peptidoglycan, lipoteichoic acid, and polyphenols [4]. Also other sources such as 

synthetic molecules i.e. polyethylene glycol was found in our assays to contain PAMPs. 

All of the above mentioned contaminants will play a negative role in host responses 

against capsules [6]. During recent years it has been shown that these PAMPs [4, 36, 40] 

induce inflammatory responses in recipients either by diffusing out of the capsules or 

by being present at the capsule surface. This happens primarily via pattern-recognition 

receptors (PRRs) (Figure 3). 

Figure 3. Microcapsule made from polymers might contain pathogen associated molecular 
patterns (PAMPs) that can be recognized by pattern-recognition receptors (PRRs) on 
macrophage and evoke subsequent a cascade of proinflammatory responses, ultimately 
leading to a pericapsular fibrotic overgrowth of capsules and necrosis of the islets.
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After activation of PRRs on immune cells a cascade of intracellular signaling 

pathways are activated, leading to translocation of nuclear factor kappa-light-chain-

enhancer of activated B cells (NF-κB) inducing inflammatory cytokine secretion, 

ultimately resulting in overgrowth of the capsules by immune-cells and fibroblasts [4, 

163-165]. Because fibrosis of the surface obstructs the ingress of nutrient and egress of 

waste, effective regulation of hyperglycemia is restricted to a limited period [166-168]. 

Notably, apart from contaminants, it has been reported that uncrosslinked mannuronic 

acid polymers can trigger immune activation [169]. For all these reasons, it is mandatory 

to apply purification procedures and quality assessment systems for purity of alginate 

[5, 23, 40].

There are a number of purification strategies published that obtain relatively 

endotoxin-free alginate. There are three mainstream classic ‘in-house’ purification 

approaches [170-172]. The protocol of de Vos starts with protein extraction with 

chloroform/butanol mixtures under acidic and neutral pH conditions [170]. Prokop 

purified alginate by charcoal treatment and dialysis [171], whereas the processes of 

forming, washing and dissolving alginate Ba2+ beads are applied in Klöck’s protocol [172]. 

Purification procedures can reduce endotoxin, polyphenols, and proteins, but the final 

product differs greatly in degree of purity [173]. In 2016 a novel purification strategy was 

added to the list of methods. This method is based on activated charcoal treatment, 

hydrophobic membrane filtration and dialysis [174]. Using this approach, purified 

alginate was created that induced minimal foreign body reactions up to 1 month after 

implantation. In addition to purification a fast and efficient platform is needed to test 

the efficacy of purification. Paredes-Juarez et al have published a platform that allows 

for identification of PRR activating capacity of polymers and finally identification of 

the type of contaminant in the polymers [40]. This eventually can lead to strategies to 

remove the contaminants. Despite the availability of several methods to purify alginates 

and to identify contaminants in polymers, it is still rarely used. This is however highly 

recommended as there are several lines of evidence that even polymers sold as ultrapure 

[4, 36] still contain endotoxins that might be responsible for inflammatory responses 

after implantation.
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polymerIc engIneerIng ApproAches to reduce tIssue 
responses

M u l t i l aye r  c a p s u l e s

Due to shortcoming of some of the above discussed available polymers, the majority 

of researchers choose to produce microcapsule with application of combinations of 

molecules. Often these are applied in layer-by-layer systems [94, 110, 116, 175]. Alginate, 

as the most commonly used encapsulation materials, was in some confirmations, too 

porous to prevent penetration of IgG [176] and some formulations were associated with 

low mechanical stability and higher surface roughness caused by cell protrusions after 

long term culture. Cationic polymers from chemical synthesis procedures were used to 

coat alginate-based capsules and overcome these issues. Commonly used examples are 

alginate coated with poly-l-lysine (PLL) [166], poly-L-Ornithine [177], PEG [175], chitosan 

or agarose.

PLL was originally applied to decrease the pore size of alginate membranes and to 

enhance mechanical stability [32, 178]. For many years, application of PLL was reported 

to be associated with enhanced immune responses against capsules. However, systemic 

studies with application of, for the field new, physics and chemical technologies such 

as Fourier-transform infrared spectroscopy (FT-IR), X-Ray Photoelectron Spectroscopy 

(XPS), and Time-of-Flight Secondary Ion Mass Spectrometry (ToF-SIMS) has revealed 

that PLL should be forced in a specific conformation to avoid responses. Any PLL that 

is not in the structure will bind cells in the vicinity of the capsules and provoke tissue 

responses. The following steps are essential to generate capsules with PLL that do not 

provoke responses. First, after gelification in a calcium solution alginate-based capsules 

have to be suspended in a low calcium high sodium buffer. During this step calcium on 

the surface of capsules is displaced by sodium that has lower affinity for alginate than 

PLL. This has to happen in the first few microns of the surface. Sodium will subsequently 

be substituted by PLL in a PLL-solution that lacks divalent cations.  This process is 

temperature sensitive and should always be done in a consistent way. If done correctly, 

it creates a calcium alginate system that is composed of two layers, namely an alginate 

core and a layer of PLL-alginate complexes. There are three different binding modes in 

the outer layer, including （i) random coil formation between alginate and PLL, （ii) 

α-helicoidal structure between amide groups of PLL, and （iii) antiparallel β-sheet 
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structure between amide groups of PLL [4, 179, 180]. All PLL should be in this network 

which can be documented by FT-IR. By a stepwise approach and repeated implantations 

in mice it has been demonstrated that optimal biocompatible alginate-PLL capsules can 

be created as long as the PLL is in these confirmations [181]. The PLL also improved the 

mechanical stability and permeability of alginate-based capsules [179, 182].

Co n f o r m a l  co a t i n g

As outlines in section 2 many groups prefer to encapsulate islets in the smallest capsule 

possible to guarantee optimal nutritional supply to the enveloped islets [36-39, 45, 

127]. A recent study even suggests that the distance between islet-and surrounding 

fluid should be below 100 µm to allow optimal supply of nutrients [183]. These type of 

distances can be achieved with a technology called conformal coating [43-46]. In addition 

to improving oxygen and nutrient transport conformal coating strategies also reduce 

the total transplant volume allowing implantation in other sites than the traditionally 

applied peritoneal cavity [46, 184, 185]. As this review does focus on polymers and tissue 

responses, we will discuss this subject in view of polymers applied and not current 

developments with this technology. Islet conformal coating approaches typically apply 

polyelectrolytes or complementary materials which are coated on a surface of cells or 

cell aggregates via intermolecular forces, i.e. electrostatic forces, hydrogen-bonds or 

covalent linkages [186, 187]. PEG was one of the first and still commonly applied polymers 

in islet conformal coating technologies. PEG is used in conformal coating techniques 

with photopolymerization [126] microfluidic approaches [46], via ester-bonding [188], 

and via hydrogen-bonds [189]. In order to regulate permeability, multiple-arm PEG 

was developed. Islets conformally coated with this technique successfully corrected 

hyperglycemia for more than 100 days in mice [190, 191]. More recently, a heparin 

functionalized, 8-arm PEG was synthesized to coat islets with nanoscale barriers. This 

enhanced survival as it inhibited islet-cell apoptosis and promoted neovascularization 

in vitro [192]. However, the potential anti-inflammatory effects of incorporated heparin, 

which is a well-known effect of heparin [193], was not discussed in this study.

During recent years the lay-by-layer (LBL) assembly with PEG has emerged as 

another promising alternative strategy [194] to conformally coat islets.  Theoretically 

this should overcome some limitation of the single-layer-PEG approach and in particular 

the potential harmful effects of PEG conformal coating techniques [74, 189, 195] on 
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mechanical instability [187, 196], and on sometimes inadequate immune-protection [197]. 

Polyelectrolytes applied in LBL coating can both be synthetic and natural polyelectrolytes 

[198]. In a recent study, acrylate modified cholesterol bearing pullulan (CHOPA) was 

employed to create a multilayer coating on β cell aggregates under mild polymerization 

conditions [199]. In these CHOPA nanogels, pullulan can form immunologically inert 

gels without the use of toxic cations or other chemicals. In this system cholesterol units 

provide hydrophobic crosslinking points that promote self-assembly of polymeric 

particles [199]. To reach an optimal equilibrium point of diffusion and immunoisolation, 

oppositely charged polymers (positively charged chitosan and negatively charged PSS) 

was applied in 9 layers on human islets [200]. This system could induce normoglycemia 

for up to 180 days in a model of human to mice xenotransplantation with minimal 

immunocyte infiltration on the capsules [200]. Also linear or star-shaped PEG derivatives 

are intensively studied for application in layer-by-layer approaches [194, 201]. Haque et 

al has built a coating layer with thiol-6-arm-PEG-lipid (SH-6-arm-PEG-lipid) and with 

gelatin-catechol to provide islets with a substitute for the extracellular matrix of islets and 

added three other coatings with 6-arm-PEG-SH, 6-arm-PEG-catechol, and linear PEG-SH 

respectively to provide immunoprotection [202]. The multi-layer system preserved islet 

cell viability but the polymers showed minimal adsorption of human serum albumin, 

fibronectin, and immunoglobulin G. The system induced prolonged graft survival 

in a xenogeneic porcine-to-mouse model, which was further enhanced by applying 

an immunosuppressive cocktail [202]. There is even efficacy shown in a xenogeneic 

monkey-to-mouse model in which 100% of the grafts survived for more than 150 days. 

After this period minimal or no immunocyte infiltration was observed [203]. Given the 

potential severe side effects of generalized immunosuppression, a more recent study 

developed a controlled immunosuppressant FK506 release nanoparticle system using 

3,4–dihydroxyphenethylamine (DOPA) conjugated PLGA–PEG to coat islet surfaces and 

to provide local immunosuppression [73]. This study illustrates the potential of using 

layer-by-layer assembly as both barrier and carrier system for graft-survival promoting 

molecules.

Ant i - b i o f o u l i n g

In the post-transplantation period the host response starts with nonspecific protein 

adsorption and subsequent adhesion of immune cells and fibroblasts onto the capsule 
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surface, a process termed “biofouling” [204]. Several approaches have been explored 

to inhibit this issue with an approach called anti-biofouling which involves application 

of molecules on the surface of capsules to reduce protein adsorption. Most-studied 

strategies are based on application of low-biofouling polymers. Coated with hydrophilic 

polymeric materials the capsule surface is covered by a layer of water molecules, 

providing a highly resistant surface to protein adsorption [205].

One of the most commonly applied molecules for anti-biofouling is PEG. 

PEG matrices can induce low protein adsorption but efficacy depends on chain 

density, length, and conformation [206, 207]. The protein resistance of a PEG surface 

proportionally increases with higher polymerization degrees and denser brush bristles 

on the surface [132, 208]. PEG has been applied to coat alginate capsules to lower 

permeability and enhance mechanical stability but also served as anti-biofouling layer 

[175, 209]. To coat alginate-based microcapsules, the PEG backbone was charged with 

added amine groups (NHs+), which can interact with naturally negatively charged 

alginate [209]. In this way, PEG-amines can stably crosslink with alginate as a coating 

layer [209]. Another group of investigators used mild glutaraldehyde (GA) treatment 

which increased the capsule strength, flexibility, and biocompatibility [210]. PEG coating 

brought many beneficial properties for cell encapsulation, including prevention of 

fibrotic overgrowth on the capsule surface [209]. However, still tissue responses may 

occur which was further reduced by introducing immunosuppressive agents.  In one of 

these approaches, rapamycin-PEG-coated alginate microcapsules inhibited non-specific 

binding and proliferation of macrophages in vitro and decreased fibrosis of capsules 

with more than 50% in a xenogeneic islet transplantation model [175]. Another approach 

using the protein-resistant property of PEG was by application of copolymers with PEG. 

Poly (ethylene glycol)-block-poly (l-lysine hydrochloride) (PEG-b-PLL) was coated on top 

of a proinflammatory, but immunoisolating, perm-selective alginate-PLL membrane 

[211]. The diblock copolymer masked proinflammatory PLL and built an anti-fouling 

outer layer and successfully ameliorate host responses. A more recent study presents 

a novel macroencapsulation strategy [212] that possibly induces anti-biofouling but 

also supports neovascularization while minimizing fibroblast adhesion. The technology 

applies two layers made of an anti-biofouling polyethyleneglycole diacrylate (PEGDA), 

and two pro-angiogenic growth factors conjugated to PEGDA. These two layers were 

covalently crosslinked and induced controlled release of basic fibroblast growth factor 
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(bFGF) and vascular endothelial growth factor (VEGF) for up to 14 days [212] stimulating 

neovascularization.

Po l y m e r b r u s h e s

An emerging new approach to reduce protein adsorption and cell-adhesion is 

application of polymer brushes. Polymer brushes consist of polymer chains that are 

densely tethered with other polymer chains on a surface (Figure 4A) [213]. Polymer 

brushes form an ultrathin, solid coating [214]. The polymer brush coating not only 

significantly changes the surface properties but also gives the surface new functionalities 

[215]. Spasojevic and colleagues showed a novel strategy combining the benefits of PLL 

and PEG by creating diblock co-polymers of poly (ethylene glycol)-block-poly (l-lysine 

hydrochloride) (PEG454-b-PLL100) [49]. The copolymers bind with alginate with its 

positive charged PLL tail. PEG has to be long to prevent penetration into the alginate 

network and to stimulate stretching of the molecules on the surface (Figure 4B). The 

outer PEG layer blocks shed unbound cytotoxic PLL and simultaneously provides a 

biocompatible surface. Subsequent in vivo study proved the microcapsules have better 

biocompatibility illustrated by an absence of cell adherence [211].

Also other polymer brushes have been investigated recently. One of the studies 

coated soft chitosan surfaces with polymer brushes of oligo (ethylene glycol) methyl 

ether methacrylate and 2-hydroxyethyl methacrylate by photopolymerization [216]. The 

novel polymer brush surface was reported to reduce protein adhesion and eliminated 

platelet activation and leukocyte adhesion [216, 217]. The application of diblock 

polymers is to our opinion a promising approach to combine advantages of different 

polymers but needs a multidisciplinary approach as in our hands uniform and complete 

coverage of the capsules surface with a brush was challenging.
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Figure 4. (A) Principle of formation of polymer brushes. At low grafting density polymers 
will have a mushroom conformation at the surface of capsules. When the grafting density 
increases and space becomes limited, the polymers will stretch and form a polymer brush 
that does not allow for protein and cell adhesion. (B) Schematic illustration of antibiofouling 
polymer brush surface formated from PEG-b-PLL. PEG has to be long to prevent penetration 
into the alginate network and to stimulate stretching of the molecules on the surface [211]. 
The outer PEG layer blocks shed unbound cytotoxic PLL and simultaneously provides a 
protein resistant surface, which showed antibiofouling properties in vivo studies.

Acce s s o r y ce l l  s t ra t e g i e s  t o  r e d u ce t i s s u e r e s p o n s e s

Often polymeric approaches are combined with pharmaceutical approaches to reduce 

tissue responses but during recent years a new emerging trend of applying and 

co-encapsulating ‘immunosuppressive’ cells has shown some success. One of these 

immunosuppressive cell-types are T regulatory (Treg) cells. Tregs have been successfully 

immobilized on islet surfaces through streptavidin-biotin interactions [218]. This was done 

by first incubating the islets with a Biotin-PEG- succinimidyl valeric acid ester followed 

by an incubation with streptavidin. Subsequently, Treg cells were brought onto the islets 

[218, 219]. The islets coated with Treg-cells showed a lower glucose-stimulated insulin 

release than controls [218]. Although efficacy in vivo is not reported yet, this approach 
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holds some promises as recruiting Treg cells by intramuscular co-transplantation of islets 

with a plasmid encoding Treg cell specific chemokine CCL22 was efficacious in preventing 

graft rejection [220]. Some success has also been shown in xenotransplantation with 

blockade of the costimulatory pathway of CD40/CD154, which inhibited T cell and B cell 

signaling [221, 222]. In mice treated with this approach, increased numbers of Treg cells 

and an elevated anti-inflammatory cytokine profile was found around a porcine islet 

grafts [223]. More recently, it was shown that Jagged-1, i.e. a potent immunomodulatory 

factor, immobilized on PEG-coated islet surfaces induced an increased population of 

Treg cells and a decreased level of proinflammatory cytokines in vitro, and an improved 

blood glucose control in vivo [224]. However, instead of enhancing the population of 

Treg cells, a recent study induced downregulation of proinflammatory T effector (Teff) 

cells by co-transplanting microgels conjugated with Fas-ligand on their surface [225]. 

Fas, as a death receptor on the surface of T effector cells, can be activated by Fas-ligand 

resulting in an increased ratio of Treg to Teff [225]. This system induced normoglycemia 

for more than 200 days in mice [225]. The results show that a combination of polymeric 

encapsulation with recruitment of immune regulating cells might provide improved 

islet survival.

In addition to application of T-cells to regulate tissue responses, various 

endothelial cell types have been applied for co-encapsulation to promote survival of 

encapsulated cells [184]. Endothelial cells might have some benefits for islets as they have 

been shown to resist and neutralize reactive oxygen species, inhibit thrombogenesis, 

promote revascularization, and form extracellular matrices [226, 227]. Co-transplanting 

these cells with islets has successfully promoted graft revascularization and promoted 

survival in several micro-and macroencapsulation approaches [228-230]. One study 

reports successful and expedited islet cell engraftment by coating islets with vascular 

endothelial cells [231]. During the last decade, also the application and co-encapsulated 

mesenchymal stem cells (MSCs) has been intensively studied in islet transplantation 

[232-236]. MSCs theoretically support angiogenesis and produces immunomodulatory 

molecules [237, 238], when co-transplanted with islets. Indeed, co-encapsulation of 

MSCs have been shown to increase neovascularization and reduce islet cell death in both 

micro- and macroencapsulation approaches [228, 239-242] and might hold promises for 

improving graft survival.
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I m m u n o m o d u l a t o r y m a t e ri a l s

During recent years novel biomaterials have been designed that eventually might serve 

as immunomodulating polymers to reduce or prevent host reactions to encapsulated 

cell systems.  One such an approach is application of Staudinger ligation chemistry 

to link immunomodulatory proteins with PEG. Staudinger chemistry, based on the 

specific crosslinking reaction between azide- and phosphine-labeled molecules, was 

successfully applied for conjugating different polymers [37] or bio-functional molecules 

with encapsulation polymers [195]. Specifically, an amide bond was generated from an 

azide on protein and a specifically functionalized phosphine on triphenylphosphine-

PEG. By this approach, thrombomodulin (TM) was bound with PEG, subsequently being 

immobilized on islet surfaces through streptavidin-biotin interactions. TM catalyzes the 

generation of activated protein C (APC) [243], which possesses potent anti-inflammatory 

activity by inhibiting proinflammatory cytokines production in macrophages [243, 244]. 

Co-immobilized TM induced protein C activation, which was similar to the activated 

protein C level catalyzed by endogenous TM in mouse pancreatic islets indicated 

reduction of inflammatory processes [189]. Chen and colleagues reported a different 

method to co-immobilized urokinase (UK) and TM on islet surfaces by PEG-conjugated 

phospholipids [195]. Maleimide–PEG–lipid-anchored to the lipid bilayer membrane 

through hydrophobic interactions. Thiol (SH) groups on the SH-UK and SH-TM replaced 

maleimide groups and conjugated at the end of PEG chains on the cell membrane 

[195]. The surface of islets coated with these membranes increased APC generation and 

released functional UK and TM, which reduced the instant blood-mediated inflammatory 

reactions after implantation and prolonged graft survival [245]. In another approach to 

immunomodulate, hemoglobin (Hb-C) was crosslinked with PEG to scavenge nitric oxide 

(NO) and limit NO's negative biological actions [246, 247]. Because of constraints that 

not every immunomodulator can be conjugated with polymers, an alternative strategy 

involves simple mixing immunomodulatory substances with polymers. Rapamycin 

has been trapped into PEG microcapsules and successfully prevented foreign body 

responses against capsules containing porcine islets [175].

Also silk hydrogels have been shown to have immunomodulatory effects on 

macroencapsulated rat islets [241]. Islets were seeded on silk scaffold and subsequently 

encapsulated in an alginate-Ba2+ network. An additional alginate-layer was added and 

cross-linked on the periphery of the scaffolds for immunoisolation [248]. The results 
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indicate that blended silk hydrogel not only influenced islet viability, insulin secretion 

and endothelial cell maintenance, but also decreased production of proinflammatory 

cytokines in vitro. After injected with interleukin-4 (IL-4) and dexamethasone-loaded 

hydrogels, the silk macrocapsules showed a strong macrophage polarization towards a 

M2 phenotype which might provide an immunopermissive environment for the implants. 

A more recent study demonstrates that 2-aminoethyl methacrylate hydrochloride 

coupled to alginate can reduce tissue responses [249]. By ionic crosslinking followed 

by exposure to ultraviolet light, 2-aminoethyl methacrylate hydrochloride modified 

alginate can be formed. The capsules were reportedly more mechanical stable than the 

alginate-beads and showed less inflammation on the surface of the beads after 3 weeks in 

LPS-stimulated rats [249]. Meanwhile, in the field of intestinal immunity and bromatology, 

several heteropolysaccharides have been reported to possess immunomodulatory 

properties. Polysaccharide extracted from Morinda citrifolia Linn [250], Lentinula edodes 

[251], Schizophyllum commune [252] and lemon showed immunomodulatory effects. 

Most of these molecules bind to specific pro-inflammatory immune receptors which 

to our opinion might be a valuable approach to create immunomodulating capsules 

surfaces (Figure 5).

Figure 5. Schematics presentation of how immunomodulatory polymers block                                  
proinflammatory receptors and inhibit inflammatory signal pathways.
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concludIng remArks And future perspectIves

Although encapsulation in permselective membranes is a field that is around for more 

than three decades, important new polymeric approaches have emerged during recent 

years that create optimism that a technology can be developed that provokes minimal 

tissue responses and allows long term survival of encapsulated cells. The technology 

has revisited together with new approaches for creating a replenishable cell sources 

for curing endocrine diseases such as T1D. Some of these sources involve the use of 

xenogeneic tissue which might be particularly challenging in an encapsulation setting 

as indirect antigen presentation might be involved [253, 254]. Conceivable approaches 

to overcome influences of indirect antigen presentation might be application of the 

discussed polymer brushes and immunomodulating materials. With this approach 

either effector arms of the immune response can be blocked or adsorption of essential 

molecules to full-fill the response can be prevented. Also, lowering the permeability may 

be a suitable approach. The Beta-O2 device applied in pigs was having an Mw cutoff 

of about 80 kDa which might have been enough to prevent antigens responsible for 

indirect presentation to leak out [27]. As such this review has attempted to demonstrate 

that rational choices for polymers and surface modification to modulate tissue responses 

and to prolong graft survival.

In addition to novel polymers to reduce tissue responses also other approaches 

have emerged. Some promising approaches are coating or co-encapsulation of 

nanoparticles for targeted and local drug delivery without systemical side-effects 

[255-259]. Also approaches in which immune regulatory cells are applied in combination 

with encapsulation show promise although convincing in vivo results are not yet 

available. Apart from impact of polymers and tissue responses, long-term maintenance 

of islet cell viability is an important issue that requires much more attention by the 

scientific community. This is essential for graft function but also for reducing tissue 

responses as dead cells release danger-associated molecular patterns that provoke local 

tissue responses [50]. A possible approach to prevent or reduce cell-death is by including 

extracellular matrix molecules (ECM) [260] in encapsulation systems [51, 52, 261]. ECM 

is damaged during islet isolation and has an enormous impact on survival of islets in 

encapsulated islet grafts [262]. ECM can stimulate cell proliferation, and eliminate known 

adverse factors.
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rAtIonAle And outlIne of thIs thesIs

Pectin is a complex carbohydrate that has several health benefits and, as recently 

shown, has anti-diabetogenic effects. It can serve as fermentation product for gut 

microbiota and stimulate production of microbial products that are anti-inflammatory 

and stimulate metabolism. During recent years it has also been shown by our group 

that pectin has direct effects on immune cells by lowering inflammatory responses by 

inhibiting TLR2/1 signaling. A special feature of pectins is that it contains negatively 

charged carboxylate groups allowing crosslinking with divalent cations such as Ca2+ in 

an egg-box model configuration and could therefore be used for modulation foreign 

body responses against immunoisolated cells. Because of the unique features and 

possible beneficial effects of pectins we studied in this thesis the impact of inclusion of 

pectins on the surface of immunoisolating micro- and macrocapsules as well as of the 

influence of pectin on islet function either as bloodborn molecule or when fermented 

by gut microbiota to short-chain fatty acid (SCFA).

As outlined in the introduction of this thesis, immunoisolation of pancreatic 

islets by encapsulation in semipermeable membranes has been proposed as a cure for 

T1D as it allows for minute-to-minute regulation of blood glucose. The encapsulation 

approach allows for successful transplantation of pancreatic islets in the absence of 

immunosuppression. Also, it allows for transplantation of cells from non-human origin 

or insulin-producing cells obtained from stem or progenitor cells, which may effectively 

relieve the shortage of donors. Although efficacy has been shown with encapsulated 

cells in curing T1D, graft survival was limited to several months in most studies, illustrating 

that some issues need to be solved. Two main factors restrict long-term graft survival. 

Firstly, in the immediate period post-transplantation islets need to adapt to a new 

intracapsular environment which is associated with loss of function and cells. Secondly, 

an undesired inflammatory- and oxidative-stress may lead to loss of more than 50% of 

the encapsulated islets. Conceivable approaches to solve these issues are incorporation 

of materials which enhance survival of islets in the intracapsular environment and/or 

grafting of molecules on the capsule surface which modulate immune responses in 

the immediate environment of the capsules. Pectin might be beneficial for both issues 

as it has been shown to immunomodulate immune responses but also to support cell 

functions. 
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In addition to direct effects on cells, pectins have been shown to serve as substrate 

for gut microbiota to produce beneficial products such as SCFAs that can modulate islet 

function and glucose-metabolism. Also pectin has been shown to regulate oxidative 

stress- and inflammation-activated signaling pathways by binding with Galectin-3. 

Because beneficial effects of pectins have never been studied on islet cells we explored 

the ability of pectin to support functional survival of pancreatic islets and whether it can 

serve as immunomodulation biomaterial on capsule surfaces. The data obtained in this 

thesis might contribute to new applications of immune regulatory dietary fiber pectin 

for treatment of T1D.

Chapter 1 reviews the past and current approaches to modulate and reduce tissue 

responses against islet-containing micro- and macrocapsules with a focus on rational 

choices for polymers. The potential application of immunomodulatory biomaterials that 

bind to specific immune receptors is discussed in this chapter.

In Chapter 2 we studied the direct influences of lemon pectin on pancreatic 

β-cells under normal culture conditions and oxidation- or inflammation-induced stress. 

This was done to determine whether pectin might benefit islets. Galectin-3 belonging 

to the family of lectins contains carbohydrate-binding domain that is able to tightly 

bind with pectin. In T1D, upregulation of galectin-3 leads to inflammation-induced 

β-cell damage. The role of galactin-3 during oxidative and inflammatory stress is not 

intensively studied and it is unknown whether this is the central target of pectin on 

β-cells. By challenging β-cells with oxidative and inflammatory stress and coincubating 

them with or without pectins and the Galectin-3 antagonist α-lactose, we determined 

which pectins can protect β-cells and how galactin-3 is involved in this inhibition.

As pectin after fermentation forms SCFAs which could indirectly influence β-cells 

function we determined in Chapter 3 the impact of the SCFAs acetate and butyrate 

on pancreatic β-cells under oxidative stress. Except for understanding the impact of 

breakdown products of pectins on β-cell function we felt this study was necessary to 

better understand the effects of SCFAs on pancreatic islets. As sensitivity for SCFAs varies 

between different types we tested acetate and butyrate at different concentrations 

in presence and absence of oxidative stress. To explore the mechanisms behind it, 

mitochondrial dynamics and the expression of SCFA receptors were studied on β-cells.
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Pectin has been reported to regulate immune activation by binding to Toll-Like 

Receptor (TLR)-2. In Chapter 4, to test whether pectin also has a TLR-modulating 

effect when applied as biomaterial on capsule surfaces of microcapsules, 

pectin-incorporated alginate microcapsules were designed and tested. In order to 

determine the influence of pectin on microcapsule surfaces on TLR-modulating and 

on islet-derived danger-associated molecular pattern-induced immune activation, 

we applied a THP-1 reporter cell line, which stably expresses TLRs and provides rapid 

monitoring of NF-κB signal transduction pathways. By implanting empty capsules or 

xenotransplanting rat islets in diabetic mice, the in vivo biocompatibility and long-term 

efficacy of pectin-incorporated microcapsules were studied. This analysis elucidates 

the contribution of immune-modulatory pectin incorporation to prolongation of 

encapsulated islet functional survival.

As immunoisolating devices are tested in microcapsule and macrocapsule 

geometries we also tested the benefits of specific pectins in a 3D printed macrocapsule. 

In Chapter 5, a grid-shape cell-laden macrocapsule was designed using pectin-alginate-

Pluronic F127 blends. The design was as such that it simultaneously facilitate oxygen 

diffusion (grid-shape) and revascularization (inclusion of pectin and grid-shape). It was 

tested whether pectin also in this geometry supports β-cell survival by rescuing cells 

during oxidative and inflammatory stress and whether it locally modulates immune 

responses in vitro and in vivo. 

Chapter 6 summarized and generally discussed the results obtained in the 

studies.
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AbstrAct

Insufficient intake of dietary fibers in Western societies is considered a major contributing 

factor in the high incidence rates of diabetes. The dietary fiber pectin has been suggested 

to be beneficial for management of both Diabetes Type 1 and Type 2, but mechanisms and 

effects of pectin on insulin producing pancreatic β-cells are unknown. Our study aimed 

to determine the effects of lemon pectins with different degree of methyl-esterification 

(DM) on β-cells under oxidative (streptozotocin) and inflammatory (cytokine) stress and 

to elucidate the underlying rescuing mechanisms, including effects on galectin-3. We 

found that specific pectins had rescuing effects on toxin and cytokine induced stress 

on β-cells but effects depended on the pectin concentration and DM-value. Protection 

was more pronounced with low DM5 pectin and was enhanced with higher pectin-

concentrations. Our findings show that specific pectins might prevent diabetes by 

making insulin producing β-cells less susceptible for stress.

keywords

Dietary Pectin, Streptozotocin, Inflammatory cytokine, Islet β-cell, Type 1 Diabetes, 

Galectin-3
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IntroductIon

Pancreatic islet inflammation is the main pathophysiological features of Type 1 Diabetes 

and late-period Type 2 Diabetes [1]. β-cells possess an active oxidative metabolism and 

a low antioxidant enzyme content [2]. Therefore, they are susceptible to damage by 

oxidative and nitrosative stress [2]. This stress is caused by overproduction of free radical 

species such as reactive oxygen species (ROS) and nitric oxide (NO) and is involved 

in induction of β-cell apoptosis [3, 4]. Also, during progression of the autoimmunity 

causing Type 1 Diabetes, invading immune cells and secretion of cytokines by those 

cells also provoke islet-inflammation and apoptosis by ROS and NO overproduction [5].

Recently, a high pectin diet has been suggested to be effective for diabetes 

management [6]. Most of these beneficial effects are attributed to altering glucose 

tolerance [7, 8]. However, it has not been investigated whether pectins can also directly 

impact β-cells. Pectin is a heteropolysaccharide dietary fiber that is isolated from cell 

walls of terrestrial plants [9] and can be taken up in blood [10-13]. Pectins derived from 

lemon are mainly composed of a backbone of α-1,4-linked-d-galacturonic acid residues 

that are partly methyl-esterified [14]. The percentage of methyl-esterification, known as 

degree of methyl-esterification (DM), impacts function of several biological processes [7, 

15]. However, the role of DM and the exact molecular mechanism behind the effects on 

islet survival have not been investigated.

Pectin is a natural and specific inhibitor of galectin-3 (Gal-3) [16]. Gal-3, a 

β-galactoside-binding lectin, is involved in cellular communication, inflammation, 

and apoptosis [17]. Gal-3 is widely expressed in different cell types and found both 

intracellularly and extracellularly [17]. Recent evidence suggests that Gal-3 is essential 

in development of diabetes and shows high expression in diabetic individuals [18]. 

Gal-3-deficiency has shown to prevent diabetogenesis [18, 19] and is highly expressed 

in pancreatic tissue [20]. Dietary fiber pectin may prevent pancreatic β-cell damage 

during oxidative and inflammatory stress depending on DM via Gal-3. To gain more 

insight in how pectin may influence islet function, we studied the impact of pectin on 

human islets and a mouse β-cell line under oxidative and inflammatory stress, induced 

by streptozotocin (STZ) or the proinflammatory cytokines Interferon-γ (IFN-γ), Tumor 

necrosis factor-α (TNF-α), and Interleukin 1-β (IL-1β). We investigated if the effects of 

pectin are dependent on the degree of methyl-esterification. To gain insight in a possible 
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role of Gal-3, the Gal-3 antagonist α-lactose was applied in this study to block Gal-3 

during challenge of β-cells. Our data demonstrates that pectins protect human and 

mouse β-cells from oxidative and inflammatory processes in a DM-dependent fashion.

mAterIAls And methods

Ce l l  c u l t u r e

The mouse insulinoma MIN6 cell line (ATCC, Manassas, VA, USA) was cultured in DMEM 

(Lonza, Basal, Switzerland) supplemented with 15% fetal bovine serum (FBS, Lonza), 50 

μmol/L β-mercaptoethanol, 2 mmol/L L-glutamine, 50 U/mL penicillin, and 50 mg/L 

streptomycin (all from Sigma-Aldrich, St. Louis, MO, USA) in 5% CO2, 20% O2, and 75% 

N2 at 37 °C.

H u m a n i s l e t  i s o l a t i o n a n d c u l t u r e

Human islets were isolated from cadaveric pancreata: three batches were isolated at 

the Leiden University Medical Center (Leiden, The Netherlands) [21] and two batches 

were provided through the JDRF award 31-2008-416 (ECIT Islet for Basic Research 

program, Milan, Italy). Procedures were performed in accordance with the Code of 

Proper Secondary Use of Human Tissue in The Netherlands as formulated by the Dutch 

Federation of Medical Scientific Societies. After shipment, islets were handpicked and 

cultured in CMRL-1066 (GIBCO, Bleiswijk, the Netherlands), containing 10% FBS, 50 U/mL 

penicillin, and 50 mg/L streptomycin, as previously described [22]. Islets were cultured in 

5% CO2, 20% O2, and 75% N2 at 37 °C.

Pe c t i n s a m p l e s

Lemon pectins with DM values of DM5 and DM18 were purchased from CP Kelco (Lille 

Skensved, Denmark). The DM 69 pectin was purchased from Andre Pectin (Yantai, China). 

Endotoxin levels in pectin samples were quantified with a Limulus amebocyte lysate 

assay and showed to be below the detection level of 0.1 µg/L [23]. The molecular weight 

of pectin was measured using high pressure size exclusion chromatography. The DM was 

determined with an Ultimate 3000 high-performance liquid chromatography (HPLC) 

system (Thermo Scientific). The constituent monosaccharide content and composition 



Protective effects of pectins on pancreatic β-cells

53

2

was determined by gas chromatography as previously described [23]. The DM value of 

pectin was confirmed by analyzing the release of methanol by high-performance liquid 

chromatography [24]. The DM was calculated as the total mass of released methanol 

(mol) from per 100 mol of galacturonic acid.

N u c l e a r  M a g n e t i c  R e s o n a n ce S p e c t r o s co py (N M R)

DM5, DM18, and DM69 pectins (17 mg) were suspended in 0.75 mL of D2O. All of the 

samples had a pH in the range 4-4.7. 1H-, 13C-NMR and Heteronuclear Multiple Quantum 

Coherence (HMQC) spectra were recorded on a Bruker Spectrometer (600, 150.9 MHz; 

Mannheim, Germany) in a 5-mm tube at 80 °C using D2O as solvent. 1H and 13C chemical 

shifts were reported with 3-(trimethylsilyl) propionic-2,2,3,3-d4 acid (δ 0.00 for 1H and for 
13C) and acetone (δ 2.22 for 1H and δ 30.89, δ 215.94 for 13C) as internal reference.

H u m a n i s l e t  a n d M I N 6 ce l l  t r e a t m e nt s

To investigate the effect of pectins on healthy β-cells, MIN6 cells and human islets were 

incubated with lemon pectin (DM5, DM18, DM69) dissolved in culture medium at a final 

concentration of 0.5, 1, and 2 g/L for 24 h (Figure 1A). To determine the influence of 

pectins under stress, the cells and islets were incubated with the pectins for 1 h and then 

exposed for 24 h to either the apoptosis-inducer streptozotocin (STZ, Sigma-Aldrich) 

or the proinflammatory cytokines IFN-γ, TNF-α, and IL-1β (all from ImmunoTools, 

Friesoythe, Germany) (Figure 1B). All experiments with human islets and cells were 

performed at 37 °C during this study. For these experiments, the cells were treated with 

mouse or human proinflammatory cytokines, IFN-γ (2000 U/mL), TNF-α (2000 U/mL), and 

IL-1β (150U/mL). Cell viability, apoptosis, ROS, NO, and oxygen consumption rate (OCR) 

were measured after exposure to the above-described conditions. Furthermore, to test 

whether effects are Gal-3 dependent, MIN6 cell respiratory capacity was quantified in 

the presence of the Gal-3 inhibitor α-lactose (Figure 1C). For this, cells were incubated 

with or without α-lactose (20 mM) (Sigma-Aldrich) 1 h before pectin incubation. For 

all of the above treatments, components were added into the culture system without 

medium replacement.
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Figure 1. Treatment schedule. Cadaveric human islets and MIN6 cells were incubated 
according to this treatment scheme. When adding the components (pectin, streptozotocin 
(STZ), a-Lactose, or cytokines) to the culture system, this was done without medium 
replacement. The former component was present during the following incubation.

Ce l l  v i a b i l i t y  a s s ays

In order to investigate the effect of pectins on beta cell viability, the cell proliferation 

reagent WST-1 was applied (Roche, Indianapolis, IN, USA). See ESM Methods for details. 

One day before the test, 1 x 10⁴ MIN6 cells or 15 human islets were seeded per well in 

96-well plates. After the above-described treatments, cells and islets were incubated 

with 100 μL fresh media supplemented with 10 μL WST-1 for 30 min at 37 °C. The 

absorbance was measured at 450 nm using a Bio-Rad Benchmark Plus microplate 

spectrophotometer reader (Bio-Rad Laboratories B.V, Veenendaal, the Netherlands).

To investigate the effect of pectins on beta cell apoptosis, the cells and human 

islets were stained by Alexa Fluor® 488 annexin V (Biolegend, San Diego, CA, USA) and 

propidium iodide (PI, Thermo Scientific, Eugene, OA, USA). Briefly, human islets were 

seeded on gelatin-coated coverslips with a diameter of 10.2 mm (15 islets/slide). MIN6 

cells (1 x 10⁶ cells/well) were cultured in 6-well plates. On the following day, cells or islets 

were incubated with pectins in the presence and absence of STZ/cytokines as described 

above. After these incubations, MIN6 cells and islets were collected and incubated with 

4.5 µg/mL FITC annexin V and 1 µg/mL propidium iodide for 15 min at room temperature. 

The staining of human islets was analyzed using a Leica DM4000 B microscope (Leica 

Microsystems, Wetzlar, Germany). The percentage of annexin V positive area and islet 

size were measured using ImageJ software (Version 1.47; National Institutes of Health, 

Bethesda, MD, USA). The staining of the Min6 cells was examined by flow cytometry (BD 
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Biosciences, Breda, The Netherlands). These results were analyzed using FlowJo® 10.4.2 

software (LLC, Ashland, OR, USA) and the number of apoptotic cells was expressed as the 

percentage of the total number of cells.

To investigate insulin synthesis function, islets were fixed for 15 min with 4% 

paraformaldehyde (Merck, Darmstadt, Germany), and non-specific binding was blocked 

by incubating with 1% bovine serum albumin (Sigma-Aldrich) for 1 hour. Then islets 

were incubated for 1 hour at room temperature with the primary antibody guinea pig 

anti-insulin (Dako, Santa Clara, CA, USA, 1:200). After washing, the cells and islets were 

incubated for 1 hour at room temperature with goat-anti-guinea pig Alexa Fluor® 488 

(Thermo Scientific, 1:400) followed by a 1-minute incubation with (4',6-Diamidino-2-

Phenylindole) DAPI (1.0 µg/mL; Roche). The staining was analyzed using a Leica SP8 

confocal microscope. Data were processed using ImageJ software.

O x i d a t i ve s t r e s s  a s s ays

Intracellular ROS was detected according to the manufacturer’s instruction of a Cellular 

ROS Assay Kit (Abcam, Cambridge, UK). Briefly, MIN6 cells (1 x 10⁴/well) or human islets 

(25 islets/well) were seeded in black 96‐well immuno plates (Thermo Scientific). After the 

treatments as described above, cells and islets were washed twice with PBS. Afterward 

they were incubated with 20 μM 2’,7’-dichlorofluorescein diacetate (DCFDA) at 37 °C 

for 30 minutes. After this incubation, fluorescence was measured (excitation 485 nm, 

emission 535 nm) using a fluorescence plate reader (PerkinElmer, Waltham, MA, USA).

The NO concentration in the supernatant of the MIN6 cells or human islets 

was measured with a Nitric Oxide Assay Kit (Invitrogen, Vienna, Austria) according 

to manufacturer’s instructions. Before the assay, MIN6 cells and human islets were 

cultured and incubated with pectins followed by incubation with STZ or cytokines 

as described above. Briefly, nitrate in the supernatants was converted to nitrite using 

nitrate reductase. Subsequently, using Griess reagents the nitrite converted to a deep 

purple azo compound. A Bio-Rad Benchmark Plus microplate spectrophotometer reader 

at 540 nm was then used to measure the level of azo compounds, which reflected the 

NO concentration in the sample.
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O x yg e n co n s u m p t i o n a n a l ys i s

The effect of pectins on mitochondrial function was measured by the Agilent Seahorse 

XF24 Extracellular Flux Assay Kit (Seahorse Bioscience, North Billerica, MA, USA). 

MIN6 cells (4 x 10⁴ cells/well) were seeded in XF24 cell culture microplates (Seahorse 

Bioscience) and treated with pectin, STZ or cytokines in the presence and absence 

of α-lactose as described above. Subsequently, the cells were washed with XF basic 

medium (Seahorse Bioscience) supplemented with 3 mM glucose, 2 mM glutamine, and 

2 mM sodium pyruvate followed by incubation in this medium at 37 °C in a non-CO2 

incubator for 60 min. Then plates were transferred to a Seahorse Bioscience XFe24 

extracellular flux analyzer (Seahorse Bioscience) and subjected to an equilibration 

period. One assay cycle comprised of 1 minute mixing, 2 minutes waiting, and 3 minutes 

measurements. After measuring basal oxygen consumption rate (OCR) for 3 cycles, 

Oligomycin (1μM, Sigma-Aldrich) was added to inhibit ATP synthase and thus determine 

the proportion of respiration used to generate ATP. After 3 assay cycles, carbonyl 

cyanide-4-(trifluoromethoxy) phenyl hydrazone (FCCP, 1μM, Sigma-Aldrich) was added 

to determine the maximal respiration by mitochondria by uncoupling ATP synthesis 

from electron transportation. After another 3 cycles Rotenone (0.5 μM, Sigma-Aldrich) 

and Antimycin A (0.5 μM, Sigma-Aldrich) were added to measure the non-mitochondrial 

respiratory rate.

St a t i s t i c a l  a n a l ys i s

Parametric distribution of data was confirmed using Kolmogorov-Smirnov tests. Data are 

expressed as mean ± standard error of mean (SEM).  Statistical differences of parametric 

data were analyzed using one-way ANOVA, while nonparametric data were analyzed 

with a Kruskal-Wallis test. P-values < 0.05 were considered to be statistically significant 

(*p < 0.05, **p < 0.01, and ***p < 0.001). The data were analyzed using GraphPad Prism 

(version7.00; GraphPad Software Inc, La Jolla, CA, USA).

results

St r u c t u ra l  c h a ra c t e ri z a t i o n o f  p e c t i n s

The structural characterization of pectin DM5, DM18, and DM69 reported in Table 1 
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was confirmed by NMR analysis (Figure S1-S8). The major carbohydrate residue α-linked 

galacturonic acid (α-GalA) and the degree of methylation was determined. The 1H-NMR 

spectrum of DM5 showed the following α-GalA peaks: H-1 at 5.09, H-2 at 3.76, H-3 at 

3.98, H-4 at 4.44, and H-5 at 4.77 parts per million (ppm). 13C-NMR of DM5 presented the 

following α-GalA peaks: C-1 at 99.94, C-2 at 69.06, C-3 at 69.64, C-4 at 71.81, and C-5 at 

78.91 ppm. The peak at 174.71 ppm is assigned to the carbonyl group (C6). No significant 

OCH3 signal was observed. The 1H-NMR of DM18 showed the following α-GalA peaks: 

H-1 at 5.10, H-2 at 3.78, H-3 at 3.99, H-4 at 4.45, and H-5 at 4.82 ppm. The peak at 3.82 

ppm can be assigned to the OCH3 group. The integration of the OCH3 group corresponds 

to ~20% methylation. The 13C-NMR of DM18 showed peaks of α-GalA: C-1 at 100.03, 

C-2 at 69.03, C-3 at 69.51, C-4 at 71.66, and C-5 at 78.89 ppm. The peak at 53.52 ppm 

belongs to the OCH3 group. The 1H-NMR of DM69 that can be assigned to α-GalA: H-1 

and H-5 appear as a multiplet at 5.05 ppm, H-2 at 3.69, H-3 at at 3.98, and H-4 at 4.46 

ppm. The OCH3 peak resides at 3.82 ppm and its integration suggests ~61% methylation. 

However, significant overlap of the methyl peak in the 1H spectrum prevents accurate 

determination of methylation. The poor solubility and high gelling capacity of DM69 

prevented the acquisition of a detailed 13C NMR spectrum, so the 13C chemical shifts were 

revealed by HMQC.

Table 1. Structural characteristics of the pectins. Degree of methyl-esterification (DM) is 
defined as the amount of methanol (mole) per 100 moles of the total galacturonic acid in the 
sample. Molecular weight = Mw. Rhamnose = Rha, arabinose = Ara, galactose = Gal, glucose 
= Glc, and Uronic acid = UA. 
 

Pectin Mw (KDa) Monosaccharide content (mol%) Carbohydrate content 
(%)Rha Ara Gal Glc UA

DM5 36 0 0 3 0 95 68

DM18 53 0 0 3 1 95 73

DM69 81 1 2 8 1 87 83

Pr o t e c t i ve e f f e c t  u n d e r  S T Z- i n d u ce d s t r e s s

We first investigated the effects of pectins on human islets without any stressor. Pectins 

did not significantly influence cell viability with any of the tested DM-value (DM5, DM18 

and DM69) or at any concentration (0.5, 1, and 2 g/L) (Figure 2A, B). To investigate effects 

of pectin on islets under stress we first tested the impact of pectins on islet-cells exposed 

to STZ, i.e. a well-known β-cell apoptosis inducer [26]. Human islets were incubated with 
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pectins with DM5, DM18, and DM69 and at concentrations of 0.5, 1, and 2 g/L for 1 h. 

Subsequently 5 mM STZ was added and incubated for 24 h.

Figure 2. Effects of pectins with different DM (DM5, DM18, and DM69) on cell survival in 
human islets and MIN6 cells exposure to STZ. Human islets (A and B) or MIN6 cells (F) were 
incubated with pectin followed by measuring cell viability (A and F) using a WST-1 assay and 
insulin staining (B). To investigate the effect of pectins on islet β-cell under streptozotocin 
(STZ)-induced stress, islets (C-E) or MIN6 cells (F-H) were incubated with pectins for 1 h 
followed by co-incubation for 24 h with 5 mM STZ and pectin. After incubation cell viability 
was determined by a WST-1 assay (C and G). Islet cell apoptosis was determined by co-staining 
with Annexin V and PI, and analyzed under a fluorescence microscope (D). Islet Annexin PI 
staining results were analyzed by using Image J gradation analysis (E). MIN6 cell apoptosis 
was detected using a flow cytometric assay with Annexin V and PI staining (H). Results are 
plotted as mean ± SEM (n=5). The statistical differences were quantified using one-way 
ANOVA analysis with Newman-Keuls multiple comparisons test (*p < 0.5, **p < 0.01, ***p < 
0.001). Scale bar denotes 100 μm.

STZ significantly reduced viability by 53.8 ± 8.6% (p < 0.001; Figure 2C). This 

reduction was less when islets were pre-incubated with pectins. DM5 pectin showed the 

most pronounced protection. It prevented the STZ-induced viability decrease by 38.7 
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± 10.5% (p < 0.01) at a concentration of 1 g/L but not at 0.5 g/L. DM5 pectin exposure 

at a concentration of 2 g/L showed even a stronger protective effect and prevented 

the decrease in viability after STZ exposure by 46.3 ± 13.7% (p < 0.01). Effects were 

still present but less pronounced with DM18 pectin which only at 2 g/L significantly 

prevented STZ-induced reduction in viability by 41.8 ± 9.7% (p < 0.01). Pectin of higher 

DM, i.e. DM 69, did not show any significant protective effects. The effect of pectins 

on islet apoptosis was also investigated. STZ at a concentration of 5 mM significantly 

increased islet apoptosis with 54.8 ± 7.5% (p < 0.001) compared to the untreated islets 

(Figure 2D, E). DM5 pectin at a concentration of 2 g/L significantly prevented STZ-induced 

apoptosis with 46.0 ± 8.5% (p < 0.001). This effect was not observed when islets were 

pre-incubated with pectin of higher DM or lower concentrations.

Islets are clusters of several different cell types [27]. To confirm relevance of our 

findings for β-cells we also performed the above-described experiments with a pure β-cell 

line. Since there is no human β-cell line available that responds to glucose stimulation 

like in healthy individuals, we used the mouse MIN6 cell line that does respond to glucose 

changes [28, 29]. As in islets, pectin alone did not show any effects on β-cell viability 

under homeostatic culture conditions (Figure 2F). However, STZ significantly decreased 

cell viability by 53.0 ± 1.1% (p < 0.001; Figure 2G), which was significantly prevented by 

DM5 pectin at 1 g/L by 33.8 ± 6.1% (p < 0.05). DM5 pectin exposure at 2 g/L showed a 

stronger protective effect and prevented the decline by 40.5 ± 2.0% (p < 0.001). DM18 

pectin at 2 g/L significantly inhibited the decrease by 27.5 ± 2.3% (p < 0.05). DM69 pectin 

did not have a significant effect here. STZ-induced apoptosis in 61.2 ± 6.8% of the MIN6 

cells (p < 0.001; Figure 2H). DM5 pectin at a concentration of 1 g/L and 2 g/L significantly 

prevented STZ-induced cell apoptosis by respectively 46.8 ± 8.5% (p < 0.01) and 53.4 ± 

7.3% (p < 0.001). DM18 pectin at 2 g/L also significantly inhibited apoptosis by 45.5 ± 7.6 

% (p < 0.01). There was no rescuing effect of DM69 pectin.

Pr o t e c t i ve e f f e c t  u n d e r  i n f l a m m a t o r y s t r e s s

To determine the role of pectins on β-cell survival under cytokine stress we tested the 

effects after exposure to the cocktail of IL-1β + IFN-γ + TNF-α, which has been identified 

as essential effector molecules in the initiation of Type 1 Diabetes [30]. The cytokines 

significantly decreased human islet viability with 63.2 ± 8.3% (p < 0.001; Figure 3A). 

However, a pre-incubation with pectin prevented this viability decrease. DM5 at a 
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concentration of 1 g/L significantly prevented the viability decline with 45.7 ± 8.0% 

(p < 0.001) and at 2 g/L almost completely prevented the negative effects on viability. 

Effects were less at higher DM as DM18 pectin only prevented cytokine damage at 2 g/L 

significantly with 43.8 ± 10.9% (p < 0.01) and not at lower concentrations. DM69 pectin 

did not influence islet viability after cytokine exposure. Inflammatory cytokine-induced 

islet apoptosis is the main cause of islet loss [31]. Therefore, apoptosis was investigated 

following incubation with pectins and cytokines. Cytokines induced apoptosis in 53.1 

± 5.5% (p < 0.001) of the human islet-cells (Figure 3B, C). However, the apoptosis was 

significantly reduced with 43.9 ± 5.8% (p < 0.001) when islets were pre-incubated with 

DM5 pectin at 2 g/L. Pectins of DM18 and DM69 did not show an effect on apoptosis at 

any concentrations.

Figure 3. Effects of DM5, 
DM18, or DM69 pectin on 
cell survival of human islets 
and MIN6 cells exposure to 
proinflammatory IFN-γ, TNF-α, 
and IL-1β cytokine cocktail. 
Human islets (A-C) and MIN6 
cells (D and E) were incubated 
with pectins for 1 h followed 
by co-incubated of pectins and 
cytokines (IFN-γ, TNF-α, and 
IL-1β) for an additional 24 h. 
After incubation, cell viability 
was determined by a WST-1 
assay (A and D). Cell apoptosis 
was determined by co-staining 
with Annexin V and PI. Human 
islets were imaged with a 
fluorescence microscope (B) 
and analyzed by using Image 
J gradation analysis (C). MIN6 
cell apoptosis was detected 
using a flow cytometric assay 
(E). Results are plotted as mean 
± SEM (n=5). The statistical 
differences were analyzed 
using one-way ANOVA analysis 
with Newman-Keuls multiple 
comparisons test. (*p < 0.5, **p 
< 0.01, ***p < 0.001). Scale bar 
denotes 100 μm.
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We also studied the impact of cytokines and pectins on MIN6 cells. Cytokine-treated 

cells showed a decrease in cell viability of 57.9 ± 2.6% (p < 0.001) compared to controls. This 

decrease was prevented by low-DM pectins (Figure 3D). DM5 pectin at 1 g/L significantly 

prevented the viability decrease with 44.0 ± 5.4% (p < 0.01). When further increasing the 

dosages of DM5 pectin to 2 g/L, the pectin almost completely prevented the negative 

effect on viability (p < 0.001). DM18 pectin at 2 g/L demonstrated a protective effect 

but less effective as DM5 pectin. It prevented decrease in cell viability with 27.8 ± 4.0% 

(p < 0.05). DM69 pectin-pretreated cells did not show significant differences. To also 

determine the influence of pectin on cytokine-induced β-cell apoptosis, we measured 

apoptosis of MIN6 cells incubated with cytokines in presence and absence of pectin. 

Cytokines increased apoptosis by 77.2 ± 7.6 % (p < 0.001; Figure 3E). DM5 pectin at a 

concentration of 1 g/L and 2 g/L significantly prevented this increase with 43.4 ± 8.3 % 

(p < 0.05) and 63.7 ± 8.6 % (p < 0.01). DM18 pectin only showed a rescuing effect at 2 g/L, 

the apoptosis was reduced with 51.9 ± 7.4 % (p < 0.01) compared to cells treated with 

cytokines alone. DM69 pectin did not prevent cytokine-induced apoptosis.

Pe c t i n a t t e n u a t e s  g e n e ra t i o n o f  f r e e ra d i c a l s

As early stages of STZ-induced β-cell damage are characterized by free radical 

generation, we studied whether pectins impact the release of ROS and NO [32]. Since 

2 g/L pectins had the most pronounced effect, these experiments were only done with 

this concentration. ROS generation was significantly increased with 41.4 ± 8.4% (p < 0.05) 

after human islets were treated with STZ (Figure 4A). This increase was prevented by 

DM5 pectin with 43.2 ± 6.8% (p < 0.05), but not by DM18 and DM69 pectin. STZ also 

strongly impacted NO synthesis of islets, which was enhanced with 73.7 ± 5.3% (p < 

0.001; Figure 4B) compared to untreated controls. DM5 and DM18 pectin prevented this 

enhancement with respectively 76.2 ± 5.7% (p < 0.001) and 56.3 ± 7.7% (p < 0.01). DM69 

pectin was unable to prevent the NO overproduction.

We also studied ROS and NO generation in MIN6 cells showing that STZ provoked 

an increased production of ROS with 66.9 ± 4.0% (p < 0.001) as compared with untreated 

controls (Figure 4C). DM5 pectin significantly prevented this increase with 50.1 ± 4.5% 

(p < 0.01) compared to cells incubated with only STZ. DM18 pectin also significantly 

suppressed the increase in ROS production with 26.1 ± 4.4% (p < 0.05), but DM69 

pectin did not show significant prevention. Consistent with the human islet results, 
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STZ enhanced NO release from MIN6 cells with 38.4 ± 1.9% (p < 0.01; Figure 4D). DM5 

pectin prevented this STZ-induced NO increase with 34.9 ± 1.9% (p < 0.01) resulting in 

similar levels of NO compared to the untreated control. DM18 pectin also significantly 

prevented STZ-induced NO increase with 24.8 ± 1.9% (p < 0.05), whereas DM69 pectin 

did not impact NO release.

Figure 4. Effects of DM5, DM18, or DM69 pectin on STZ- or cytokine-induced free radical 
generation in human islets and MIN6 cells. Human islets (A, B, E and F) or MIN6 cells (C, D, G 
and H) were incubated with 2 g/L pectin for 1 h followed by 24 h co-incubation with pectin 
and 5mM STZ (a-d) or a cytokine cocktail (E-H). Intracellular ROS was measured with a DCFDA 
Cellular ROS Detection Assay Kit (A, C, E and G). Nitric oxide (NO) was detected using a Nitric 
Oxide Assay Kit (B, D, F and H). Results represent are expressed as mean ± SEM (n=5). The 
statistical differences were analyzed using one-way ANOVA analysis with Newman-Keuls 
multiple comparisons test. (*p < 0.5, **p < 0.01, ***p < 0.001).

Elevated intracellular free radicals, induced by proinflammatory cytokines, trigger 

β-cell death via apoptosis [33]. Therefore, we investigated production of ROS and NO in 

both islets and MIN6 cells after treatment with our cytokine cocktail and 2 g/L of the 

different pectins. Treatment with cytokines significantly increased ROS production in 

islets with 70.3 ± 12.7% (p < 0.001; Figure 4E). Pretreatment with DM5 pectin significantly 

prevented the cytokine-induced ROS generation, which was similar to untreated controls 
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(p < 0.001). A preincubation with DM18 did also significantly reduce ROS production with 

40.0 ± 14.9% (p < 0.05). However, DM69 pectin exposure did not prevent the increase. 

NO was elevated after cytokine incubation with 52.5 ± 14.6% (p < 0.01; Figure 4F). This 

increase was prevented by DM5 pectin with 38.4 ± 16.4% (p < 0.05), but not by DM18 and 

DM69 pectin.

In MIN6 cells we observed similar results as in the human islets. Cytokines 

provoked a significant increase of ROS with 74.5 ± 6.9% (p < 0.001) as compared with 

untreated controls (Figure 4G). DM5 pectin suppressed this overproduction with 58.9 ± 

7.7% (p < 0.001). DM18 pectin has less effect but still significantly suppressed the increase 

in ROS production with 26.1 ± 9.7% (p < 0.05). DM69 pectin did not show a significant 

effect. Furthermore, cytokines enhanced NO release in MIN6 cells with 35.2 ± 6.2% (p 

< 0.001; Figure 4H). DM5 pectin prevented this NO increase with 31.4 ± 6.8% (p < 0.01), 

which made the NO level similar to the untreated control. DM18 and DM69 pectin did 

not prevent the NO increase.

Pe c t i n p r eve nt s  d a m a g e i n  e n e r g y m e t a b o l i s m 

The release of free radicals is often accompanied by mitochondrial dysfunction, which 

leads to disorders in the cellular energy metabolism [34]. To investigate whether 

the tested pectins contribute to maintenance of β-cell energy metabolism after STZ 

exposure, we determined the effect of pectin on the OCR of MIN6 cells, which is an 

indicator of mitochondrial respiration in islet-cells (Figure 5A) [35]. As these assays 

require high cell amounts, it could only be performed with MIN6 cells and not with the 

rarely available human islets.

STZ has a strong negative impact on the OCR of β-cells, which was prevented by 

pectins in a DM-dependent fashion (Figure 5B-E). MIN6 cells incubated with STZ showed 

a decreased respiration rate, including a significantly decreased basal respiration, which 

was 46.8 ± 2.4% (p < 0.001) lower than controls, a spare respiration reduction of 23.2 ± 

3.6% (p < 0.05), and a reduced ATP production of 53.5 ± 3.6% (p < 0.001). A pre-incubation 

with DM5 pectin almost completely prevented these negative effects. The mitochondrial 

basal respiration rate, spare respiration, and ATP-linked respiration values were identical 

to the untreated controls when cells were exposed to DM5 pectin and STZ. DM18 pectin 
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had a partial rescue effect. Cells exposed to DM18 pectin prevented the STZ-induced 

basal respiration decrease with 16.9 ± 2.8% (p < 0.05) and ATP-linked respiration with 

22.4 ± 4.0% (p < 0.05). The spare respiration was still affected by STZ. DM69 pectin did 

not protect the cells from STZ-induced respiratory damage.

Figure 5. Effect of DM5, DM18, or DM69 pectin on oxygen consumption rate of MIN6 cells 
after STZ or cytokine-induced stress. (A) A schematic overview of the mitochondrial stress test. 
Arrows indicate the subsequent addition of the ATPase inhibitor oligomycin, the uncoupling 
reagent FCCP, and the inhibitors of the electron transport chain rotenone/antimycin A. MIN6 
cell were seeded in a Seahorse cell culture plate. After incubation with pectins at 2 g/L for 1 h, 
STZ at a final concentration of 5 mM (B-E) or a cytokine cocktail (F-I) was added to each well 
and co-incubated with pectin for 24 h. OCR of treated cells was investigated using Seahorse 
Bioscience XF24 extracellular flux analyzer. Figure C-E and G-I respectively represent individual 
parameters for basal respiration, spare respiration, and ATP-linked respiration. Results are 
plotted as mean ± SEM (n=5). The statistical differences were analyzed using one-way ANOVA 
analysis with Newman-Keuls multiple comparisons test. (*p < 0.05, **p < 0.01, ***p < 0.001).

To determine the influence of pectin on cytokine-induced mitochondrial 

dysfunction, we treated MIN6 cells with the cytokines in the presence and absence 

of pectins at 2 g/L and measured OCR after 24 h. The culture of β-cells with cytokines 

significantly decreased OCR, it reduced the basal respiration with 52.8 ± 2.0 % (p < 
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0.001), spare respiration with 53.9 ± 8.0% (p < 0.001), and ATP-linked respiration with 

64.6 ± 1.8% (p < 0.001; Figure 5F-I). However, cells preincubated with pectins were 

protected from these effects. DM5 pectin significantly prevented the decrease in basal 

respiration with 48.1 ± 3.5% (p < 0.001), spare respiration with 33.6 ± 3.2% (p < 0.05), and 

ATP-linked respiration with 69.7 ± 5.2% (p < 0.001) as compared with cells incubated 

with only cytokines. DM18 pectin was less efficient but still had significant protective 

effects. It prevented a basal respiration decrease of 25.8 ± 4.9% (p < 0.05), reduced spare 

respiration with 35.3 ± 3.8% (p < 0.05), and prevented ATP-linked respiration decline 

with 37.7 ± 7.0% (p < 0.01). DM69 pectin did not show any significant effects here.

Pe c t i n s  r e s c u e d a m a g e d ce l l s  by b i n d i n g t o G a l -3

Pectin influences adipocyte metabolism and cancer cell apoptosis as a natural ligand of 

Gal-3 [16, 36]. To verify if pectin prevents STZ-induced OCR reduction through interaction 

with Gal-3, the OCR was measured in the presence and absence of the Gal3 antagonist 

α-lactose [36]. Since DM5 pectin showed the most pronounced effect, this experiment 

was only done with DM5 pectin. An incubation with α-lactose alone did not influence 

β-cell respiration in normal culture conditions (Figure 6A-D). The mitochondrial basal 

respiration rate, spare respiration, and ATP-linked respiration of MIN6 cells exposed to 

α-lactose were identical to untreated controls. However, in the presence of α-lactose, the 

preventive effects of DM5 pectin were compromised. The preincubation with α-lactose 

before pectin and STZ resulted in reduced basal respiration, spare respiration, and 

ATP-linked respiration, which was respectively 24.4 ± 4.4% (p < 0.01), 19.5 ± 8.2% (p < 

0.05), and 31.6 ± 5.7% (p < 0.01) lower than cells treated with pectin and STZ.

We also treated MIN6 cells with DM5 pectin and the cytokines with and without 

preincubation of α-lactose. A preincubation of α-lactose prevented the protective effect 

of DM5 pectin on cytokine-damaged β-cells (Figure 6E). The protective effect of DM5 on 

basal respiration was no longer present, inclusion of the α-lactose decreased the basal 

respiration with 56.8 ± 2.7% (p < 0.001) compared with cells treated with DM5 pectin and 

cytokines (Figure 6F). The preincubation of lactose did not show considerable influence 

on spare respiration (Figure 6G). The rescue effect of DM5 pectin on ATP-linked respiration 

was fully counteracted by preincubation of α-lactose (Figure 6H). This indicates that DM5 

pectin binds with Gal-3 and regulates β-cell metabolism.
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Figure 6. DM5 pectin influences islet cell respiration through Galectin-3 (Gal-3). To verify if 
pectin prevents the STZ- or cytokine-induced OCR reduction through interaction with Gal-3, 
OCR was measured in the presence and absence of the Gal-3 ligand α-lactose (Lac). MIN6 
cells were seeded in a Seahorse cell culture plate. Lactose at 20 mM was incubated with 
MIN6 cells for 1 h, followed by DM5 pectin and STZ (A-D) or a cytokine cocktail (E-H) for an 
additional 24 h. OCR of treated cells was investigated using the Seahorse Bioscience XF24 
extracellular flux analyzer. Figure B-D and F-H respectively represent individual parameters 
for basal respiration, spare respiration, and ATP-linked respiration. Results are plotted as 
mean ± SEM (n=5). The statistical differences were analyzed using one-way ANOVA analysis 
with Newman-Keuls multiple comparisons test. (*p < 0.05, **p < 0.01, ***p < 0.001).

dIscussIon

Type 1 and Type 2 Diabetes are frequently associated with oxidative and inflammatory 

stress-induced β-cell loss [37-39]. Many report beneficial effects of pectin on glucose 

management, but not much is known about the direct impact on β-cells under stress 

[6, 8]. Previous studies have shown that pectin may regulate the function of Gal-3, which 

have been shown to participate in cytokine-induced apoptosis [40]. Here, we showed 

that pectins can rescue β-cell viability and their respiratory metabolism under STZ- or 

cytokine-induced stress. Furthermore, pectins reduced oxidative and nitrosative stress 

in both human islets and β-cells. This protective effect against STZ or inflammatory 

stress was dependent on the DM and the concentration of the pectins. 



Protective effects of pectins on pancreatic β-cells

67

2

Previous mouse studies demonstrate a potential role for Gal-3 in anti-diabetic effect of 

pectins [19, 41]. These studies did not investigate the direct protective effects of pectin 

on islets. Islets are believed to be micro-organs containing several cell types [27, 42]. By 

using a combination of human islets and a β-cell line, we proved the direct protective 

effects of pectin on β-cells. We show pectins rescue from oxidative or inflammatory 

stress through Gal-3. Gal-3 is synthesized by free ribosomes in the cytosol but can easily 

cross the plasma membrane and the endomembrane system to translocate into the 

nucleus, mitochondria, and extracellular matrix [17]. Since pectin is a macromolecule 

and cannot access cytoplasm, pectin likely binds with Gal-3 at the surface of the cellular 

membrane and in the extracellular matrix [23]. 

The mechanism behind the anti-apoptotic effects may be via three ways (Figure 

7). First, pectin is directly inhibiting pro-apoptotic Gal-3 located on the cell membrane 

[43]. This binding suppresses related mitochondrial apoptotic pathways and rescues 

mitochondrial respiratory function [43]. Second, pectin is hampering intracellular danger 

signal delivery. Gal-3 mediates the ligation of cell surface glycoproteins and increases the 

affinity of cell binding, which in turn facilitates intercellular signaling [44]. The severely 

impaired β-cell can generate danger signals that induce nearby cell apoptosis [45]. The 

binding of pectin to Gal-3 potentially suppresses danger signal delivery, subsequently 

improving cell survival under stress. Third, another plausible explanation could be 

that pectin induces translocation of Gal-3 to the perinuclear membranes [46]. This 

translocation protects mitochondrial integrity and inhibits apoptosis [46]. However, the 

exact mechanism by which Gal-3 translocates remains subject of debate [47]. Further 

research will enable us to exactely pinpoint which of the three mechanism described 

above is applicable to Gal-3 in β-cell apoptotic processes by pectins.

The protective effect against STZ or cytokines is dependent on pectin 

concentration and DM value of the pectin. The low-DM pectin at high concentration 

showed the highest efficiency in protection against oxidative and inflammatory 

damage. The DM-dependent effect may be related to the molecular weight of pectin, 

which can be explained by differences in the valid binding-domain densities of pectins 

with different DM values. Considering that pectin is a long-chain polymer, each single 

chain has multiple binding regions [15]. Although longer chain polymers could contain 

more binding regions, limited by complicated structure and distance between regions, 

partial regions in long-chain pectin may not be able to freely bind with Gal-3 [16]. The 
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procedure applied for pectin de-esterification results in shorter chains and a decrease 

in the molecular weight of the pectin [23, 48]. This procedure may also liberate binding 

regions from complicated long-chain pectins and allow them to freely bind with Gal-3. 

Therefore, the lowest DM pectin has a maximum amount of freely binding regions per 

unit mass that leads to a more prominent effect [49].

Figure 7. Schematic illustration of the rescuing effects of low-DM pectin on β-cells. Cellular 
membrane and extracellular Gal-3 binding with low-DM pectin inhibits mitochondrial 
dysfunction, ROS and NO overproduction, and apoptosis in β-cells under STZ- or 
proinflammatory cytokine-induced stress.

The composition of sidechain monosaccharides might influence the biological 

characteristics of pectins [50]. Among the tested pectins in this study, similar sugar 

composition patterns were found in DM5 and DM18 pectin. However, DM5 pectin 

showed significantly stronger protection against β-cell damage. This indicates the 

DM values of pectins do influence the protective ability of pectin. Additionally, it was 

suggested that the pectin structure present a high diversity according to their different 

origin [51]. Recent studies of pectins extracted from other sources, e.g. okra, sour cherry 

pomace, and papayas, suggest the essential roles of pectin’s molecular weight and the 
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degree of methyl-esterification on its chemical and biological characteristics [52, 53]. The 

comparisons of pectin extract from different sources may also contribute to a deeper 

understanding of structure-related biological function.

Our study suggests that low-DM lemon pectins, could potentially be applied in 

the prevention and management of diabetes by protecting β-cells against inflammatory 

and oxidative stress. This is, to the best of our knowledge, a new explanation as to why 

increased dietary fiber intake is associated with a lower frequency of hyperglycemia. 

Treatment of intestinal inflammation and tumors with dietary fibers showed that these 

polysaccharides are taken up by gastrointestinal macrophages, transported to the 

bone marrow, and subsequently secreted into the peripheral circulation [10-13]. This 

indicates pectins can be blood-born, and influence tissue metabolism. The insufficient 

intake of dietary fibers in Western societies has been believed to be one of the major 

causes of the high incidence rates of both Type 1 Diabetes and Type 2 Diabetes [54]. 

Previous studies report beneficial effects of dietary fiber on glucose metabolism, but 

none of these effects is attributed to directly impacting metabolism or viability of β-cells 

under stress [6, 32]. Our study demonstrates that low-DM pectin plays an essential role 

in maintaining β-cell metabolism and promoting survival under stressful conditions. 

Islet transplantation, a promising treatment for Type 1 Diabetes, which is challenged 

by oxidative stress-induced islet graft loss, could also benefit from these results [55, 

56]. As a natural polymer with excellent biocompatibility [57], low-DM pectin could be 

applied as a preincubation or coating of the islet graft to improve graft survival. Based 

on its biocompatibility and biodegradability, we believe that the highly abundant and 

low-cost natural polymer pectin might has a great potential for reducing the expense 

and cytotoxicity of diabetes treatment [57]. In conclusion, this study provides new 

insights in how pectin can contribute to maintenance of health. Our data reveals an 

unrecognized influence of pectin on β-cell apoptosis in the oxidative and inflammatory 

context, showing to improve β-cell survival through binding with Gal-3.
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supplementAry fIgures

Figure S1. 1H NMR (600 MHz, D2O, 80°C) of DM5. 
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Figure S2. 13C NMR(600 MHz, D2O, 80 °C) of DM5.
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Figure S3. HMQC (600 MHz, D2O, 80 °C) of DM5.
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Figure S4. 1H NMR (600 MHz, D2O, 80 °C) of DM18.



Chapter 2

74

Figure S5. 13C NMR (600 MHz, D2O, 80 °C) of DM18.
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Figure S6. HMQC (600 MHz, D2O, 80 °C) of DM18.
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Figure S7. 1H NMR (600 MHz, D2O, 80 °C) of DM69.
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Figure S8. HMQC (600 MHz, D2O, 80 °C) of DM69.
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AbstrAct

Islet dysfunction mediated by oxidative and mitochondrial stress contributes to 

the development of Type 1 and 2 Diabetes. Acetate and butyrate, produced by gut 

microbiota via fermentation, have been shown to protect against oxidative and 

mitochondrial stress in many cell types, but their effect on pancreatic β-cell metabolism 

has not been studied. Here, human islets and the mouse insulinoma cell line MIN6 were 

pre-incubated with 1, 2, and 4 mM of acetate or butyrate with and without exposure 

to the apoptosis inducer and metabolic stressor streptozotocin (STZ). Both short-chain 

fatty acids (SCFAs) enhanced the viability of islets and β-cells, but the beneficial effects 

were more pronounced in the presence of STZ. Both SCFAs prevented STZ-induced cell 

apoptosis, viability reduction, mitochondrial dysfunction, and the overproduction of 

reactive oxygen species (ROS) and nitric oxide (NO) at a concentration of 1 mM but not at 

higher concentrations. These rescue effects of SCFAs were accompanied by preventing 

reduction of the mitochondrial fusion genes MFN, MFN2, and OPA1. In addition, elevation 

of the fission genes DRP1 and FIS1 during STZ exposure was prevented. Acetate showed 

more efficiency in enhancing metabolism and inhibiting ROS, while butyrate had less 

effect but was stronger in inhibiting the SCFA receptor GPR41 and NO generation. Our 

data suggest that SCFAs play an essential role in supporting β-cell metabolism and 

promoting survival under stressful conditions. It therewith provides a novel mechanism 

by which enhanced dietary fiber intake contributes to the reduction of Western diseases 

such as diabetes.

keywords

Acetate; Butyrate; Pancreatic β-cells; Apoptosis; Mitochondrial dynamics; Oxygen 

consumption rate
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IntroductIon

Acetate and butyrate are short-chain fatty acids (SCFAs) and the main large intestinal 

microbiota fermentation products of soluble fibers. SCFAs have been reported to 

attenuate various inflammatory responses and metabolism disorders [1, 2]. For example, 

acetate and butyrate have been shown to reduce or delay development of autoimmune 

diabetes by inhibiting proinflammatory lymphocytes and support of regulatory 

lymphocytes [3, 4]. Furthermore, SCFAs are reported to promote insulin sensitivity and 

metabolism in obese individuals by increasing fat oxidation, energy expenditure, and 

decreasing lipolysis [5-8]. Effects of SCFA are not restricted to the intestine as they have 

been reported to enter the peripheral circulation and to participate in peripheral tissue 

metabolism. In the systemic circulation it affect energy homeostasis and metabolism 

by regulating mitochondrial functions and dynamics in brown adipocytes, liver, and 

skeletal muscle via G protein-coupled receptor (GPR) 41 and 43 [9-13]. Although glucose 

metabolism has shown to be impacted by acetate and butyrate there are no studies yet 

that address effects of SCFAs on pancreatic islets [14, 15]. 

Islets are known to express the SCFA receptors GPR 41 and 43, indicating that 

SCFAs might be involved in islet-cell metabolism and mitochondrial function [16, 17]. 

Mitochondrial dysfunction of the insulin-producing β-cells might lead to β-cell apoptosis 

through the generation of free radicals and eventually to metabolic disorder and diabetes 

[18, 19]. SCFAs might beneficially impact several processes in the mitochondria of β-cells. 

They might affect mitochondrial fusion proteins, e.g. atrophy (OPA1) and mitofusin (MFN) 

1 and 2, and fission proteins, e.g. dynamin-related protein 1 (DRP1) and fission protein 

1 (FIS1) [20]. An increase in fusion proteins might protect cells against toxin-induced 

apoptosis, whereas fission is associated with the generation of mitochondrial fragments, 

which occurs in the early stages of cell apoptosis [21]. If SCFAs impact these proteins it 

might be involved in support of mitochondrial function, efficiency, and dynamics during 

stress which might contribute to prevention of β-cell dysfunction and save β-cells both 

in Type 1 and Type 2 Diabetes.

To gain insight in a possible role of acetate and butyrate in β-cell function we 

investigated the impact of acetate and butyrate on viability and mitochondrial function 

of both human islets and a mouse β-cell line as no adequate human β-cell line were 

available. This was done in the presence and absence of the well-known apoptosis inducer 
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in β-cells, streptozotocin (STZ). The impact and rescuing effects of acetate and butyrate 

on basal respiration, ATP-linked respiration, and spare respiration was investigated. 

As STZ induces cell death via generation of free radicals and nitric oxide (NO), also the 

impact of acetate and butyrate was studied on the generation of these molecules during 

exposure to STZ. Our data demonstrates that SCFAs enhance metabolism of β-cells and 

can protect cells for many deleterious processes in a SCFA-dependent fashion.

mAterIAls And methods 

Ce l l  c u l t u r e

The MIN6 cell line was purchased from American Type Culture Collection (ATCC, 

Manassas, USA). MIN6 cells (passages 30-45) were cultured in DMEM High glucose 

medium (Lonza, Basal, Switzerland), containing 15% fetal bovine serum (FBS, Lonza), 50 

μmol/L β-mercaptoethanol, 2 mmol/L L-glutamine, 50 U/mL penicillin, and 50 μg/mL 

streptomycin (all from Sigma-Aldrich, St. Louis, USA). Cells were cultured at 37 °C in a 

humidified atmosphere containing 95% air and 5% CO2.

H u m a n i s l e t  i s o l a t i o n 

Human islets of Langerhans were isolated from cadaveric pancreata at the Leiden 

University Medical Center , as previously described [22] and provided through the 

JDRF award 31-2008-416 (European Consortium for Islet Transplantation, Islet for Basic 

Research program, Milan, Italy). The detailed information of islet and donor data is 

mentioned in supplementary Table A. Islets were used for research when the quality 

and/or number were insufficient for clinical application according to national laws and 

when research consent was available. All the procedures were approved and carried out 

in accordance with the code of proper secondary use of human tissue in The Netherlands 

as formulated by the Dutch Federation of Medical Scientific Societies. After shipment 

to the University Medical Center Groningen, islets were cultured in CMRL-1066 (GIBCO, 

Bleiswijk, the Netherlands), supplemented with 10% FBS, 50 U/mL penicillin, and 50 μg/

mL streptomycin, as previously described [23].
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Ce l l  v i a b i l i t y

The effect of SCFAs on β-cell viability was determined by the cell proliferation reagent 

WST-1 (Roche, Indianapolis, USA). Briefly, human islets (15 islets/well) and MIN6 cells (1 

x 10⁴ cells/well) were seeded in 96-well plates. Islets and cells were cultured overnight 

and the following day incubated with or without the acetate (Sigma-Aldrich) or butyrate 

(Sigma-Aldrich) at 1, 2, and 4 mM for 24 hours followed by WST-1 assay. In order to 

investigate the protective effect of tested SCFAs, a one-hour preincubation of SCFA was 

followed by a 24 hours co-incubation of the SCFAs and 5 mM STZ (Sigma-Aldrich), since 

STZ is widely reported as causing β-cell destruction and reduced insulin secretion [24]. 

Cells without SCFAs and STZ incubation were used as negative control and cells with only 

STZ incubation were used as positive control. After 30 min incubation with WST-1 (10 

μL/well) at 37 °C, the absorbance was measured at 450 nm using a Bio-Rad Benchmark 

Plus microplate spectrophotometer reader (Bio-Rad Laboratories B.V, Veenendaal, the 

Netherlands).

Ce l l  a p o p t o s i s 

The effect of acetate and butyrate on β-cell apoptosis was analyzed using an Annexin V 

(Biolegend, San Diego, USA) and PI (PI, Thermo Scientific, Eugene, USA) staining. Briefly, 

human islets were seeded on gelatin-coated coverslips with a diameter of 10.2 mm (15 

islets/slide). MIN6 cells (1 x 10⁶ cells/well) were cultured in 6-well plates. Islets and MIN6 

cells were incubated with or without acetate or butyrate at 1, 2, and 4 mM for 24 hours 

followed by Annexin V/PI staining. In order to investigate the rescue effects of SCFAs, 

one-hour preincubation of tested SCFA was followed by a 24 hours co-incubation of 

the SCFAs and 5 mM STZ. Cells without tested SCFAs and STZ incubation were used 

as negative control. Cells with only STZ incubation were used as positive control. After 

incubation, islets and MIN6 cells were incubated for 15 minutes with 4.5 µg/mL Alexa 

Fluor® 488 annexin V and 1 µg/mL propidium iodide. The staining of human islets was 

analyzed using a Leica DM4000 B microscope (Leica Microsystems, Wetzlar, Germany). 

The percentage of annexin V positive area and islet size were measured using ImageJ 

software (Version 1.47; NIH, Bethesda, MD, USA). MIN6 cells were analyzed by flow 

cytometry (BD Biosciences, Breda, The Netherlands). The flow cytometric results were 

analyzed using FlowJo® 10.4.2 software (LLC, Ashland, USA) and the number of apoptotic 

cells was expressed as the percentage of the total number of cells.
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M i t o c h o n d ri a l  f u n c t i o n 

The effect of acetate and butyrate on mitochondrial function was measured by seeding 

MIN6 cells in XFe24 cell culture microplates (Seahorse Bioscience, North Billerica, USA) 

at 4 x 10⁴ cells/well. Cells were cultured as described above. Cells with STZ incubation 

were used as positive controls, and cells without SCFAs and STZ incubation were used 

as negative controls. The cells were washed with XF basic medium (Seahorse Bioscience) 

supplemented with 3 mM glucose, 2 mM glutamine, and 2 mM sodium pyruvate 

followed by an incubation in this medium for 60 min at 37 °C in a non-CO2 incubator. 

Plates were transferred to a Seahorse Bioscience XFe24 extracellular flux analyzer 

(Seahorse Bioscience) and subjected to an equilibration period. After measuring basal 

oxygen consumption rate (OCR) for 3 cycles, oligomycin (1 μM, Sigma-Aldrich) was 

added to determine the proportion of respiration used to generate ATP. Then, carbonyl 

cyanide-4-(trifluoro methoxy) phenyl hydrazone (FCCP, 1 μM, Sigma-Aldrich) was added 

to determine the maximal respiration by mitochondria. After that, rotenone (0.5 μM, 

Sigma-Aldrich) and antimycin A (0.5 μM, Sigma-Aldrich) were added to measure the 

non-mitochondrial respiratory rate.

R e a c t i ve O x yg e n S p e c i e s  (R OS)  a s s ay

Intracellular ROS was detected using a DCFDA Cellular ROS Detection Assay Kit (Abcam, 

Cambridge, UK) according to the instruction of the kit manufacturer. Briefly, MIN6 cells (1 

x 10⁴/well) and human islets (10 islets/well) were seeded in black 96-well immunoplates 

(Thermo Scientific). Both were cultured and incubated with the tested SCFAs and STZ as 

described above. They were incubated with 20 μM DCFDA at 37 °C for 30 minutes and 

fluorescence was measured (excitation 485 nm, emission 535 nm) using a fluorescence 

plate reader (PerkinElmer, Waltham, USA).

N i t ri c  ox i d e 

The NO concentration in the supernatant of the MIN6 cells and the human islets was 

measured with a Nitric Oxide Assay Kit (Invitrogen, Vienna, Austria) according to 

manufacturer’s instructions. MIN6 cells and human islets were cultured and incubated 

with the tested SCFAs and STZ as described above. Briefly, nitrate in the supernatants 

was converted to nitrite using nitrate reductase. Subsequently, using Griess reagents 



Protective effects of SCFAs on pancreatic β-cells 

89

3

the nitrite converted to a deep purple azo compound. A Bio-Rad Benchmark Plus 

microplate spectrophotometer reader at 540 nm was then used to measure the level of 

azo compounds, which reflected the NO amount in the sample.

I m m u n o f l u o r e s ce n ce

Immunofluorescent staining was performed to stain for the SCFA receptors GPR41 and 

GRP43 and insulin. Human islets were cultured and incubated with the tested SCFAs and 

STZ as described above. After that, islets were fixed for 15 min with 4% paraformaldehyde 

(Merck, Darmstadt, Germany) and non-specific binding was blocked by incubating with 

1% bovine serum albumin (Sigma-Aldrich) for 1 hour. The cells and islets were incubated 

for 1 hour at room temperature with the primary antibodies rabbit anti-GPR41 (Thermo 

Scientific, 1:100), rabbit anti-GRP43 (Merck, 1:100) and guinea pig anti-insulin (Dako, 

Santa Clara, USA, 1:200). After washing, the cells and islets were incubated for 1 hour at 

room temperature with donkey-anti-rabbit Alexa Fluor® 488 (Thermo Scientific, 1:500) or 

goat-anti-guinea pig Alexa Fluor® 488 (Thermo Scientific, 1:500) followed by a 1-minute 

incubation with DAPI (1.0 μg/mL; Roche). The staining of GPR41 and 43 was analyzed 

using a Leica DM4000 B microscope through the hanging drop method [25]. To this end 

islets were placed on a cover slip in a 10 μL PBS micro-spheroid and subsequently placed 

upside down allowing scanning of the islets throughout the islets. Insulin staining was 

analyzed using a Leica SP8 confocal microscope. Data were processed using ImageJ 

Software.

We s t e r n b l o t

Western blot was performed to analyze the protein expression of the SCFA receptors 

GPR41 and GPR43. MIN6 cells were cultured as described above and were lysed 

afterwards using radio-immunoprecipitation assay buffer (10x, Merck) supplemented 

with protease inhibitor (Roche). The protein concentration was determined using the 

BCA™ Protein Assay Kit (Thermo Scientific). Proteins were separated by loading a 10% 

polyacrylamide gel with 20 μg protein per well. The electrophoresis-separated proteins 

were subsequently transferred to Immobilon®-FL polyvinylidene fluoride membranes 

(Merck) and blocked with Odyssey® blocking buffer (LI-COR, Leusden, The Netherlands) 

for 1 hour at room temperature. Then membranes were incubated with the primary 

antibody rabbit anti-GPR41 (Thermo Scientific, 1:1000) and rabbit anti-GPR43 (Merck, 
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1:1000) in 1x PBS with 0.1% Tween. The mouse anti-β actin antibody (1:500, Santa Cruz, 

Heidelberg, Germany) was used as housekeeping protein. After a 4  °C incubation 

overnight, membranes were washed in Tris buffered saline (pH 7.4) and incubated for 1 

hour at room temperature with secondary antibody IRDye 800CW or 680 CW (LI-COR, 

1:20000) in the dark. Membranes were analyzed using a LI-COR Odyssey Scanner (LI-COR).

Q u a nt i t a t i ve Po l y m e ra s e Ch a i n R e a c t i o n (q P C R) 

A qPCR was performed to determine the gene expression of mitochondrial fission 

and fusion in human islets and MIN6 cells after acetate/butyrate and STZ incubation 

as described above. After stimulation, islets and MIN6 cells were homogenized with 

TRIzol (Life Technologies, Carlsbad, USA). The total RNA was isolated following the 

manufacturer’s instructions, followed by obtaining reverse transcribed cDNA using 

SuperScript II Reverse Transcriptase (Invitrogen). qPCR was performed with a FastStart 

Universal SYBR-Green Master kit (Roche) for the genes MFN1, MFN2, DRP1, OPA1, and 

FIS1 (primer sequences are listed in Table 1). Reactions were carried out in 384-well 

PCR plates (Thermo Scientific) using ViiA7 Real-Time PCR System (Applied Biosystems, 

Carlsbad, USA). Delta Ct values were calculated and normalized to the housekeeping 

gene β-Actin. Delta Delta Ct values were used for comparative quantification of 

expression of the genes.

Table 1. Primer sequences for qRT-PCR.

Gene Species Forward Sequence 5'-3' Reverse Sequence 5'-3'

MFN1 Mouse TCTCCAAGCCCAACATCTTCA ACTCCGGCTCCGAAGCA

MFN2 Mouse ACAGCCTCAGCCGACAGCAT TGCCGAAGGAGCAGACCTT

DRP1 Mouse GCGCTGATCCCGCGTCAT CCGCACCCACTGTGTTGA

OPA1 Mouse TGGGCTGCAGAGGATGGT CCTGATGTCACGGTGTTGATG

FIS1 Mouse GCCCCTGCTACTGGACCAT CCCTGAAAGCCTCACACTAAGG

β-Actin Mouse ACGGCCAGGTCATCACTATTC AGGAAGGCTGGAAAAGAGCC

MFN1 Human TGGCTAAGAAGGCGATTACTGC TCTCCGAGATAGCACCTCACC

MFN2 Human CTCTCGATGCAACTCTATCGTC TCCTGTACGTGTCTTCAAGGAA

DRP1 Human CTGCCTCAAATCGTCGTAGTG GAGGTCTCCGGGTGACAATTC

OPA1 Human TGTGAGGTCTGCCAGTCTTTA TGTCCTTAATTGGGGTCGTTG

FIS1 Human GTCCAAGAGCACGCAGTTTG ATGCCTTTACGGATGTCATCATT

β-Actin Human GCACCACACCTTCTACAATG TGCTTGCTGATCCACATCTG
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St a t i s t i c a l  a n a l ys i s

Parametric distribution of data was tested using the Kolmogorov-Smirnov test. Data are 

expressed as mean ± standard error of mean (SEM). Statistical differences of parametric 

data were analyzed using one-way ANOVA, while nonparametric data were analyzed 

with a Kruskal-Wallis test. P-values < 0.05 were considered to be statistically significant 

(*p < 0.05, **p < 0.01, and ***p < 0.001); ns, not significant. The data were analyzed using 

GraphPad Prism (version7.00; GraphPad Software Inc, La Jolla, USA).

results

S C FA s i n f l u e n ce h u m a n i s l e t  ce l l  v i a b i l i t y  i n  a  d o s e - d e p e n d e nt 
m a n n e r 

To investigate the potential role of SCFAs in support of islet viability, we tested the 

impact of acetate and butyrate on human cadaveric pancreatic islets. As shown in Figure 

1A, acetate had a beneficial effect on islet viability as it induced a 20.5 ± 4.4% (p < 0.01) 

increase at 1 mM compared to the untreated control cells. However, the higher dose of 

4 mM acetate significantly decreased islet viability by 20.3 ± 3.3% (p < 0.001). Butyrate 

also had a dose-dependent effect on islet viability, 1 mM butyrate showed a significant 

increase of 25.7 ± 3.2% (p < 0.001) compared to untreated controls whereas the higher 

dosage of 4 mM led to a significant decrease in cell viability by 13.2 ± 4.1% (p < 0.05).

Since acetate and butyrate at a concentration of 1 mM positively influenced 

islet viability, we performed immunofluorescent staining on human islets to confirm 

expression of the two major receptors for SCFAs GPR41 and 43. As shown in Figure 1B 

and C, both GPR41 and 43 are expressed in human islets. The expression of GPR41 was 

reduced when the islets were incubated with SCFAs. Acetate at high concentration, i.e. 2 

mM and 4 mM, decreased the GRP41 expression and butyrate at 1, 2 and 4 mM inhibited 

expression of this receptor. Neither of tested SCFAs influenced expression of GPR43.

To investigate the impact of the tested SCFAs on insulin synthesis, islets were 

stained with insulin antibody after incubation with acetate or butyrate at a concentration 

of 1, 2, and 4 mM for 24 hours. As shown in Figure 1D, neither of the tested SCFAs 

influenced expression of insulin.
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Figure 1. Effects of acetate and butyrate on viability and expression of GPR41 and GPR43 
in human islets. Human islets were incubated with 1, 2, or 4 mM acetate or butyrate for 24 
hours. Cell viability was quantified with WST-1 assay (A) and GPR41 (B), GRP43 (C) and insulin 
(D) protein was visualized with immunofluorescence. Results are plotted as mean ± SEM (n=5, 
different donors). Islets incubated with only fluorescent-conjugated second antibody served 
as negative control. The statistical differences were quantified using one-way ANOVA analysis 
with Newman-Keuls multiple comparisons test (*p < 0.5, **p < 0.01, ***p < 0.001, compared 
to the untreated control group). Scale bar denotes 100 μm.

S C FA s i n f l u e n ce β - ce l l  v i a b i l i t y 

Islets are clusters of several different cell types. To investigate the involvement of the 

insulin-producing β-cells in the SCFAs induced effect, we determined the effect of our 

SCFAs on a mouse MIN6 β-cell line. Acetate and butyrate also had a dose-dependent 

effect on β-cell viability (Figure 2A). Acetate at 1 mM showed a significant increased 

viability of 22 ± 5.9% (p < 0.05) compared to untreated controls whereas acetate at 4 mM 
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a decrease in viability with 27.6 ± 6.2% (p < 0.01) was observed. Butyrate at 1 mM also 

had a beneficial effect on β-cell viability as it induced a 29.6 ± 5.0% (p < 0.001) increase 

in cell viability compared with the untreated control. Butyrate at higher concentrations, 

i.e. 2 mM and 4 mM did not influence viability.

Figure 2. Effects of acetate and butyrate on MIN6 β-cell viability and expression of GPR41 
and GPR43. MIN6-cells incubated with acetate or butyrate for 24 hours. (A) Cell viability 
was determined by WST-1 assay. The expressions of GPR41 and GPR43 were investigated 
by western blot (B). Western blot results were analyzed by using Image J gradation analysis 
of GRP41 (C) and GRP43 (D). Results are represented as mean ± SEM (n=5). The statistical 
differences were quantified using one-way ANOVA analysis with Newman-Keuls multiple 
comparisons test (*p < 0.5, **p < 0.01, ***p < 0.001, compared to the untreated control group).

To further confirm the presence of SCFA receptors on β-cells, PCR and western 

blot were performed on RNA (Supplementary Figure A) and protein isolated from MIN6 

cells (Figure 2B). Neither GPR41 nor GPR43 mRNA changed before or after incubation 

with the tested SCFAs. However, the protein expression of GPR41 was suppressed by 

2 and 4 mM acetate resulting in a significant decline by 19.2 ± 4.3% (p < 0.05) and 32.0 

± 9.6% (p < 0.01) respectively (Figure 2C). There was no decline at a concentration of 1 

mM butyrate while at 1, 2, and 4 mM butyrate significantly suppressed the expression of 

GPR41 by respectively 63.8 ± 2.3%, 64.9 ± 6.2% and 59.9 ± 4.0% (p < 0.001). The tested 

SCFAs did not influence the protein expression of GPR43 (Figure 2D).
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S C FA s p r eve nt  i s l e t  ce l l - d e a t h d u ri n g e x p o s u r e t o S T Z

To investigate the effects of acetate and butyrate on human islets under stress, islet 

viability was also quantified before and after exposure to the β-cell toxin STZ. 

Figure 3. Effects of acetate and butyrate on viability and apoptosis in STZ-treated human 
islets and MIN6-cells. Following pre-incubation with the indicated concentration of acetate 
or butyrate for 1 hour, islets and MIN6-cells were co-incubated with the tested SCFA and 
5 mM STZ for 24 hours. (A) Islet cell viability was determined by WST-1 assay. (B) Islet cell 
apoptosis was detected by Annexin V and PI staining. Scale bar denotes 50 μm. (C) Islet 
Annexin PI staining results were analyzed by using Image J gradation analysis. Human islets 
were tested from 5 donors. (D) MIN6-cell viability was determined by WST-1 assay. (E) MIN6 
cell apoptosis was detected using a flow cytometric assay with Annexin V and PI staining. 
Results are plotted as mean ± SEM (n=5). The statistical differences were quantified using 
one-way ANOVA analysis with Newman-Keuls multiple comparisons test (*p < 0.5,**p < 0.01, 
***p < 0.001, ns, not significant).
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STZ markedly decreased the islet cell viability in human islets by 51.4 ± 6.5% (p < 

0.001) (Figure 3A). However, pre-incubation with 1 mM acetate prevented STZ-induced 

cell death with 45.4 ± 9.9% (p < 0.01). Also, 1 mM butyrate prevented STZ-induced cell 

death as 45.6 ± 9.1% (p < 0.01) more cells stayed viable after STZ exposure. Also, higher 

concentrations were tested but rescuing effects were only observed at 1 mM SCFAs.

STZ not only decreased islet cell metabolism, it also significantly induced 

islet-cell apoptosis in 64.2 ± 5.4% (p < 0.001) (Figure 3B and C) of the cells. This effect was 

suppressed by both acetate and butyrate at 1 mM. Acetate exposure at 1 mM inhibited 

apoptosis by 53.1 ± 5.5% (p < 0.001) and butyrate at the same concentration ameliorated 

apoptosis with 53.4 ± 5.4% (p < 0.001). At concentrations of 2 and 4 mM, acetate could not 

prevent the STZ-induced apoptosis. Butyrate at 2 mM effectively ameliorated excessive 

apoptosis but at a concentration of 4 mM SCFAs it could not prevent STZ-induced 

apoptosis.

S C FA s p r o m o t e β - ce l l  s u r v i v a l  i n  t h e p r e s e n ce o f  S T Z 

To determine whether the tested SCFAs influence β-cell survival under stress, cell viability 

and apoptosis were also investigated in STZ-exposed MIN6 cells. In concordance with the 

results with human islets, STZ markedly decreased MIN6 β-cell viability by 47.0 ± 4.7% (p 

< 0.001) (Figure 3D). However, a pre-incubation with low dosage SCFAs prevented this 

decrease. Acetate in a concentration of 1 mM prevented STZ-induced cell apoptosis with 

32.9 ± 11.3% (p < 0.01). Also, 1 mM butyrate prevented apoptosis with 31.5 ± 3.9% (p < 

0.001). Higher concentrations were tested but also here the rescuing effects were only 

observed at 1 mM SCFAs.

STZ also induced apoptosis in 32.5 ± 1.3% of the β-cells. This pro-apoptotic effect 

was significantly suppressed by both acetate and butyrate in a dose-dependent manner 

in STZ-treated MIN6 cells (Figure 3E). Acetate exposure at a concentration of 1 and 2 mM 

markedly prevented apoptosis with 20.6 ± 1.7% (p < 0.001) and 5.8 ± 2.3% (p < 0.05). At 

4 mM acetate could not prevent the STZ-induced apoptosis increase. Butyrate at 1 and 

2 mM significantly prevented apoptosis with 21.8 ± 2.0% (p < 0.001) and 7.7 ± 1.7% (p 

< 0.01). Also, butyrate at a concentration of 4 mM could not ameliorate the apoptosis 

induced by STZ.
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S C FA s s u p p o r t  β - ce l l  m i t o c h o n d ri a l  r e s p i ra t i o n a n d p r o t e c t 
a g a i n s t  S T Z- i n d u ce d β - ce l l  O C R r e d u c t i o n

To determine how acetate and butyrate beneficially impact cell metabolism, we 

determined the OCR, which is an indicator of mitochondrial respiration in β-cells (Figure 

4A) [26]. 

Figure 4. Effects of acetate and butyrate on oxygen consumption rate (OCR) of MIN6-cells. 
(A) A schematic overview of the mitochondrial stress test. Arrows indicate the subsequent 
addition of the ATPase inhibitor oligomycin, the uncoupling reagent FCCP, and the inhibitors 
of the electron transport chain rotenone/antimycin A. (B) MIN6 cell were seeded in a 
Seahorse cell culture plate, after incubation with 1 mM of acetate or butyrate, STZ at a final 
concentration of 5 mM was added to each well and incubated for 24 hours. OCR of treated 
cell was investigated using Seahorse Biosience XF24 extracellular flux analyzer. Figure C-E 
respectively represent individual parameters for basal respiration (C), ATP-linked respiration 
(D), and spare respiration (E). Results are plotted as mean ± SEM (n=5). The statistical 
differences were quantified using one-way ANOVA analysis with Newman-Keuls multiple 
comparisons test (*p < 0.5, **p < 0.01, ***p < 0.001).

We used OCR and not glucose induced insulin secretion as it has been reported 

that OCR correlates better and allows for quantification of smaller differences in viability 

and function [27]. It was only done at 1 mM SCFAs as we found at this concentration 

beneficial effects. As these assays require high amounts of cells it could only be 

performed with MIN6 cells and not with the rarely available human islets. As shown in 
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Figure 4B-E, acetate induced a statistically significant beneficial effect on β-cell OCR and 

stimulated all mitochondrial respiration processes. Acetate enhanced basal respiration 

by 22.2 ± 7.6% (p < 0.05) (Figure 4C), ATP-linked respiration by 23.7 ± 7.7% (p < 0.05) 

(Figure 4D), and spare respiration by 24.4 ± 6.2% (p < 0.01) (Figure 4E). Butyrate did not 

boost β-cell mitochondrial respiration compared to the control group.

To investigate whether the tested SCFAs also protect β-cell respiration under 

STZ-induced stress, MIN6 cell OCR was quantified before and after exposure to STZ with 

and without exposure to SCFA. STZ has a strong negative impact on OCR (Figure 4B), 

and was differentially prevented by acetate and butyrate in β-cells. MIN6 cells incubated 

with STZ showed a decreased respiration rate, including a significantly decreased basal 

respiration by 44.0 ± 5.3% (p < 0.001), reduced ATP production by 63.0 ± 7.8% (p < 0.001), 

and spare respiration by 58.3 ± 4.7% (p < 0.001) (Figure 4B-E). Acetate almost completely 

prevented these negative effects of STZ. Mitochondrial basal respiration rate, spare 

respiration, ATP-linked respiration reduction stayed identical to the untreated controls 

when cells were exposed to acetate and STZ. Butyrate had a partial rescuing effect. 

Cells exposed to butyrate before STZ treatment had a 37.7 ± 2.4% (p < 0.01) higher basal 

respiration, 53.8 ± 5.6% (p < 0.01) higher ATP-linked respiration, and 46.5 ± 3.5% (p < 

0.001) higher spare respiration than cells exposed to STZ without butyrate.

S C FA s a f f e c t  β - ce l l s  m i t o c h o n d ri a l  d y n a m i c s  u n d e r  S T Z- i n d u ce d 
s t r e s s

In order to gain insight in possible mechanisms involved in the rescuing effects of acetate 

and butyrate on mitochondrial respiratory functions after STZ exposure of β-cells, we 

studied the effect of acetate and butyrate on mitochondrial fission and fusion as these 

are important processes for functional mitochondria after cell damage [12]. Islets (Figure 

5A) or MIN6 cells (Figure 5B) were first incubated with acetate or butyrate in the absence 

of STZ to investigate the influence of the tested SCFAs on healthy insulin-producing β 

cell. Under normal culture conditions, acetate and butyrate did not affect the expression 

of mitochondrial dynamic genes.

However, this was different following STZ exposure. After incubation with STZ, 

the fusion genes MFN1, MFN2, and OPA1 were found to be statistical significantly 

down-regulated in human islets by respectively 65.3 ± 14.0% (p < 0.01), 75.5 ± 12.5% 
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(p < 0.001), and 57.1 ± 11.8% (p < 0.01) (Figure 5C). Furthermore, the expression of the 

fission genes DRP1 and FIS1 were statistical significantly increased in STZ-treated human 

islets by respectively 68.4 ± 15.5% (p < 0.01) and 66.0 ± 12.4% (p < 0.001). This indicates 

that STZ induces a reduction in fusion and a stimulation of fission in human islets. Under 

STZ-induced mitochondrial stress, acetate prevented against the STZ-induced reduction 

of the fusion genes MFN1 (p < 0.001) and MFN2 (p < 0.001), which were comparable 

with the untreated control groups. The reduction of OPA1 was prevented by 45.3 ± 

12.9% (p < 0.05). Additionally, acetate prevented the increase in the fission genes DRP1 

with 65.3 ± 5.9% (p < 0.01), and FIS1 with 55.5 ± 7.1% (p < 0.05). Also, butyrate showed 

similar pro-fusion and anti-fission effects. Butyrate almost completely prevented the 

STZ-induced decrease in the fusion genes MFN1 (p < 0.01) and MFN2 (p < 0.001), compared 

to islets exposed to only STZ. The decrease of another mitochondrial fusion gene OPA1 

was prevented by 47.1 ± 17.6% (p < 0.05) compared islets with only STZ-exposure. Also, 

butyrate moderated the upregulation of fission gene DRP1 (p < 0.01) to control level, and 

FIS1 by 47.1 ± 17.6% (p < 0.01).

Figure 5. Effect of acetate and butyrate on mitochondrial fusion and fission gene expression 
in human islets and MIN6-cells. Islets (A, C) and MIN6-cells (B, D) were incubated with 1 mM 
acetate or butyrate in the absence (A, B) or presence (C, D) of 5 mM STZ for 24 hours. The 
expression level of the mitochondrial fusion and fission genes were quantified with qPCR 
analysis. Results are plotted as mean ± SEM (n=5). The statistical differences were quantified 
using one-way ANOVA analysis with Newman-Keuls multiple comparisons test (*p < 0.5, **p 
< 0.01, ***p < 0.001).
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We repeated the experiments with MIN6 β-cells. Also, here the presence of STZ 

showed a pro-fission and anti-fusion effect. The fusion genes MFN1, MFN2, and OPA1 

were found to be statistical significantly down-regulated in β-cells by respectively 23.4 

± 2.7% (p < 0.01), 36.2 ± 5.4% (p < 0.001), and 56.9 ± 2.3% (p < 0.001) (Figure 5D). The 

expression of the fission genes DRP1 and FIS1 were upregulated by 48.1 ± 4.3% (p < 

0.001) and 43.9 ± 4.0% (p < 0.001). Both acetate and butyrate showed pro-fusion and 

anti-fission effects in STZ-treated MIN6 cells, which prevented the decrease in the fusion 

genes MFN1 (p < 0.001), MFN2 (p < 0.001), and OPA1 (p < 0.001); and prevented the 

increase in the fission genes DRP1 (p < 0.001) and FIS1 (p < 0.001) compared to cells with 

only STZ-exposure.

S C FA s a t t e n u a t e S T Z- i n d u ce d g e n e ra t i o n o f  f r e e ra d i c a l s 

As ROS and NO release are hallmarks of STZ induced islet toxicity, we also studied 

whether acetate and butyrate impact ROS and NO release in islets [28]. In human islets 

STZ increased production of ROS by 59.3 ± 3.6% (p < 0.001) (Figure 6A). This increase 

was prevented by acetate (p < 0.001) as well as by butyrate (p < 0.001). Notably, acetate 

showed significantly more effective anti-ROS effect in human islets (p < 0.05). STZ had a 

strong impact on NO synthesis in human islets which was enhanced with 68.6 ± 4.2% (p 

< 0.001) (Figure 6B). Acetate prevented nearly half of this STZ induced NO-production (p 

< 0.001). Butyrate more effectively inhibited the STZ induced NO production (p < 0.001), 

which efficiency was 39.0 ± 5.1% (p < 0.001) higher than that of acetate (Figure 6B).

Figure 6. Effects of acetate and butyrate on STZ-induced free radical generation in human 
islets and MIN6-cells. Human islets (A, B) and MIN6-cells (C, D) were incubated with 1mM 
acetate or butyrate for 1 hour followed by 24 hours incubation with 5 mM STZ. Intracellular 
reactive oxygen species (ROS) was measured with a DCFDA Cellular ROS Detection Assay 
Kit (A, C). The fluorescence signal was monitored at Ex/Em = 485/535 nm. Nitric oxide (NO) 
was detected using Nitric Oxide Assay Kit (B, D). Results represent mean ± SEM (n=5). The 
statistical differences were quantified using one-way ANOVA analysis with Newman-Keuls 
multiple comparisons test (*p < 0.5, ***p < 0.001).
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We also studied ROS and NO generation induced by STZ in MIN6 cell line. As shown 

in Figure 6C, after incubation with STZ, ROS generation was statistically significantly 

increased with 55.1 ± 4.7% (p < 0.001) in the STZ-treated MIN6 cells. Acetate inhibited 

this STZ-induced increase (p < 0.001), as well as butyrate (p < 0.001). STZ enhanced NO in 

MIN6 cells with 36.8 ± 3.5% (p < 0.001) (Figure 6D). Acetate prevented this STZ-induced 

increase (p < 0.001) as well as butyrate (p < 0.001). In MIN6 cell line, there was no 

significant difference in ability of acetate and butyrate to reduce free radical generation. 

Our findings suggest that the tested SCFAs inhibit STZ-induced oxidative and nitrosative 

stress in islet β-cells by reducing ROS and NO levels but the efficiency in human islets is 

SCFA dependent.

dIscussIon

Pancreatic β-cells are very sensitive for oxidative stress-induced mitochondrial 

dysfunction due to a relatively weak enzymatic anti-oxidative defense mechanism 

along with an inefficient repair system for oxidative DNA damage [29, 30]. This is a major 

cause of islet loss in the process toward both Type 1 and Type 2 Diabetes. Many report 

beneficial effects of SCFA on glucose metabolism [14, 15], but most of these effects 

are attributed to increasing insulin sensitivity of peripheral organs rather than directly 

impacting β-cells to keep producing insulin under stress. Previous studies have shown 

that SCFAs may stimulate the antioxidant defense against e.g. ischemia-reperfusion 

injury in other cell types than β-cells such as in brain-cells [31]. Also, SCFAs have been 

shown to support mitochondrial function in mouse liver, skeletal muscle, and fat cells 

[12, 13, 32]. This was the main rational to test the impact of SCFAs on β-cells [33, 34]. Also, 

we tested how SCFAs can reduce oxidative and nitrosative stress in human islets and 

β-cells after exposure to STZ [35]. We demonstrate strong viability promoting effects 

and protection against oxidative and nitrosative stress by both acetate and butyrate at 

lower concentrations of 1 mM while higher concentrations had adverse effects. 

Both human islets and a β-cell line were studied. Despite amble experience with 

isolating β-cells from human islets [36], we were unable to collect sufficient cells for 

reliably performing OCR on the cells. The applied OCR technique requires too many islets. 

We therefore choose the strategy to use MIN6 cells for the assays where high numbers 

of islets are needed. Here, with the usage of both human islets and the MIN6 mouse 
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β-cell line, we proved the direct effect of SCFAs on islets and β-cells. In human islets we 

show that acetate and butyrate at 1 mM supported cell metabolism and prevented cell 

death. In the presence of STZ, the impact of both SCFAs was even more pronounced. 

Several studies have demonstrated that STZ induces damage mainly by provoking 

ROS and NO production in islet-cells [37, 38]. Therefore, as possible mechanism for the 

protective effects of SCFAs, we measured after exposure to SCFAs the ROS/NO levels, 

mitochondrial function and expression of GPR-receptors. Incubation with 1 mM of both 

SCFAs strongly attenuated STZ-induced overproduction of ROS and NO, which might 

be caused by multiple mechanisms, including amelioration of mitochondrial damage 

by supporting mitochondrial metabolism as energy source. These two SCFAs seem to 

be able to reduce this oxidative stress leading to improved islet-cell survival via, as we 

show here, regulating essential genes involved in mitochondrial dynamics. We observed 

a shift toward the fusion genes (MFN1, MFN2 and OPA1) and a down regulation of the 

mitochondrial fission genes (DRP1 and FIS1) [12, 39]. The shift towards mitochondrial 

fusion is known to improve not only mitochondrial cell energy metabolism, but also to 

reduce radical overproduction [40, 41].

The SCFAs effects were dose dependent, acetate and butyrate at a concentration 

of 1 mM enhanced β-cell viability, and showed slightly improved metabolism at 2 mM, 

but no protective effects were observed at 4 mM. The physiological concentrations 

of acetate and butyrate in the portal and peripheral circulation are also found to 

be approximately 1 mM [42, 43]. The loss of protection at higher concentrations and 

observed enhanced apoptosis at 4 mM with both SCFAs, might be caused by multiple 

mechanisms. A plausible explanation is a lowering of intracellular pH induced by excessive 

SCFAs entering β-cells via free diffusion. Other explanations are that the oxidative and 

mitochondrial stress caused by an incomplete fatty acid oxidation increases ketone 

bodies in the cell and causes cell-death [44, 45]. Moreover, a higher concentration of 

SCFAs may upregulate transcription of cellular growth inhibitory genes by modifying 

their histone acetylation status leading to cytotoxicity [46, 47].

Acetate had a different effect than butyrate. Acetate showed more efficacy in 

supporting energy metabolism and anti-oxidative effects than butyrate (Figure 7). This 

might be caused by adaptations of β-cells to lower concentrations of butyrate in the 

pancreatic circulation. Butyrate is present at relatively lower concentrations compared to 

acetate because of the preferential use of butyrate by colonic epithelial cells for energy 
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production [48]. Although there are no studies accurately quantifying and reporting the 

physiological concentration of acetate and butyrate surrounding islets, it is likely that 

butyrate concentrations will be lower and that β-cells will already benefit from butyrate 

at lower concentration than that of acetate. However, we noticed that butyrate showed 

stronger effects on inhibiting GPR41 and NO generation, which suggests butyrate 

function in β-cells might rely on signal-mediated process via the SCFA receptor GPR41. 

Butyrate is sensed by GPR41 and stimulate a cascade of signal transduction pathway [49, 

50], resulting in faster and more efficient energy metabolism toward β-oxidation, and 

suppressed synthesis of inducible nitric oxide synthase.

Figrue 7. Schematic illustrating protective effects of acetate and butyrate on pancreatic 
β-cells. 

Recently, acetate and propionate have been reported to improve insulin-secretion 

and to protect against apoptosis in β-cells damaged by the cytokines TNFα, IL-1β, and 

IFNγ and the fatty acid sodium palmitate [16, 33]. Pingitore et al demonstrate that 

acetate and propionate stimulate insulin secretion via PLC/PKC pathways and that 

effects are dependent on GPR43. The anti-apoptotic impact of acetate and propionate 

are also reported to be GPR43 depended [16]. Here we investigate the effect of acetate 

but also of another important SCFA butyrate in rescuing β-cells compromised by an 
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insulin-producing β-cell specific toxin, STZ, that disturbs mitochondrial metabolism 

[28]. We demonstrate that both acetate and butyrate rescue STZ-impaired β-cells 

mitochondrial respiration and promote mitochondrial repair by inducing a shift toward 

the fusion process in mitochondria. This is, to the best of our knowledge, a new mechanism 

by which SCFAs contribute to rescue of damaged β-cells. Butyrate is an important SCFA 

and was not studied by Pingitore et al but shown in our study to contribute together with 

acetate to rescue of β-cell’s mitochondrial processes such as respiration, ATP generation, 

and dynamics when exposed to STZ. This underlines and corroborates previous studies 

[16, 33], demonstrating that SCFAs, which are microbial fermentation products of dietary 

fibers, can play a role in the prevention, delaying, or treatment of diabetes by making 

β-cells more resistant to oxidative stress. This is, to the best of our knowledge, a new 

mechanism by which dietary fiber intake can contribute to lowering of the long list of 

Western diseases. The lower intake of dietary fiber in consumers in Western countries 

compared to more traditional societies has been suggested to be one of the major 

causes of the increasing occurrence of both type 1 and 2 Diabetes [51]. Previous studies 

explained the effects of dietary fiber intake and lowering of Diabetes in consumers as 

an attenuating effect on inflammatory cells, inhibition of absorption of glucose and fat 

in the intestine, and increased insulin sensitivity [52, 53]. Our study demonstrates and 

suggests that SCFAs formed from dietary fibers also play an essential role in supporting 

β-cell metabolism and promoting survival under stressful conditions. 

In conclusion, this study provides new insights in how SCFAs can contribute to 

maintenance of health. It shows that acetate and butyrate support β-cell metabolism, 

modulate mitochondrial efficiency and dynamics, and by that provide islet-cells with 

enhanced anti-oxidative responses by which less ROS and NO is generated when 

exposed to the β-cell specific toxin STZ. Therefore, they support pancreatic β-cells 

function and prevent STZ-induced cell apoptosis.
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supplementAry mAterIAls

Supplementary Table A. Islet and donor data.

Islet preparation 1 2 3 4 5

Donor age (years) 56 52 47 71 52

Donor sex (M/F) F F F M F

Donor BMI (kg/m2) 19.4 22.7 31 29 26

Donor blood glucose 90 mg/dL 122 mg/dL Non-diabetic Non-diabetic Non-diabetic

Origin/source of islets Italy France The 
Netherlands

The 
Netherlands

The 
Netherlands

Islet isolation centre ECIT center1 ECIT center LUMC2 LUMC LUMC

Donor cause of death Cerebral 
bleeding

Trauma Non-cardiac Non-cardiac Non-cardiac

Estimated purity (%) 70 80 65 40 65

Estimated viability (%) 95 90 >80 >80 >80

1ECIT: European Consortium for Islet Transplantation
2LUMC: Leiden University Medical Center

Supplementary Figure A. The expressions of GPR41 and GPR43 in MIN6 cells were 
investigated by qRT-PCR. There are no significant difference in mRNA level of GPR41 and 
GPR43 before and after exposure to acetate and butyrate. Results are plotted as mean ± SEM 
(n=5). The statistical differences were quantified using one-way ANOVA analysis. 
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AbstrAct

Encapsulation of pancreatic islets in alginate-microcapsules is used to reduce or avoid 

the application of life-long immunosuppression in preventing rejection. Long-term 

graft function, however, is limited due to varying degrees of host tissue responses 

against the capsules. Major graft-longevity limiting responses include inflammatory 

responses provoked by biomaterials and islet-derived danger-associated molecular 

patterns (DAMPs). This paper reports on a novel strategy for engineering alginate 

microcapsules presenting immunomodulatory polymer pectin with varying degrees of 

methyl-esterification (DM) to reduce these host tissue responses. DM18-pectin/alginate 

microcapsules show a significant decrease of DAMP-induced Toll-Like Receptor-2 

mediated immune activation in vitro, and reduce peri-capsular fibrosis in vivo in mice 

compared to higher DM-pectin/alginate microcapsules and conventional alginate 

microcapsules. By testing efficacy of DM18-pectin/alginate microcapsules in vivo, we 

demonstrate that low-DM pectin support long-term survival of xenotransplanted rat 

islets in diabetic mice. This study provides a novel strategy to attenuate host responses 

by creating immunomodulatory capsule surfaces that attenuate activation of specific 

pro-inflammatory immune receptors locally at the transplantation site.

keywords

Pectin, Microcapsule, Tissue response, Toll-Like Receptor, Danger-associated molecular 

pattern, Type 1 Diabetes
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IntroductIon

Type 1 Diabetes (T1D) is an autoimmune disease caused by destruction of 

insulin-producing pancreatic β-cells. The disease requires a minute-to-minute 

regulation of glucose levels which cannot be achieved with insulin injections [1, 2]. This 

tight regulation can be accomplished by transplanting insulin-producing cells from 

cadaveric donors, but this requires life-long administration of immunosuppressive 

drugs [3]. Cell microencapsulation allows for transplantation in the absence of chronic 

immunosuppression [4, 5]. The capsules prevent host immune cells and antibodies 

to enter the interior of the capsule while essential survival factors such as oxygen, 

cell nutrients, glucose and insulin can readily pass the capsule membrane [6, 7]. 

Although efficacy has been shown with microencapsulated cells in curing T1D, insulin 

independence was limited to several months in most studies [8, 9].

For many years, fibrosis of microcapsules has been considered as a major cause 

of graft failure [10, 11]. However, we and others have demonstrated that even in the 

complete absence of peri-capsular fibrosis [12-15], the lifespan of transplanted islets is 

limited to several months. During recent years, it has become recognized that crucial 

events such as hypoxia and low-nutrient conditions [16-19] limiting graft survival 

start in the immediate period after transplantation [20-24]. In days to weeks following 

implantation of encapsulated islets, undesired inflammatory processes provoked by 

islets themselves [16, 17, 25-27] may lead to loss of up to 60% of the islets [28] even in 

the absence of fibrosis of the capsules. Furthermore, many islet-cells in the capsules 

undergo necrosis and necroptosis due to damage done to the islets during the 

enzymatic isolation from the pancreas, which may be exacerbated by surgery-induced 

pro-inflammatory environment in the transplantation site [26, 29-32]. The damaged cells 

secrete cytokines [33], but also highly pro-inflammatory molecules such as so-called 

danger-associated molecular patterns (DAMPs), e.g. DNA fragments, uric acid, high 

mobility group box 1 (HMGB1), and heat shock proteins (HSPs) [34-37]. These DAMPs 

subsequently stimulate a cascade of pro-inflammation signaling pathways and induce 

activation of nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB) [38], 

leading to production of pro-inflammatory cytokines and chemokines [36]. This process 

recruits more inflammatory cells to the implantation site, resulting in a vicious circle of 

deleterious immune-activation and cell-death [39].
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DAMPs are recognized by pattern recognition receptors (PRRs), especially 

Toll-Like Receptors (TLRs). The DAMPs HMGB1, HSPs, uric acid, double-stranded DNA 

(dsDNA), and S100 proteins [40] have been shown to specifically bind to TLR2. TLR2 plays 

a fundamental role in certain DAMP recognition and activation of innate immunity. 

TLR2 can form dimers with TLR1 or TLR6, which modulate distinct immune responses 

[39]. Importantly, stimulation of TLR2/1 triggers pro-inflammatory responses induced 

by DAMPs [41, 42]. For this reason, we hypothesized that DAMP-induced immune 

activation could be mitigated by grafting TLR2/1-inhibiting polymers on the surface of 

immunoprotective microcapsules. A family of molecules that might have such a TLR2/1 

inhibiting effect are pectins [43]. 

Pectins are polysaccharides from terrestrial plants, which allow for encapsulation 

of islets under gentle conditions. Similarly to alginate, both molecular backbones 

contain negatively charged carboxylate groups allowing crosslinking with divalent 

cations such as calcium ions on the capsule surface in an egg-box model configuration 

[44]. The ability of pectin to inhibit TLR2/1 signaling has been shown in colitis models 

where DAMPs are also involved in immune responses [45, 46]. However, it has not 

been investigated whether pectin incorporation into a biomaterial (e.g. alginate-based 

microcapsules) can locally regulate host innate immunity. Pectins vary in the degree of 

methyl esterification (DM) [47], which has been reported to influence TLR2/1 binding 

[43]. In the present study, we investigated whether pectins incorporated into alginate 

capsules prevent islet-derived DAMP-induced immune activation and the role of TLR2/1 

in this process. Pectins with different DM content were incorporated into alginate-based 

capsules and the efficacy of suppression of islet-derived DAMP-induced immune 

activation and TLR2/1 activation were determined. Subsequently, we studied impact of 

pectin incorporation on inflammatory responses against capsules in vivo by implanting 

cell-free pectin-alginate microcapsules intraperitoneally in mice and studying fibrotic 

responses as well as cytokine responses in the peritoneal fluid. Finally, we examined 

the fibrotic response to rat-islet xenografts encapsulated in pectin-alginate capsules, 

control alginate capsules, or capsules containing pectins that lack TLR2/1 modulating 

capacity. Rat islets in capsules containing low DM18-pectin exhibited significantly longer 

graft function, superior glycemic control as evidenced by oral glucose tolerance testing, 

and a more favorable inflammatory cytokine profile in vivo. By incorporating low-DM 

pectin in alginate-based microcapsules, this study presents a rationally designed, 
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simple, and cost-effective strategy for local immune modulation without application of 

any systemic immunosuppressive agent. The improvements in graft survival time and 

function support the use of specific immunomodulatory pectins in immunoisolating 

capsules as an attractive and promising approach for cell encapsulation therapy for T1D 

and potentially other hormone-deficient diseases.

mAterIAls And methods

M a t e ri a l s

Chemicals were obtained from Sigma Aldrich (St. Louis, MO, USA) and cell culture materials 

were obtained from Lonza (Basal, Switzerland) unless otherwise stated. Commercially 

extracted lemon pectins with different degrees of methyl-esterification (DM) DM18 

and DM55 were obtained from CP Kelco (Lille Skensved, Denmark). The DM69-pectin 

was purchased from Andre Pectin (Yantai, China). Intermediate- α-L-guluronic acid (G) 

alginate [42% (G)-chains, 58% β-D-mannuronic acid (M)-chains, 23% GG-chains, 19% 

GM-chains, 38% MM-chains, Mw = 428 kDA] was obtained from ISP Alginates (Girvan, 

UK).

Alginate and pectins were purified as previously described [26, 48]. Briefly, pectin 

was dissolved in 1 mM sodium ethylene glycol tetraacetic acid (EGTA) solution at 4  °C to 

a 1.35% solution. Then the pectin solution was successively filtered over 5 μm, 1.2 μm, 

0.8 μm, 0.45 μm, 0.22 μm filters. The pH of the solution was adjusted to 2 by adding of 

2N HCl + 20 mM NaCl. Subsequently, the pectin solution was mixed with a mixture of 

chloroform: butanol (4:1 ratio) at a ratio of 2:1 to extract proteins. The mixture was shaken 

vigorously for 20 min and centrifuged at 700 x g for 6 min at 4 °C. After centrifuging, 

pectin was collected. The extraction was repeated two times. Then the pH of the pectin 

solution was slowly adjusted to 7 with 0.5 N NaOH + 20 mM NaCl. Pectin solution was 

mixed with chloroform: butanol (4:1 ratio) mixture at a ratio of 4:1 for another round of 

extraction. After another three rounds of extraction, 2 L of ethanol was added to the 

0.5 L of pectin solution and mixed for 10 min to precipitate the pectin. After this 1 L of 

diethyl ether was added to wash the pectin-precipitate. This was repeated two times. 

Finally, all the precipitate was freeze-dried (Freeze 2.5 Plus, Labconco, Kansas City, USA) 

overnight.
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An i m a l s

Dutch Central Committee on Animal Testing (CCD) and Animal Welfare Authority at 

the University of Groningen approved all described animal procedures (CCD project 

number: AVD1050020185726, AVD105002015168). All experiments and procedures were 

performed in accordance with the Institution Animal Care Committee of University 

of Groningen. All animals received animal care in compliance with the Dutch Law on 

Experiment Animal care. Sprague-Dawley rats (Envigo, Horst, the Netherlands) with a 

bodyweight ranging between 250 and 279 g served as islet donors. Male C57BL/6 mice 

(Charles River, Écully, France) at 8 weeks old were used as transplant recipients.

I s l e t  i s o l a t i o n

Rat islets were isolated as previously described [11]. Briefly, pancreata were infused 

with a Collagenase V (Sigma-Aldrich) solution in Hank’s balanced salt solution followed 

by harvesting. The pancreata digestion was completed in an 18-minute incubation at 

37 °C. A Ficoll density-gradient was used to purify the islets from the exocrine tissue. 

Purified islets were handpicked under the microscope then cultured overnight in islet 

culture medium CMRL-1066, supplemented with 10% fetal bovine serum (FBS), 100 U/mL 

penicillin, and 10mg/mL streptomycin for further use.

Human islets of Langerhans were isolated from cadaveric pancreata at the Leiden 

University Medical Center, as previously described [49]. Islets were used if quality and/

or number was insufficient for clinical application, according to national laws, and if 

research consent was available. Human islets were cultured in islet culture medium 

the same as rat islets. All the methods and experimental protocols were approved and 

carried out in accordance with the Code of Proper Secondary Use of Human Tissue in 

The Netherlands as formulated by the Dutch Federation of Medical Scientific Societies. 

The Leiden University Medical Center has permission from the Dutch government to 

act as an organ bank for human islets. The organs, for which consent for research was 

obtained, were allocated by the Eurotransplant Foundation (Leiden, The Netherlands).

M i c r o e n c a p s u l a t i o n

After purification, pectin was dissolved in Ca2+ free Krebs-Ringers-Hepes with osmolality 
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of 220 mOsm at a concentration of 2% (w/v), and then 2.4 mM EDTA was added as 

solubilizers. Purified alginate was dissolved in the same buffer at a 6% concentration. The 

pectin-alginate mixture to produce microcapsules was prepared by gently mixing the 

2% pectin and 6% alginate solution at a ratio of 1:1. As a control, a 3.4% alginate solution 

was used and prepared in the same fashion. This alginate solution had a similar viscosity 

as the pectin-alginate solution. The solutions were sterilized by filtration (0.2 μm pore 

size). In experiments with islets, the sterile pectin-alginate (1% pectin with 3% alginate) 

or alginates solution (3.4%) was mixed at a concentration of 1000 islets/mL. Droplets 

were produced with a droplet generator as previously described [50]. The droplets 

were transformed into microcapsules by collecting droplets in a 100 mM CaCl2 (10 mM 

HEPES, 2 mM KCl) solution for 5 min. The capsules had a final diameter of 600–700 μm. In 

experiments with islets, only microcapsules containing an islet with a diameter between 

50-250 µm were hand-picked and used in further experiments.

M e c h a n i c a l  p r o p e r t i e s  o f  m i c r o c a p s u l e s

The mechanical properties of microcapsules were determined with a Texture Analyzer 

XT plus (Stable Micro Systems, Godalming, UK) equipped with a force transducer with 

a resolution of 1 mN as previously described [51]. Briefly, mechanical stability of beads/

capsules was measured by compressing the individual bead/capsule (n = 5) under a 

dissection microscope (Leica MZ75 microsystems, Heerbrugg, Switzerland) equipped 

with an ocular micrometer with an accuracy of 25 µm. The uniaxial compression test was 

initiated; the probe triggered on the surface of the sample and the force (expressed in 

grams) was quantified at a compression of the capsule to 60%. Data were recorded and 

analyzed by Texture Exponent software version 6.0 (Stable Micro Systems).

I m m u n o s t a i n i n g

Microcapsules were collected from the 100 mM CaCl2 solution and washed thrice with 

PBS. Capsules were incubated with rat-anti-pectin primary antibody (1:200; LM20, 

PlantProbes, University of Leeds, UK) for 1 h at 37 °C. After thrice washings with PBS, 

capsules were incubated with goat-anti-rat Alex Fluor 488-conjugated secondary 

antibody (1:500; ThermoFisher, Waltham, MA, United States USA). After thrice washings 

with PBS, fluorescence microscopy was performed using a Leica SP8 confocal microscope 

(Leica Microsystems B.V., Amsterdam, Netherlands).
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I m p l a nt a t i o n a n d e x p l a nt a t i o n o f  m i c r o c a p s u l e s

To investigate the biocompatibility and potential immunoregulatory ability of 

pectin-alginate microcapsule, empty microcapsules were injected into the peritoneal 

cavity of male C57BL/6 mice. Microcapsules were retrieved 4 weeks after implantation. 

The non-adherent microcapsules were retrieved by peritoneal lavage and brought into a 

1 mL syringe to assess the retrieved volumes. Subsequently, if present, the microcapsules 

adherent to the surface of abdominal organs were excised. Both non-adherent and 

adherent microcapsules were processed for histology. All surgical procedures were 

performed under isoflurane anesthesia.

To investigate the long-term function of microcapsules, encapsulated rat islets 

were injected into the peritoneal cavity of STZ-induced diabetic mice (male C57BL/6). 

Diabetes was induced by a single intraperitoneal injection of STZ (180 mg/kg) at least 14 

days before implantation. Mice with blood glucose levels higher than 20 mM/L for two 

consecutive measurements (with a 2-3 day interval between consecutive measurements) 

during the two weeks were selected as diabetic recipients. After transplantation, 

non-fasted blood glucose levels and body weight were recorded twice a week. At 8 

weeks post-transplantation, HbA1c in whole blood was measured with a mouse HbA1c 

assay kit (Crystal Chem, Elk Grove Township, IL, USA). Recipients were sacrificed when 

blood glucose levels were higher than 16.7 mM/L for two consecutive weeks. After 

sacrificing, encapsulated islets were explanted as described above.

H i s t o l o g y

The biological response against microcapsules was assessed by quantifying the number 

of capsules overgrown by fibroblasts. Therefore, retrieved microcapsules were fixed in 

2% paraformaldehyde and embedded in glycol methacrylate (GMA, Technovit 7100; 

Heraeus Kulzer GmbH, Wehrheim, Germany) for histological analysis. Sections were 

prepared at 2 µm and stained with 1% (w/v) aqueous toluidine blue for 10 seconds. The 

degree of capsular overgrowth was quantified by expressing the number of recovered 

capsules with overgrowth as the percentage of the total number of recovered capsules 

for each individual animal.
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O ra l  g l u co s e t o l e ra n ce t e s t  (O GT T )

At 4 and 8 weeks post-transplantation, the OGTT was performed on 4-hours fasted mice. 

The meal tests were carried out by offering the animals 0.3 g regular chow [containing 

53% carbohydrates, 20% protein, 5% fat and 22% other constituents (minerals, cellulose, 

water)], mixed with 0.3 mL 30% glucose solution. The animals had been habituated 

to consume the meal within 5 minutes. At 0, 15, 30, 60, 90, and 120 minute after 

glucose-loading, blood samples were collected from the tail to measure the glucose 

levels with a contour glucose meter (Bayer, Mijdrecht, The Netherland) and the plasma 

c-peptide levels using Rat ELISA kits (Crystal Chem).

Cy t o k i n e m e a s u r e m e nt s

At 4 weeks after implantation of empty microcapsules, the peritoneal lavage from mouse 

was centrifuged to remove the immune cells and the supernatant was stored at −20 °C. 

At 8 weeks after implantation of microencapsulated rat islets, blood was collected from 

mice tail vein and stored on ice in EDTA coated tubes (Greiner Bio-One, Kremsmünster, 

Austria). The tubes were centrifuged at 1,350 g for 10 min to separate plasma from the 

blood and stored at −20 °C. Inflammatory cytokines and chemokines tumor necrosis 

TNF- α, IL-6, IL-10, and GRO-α in peritoneal lavage and plasma samples were analyzed 

using mouse ELISA kits (all from R&D, Minneapolis, MN, United States).

R e p o r t e r  ce l l s

To determine the immunomodulatory capacity of the tested capsules, empty capsules 

or encapsulated human islets were co-incubated with the THP1-reporter cell line (THP1-

XBlue™-MD2-CD14; InvivoGen, Toulouse, France). This cell line is derived from human 

monocytic cell line and expresses pattern recognition receptors, including all TLRs 

[52]. The THP1-reporter cells stably express TLRs and an inserted construct for secreted 

embryonic alkaline phosphatase (SEAP) coupled to the nuclear factor kappa-light-chain-

enhancer of activated B cells (NF-κB) and the activator protein 1 (AP-1) transcription 

factor responsive promoter. This cell line also carries an extra insert for MD2 and CD14 

that boosts TLR signaling. AP-1-inducible secreted SEAP reporter gene was used and is 

detectable when using QUANTI-Blue™, a medium that turns purple/blue in the presence 

of SEAP. The THP1-reporter cells were suspended in fresh RPMI 1640 culture medium 
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(containing 2 mM L-glutamine, 1.5 g/L NaHCO3, 4.5 g/L glucose, 10 mM HEPES and 1.0 

mM sodium pyruvate, 10% heat-inactivated fetal FBS, 100 μg/mL Normocin™, and 50 U/

mL Penicillin/Streptomycin at 5x105 cell/mL) and plated in 96-well plates.

T LR s i n h i b i t i o n a s s ay

To assess the inhibitory effect of capsules on TLR signaling, empty microcapsules 

were produced of pectin-alginate or alginate. THP1-reporter cells were collected 

by centrifuging (5 min at 300 x g), resuspended in culture medium and seeded in 

96-well plates (100 μl/well) at a concentration of 5x 10⁵ cells/mL [52]. Then cells were 

stimulated with the appropriate TLR ligand (Table 1), together with capsules. TLR ligand 

alone served as a positive control and medium served as negative control. Cells were 

incubated for 24 hours at 37  °C and 5% CO2.  The next day, 200 μl of QUANTI-Blue™ was 

brought to a new flat bottom 96-well plate with 20 μl of supernatant from the stimulated 

cell-lines for 45 min at 37  °C as previously described [53]. Subsequently, SEAP activity, 

representing activation of NF-κB/AP-1, was measured at a wavelength of 650 nm using 

a Bio-Rad Benchmark Plus microplate spectrophotometer reader (Bio-Rad, Veenendaal, 

the Netherlands).

Table 1. The list of TLRs, their agonists and concentrations.

TLR agonist (invivogen) Concentration of agonist

TLR2 Pam3CSK4 100 ng/mL

TLR4 Lipopolysaccharides (LPS) 10 ng/mL

TLR5 Flagellin 10 ng/mL

M e a s u r e m e nt o f  s p e c i f i c  d a n g e r - a s s o c i a t e d m o l e c u l a r  p a t t e r n s 
(DA M Ps)

Double-stranded DNA (dsDNA) and uric acid in supernatant of incubated islets were 

quantified. These are the two most prominently produced islet-derived DAMPs [26, 

54]. ELISA for detecting dsDNA (BlueGene Biotech, Shanghai, China) was performed 

according to standard protocols provided by the manufacturer.  The concentration of 

uric acid was determined using an Amplex Red Uric Acid/Uricase Assay Kit (Molecular 

Probes, Eugene, OR, USA) according to the manufacturer’s instructions.
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DA M Ps p a t hw ay i n h i b i t i o n a s s ay

To stimulate DAMPs release, encapsulated islets were cultured under conditions they 

may encounter in the immediate period after transplantation in vivo [26]. To mimic the 

relatively low oxygen tensions, islets were cultured under hypoxic conditions (1% O2, 

5% CO2, and 94% N2). Normoxic (20% O2, 5% CO2, and 75% N2) conditions served as 

control. To simulate low nutrition availability, islets were cultured with 1% FBS in CMRL 

1066 medium (Life Technologies, NY, USA) supplemented with 8.3 mM glucose, 10 mM 

HEPES, 2 mM L-glutamine and 1% Penicillin/Streptomycin. As control served CMRL 1066 

medium containing 10% FBS, 8.3 mM glucose, 10 mM HEPES, 2 mM L-glutamine and 1% 

Penicillin/Streptomycin. Encapsulated islets were cultured in a 48-well non-treated plate 

(Costar®, New York, USA). Each well contained 15 islets in 0.4 mL of CMRL 1066 medium 

and was incubated in control or low-nutrient condition combined with normoxia or 

hypoxia.

To determine the activation of immune responses evoked by islet-derived DAMPs 

in macrophages, 200 μl of the supernatant from the cultures of encapsulated islets in the 

48-well plates was replaced by 200 μl/well THP1-reporter cell suspension at 1x10⁶ cells/

mL at day 1, 5 and 7 after the start of culturing. The day after co-culture with the cell line, 

the activation of NF-κB was detected by the same way we used for the TLR inhibition 

assay.

St a t i s t i c a l  a n a l ys i s

Data are expressed as mean ± standard error of mean (SEM). Parametric 

distribution of data was confirmed using the Kolmogorov-Smirnov test. Statistical 

differences were analyzed using one-way ANOVA analysis with a Dunnett’s post hoc test 

or we applied for nonparametric data a Kruskal-Wallis test with a Dunn's post hoc test. 

p < 0.05 was considered as statistically significant (*p < 0.05, **p < 0.01, and ***p < 0.001). 

The data were analyzed using GraphPad Prism 7 program (La Jolla, CA, USA).
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results

M i c r o c a p s u l e s  co nt a i n i n g p e c t i n i n h i b i t  T LR 2 s i g n a l i n g i n  a  D M 
d e p e n d e nt m a n n e r

Pectins can vary in DM levels, which might influence TLR binding and inhibiting capacity in 

vivo when administered as dietary supplement [43, 55]. To test whether pectins also have 

a TLR-modulating effect when applied as biomaterial on immunoisolating capsules, we 

examined the ability to produce alginate microcapsules incorporating low-DM pectins. 

To this end, we generated microcapsules with pectin-alginate (1% pectin, 3% alginate) or 

control alginates solution (3.4%). It was not possible to make stable microcapsules from 

pectins alone probably because not enough non-esterified galacturonic acid units [56] 

are available to form capsules with smooth surfaces and enough mechanical stability 

[57]. Also, microcapsules could not be generated with low-DM pectins that contained 

insoluble fraction as previously reported [43], but could be prepared with modification 

to the manufacturing process with DM18, DM55, or DM69 pectins (Figure 1A). Because 

pectin, similarly to alginate, contains negatively charged carboxylate groups on its 

galacturonic backbone [44], we exploited this feature of pectin to form a rigid gel in 

a divalent cation solution from pectins and alginate, in which adjoining negatively 

charged backbones of pectin and alginates can be connected according to the egg-box 

model [44] (Figure 1B). We confirmed the presence and uniform distribution of pectin 

on the surface of microcapsules by confocal immunofluorescence microscopy (Figure 

1C). This result indicates that pectin is uniformly distributed throughout the capsule 

including its surface (Figure 1D), where immune cell-capsule interaction occurs.

The effect of pectin incorporation on size and mechanical stability of 

microcapsules was also investigated. The size of microcapsules was not affected 

by the incorporation of pectins (Figure 1E). To investigate mechanical stability, the 

force required for compressing microcapsules to 60% deformation was quantified as 

previously reported [51] (Figure 1F). The incorporation of DM18-pectin decreased the 

required force to compress the microcapsules by 19 ± 6.6% compared with alginate 

microcapsules (p < 0.05). The incorporation of DM55- and DM69-pectin did not have 

any significant impact on force required for compression and thus did not influence the 

mechanical properties of the microcapsules.
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4Figure 1. Design and manufacturing of pectin-alginate microcapsules and their in vitro 
characterization. (A) Alginate-based microcapsules and pectin-alginate microcapsules. 
Capsules were made of 3.4% alginate or 3% alginate mixed with 1% pectin with different 
values of DM (DM18, DM55 and DM69). Scale bar is 500 μm. (B) Pectins with a galacturonic acids 
backbone allowing constitutive blocks of pectin and alginate to crosslink with divalent cations 
such as calcium according to the egg-box model to form rigid gels. (C) Immunofluorescence 
staining of pectin with rat-anti-pectin antibody (green) confirming presence of pectin on the 
capsule surface. Scale bar is 100 μm. (D) Schematic illustration of pectin-alginate microcapsule. 
(E) Diameter of microcapsules. (F) Force required for compressing microcapsules to 60% 
deformation. (G) Toll-Like Receptor (TLR) inhibition was measured in a THP1-reportor cell line. 
TLR2, TLR4 and TLR5 were activated by P3CSK4, LPS, and flagellin, respectively, in presence 
of pectin-alginate or alginate microcapsules. n=5 per group. Data are presented as mean ± 
SEM. Statistically significant differences were quantified using one-way ANOVA analysis with 
a Dunnett’s post hoc test. *p < 0.05; **p < 0.01; ***p < 0.001.

To investigate the effects of pectin with varying DM content on TLR signaling, 

alginate capsules containing either 18, 55, or 69 DM were incubated with the THP-1 

reporter cell line. To test for inhibitory effects on the extracellular TLRs 2, 4 and 5, 

cells were stimulated with agonists of TLR2 (Pam3CSK4), TLR4 (LPS) or TLR5 (Flagellin) 

in the presence and absence of microcapsules containing pectin of DM18, DM55, or 

DM69. Non-stimulated THP-1 cells and cells incubated with alginate capsules served as 

controls. Pectin incorporation into alginate reduced the activation of TLR2 but not of 
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TLR4 and 5 (Figure 1G). Alginate had no inhibitory effect on these TLRs. The inhibitory 

effect was dependent on the DM content of pectin.  Microcapsules produced from DM18 

pectins reduced TLR2 activation by 62.8 ± 8.8% (p < 0.001), while DM55 pectin reduced 

TLR2 activation by 48.5 ± 6.4% (p < 0.01). There was no inhibitory effect detectable with 

microcapsules containing DM69 pectin.

I s l e t- d e ri ve d m o l e c u l e s  co nt ri b u t e t o i m m u n e a c t i v a t i o n

DAMPs released from damaged or dying encapsulated islets are highly pro-inflammatory 

[58, 59] and enhance immune responses through TLR signaling in the immediate 

post-transplant period [26]. To investigate whether pectins modulate the inflammatory 

responses provoked by DAMPs released by human islets, we first investigated the 

release of DAMPs and the associated TLR dependent NF-κB activation in THP-1 cells. To 

stimulate DAMP release, we mimicked in vitro the low nutrient and oxygen conditions 

that islets may encounter in vivo [60]. 

To this end, human pancreatic islets were encapsulated in control alginate 

and pectin-alginate microcapsules (DM18-pectin/alginate, DM55-pectin/alginate and 

DM69-pectin/alginate). The human islet containing microcapsules were cultured under 

a combination of low nutrients [(1% fetal bovine serum (FBS)] and/or hypoxia (1% O2, 

5% CO2, and 94% N2) (Figure 2A). Normoxic (20% O2, 5% CO2, and 75% N2) conditions 

combined with normal nutrient conditions (10% FBS) served as control. At day 5 of 

culture, the supernatant of encapsulated human-islets was collected for measuring the 

levels of the islet-derived DAMPs dsDNA and uric acid. As shown in Figure 2B and C, 

the amount of both uric acid and dsDNA increased significantly after 5 days of culture 

under low nutrition conditions (p < 0.01). The DAMP release was not influenced by the 

incorporation of pectins in the capsules. Under the combination of hypoxia and low 

nutrient conditions, dsDNA release of islets increased by 68.0 ± 8.0% (p < 0.001). Under 

low nutrient exposure in normoxic conditions, dsDNA increased by 40.1% ± 8.8% (p < 

0.01). Release of uric acid was significantly increased by 93.9 ± 8.0% (p < 0.001) under 

1% FBS and 1% O2 conditions, and by 71.9 ± 7.6% (p < 0.001) under 1% FBS and 20% O2 

conditions.
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Figure 2. Reduction of DAMP-induced TLR-dependent NF-κB activation by pectin-alginate 
microcapsules. (A) Human pancreatic islets encapsulated in alginate or pectin-alginate 
(DM18-pectin/alginate, DM55-pectin/alginate, and DM69-pectin/alginate) were cultured 
under low nutrient conditions combined with hypoxia or normoxia. THP1-reporter cells were 
added in the culture system to quantify NF-κB activation. Scale bar is 500 μm. Uric acid (B) and 
dsDNA (C) in supernatant of incubated islets were quantified at day 5 after start of culturing. 
(D) The level of NF-κB activation in THP-1 reporter cells at 1, 5 or 7 days after culturing 
with alginate encapsulated islets. The level of NF-κB activation in THP-1 reporter cells at 1 
(E), 5 (F) or 7 (G) days after culturing with alginate, DM18-pectin/alginate, or DM69-pectin/
alginate encapsulated islets. n=9 per group. Data are presented as mean ± SEM. Statistically 
significant differences were quantified using Kruskal–Wallis test with a Dunn's post hoc test in 
B, C and one-way ANOVA analysis with a Dunnett’s post hoc test in D-G. *p < 0.05; **p < 0.01; 
***p < 0.001.
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M i c r o c a p s u l e s  co nt a i n i n g D M18 p e c t i n r e d u ce i m m u n e 
a c t i v a t i o n

To study the suppressive effects of lower DM-pectin-alginate microcapsules on DAMPs 

induced immune activation, we repeated the culture experiment with human islets in 

pectin-alginate microcapsules with either DM18- DM55- or DM69-pectin cultured under 

the combination of low nutrients and/or hypoxia. To this end, at day 1, 5, or day 7 of 

islet culture, THP-1 reporter cells were added to the culture after which NF-κB activation 

was quantified. Human islets encapsulated in alginate-based microcapsules served 

as control. As shown in Figure 2E-G, DM18-pectin/alginate microcapsules decreased 

DAMP-induced NF-κB in THP-1-cells. The effects were more pronounced under low 

oxygen combined with low nutrient conditions. Microcapsules containing either 

DM55- or DM69-pectin had less or no effect on suppression of DAMP-induced NF-κB in 

THP-1-cells. As early as day 1 of culture (Figure 2E), under a combination of low nutrient 

and hypoxia, DM18-pectin/alginate capsules decreased activation of NF-κB by 62.7 ± 

5.8% (p < 0.01), compared with control alginate capsules. At day 5 (Figure 2F), under 

the same conditions, the DM18-pectin containing capsules suppressed activation by 

56.6 ± 6.5% (p < 0.001), and by 60.8 ± 5.7% under 1% FBS and 20% O2 (p < 0.01), and 

by 57.6 ± 3.4 % under 10% FBS and 1% O2 (p < 0.05). Notably, DM55-pectin/alginate 

capsules also attenuated NF-κB activation by 37.6 ± 2.9% (p < 0.01) under 1% FBS and 

1% O2, demonstrating a DM-dependent inhibition. At day 7 (Figure 2G), the NF-κB 

activation was diminished compared to the other days but the DM18-pectin/alginate 

microcapsules still attenuated NF-κB activation by 40.3 ± 3.8% (p < 0.05) under 1% FBS 

and 1% O2 and by 50.2 ± 4.6% under 10% FBS and 1% O2 (p < 0.05) conditions.

Pe c t i n - co nt a i n i n g a l g i n a t e c a p s u l e s  a t t e n u a t e i n  v i vo  f o r e i g n 
b o d y r e a c t i o n a n d c y t o k i n e r e s p o n s e s

After evaluating the immunomodulatory capacity of pectin-containing alginate capsules 

in vitro, we assessed the impact of pectin-containing capsules on foreign body responses 

against implanted microcapsules. We implanted pectin-containing and control alginate 

microcapsules into the peritoneal cavity of immunocompetent C57BL/6 mice. At 4 

weeks post-transplantation, the vast majority of microcapsules made of either alginate 

or pectin-alginate mixtures were freely floating in the peritoneal cavity with minimal 

adhesion to the abdominal organs (Figure 3A). However, mice receiving DM18-pectin/
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alginate microcapsules contained more free-floating capsules than other groups. The 

volume of free DM18-pectin/alginate capsules flushed out of the peritoneal cavity was 

40 ± 15.9% (p < 0.05) higher than in recipients of control alginate-capsules (Figure 3B). 

Of the retrieved capsules, only a small portion (< 7%) of the capsules were covered 

by cellular overgrowth independent of the type of capsule (Figure 3C-E). Notably, in 

the mice receiving DM18-pectin/alginate microcapsules only 2.7 ± 0.8% of recovered 

capsule had cellular overgrowth, a lower percentage than for mice receiving control 

alginate capsules (p < 0.01). Microcapsules containing higher DM pectins did not have 

lower frequencies of capsules with cellular overgrowth compared to alginate controls.

Figure 3. DM18-pectin/alginate microcapsules mitigate foreign body reactions in vivo. (A) 
The abdomen after retrieving free-floating capsules by lavage, 28 days after intraperitoneal 
implantation in mice. (B) The volume of free-floating microcapsules flushed out by lavage. 
(C) Bright field images of peri-capsular fibrosis (indicated by arrows). Scale bar is 500 μm. 
(D) Percentage of capsules suffering from a foreign body response and covered partly or 
completely by fibroblasts. (E) Toluidine blue staining of retrieved free-floating capsules. Scale 
bar is 200 μm. (F) Levels of chemokine GRO-α, and cytokines IL-6 and IL-10 in peritoneal fluid. 
n = 5 per group. Data are presented as the mean ± SEM, and each symbol in graphs represents 
an individual animal in B, D and F. Statistically significant differences were quantified using 
one-way ANOVA analysis with a Dunnett’s post hoc test. *p < 0.05, **p < 0.01.
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To further evaluate the host foreign body reaction to implanted microcapsules, 

peritoneal fluid of recipients was collected for quantifying inflammatory cytokines and 

chemokines (Figure 3F). Compared to control alginate capsules, DM18-pectin/alginate 

capsules resulted in reduced production of pro-inflammatory chemokine GRO-α by 80.9 

± 18.8% (p < 0.05) and IL-6 by 78.4 ± 50.5% (p = 0.15). DM55-pectin/alginate capsules 

also elicited lower GRO-α production by 54.7 ± 20.9% (p < 0.05) but did not impact 

IL-6 release. The pro-reparative immunoregulatory cytokine IL-10 was upregulated by 

DM18-pectin/alginate capsules by 83.4 ± 20.6% (p < 0.01) and by DM55-pectin/alginate 

capsules by 45.4 ± 9.6% (p < 0.01) compared to alginate controls, respectively. The 

cytokine profile of mice implanted with DM69-pectin/alginate microcapsule remained 

unchanged, suggesting that the immunoregulatory effect of pectin incorporation is DM 

dependent.

L o n g e r g ra f t  s u r v i v a l  t i m e s i n d u ce d by D M18 p e c t i n - co nt a i n i n g 
c a p s u l e s  f o r  ra t  i s l e t s  i n  d i a b e t i c  m i ce

To determine the impact of pectin-containing capsules on graft survival of 

immunoisolated islets, we transplanted 1000 encapsulated rat islets into the peritoneal 

cavity of streptozotocin (STZ)-induced diabetic C57BL/6J mice (Figure 4A). We used 

DM18-pectin/alginate capsules as experimental group and alginate and DM69-pectin/

alginate microcapsules as controls. Xenografts induced normoglycemia within 3 days in all 

recipients, demonstrating sufficient initial graft function (Figure 4B). Animals also had an 

improvement in body weight (Figure 4C). Rat islets encapsulated in DM18-pectin/alginate 

reversed diabetes in 100% (7/7) of the recipients. All animals remained normoglycemic 

for at least 196 days after which the first animal became diabetic (Figure 4D). By day 300, 

i.e. the end of the study, still 2/7 (29%) of the animals are normoglycemic. In contrast, 

recipients of the control alginate and DM69 pectin-containing capsules experienced 

shorter durations of blood glucose control. In the control alginate group, 7/7 mice 

became normoglycemic but the first animal returned to hyperglycemia already after 28 

days and the last animal returned to hyperglycemia at day 241 post-transplantation. In 

the DM69-pectin group, 6/6 of the animals became normoglycemic and the first animal 

returned to hyperglycemia at 98 days after implantation while all grafts had failed after 

227 Days. At the end of week 8, hemoglobin A1C (HbA1c) was measured to gain insights 

in overall glycemic control. Only normoglycemic animals are shown in Figure 3E. The 

level of HbA1c of DM18-pectin/alginate group was 7.2 ± 0.2, which is 13.6 ± 5.1% (p < 
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0.05) lower than that of the DM69-pectin/alginate group and 8.4 ± 4.2% (p = 0.07) lower 

than that of the alginate group, demonstrating superior glycemic control of islets in 

DM18-pectin/alginate microcapsules.

Figure 4. DM18-pectin/alginate microcapsules induce long-term normoglycemia and 
superior glucose-metabolism after xenotransplantation of rat islets in mice. (A) Rat islets 
were encapsulated in alginate, DM18-pectin/alginate, and DM69-pectin/alginate, and 
transplanted into the peritoneal cavity of streptozotocin (STZ)-induced diabetic mouse 
models. Scale bar is 500 μm. (B) Nonfasting blood glucose post-transplantation. (C) The 
body weight gain normalized to the value of day −7 (black line) when recipient mice were 
injected with STZ. (D) Percentage of normoglycemic mice. (E) HbA1c in the blood of mice at 
8 weeks after implantation. (F) The levels of blood glucose and C-peptide release during oral 
glucose tolerance test at 4 weeks (solid) and 8 weeks (dotted) after implantation. Data are 
presented as the mean ± SEM, and each symbol in graphs represents an individual animal in 
E. Statistically significant differences were quantified using log-rank test in D and one-way 
ANOVA analysis with a Dunnett’s post hoc test in E, F. *p < 0.05, **p < 0.01.

To evaluate graft responsiveness to blood glucose, oral glucose tolerance tests 

(OGTT) were performed. At both 4 and 8 weeks post-implantation, all (7/7) mice that 
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received islets in DM18-pectin/alginate microcapsules returned to normoglycemia (< 6.5 

mmol/L) within 90 min after the meal test (Figure 4F). This occurred slower in recipients 

of islets encapsulated in DM69-pectin/alginate and control alginate microcapsules. The 

plasma C-peptide levels in recipients of DM18-pectin/alginate-encapsulated islets rose 

faster than in alginate-controls and reached significantly higher levels than in recipients 

of alginate-encapsulated islet grafts (p < 0.05). At 8 weeks after implantation, one mouse 

from the DM69-pectin/alginate group and two mice from the control alginate group 

showed impaired graft function, as they were not able to reach normoglycemia within 

120 minutes after start of the test. The AUC of the DM18-pectin/alginate group was 

significantly lower (52.1 ± 20.1%, p < 0.05) compared to recipients of control alginate-

encapsulated islets. The AUC of the DM69-pectin/alginate group was not different from 

the with the alginate control group.

D M18 - p e c t i n/a l g i n a t e c a p s u l e s  a m e l i o ra t e i n f l a m m a t o r y 
r e s p o n s e s

At 8 weeks after implantation, we studied impact of pectin incorporation into alginate 

capsules on circulating cytokines. As shown in Figure 5A, plasma of recipients of 

DM18-pectin/alginate-encapsulated islets has lower levels of pro-inflammatory factors 

GRO-α (52.9 ± 16.1%; p < 0.05), TNF-α (49.0 ± 13.6%; p < 0.01), and IL-6 (37.5 ± 11.4%; p < 

0.05) and increased levels of anti-inflammatory cytokine IL-10 (27.0 ± 11.1%; p < 0.05), 

compared to the recipients of control alginate-encapsulated islets. However, there were 

no differences in circulating cytokines for recipients receiving islets encapsulated in 

DM69-pectin/alginate microcapsules and alginate-controls.

After graft failure, capsules were retrieved by peritoneal lavage. In the 

DM18-pectin/alginate group we obtained a significantly higher retrieval rate (88.4 ± 3.1) 

than in the alginate group (73.7 ± 4.9%; p < 0.05) and the DM69-pectin/alginate groups 

(67.7 ± 5.5%; p < 0.05), indicating minimal adhesion to the abdominal organs happened 

in the DM18-pectin/alginate group (Figure 5B). The retrieved microcapsules maintained 

integrity after long-term duration of implantation independent of the type of capsule 

(Figure 5C). In the mice receiving DM18-pectin/alginate microcapsules only 4.2 ± 0.8% 

of the recovered capsule had cellular overgrowth which was a significantly lower 

percentage than on capsules obtained from mice receiving control alginate capsules (p 

= 0.07; Figure 5C-E).
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Figure 5. DM18-pectin/alginate microcapsules mitigate long-term pro-inflammatory cytokine 
and tissue responses. (A) Plasma cytokines were measured at 8 weeks after implanting 
alginate or pectin-alginate encapsulated rat islets. Levels of chemokine GRO-α and cytokines 
TNF-α, IL-6, and IL-10 in plasma. (B) The volume of free-floating microcapsules flushed out by 
peritoneal lavage. (C) Bright field images of peri-capsular fibrosis (indicated by arrows). Scale 
bar is 500 μm. (D) Percentage of capsules suffering from a foreign body response and covered 
partly or completely by fibroblasts. (E) Toluidine blue staining of retrieved free-floating 
capsules. Scale bar is 100 μm. Data are presented as the mean ± SEM, and each symbol in 
graphs represents an individual animal. Statistically significant differences were quantified 
using one-way ANOVA analysis with a Dunnett’s post hoc test. *p < 0.05, **p < 0.01.

dIscussIon

We demonstrate that incorporation of low-DM pectin into alginate capsules improves 

transplanted xeno-islet graft survival and function. Our in vitro analyses suggest that 

these improvements result from suppression of TLR2/1-dependent immune responses. 

In previous studies, we have applied polymer brushes [61] and anti-biofouling materials 

[14] to extend transplanted graft lifetime, but these were ineffective in preventing 

immune activation and recruitment of immune cells to the encapsulated cells [62]. 

Although these modifications prevented cell adhesion, cells in the immediate vicinity of 
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encapsulated cells were still activated and secreted cytokines and chemokines known to 

interfere with the encapsulated cells [23, 54, 63]. As we previously found that islet-derived 

DAMPs are involved in activation of immune cells in the vicinity of encapsulated islets 

[26, 35], we hypothesized that interference with key-inflammatory receptors such as 

TLR2/1 would attenuate immune responses.

Pectins have been shown to prevent TLR2/1-dependent inflammatory damage 

in the gut [43]. As TLR2/1 is involved in DAMP-induced immune activation and a crucial 

costimulatory molecule for general activation of pro-inflammatory processes, we 

investigated whether blockade of TLR2/1 prevents DAMP-induced immune activation 

by encapsulated islets. A first endeavor was to identify suitable pectins for this 

application as the pectins reported to block TLR2/1 in the gut [43] are not applicable 

to capsule manufacturing as they are water-insoluble. We therefore first tested readily 

soluble pectins with a DM value of 18, 55 or 69 for the ability to form solid capsules 

with alginate. By testing different pectin-alginate mixtures, we successfully found pectin 

types that formed stable gels with alginate in the presence of calcium. The α-L-(1−4)-

guluronate residues from alginate and α-D-(1-4)-galacturonate residues from pectin 

generate constitutive binding sites for divalent cations to bind opposite positioned 

polygalacturonate and polyguluronate residues according to the egg box model [44, 

64] (Figure 1B), forming pliable and stable gels. The pectin in this gel is also located 

at the capsules surface as demonstrated by immunocytochemistry. This is the side 

where immune cells interact with the capsules. The size and mechanical stability of 

pectin-incorporated microcapsules were investigated, as it might be suggested that 

pectin incorporation has influenced biomaterial-induced tissue responses [27, 51, 65]. 

However, the coupling of pectin did not affect size but slightly lowered the mechanical 

strength of alginate-based microcapsules. One possible explanation for this observation 

is that DM18-pectin has a lower molecular weight than alginate. The shorter pectin 

chains possibly decrease the capsule strength. However, the strength of DM18-pectin/

alginate microcapsules is sufficient for long-term integrity, which is essential for 

long-term immunoisolation as evidenced by the survival times of the grafts up to a year 

and retrieval of only intact capsules [51, 66].

We observed a strong DM-dependent effect on pectin-mediated attenuation 

of TLR2 activation. We show that microcapsules containing pectin of DM18 and DM55 

were able to suppress TLR2/1 activation, whereas DM69 did not inhibit TLR2/1 signaling. 



Pectin-incorporated microcapsules attenuate immune responses

131

4

DM18 pectin-alginate microcapsules showed the highest TLR2/1 inhibition. Pectin 

inhibits TLR2 by direct binding to R315, R316, R321, and K347 amino acids in the TLR2 

ectodomain by electrostatic interactions [43]. Pectins of low-DM value have more 

negatively charged non-methyl esterified galacturonic acid [67] which are more likely to 

interact with the ectodomain of TLR2 than pectins with higher numbers of DM blocks. 

Our study demonstrated that even after forming polygalacturonate and polyguluronate 

junctions with alginate and other pectin molecules, the low-DM pectin maintains its 

ability to inhibit TLR2/1 signaling.

The capsules containing low-DM pectin had profound influence on the 

performance of capsules in vitro and in vivo. The DM18-pectin/alginate capsules were 

effective in suppressing DAMP-induced immune activation. It is likely that TLR2/1 is also 

involved in foreign body responses and that attenuation of this signaling pathway is 

instrumental in lowering these responses. Intraperitoneal implantation-induced tissue 

responses start as a process of systemically inflammation mediated by pro-inflammatory 

cytokines/chemokines and anti-inflammatory cytokines [68]. The upregulated cytokines 

are not seen without an implantation procedure in the peritoneal cavity [69, 70]. The 

capsules containing DM18-pectin significantly attenuated capsule implantation-

induced increasing in pro-inflammatory cytokines, i.e. TNF-α, IL-6, GRO-α and promoted 

the release of IL-10. The profile of pro-inflammatory cytokines/chemokines and 

anti-inflammatory cytokines is highly correlated to attenuation of tissue responses and 

also with better clinical outcome of islet transplantation [71]. 

The inclusion of pectin might therefore also be useful for management of 

responses against other alginate-based capsules that still suffer from fibrosis [39, 72] and 

it may even allow application of smaller capsules that reportedly are associated with 

more fibrosis [65]. Many research groups focus on alginate-based encapsulation systems 

using poly-L-lysine and poly-ornithine to decrease permeability of the membranes 

and/or to increase mechanical stability [14, 25]. When these poly(amino acids) are not 

adequately incorporated in superhelical cores with alginates proinflammatory responses 

may occur [73]. Pectin DM18 incorporation might be an effective approach to mitigate 

biomaterial-associated fibrosis. Also, pectin incorporation might be valuable for larger 

capsules in which islets may suffer from insufficient nutrition [18, 26] or for other reasons 

produce enhanced amounts of released DAMPs. Pectin DM18 was shown in our study 

to be effective in suppressing these DAMP-induced immune responses. We even would 
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suggest to test incorporation of pectins with low DM in non-alginate based systems 

such as systems based on poly (ethylene glycol)-based polymers [74-76]. This technique 

often involves use of toxic organic solvent and/or photoinitiator-induced free radicals 

which likely stimulate DAMP release [25, 74, 77] and induce inflammation that can be 

prevented with low DM pectins.

Figure 6. Diagram model of low-DM pectin molecules in alginate-based microcapsules inhibit 
TLR2 and attenuate DAMP-induced inflammatory responses in human pancreatic islets.

In conclusion, we demonstrate that microcapsules containing low DM pectin can 

effectively inhibit TLR2/1-mediated pro-inflammatory signaling pathways. These pectin 

structures were effectively incorporated into alginate-based microcapsules and were 

available in sufficient density to reduce TLR2/1 signaling. We speculate that reduced 

TLR2/1 signaling contributes to the long functional survival of xenotransplanted islets 

in DM18-pectin/alginate microcapsules. Figure 6 summarizes our working hypothesis 

in which DM18-pectin/alginate capsules suppress inflammation by competitive binding 

with TLR2. Our study demonstrates that alginate microcapsules containing low-DM pectin 

is an effective strategy to attenuate host inflammatory responses post-transplantation, 
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which might be of great potential for future clinical application of biomaterials and may 

contribute to a cell replacement therapy for T1D and other hormone-deficient diseases.
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AbstrAct

Different bioinks have been used to produce cell-laden alginate-based hydrogel 

constructs for cell replacement therapy but some of these approaches suffer from 

issues with print quality, long-term mechanical instability, and bioincompatibility. In this 

study, new alginate-based bioinks were developed to produce cell-laden grid-shaped 

hydrogel constructs with stable integrity and immunomodulating capacity. Integrity 

and printability were improved by including the co-block-polymer Pluronic F127 in 

alginate solutions. To reduce inflammatory responses, pectin with a low degree of 

methylation was included and tested for inhibition of Toll-Like Receptor 2/1 (TLR2/1) 

dimerization and activation and tissue responses under the skin of mice. The viscoelastic 

properties of alginate-Pluronic constructs were unaffected by pectin incorporation. 

The tested pectin protected printed insulin-producing MIN6 cells from inflammatory 

stress as evidenced by higher numbers of surviving cells within the pectin-containing 

construct following exposure to a cocktail of the pro-inflammatory cytokines namely, 

IL-1β, IFN-γ, and TNF-α. The results suggested that the cell-laden construct bioprinted 

with pectin-alginate-Pluronic bioink reduced tissue responses via inhibiting TLR2/1 and 

support insulin-producing β-cell survival under inflammatory stress. Our study provides 

a potential novel strategy to improve long-term survival of pancreatic islet grafts for 

Type 1 Diabetes (T1D) treatment.

keywords

Pectin, Immunoregulation, 3D-printing, Toll-Like receptor 2, Alginate, Pancreatic β-cell
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IntroductIon

Transplantation of 3D bioprinted cell-laden constructs is emerging as a novel therapeutic 

strategy to restore function of damaged organs or tissues [1]. Hydrogels are leading 

candidates for cell-laden construct designs, since they allow embedding and printing 

of cells under mild conditions and possess tunable porosity for allowing rapid nutrient 

and waste product exchange [2-4]. However, the study and application of bioprinted 

cell-laden constructs has been limited by current challenges in 3D bioprinting, such as 

bioink print quality, long-term mechanical stability of the construct, and biocompatibility 

[5, 6].

Alginate, is one of the most intensively studied biomaterials for pancreatic cell 

encapsulation and tissue engineering in general cell-laden constructs but is facing 

challenges for application in bioprinting [2, 7, 8]. Alginate is known to support graft 

cell survival and proliferation of enveloped cells and therefore preferred by many but 

its poor printability limits its application as a bioink [9]. Printability of alginate may be 

improved by inclusion of other polymers with more favorable printing properties into 

the bioink. Such a printability enhancing polymer is the block-co-polymer Pluronic F127 

(Poloxamer 407). This triblock co-polymer is widely employed as a bioink component 

due to its low cytotoxicity, reliable printability and sol-gel transition at room temperature 

[10]. Another advantage of inclusion of Pluronic F127 is the generation of micropores 

with semipermeable and immunoisolating properties. Such micropores do not allow 

host immune cells to enter the construct while allowing diffusion of oxygen, glucose, 

nutrients, and insulin [11, 12].

Furthermore, foreign body responses against alginate-based constructs may 

interfere with long-term survival of embedded cells, and impair the overall purpose 

of the alginate-based constructs [13]. To counter foreign body responses, several 

strategies have been tried that aim to modify the alginate surface structure [14-16]. 

One such approach is the coupling of immunomodulating molecules to the surface of 

the alginate-based capsules. A possible candidate for this is pectin with a low degree 

of methyl esterification (DM) [17]. Pectin is a natural polysaccharide which, just like 

alginate, contains a backbone with negatively charged carboxyl groups and has been 

shown to inhibit TLR2/1 signaling in several disease models including colitis [17, 18]. 

These pectin-backbones can interact with alginate-backbones via Ca2+ medicated 
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crosslinking to create a robust hydrogel [19]. Additional advantages of adding pectin 

into a bioink is that, as recently reported by our research group, it protects pancreatic 

β-cells against inflammatory and oxidative stress [20] and it promotes differentiation of 

mesenchymal stem cells into vascular endothelial cells, thereby potentially improving 

graft oxygen supply after implantation [21, 22]. However, it is unknown whether pectin 

influences printability and integrity of the hydrogels and whether beneficial properties 

such as immunomodulation are maintained when pectin is in this incorporated format.

In the present study we designed and tested a novel alginate-based bioink for 

encapsulation of insulin producing β-cells. Constructs 3D-printed using alginate alone, 

alginate supplemented with Pluronic F127, and alginate combined with pectin were 

evaluated on integrity, printability, and viscoelastic properties. Specific low-DM pectins 

were incorporated to reduce foreign body responses but also to enhance resistance 

against inflammatory stresses such as during exposure to the diabetogenic combination 

of the cytokines IL-1β, IFN-γ and TNF-α. The immunomodulating capacity of the low-DM 

pectin containing construct was tested in vitro and in vivo.

mAterIAls And methods

M a t e ri a l s

All reagents were acquired from Sigma Aldrich (St. Louis, MO, USA) and cell culture 

materials were obtained from Lonza (Basal, Switzerland) unless otherwise stated. 

Commercially extracted lemon pectins with a degree of DM DM18 [Molecular 

weight ≈ 53 KDa, 3% galactose, 95% uronic acid] was obtained from CP Kelco (Lille 

Skensved, Denmark). Intermediate-G alginate [42% α-L-guluronic acid (G)-chains, 58% 

β-D-mannuronic acid (M)-chains, Mw = 428 kDA] was obtained from ISP Alginates 

(Girvan, UK). Pluronic F127 with an average molecular weight of 12.6 kDa was obtained 

from Sigma Aldrich.

Alginate and pectins were purified as previously described [23, 24]. Briefly, pectin 

was dissolved in 1 mM sodium ethylene glycol tetraacetic acid (EGTA) solution at 4 °C to 

a 1.35% solution. Then, the pectin solution was successively filtered through 5 μm, 1.2 

μm, 0.8 μm, 0.45 μm, 0.22 μm filters. The pH of the solution was adjusted to 2 by adding 

of 2N HCl + 20 mM NaCl. Subsequently, the pectin solution was mixed with a mixture 
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of chloroform: butanol (4:1 ratio) at a ratio of 2:1 to extract proteins. The extraction step 

was performed twice. Afterwards, the pH of the pectin solution was slowly adjusted to 7 

with 0.5 N NaOH + 20 mM NaCl. The pectin solution was mixed with chloroform: butanol 

(4:1 ratio) mixture at a ratio of 4:1 for another round of extraction. After three further 

rounds of extraction, the 0.5 L of pectin solution was mixed with 2 L of ethanol for 10 

min to induce pectin precipitation. After this, 1 L of diethyl ether was added to wash 

the pectin-precipitate. This was repeated twice. Finally, the remaining precipitate was 

freeze-dried (Freeze 2.5 Plus, Labconco, Kansas City, USA) overnight.

An i m a l  e x p e ri m e nt s

Male 8 week-old C57BL/6 mice (Charles River, Écully, France) were used as recipients. 

Dutch Central Committee on Animal Testing (CCD) and Animal Welfare Authority at the 

University of Groningen approved all described animal procedures (CCD project number: 

AVD1050020185726). All experiments and procedures were performed in accordance 

with the Institution Animal Care Committee of the University of Groningen. All animals 

received animal care in compliance with the Dutch Law on Experiment Animal care. 

Ce l l  c u l t u r e

MIN6 cells (ATCC, Manassas, USA) were cultured in DMEM high glucose medium, 

containing 15% FBS, 50 μmol/L β-mercaptoethanol, 2 mmol/L L-glutamine, 50 U/

mL penicillin, and 50 μg/mL streptomycin. Cells were cultured at 37 °C and 5% CO2. 

THP1-reporter cell line (THP1-XBlue™-MD2-CD14; InvivoGen, Toulouse, France) was 

cultured in RPMI 1640 culture medium containing 2 mM L-glutamine, 1.5 g/L NaHCO3, 

4.5 g/L glucose, 10 mM HEPES and 1.0 mM sodium pyruvate, 10% FBS, 100 μg/mL 

Normocin™, 50 U/mL penicillin, and 50 μg/mL streptomycin.

B i o i n k Pr e p a ra t i o n

Purified alginate and pectin powder were sterilized under UV irradiation for 20 min. A 

weight of 8 g Pluronic F127 was dissolved in 84 g Ca2+ free Krebs-Ringers-HEPES with an 

osmolality of 220 mOsm to obtain a 9.5% (w/w) stock solution. The alginate (8%)-Pluronic 

F127 (8%) bioink was prepared by adding 4 g of sterilized alginate powder in 46 g of 

9.5% stock Pluronic F127 solution and gently mixing overnight. The pectin (2%)-alginate 
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(6%)-Pluronic F127 (8%) bioink was prepared by adding 1 g of sterilized pectin and 3 g of 

alginate in 46 g of 9.5% stock Pluronic F127 solution and overnight mixing. The alginate 

(6%)-Pluronic F127 (13%) ink was prepared by adding 3 g of sterilized alginate powder in 

40.5 g of 16% (w/w) Pluronic F127 stock solution and overnight mixing. The alginate-only 

inks were prepared by directly dissolving alginate in Ca2+-free Krebs-Ringers-HEPES at 

concentrations of 3-8% (w/w). The solutions were then transferred to a sterile 10 mL 

syringe and then centrifuged at 3,000 × g for 1 min to remove air bubbles. 

3D B i o p ri nt i n g

Hydrogel constructs were designed in TinkerCAD (Open source: www.tinkercad.

com), and saved as Stereo Lithography file (STL) format. All STL files were transformed 

into G-code for layer-by-layer printing using Repetier-Host (Open source: www.repetier.

com). Inside a flow cabinet, cell-free and cell-loaded alginate-Pluronic bioinks were laden 

into a sterile 10 mL syringe locked with a 25G flat-tip cylindrical needle. The syringe was 

loaded into the Biobots 1 desktop 3D bioprinter (Philadelphia, PA, USA). The bioink was 

then extruded from the syringe on a Petri dish in a controlled layer-by-layer fashion by 

an XYZ moving arm according to computer-aided design 3D models. For in vitro studies, 

each construct took 15-minute to print and resulted in a design with a dimension of 14 

mm side length with 3 mm strand distance and three layers. For implantation studies 

in mice, construct printing took an average 9 minutes and resulted in constructs with a 

dimension of 8 mm side length with 2 mm strand distance and two layers. Constructs 

were printed at a speed of 4 mm/s, air pressure of 50 pounds per square inch (PSI), 

temperature at 30 ± 3 °C. After printing, the constructs were crosslinked by immersing 

them in a 100 mM CaCl2 (10 mM HEPES, 2 mM KCl) solution for 10 min. The resulting 

constructs were maintained in DMEM supplemented with 5 mM CaCl2 at 37 °C for 3 

hours in a CO2 incubator before any further experiments. 

V i s co e l a s t i c  p r o p e r t i e s

The viscoelastic properties of the hydrogels were measured using low-load compression 

testing (LLCT) [25-27]. For this, 500 µl of bioink was cast in cylindrical shaped molds and 

crosslinked with 100 mM CaCl2 for 6 hours. The hydrogels were left to swell in DMEM 

supplemented with 5 mM CaCl2 for 12 hours. For LLCT, the hydrogels were blotted to 

remove any excess liquid and compressed at three different locations per hydrogel. 
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Stiffness was determined during compression at a strain rate of 0.2 s-1. The percentage 

of stress relaxation was calculated by comparing stress at t=0 s and t=100 s. Data were 

acquired using LabVIEW 7.1 (National Instruments Corp, Austin, Texas, USA) and analyzed 

in MATLAB 2018 (MathWorks® Inc, Natick, Massachusetts, USA).

Ce l l  v i a b i l i t y 

To investigate the effect of pectin incorporation in constructs on pancreatic β-cell 

viability, MIN6 mouse insulinoma cells (1 x 107 cells/mL) were mixed with the bioink 

and printed with or without pectin in the alginate solution. The cell-laden constructs 

were subsequently cultured for 7 days. Cell viability was measured at day 1, 2, 3, 5 and 

7 after printing and culture after which live/dead staining was performed according 

to the manufacturer´s protocol (Invitrogen, Carlsbad, CA, United States). To investigate 

the impact of pectin incorporation to responses of cells under inflammatory stress, 

construct-encapsulated MIN6 cells were cultured in the presence of a cocktail of the 

mouse cytokines, IFN-γ (2000 U/mL), TNF-α (2000 U/mL), and IL-1β (150U/mL) (all from 

ImmunoTools, Friesoythe, Germany). Cell viability were assessed using live/dead staining 

after 24 hours incubation. All images were taken with a Leica SP8 confocal microscope 

(Wetzlar, Germany). The percentages of viable cell were measured using ImageJ software 

(Version 1.47; National Institutes of Health, Bethesda, MD, USA).

To l l - Li ke r e ce p t o r s  ( T LR s)  i n h i b i t i o n a s s ay

To determine the capacity of the printed constructs to inhibit TLRs signaling, empty 

constructs were co-incubated with a THP1-reporter cell line (3x10⁵ cells per well) 

in a 24-well plate in presence of agonists of TLR2 (Pam3CSK4, 100 ng/mL), TLR4 

(Lipopolysaccharides, LPS, 10 ng/mL), and TLR5 (Flagellin from S. typhimurium, FLA-ST, 

10 ng/mL). This reporter cell line is derived from human monocytic cell and expresses 

pattern recognition receptors, including all TLRs [28, 29]. All TLR signaling pathways 

result in activation of the nuclear factor kappa-light-chain-enhancer of activated B 

cells (NF-κB), which controls inflammatory responses [30]. The THP1-reporter cells 

stably express TLRs and an inserted genetic construct for secreted embryonic alkaline 

phosphatase (SEAP) coupled to NF-κB and the activator protein 1 (AP-1) transcription 

factor responsive promoter. An AP-1-inducible secreted SEAP reporter gene was used 

and is detectable with QUANTI-Blue™, a medium that turns purple/blue in the presence 
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of SEAP and measured at OD 650 nm [18, 31, 32].

I n  v i vo  t i s s u e r e s p o n s e s

To study the in vivo tissue responses, constructs with a thickness of 2 mm, a width of 

8 mm, and a length of 8 mm were implanted in subcutaneous pockets on the back 

of C57BL/6 mice. The constructs plus surrounding tissue were dissected from the 

subcutaneous pocket at day 28 after implantation. The retrieved constructs were fixed 

in 2% paraformaldehyde and were embedded in glycol methacrylate (GMA, Technovit 

7100; Heraeus Kulzer GmbH, Wehrheim, Germany). The embedded constructs were then 

sectioned at 2 μm and stained with 1% (w/v) aqueous toluidine blue for 10 seconds. 

Sections were analyzed using a Leica DM 2000 LED microscope with a Leica DFC 450 

camera. The fibrotic overgrowth thickness and vessel area were analyzed using Image J 

software (Open source: imagej.nih.gov/ij). The surface area of vessels was calculated by 

dividing the total area of erythrocyte-containing luminal structures by the surrounding 

tissue area [33].

An a l y t i c a l  ox yg e n m o d e l l i n g

To estimate the oxygenation within our 3D-printed constructs, a diffusion model was 

used to calculate the oxygen concentration within a single printed filament. From 

a generalized oxygen transport equation (Equation 1), an oxygen diffusion model 

(Equation 2) can be derived by considering only radial oxygen diffusion and equilibrium.

Where C is the concentration of oxygen, t is time, D is the oxygen diffusivity, v is 

the velocity field, q is the oxygen consumption rate within the filament, r is the radius 

within filament, rf is the radius of the filament, and Cf  is the concentration of oxygen at 

filament outer surface. Although the parameters that are specific our constructs were not 

experimentally measured, the oxygen profile for the printed filaments were calculated 

using values reported in literature (Table 1). The oxygen profile of printed filaments that 
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would be seeded with human islets (at the same seeding density) was also calculated.

Table 1. Summary of parameters used to calculate oxygen profile.

Parameter Value Source

MIN6 oxygen consumption rate (lower) 0.00055 pmol/min/cell [51]

MIN6 oxygen consumption rate (upper) 0.00080 pmol/min/cell [51]

Human islet equivalent oxygen consumption rate (lower) 100 nmol/min/mg DNA [52]

Human islet equivalent oxygen consumption rate (upper) 226.3 nmol/min/mg DNA [53]

Filament radius 1500 μm This chapter

Oxygen tension in murine subcutaneous site 40 mm Hg [54]

Oxygen tension in human subcutaneous site 60 mm Hg [55]

Estimate of oxygen diffusivity of encapsulation material 0.0015 cm2/min [56]

results

Pr e p a ra t i o n a n d c h a ra c t e ri s t i c s  o f  co n s t r u c t s

To establish an optimal alginate-based bioink for printing, the printability of alginate 

solutions over a concentration series from 3-8% were evaluated. As shown in Figure 

1A, the lower alginate concentrations in the range of 3-6% were not printable due to 

insufficient solid-like behavior after printing to allow shape retention. Constructs made 

of 8% alginate solution alone were stable. However, after crosslinking with Ca2+, the 8% 

alginate constructs were rigid and inflexible in texture, which is known to compromise 

the survival of encapsulated cells [34]. To simultaneously increase the printability of the 

bioink and the flexibility of the constructs after crosslinking, Pluronic F127 was blended 

with the alginate solution to make a bioink consisting of 6% alginate-13% Pluronic F127 

[11]. As shown in figure 1B, this solution could readily be printed. The obtained constructs 

were maintained under culture conditions to test their stability. After 2 weeks of culture 

severe degradation of the construct was observed. The degradation was likely caused by 

incomplete crosslinking between opposing guluronic acid sequences in the backbone 

of alginate [35] resulting from the presence of the block-co-polymer Pluronic F127 that 

increases the distance between alginate molecules [36].
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Figure 1. Structure of constructs printed using (A) 6% alginate (left) and 8% alginate before 
(middle) and after (right) crosslinking in CaCl2; (B) 6% alginate-13% Pluronic F127 before (left) 
and after (middle) crosslinking, and after 2 weeks culture (right). Scale bars depict 5 mm.

In our next effort to improve the long-term stability of the construct, we gradually 

increased the concentration of alginate and decreased the concentration of Pluronic F127. 

Stability of the obtained constructs was again tested after exposure to culture conditions. 

From this investigation it emerged that the optimal formula for an alginate-based bioink 

was 8% alginate-8% Pluronic F127. To generate pectin-incorporated bioink with desired 

printability, 2% alginate was replaced by 2% pectin yielding the ultimately established 

bioink consisting of 2% pectin-6% alginate-8% Pluronic F127. The physical characteristics 

of these constructs were determined. Both the pectin-alginate-Pluronic bioink and the 

alginate-Pluronic bioink, resulted in a high-shape fidelity during printing (Figure 2A). 

These constructs maintained their integrity and proved to be stable during the 2 weeks 

exposure to culture conditions (Figure 2B).
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Figure 2. Stability of cell-free constructs printed with or without low DM pectin. (A) 
Representative images of printed and Ca2+-crosslinked constructs indicating high shape 
fidelity and stability over 14 days culture in DMEM supplemented with 5 mM Ca2+. Scale 
bars depict 5 mm. (B) Both constructs exhibited desired mechanical stability after 14 days 
incubation. (C) Elastic modulus and percentage of stress relaxation of constructs at day 7 
after bioprinting. Data are presented as mean ± SEM. The statistical differences were analyzed 
using student's t-test.

V i s co e l a s t i c  p r o p e r t i e s  o f  a l g i n a t e co n s t r u c t s  a r e  u n a f f e c t e d 
by p e c t i n co u p l i n g 

To determine the influence of pectin incorporation on mechanical properties of cell-free 

alginate-based constructs, hydrogels made with or without pectin were interrogated 

using LLCT. Pectin-alginate-Pluronic constructs had an elastic modulus of 219.7 ± 39.9 

kPa while alginate-Pluronic constructs had an elastic modulus of 167.7 ± 34.6 kPa at a 

strain rate of 0.2 s-1 (Figure. 2C). The percentage of stress relaxation of pectin-containing 

and pectin-free were 51.5 ± 1.5% and 56.1 ± 2.3% in 100 s, respectively (Figure. 2D). 

No differences in stiffness and percentage of stress relaxation were found after 7 days 

exposure to culture conditions.

Co n s t r u c t s  co nt a i n i n g p e c t i n s u p p o r t  v i a b i l i t y  o f  p a n c r e a t i c 
β - ce l l s  u n d e r  i n f l a m m a t o r y s t r e s s

As it has been shown that low-DM pectins can support pancreatic islets against 
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diabetes-induced inflammatory stress [20], we first investigated the effects of pectin 

incorporation in the constructs on pancreatic β-cells without any stressor. To this end, 

mouse pancreatic MIN6 β-cells were encapsulated in the constructs followed by cell 

viability measurements at day 1, 2, 3, 5 and 7 after printing. As shown in Figure 3, pectin 

incorporation did not significantly influence cell viability during the 7-day observation 

period. In both the pectin-alginate-Pluronic construct and the control alginate-Pluronic 

construct without pectin, high level of cell viability was maintained (≥ 80 ± 3.7%) during 

the 7 days of culture.

Figure 3. Cell viability of bioprinted pancreatic β-cells throughout 7 days. Viable cells are 
stained green, dead cells are stained red. Scale bars depict 200 μm. Cells were imaged with 
a confocal fluorescence microscope and analyzed using Image J gradation analysis. Data are 
presented as mean ± SEM (n=5). Data were analyzed using two-way ANOVA with Bonferroni 
multiple comparisons test.

To determine whether pectin incorporation can provide protective effects for 

β-cell survival under cytokine stress, we repeated the experiment in the presence of 

the cocktail of IL-1β + IFN-γ + TNF-α, which has been identified as an essential and fatal 

effector cytokine mix in the initiation of T1D [37]. After 24 hours of incubation, cells in both 

constructs showed cell death (Figure 4), but β-cells encapsulated in pectin-incorporated 

constructs showed significantly higher cell viability than β-cells in alginate constructs in 
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the absence of pectin (73.3 ± 3.7% vs 64.4 ± 1.8%, p < 0.01).

Figure 4. Effects of low DM pectin incorporation in constructs on printed pancreatic β-cells 
during exposure to proinflammatory cytokine cocktail, IFN-γ (2000 U/mL), TNF-α (2000 U/
mL), and IL-1β (150U/mL). Viable cells are stained green, dead cells are stained red. Scale bars 
depict 200 μm. Cells were imaged with a confocal fluorescence microscope and analyzed 
using Image J software. Data are presented as mean ± SEM (n=5). The statistical differences 
were analyzed using t-test (**p < 0.01).

Pe c t i n i n co r p o ra t i o n i n h i b i t s  a c t i v a t i o n o f  T LR 2 /1

Low-DM pectin has been suggested to inhibit dimerization and activation of TLR2/1, 

which is one of the most essential pathways of biomaterial-induced tissue responses 

[18, 38]. To investigate the effects of pectin incorporation on the activation of TLRs, 

pectin-containing constructs were incubated with a THP-1 reporter cell line which 

expresses almost all TLRs. The cells were stimulated with agonists of the extracellular 

TLRs; TLR2 (Pam3CSK4), TLR4 (Lipopolysaccharides, LPS) and TLR5 (Flagellin from 

Salmonella Typhimurium, FLA-ST) in the presence and absence of pectin containing 

constructs. This was done to study possible inhibition of the agonist-induced activation 

of NF-kB in the THP-1 cells. Agonist-stimulated THP-1 cells without constructs served as 
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positive controls. Pectin incorporation into the construct, compared to positive control, 

reduced the activation of TLR2 by 33.9 ± 7.7% (Figure. 5, p < 0.01) but had no effect on 

activation of TLR4 and 5. Printed pectin-free constructs did not inhibit any TLR signaling 

in THP-1 reporter cells.

Figure 5. Pectin-incorporated constructs inhibit Toll-Like Receptor 2 (TLR2), but does not 
inhibit TLR4 and TLR5. TLR inhibition was measured in a THP1-XBlue™-MD2-CD14 cell line. 
TLR2 (A), TLR4 (B) and TLR5 (C) were activated by Pam3CSK4, LPS, and FLA-ST, respectively, in 
presence of pectin-alginate or alginate alone constructs (n=5). Data are presented as mean ± 
SEM. The statistical differences were analyzed using one-way ANOVA analysis with Dunnett’s 
post hoc test. (**p < 0.01).

Co n s t r u c t s  co nt a i n i n g p e c t i n e x h i b i t  h i g h b i o co m p a t i b i l i t y  i n 
v i vo

To examine the tissue response to these constructs in vivo, mice were subcutaneously 

implanted with constructs of 8 × 8 × 5 mm (Figure 6A). At 28 day after implantation, 

constructs plus surrounding tissue were dissected for histological examination (Figure 

6B). We screened for the presence of multinucleated giant cells and granulocyte invasion 

[39, 40], as signs of a foreign body response but these cells were not present in any of 

the tissue sections. Clear differences were found between the degrees of peri-fibrotic 

overgrowth of the two constructs. There was a significantly thinner layer of fibroblasts 

found on the pectin-incorporated construct than on the construct prepared from 

alginate-Pluronic (89.3 ± 12.2 μm vs 172.3 ± 25.7 μm; p < 0.05). The tissue surrounding 
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the constructs made of alginate-Pluronic exhibited slightly higher neovascularization 

than constructs made of pectin-alginate-Pluronic, but the difference was not statistically 

significant.

Figure 6. Characterization of tissue responses to printed constructs in immunocompetent 
mice. (A) Structure of construct subcutaneously implanted in mice. (n=3) (B) Tissue responses 
against pectin-containing and pectin-free constructs in C57BL/6 mice. Tissue responses are 
stained blue, constructs are purple. Scale bars depict 100 μm. Blood vessels are marked by 
arrows. The values of fibrotic overgrowth thickness and percentage area of blood vessel were 
analyzed using Image J software.

Co n s t r u c t  p a ra m e t e r s  a l l ow f o r  s u f f i c i e nt  ox yg e n a t i o n

To evaluate the oxygenation of the 3D printed constructs within the subcutaneous 

transplantation site, the oxygen concentration within single, 3D-printed filaments was 

estimated using a 1D diffusion model. Using literature values, the oxygen profiles for 

filaments 1500-μm in diameter and seeded with 1 x 10⁷ cells/mL were calculated. These 

profiles are shown in Figure 7. It has been reported that MIN6 cells undergo hypoxia—

mediated cell death at oxygen tensions of 0.01 mM and below [41]. From the calculated 

oxygen profiles, MIN6 cells encapsulated within the 3D printed filaments presented 

in this work would not be subjected to compromising oxygen tensions. Similarly, the 

oxygenation in similar constructs, but implanted in humans would not be compromised 

(Figure 7B).
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Figure 7. Estimated oxygen profiles of 1500-μm, 3D-printed filaments generated using values 
from literature. (A) Profile for MIN6 cells seeded at 1x10⁷ cells/mL. Low (blue) and high (red) 
OCR values correspond to low (4 mg/L) and high glucose (400 mg/L) stimulation, respectively 
[51]. (B) Profile for human islets seeded at 1x10⁷ cells/mL (corresponds to ~6400 IE/mL). 
Low (red) and high (blue) OCR values correspond to the lowest and highest values found in 
literature, respectively [52, 53].

dIscussIon

Despite recent rapid advancements in the field of cell encapsulation to protect cells from 

the effector arm of the host immune system, a streamlined cell-laden device that allows 

for printing of cells under mild conditions and combines this with inclusion of polymers 

with high biocompatibility is still a challenge [13]. Here, we used a stepwise approach 

to design and test a 3D bioprinted, grid-shaped hydrogel construct, prepared from a 

bioink consisting of 2% pectin, 6% alginate, and 8% Pluronic F127. Alginate – a popular 

and well-performing encapsulation material – was blended with Pluronic F127 due to 

the triblock polymer’s 3D printability characteristics [5, 11]. We designed and bioprinted 

grid-shaped constructs, since they have an optimal surface to volume ratio and enhance 

exchange of oxygen and other nutrients for the cells within the construct. In our design 

cells have a maximum distance of 1500 μm to the surrounding tissue which, depending 

on the cell load, should be sufficient to guarantee functional survival of the cells [42].

The viscoelastic properties of our alginate-pectin-Pluronic gels had a similar 

elastic modulus (i.e. stiffness) as the pectin-free gels, which was about 190 kPa. The 

stiffness of our gels allowed the construct to preserve its integrity under shear force 

during the implantation procedure and while in the subcutaneous implantation site. 

Given that stiffness of a hydrogel is known to influence cell proliferation, the similar 

elastic modulus amongst our gels meant this parameter did not affect cell viability in our 
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constructs in the absence of inflammation. Pectin incorporation did beneficially influence 

cell viability under inflammatory stress when exposed to IL-1β, IFN-γ and TNF-α. This was 

unrelated to the mechanic stability of the gels but likely due to the inhibitory effect of 

low-DM pectin on extracellular galactin-3 (Gal-3) as we have previously demonstrated 

[20, 43]. Gal-3 is a carbohydrate-binding lectin, which amplifies the pro-inflammatory 

activities of cytokines and activates NF-κB signaling [44, 45]. By inhibiting Gal-3, through 

incorporation of low-DM pectin, we successfully protected the insulin producing β-cells 

from cytokine stress [46]. Furthermore, both of our constructs had 55% stress relaxation 

in 100 s. Having such a degree of stress relaxation in a tissue engineered- construct is 

advantageous, as fast stress relaxation facilitates cell spreading and proliferation [47].

Foreign body responses against constructs are in large part determined by the 

polymeric composition [13, 48]. Pectin of low-DM value has been reported to bind with 

TLR2 through electrostatic forces between non-esterified galacturonic acids on the 

pectin and positive charges on the TLR2 ectodomain [18]. The inhibitory effect of gels 

containing the low-DM pectin on TLR2/1 signaling was confirmed using a reporter cell 

line [28] demonstrating that despite crosslinking of pectin with calcium its immune 

modulating properties were maintained. We established in vivo that this resulted in less 

fibrotic overgrowth around the pectin-containing constructs than around constructs 

of pectin-free. In addition, we noticed another advantage of the pectin containing 

constructs, which was the clear separation between the pectin-containing construct 

overgrowth and the surrounding adipose and muscle tissues which facilitated easily 

removal; a property that will be beneficial when implanted grafts have to be removed 

and replaced. This replicability feature is considered to be an essential characteristic 

for e.g. constructs containing insulin producing cells generated from progenitor cells 

that still might have functional limitations such as chances for teratoma formation or 

multi-hormone secretion [49].

An optimal transplantation site should also support angiogenesis (e.g. infiltration 

of endothelial cells, pericytes, etc.) to facilitate exchange of nutrients but also of glucose 

and insulin and cellular waste products between the enveloped cells and the vessels in 

the vicinity of the grafts. We studied the vessel numbers and surface area to exclude the 

possibility that pectins via inhibition of Gal-3 on endothelial cells [21, 50] may reduce 

graft vascularization during the 28 days of implantation. Favorably, pectin incorporation 

did not significantly affect vascularization which might be explained by the lack of 
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direct interaction of endothelial cells and the construct surfaces. We did observe a slight 

non-significant reduction which may have been due to the lower degree of inflammation 

around the pectin containing construct which was accompanied by lower ingrowth of 

blood vessels. 

Figure 8. Diagram model of pectin molecules in alginate-based constructs allow 
revascularization, protect pancreatic β-cell from inflammatory damage and inhibit tissue 
responses by inhibit TLR2/1 activation (Created with BioRender.com).

In summary, we present a novel 3D bioprinted pectin-containing construct with a 

desirable mechanical stability, a supportive effect on pancreatic β-cell survival, and with 

immunomodulating capacity (Figure 8). Our data suggest that the construct might have 

some beneficial properties for application as a cell-laden device for moving towards a 

future cure of T1D and other hormone-deficient diseases. 
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Type 1 Diabetes (T1D) is a metabolic disorder as a result of autoimmune destruction 

of insulin producing β-cell, which usually results in absolute insulin deficiency [1]. The 

management of T1D has developed rapidly during the past decades, particularly with 

respect to the introduction of precise external insulin therapy as the standard of care 

[2]. Despite the technical improvements in insulin delivery, T1D remains a serious and 

common medical challenge worldwide that largely affects the growth, development 

and quality of life of children, adolescents, and young adults [3]. There is a high demand 

for insulin delivery without the use of exogenous insulin delivery systems that can 

regulate glucose levels from a minute to minute level. One of these is transplantation 

of pancreatic islets. This involves replacing the destroyed β-cell and allows regulation 

of glycemic levels of patients on a minute-to-minute level [4]. A proven benefit of islet-

transplantation is that it is associated with a marked reduction in severe hypoglycemic 

events which is currently a major issue with exogenous insulin therapy [5]. Application 

however is hampered by the mandatory use of life-long immunosuppression to prevent 

immune rejection and autoimmunity [6]. Great successes of islet transplantation have 

been achieved with immunosuppressive regimens [7]. However, the development of 

optimal immunosuppressive regimens that are strong enough to inhibit rejection of islet 

grafts, yet mild enough for application in patients including in low-weight child patients, 

remains a daunting challenge [8].

A conceivable approach to prevent the use of immunosuppression is 

envelopment of insulin producing tissue in immunoprotective membranes, also called 

immunoisolation [9, 10]. This approach involves the use of semipermeable membranes 

in devices that facilitate the exchange of oxygen, nutrients, and insulin but protect 

the islets against the host immune response [11]. However, although success has been 

shown with encapsulated cells in curing T1D, graft survival was limited to several months 

in most studies, which restricts its clinical application [12]. Several factors have been 

proposed to be responsible for restricted graft survival time. These are lack of sufficient 

oxygen/nutrient supply caused by tissue responses that induce peri-capsular fibrosis 

overgrowth, unfavorable surface to volume ratio, and insufficient revascularization 

are crucial constrains to long-term islet functional survival [13-15]. Many contributing 

supplements, e.g. programmed death-ligand 1 antagonists, necrostatin-1 and collagen 

VI have been identified as molecules that can prolong graft survival [15-18]. The majority 

of them demand complex and expensive process of synthesis or extraction [19-21].



 General discussion

163

6

The most commonly applied and detailed studied polymer in encapsulation is 

alginate that can be extracted from a variety of algae [14]. Alginate is a natural anionic 

linear polysaccharide allowing crosslinking with divalent cations such as calcium ions 

in an egg-box model configuration [22]. Alginate-based capsules are non-degradable, 

resist mechanical stress, and have been proven to protect the encapsulated islets from 

the attack of immune cells [12]. As outlined in the introduction (Chapter 1), alginates 

may still suffer from undesired inflammatory responses caused by impurities in 

alginates such as endotoxin but also physicochemical properties of the final capsules 

such as surface roughness, irregularities that may enhance tissue responses. Amble 

research efforts focus on means to prevent these undesired tissue responses. These 

involve rational choices and modifications of polymers [23], anti-biofouling polymer 

brushes [24], inclusion of accessory cell strategies [25], etc. as reviewed in chapter 

1. Here in this thesis we choose to study in detail the benefits of including pectins in 

the manufacturing of alginate-based capsules to reduce tissue responses. A pertinent 

reason for this is that pectin contains just like alginate negatively charged carboxylate 

groups allowing crosslinking with calcium ions and could therefore relatively easily 

be incorporated into alginate-capsules [22]. The immunomodulatory properties of 

pectins have been shown during recent years by our group. Pectin has direct effects 

on immune cells by lowering inflammatory responses by inhibiting TLR2/1 signaling 

and is therefore a unique candidate for incorporation in capsule surfaces to reduce 

inflammatory responses [26, 27]. Additionally, pectin has several health benefits and, 

as recently shown, has anti-diabetogenic effects [28]. Also, pectin can be utilized by 

commensal bacteria in the gut and stimulate production of microbial products that are 

anti-inflammatory and stimulate metabolism [29]. Because of the unique features and 

possible beneficial effects of pectins we studied in this thesis the impact of inclusion 

of pectins on the surface of immunoisolating micro- and macrocapsules as well as the 

influence of pectin on islet function either as blood born molecule or when fermented 

by gut microbiota to short-chain fatty acid (SCFA). Such findings may broaden the 

medical application of pectin and improve clinically long-term success rates of islet 

transplantation as treatment of T1D patients.

T h e b e n e f i t s  o f  p e c t i n o n i s l e t  f u n c t i o n a r e d e g r e e o f  m e t hy l -
e s t e ri f i c a t i o n (D M) d e p e n d e nt

Dietary fiber pectin has been reported to prevent the development of diabetes by 
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regulating glucose metabolism and shaping the composition microbiota as prebiotic, 

and to alleviate cell oxidative and inflammatory stress in spleen and liver tissues [30, 

31]. However, the direct influence of pectin on pancreatic β-cells was not investigated. 

In this thesis in chapter 2, we used pectins that were are extracted from lemon peel, 

which mainly consist of homogalacturonan molecules [32]. These lemon pectins are 

predominantly composed of a backbone of α-1, 4-linked-D-galacturonic acid residues 

that are partly methyl-esterified [26, 32]. An increasing number of studies have 

revealed the significance of DM to the efficiency of pectins’ bio-functionality [26, 28, 

33, 34]. Consequently, we compared, in chapter 2, effects of different DM pectins on 

pancreatic β-cell functionality in presences and absence of stressor and found that 

especially low-DM pectin exhibited the most protective abilities against oxidative and 

inflammatory damage. This phenomenon may be explained by the positive correlation 

between DM and molecular weight of pectins [46]. The de-esterification procedure 

applied for pectin results in shorter chains and a decrease in the molecular weight of 

the pectin [20,47]. As a consequence of this reduction in molecule size more methoxy 

groups become available for binding with Galectin-3. Although longer chain pectins 

could contain more binding regions [48], the complicated 3D structures of pectin may 

prevent free binding with Galectin-3.

Pr o t e c t i o n a g a i n s t  D a n g e r  a s s o c i a t e d m o l e c u l a r  p a t t e r n s by 
p e c t i n i s  D M d e p e n d e nt

A topic in islet-research is the role of so-called danger-associated molecular patterns 

(DAMPs) in failure of islet-grafts. DAMPs may provoke and amplify the undesired 

inflammatory processes and ultimately lead to 60% graft failure in days to weeks 

post-implantation [35]. The receptor TLR2 plays a fundamental role in DAMP recognition 

and activation of innate immunity [35,36]. This was the reason to study whether 

incorporation of pectins on surfaces of immunoisolating membranes may lower DAMP 

induced immune responses against encapsulated islets. In chapter 4, we demonstrate 

that low-DM pectin located on the surface of microcapsules protect encapsulated 

islets from excessive immune responses by inhibiting TLR2/1 signaling in macrophages 

activated by islet-derived DAMPs. Notably, this immunomodulation feature of pectin 

is also highly DM-dependent. The tested lowest-DM (DM18) pectin had the strongest 

TLR2/1 inhibition. The mechanism of inhibition is pectin direct binding to R315, R316, 

R321, and K347 amino acids in the TLR2 ectodomain by electrostatic interactions (Figure 
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1) [20]. Pectins of low-DM value have more negatively charged non-methyl esterified 

galacturonic acids, which are more likely to interact with the ectodomain of TLR2 than 

pectins with higher numbers of methyl-esterified blocks.

Figure 1. Pectin binds to TLR2 through electrostatic binding between the positively charged 
amino acids (R315, R316, R321, and K347) and negatively charged carboxyl group (COO-).

Although results from chapter 2 and 4 reach to similar conclusion that pectin 

with lower-DM exhibits higher efficiency in supporting pancreatic β-cell survival, the 

correlation between benefits of pectin and its DM value, however, has not been rigorously 

studied. Since pectin is both polymolecular and polydisperse, it is heterogeneous 

with respect to both chemical structure and molecular weight [46]. In addition to DM 

value and molecular weight, other chemical characteristics such as the composition of 

sidechain monosaccharides and degree of acetylation might influence the biological 

characteristics of pectins [49]. These structural characteristics are highly determined by 

the origin and extraction process [39,50,51]. Much deeper work on structure-function 

relations of pectins needs to be done to understand the benefits of this complex and 
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versatile polymer. In the near future, tailored pectins with specific chemical structures 

might be synthesized and further increase the efficiency of its biological function.

T h e b e n e f i t s  o f  S C FA s a r e d o s e - d e p e n d e nt

Pectins are also dietary fibres and can be fermented after intake by consumers, by gut 

microbiota into SCFAs, e.g. acetate and butyrate, which are essential nutrients for host 

enterocytes, and can modulate insulin sensitivity, systemic inflammation, and glucose 

and lipid [36]. Previous studies have shown that SCFAs may stimulate the antioxidant 

defense against e.g. ischemia-reperfusion injury in cell types other than β-cells such as 

in brain cells [37]. In chapter 3, we took these studies as inspiration to demonstrate the 

strong viability promoting effects and protection against oxidative and nitrosative stress 

on β-cells by both acetate and butyrate at lower concentrations of 1 mM, while higher 

concentrations had adverse effects. The physiological concentrations of acetate and 

butyrate in the portal and peripheral circulation were also found to be approximately 

1 mM [38,39]. The loss of protection at higher concentrations and observed enhanced 

apoptosis at 4 mM with both SCFAs might be caused by multiple mechanisms. A plausible 

explanation is a lowering of intracellular pH induced by excessive SCFAs entering 

β-cells. Other explanations are that the oxidative and mitochondrial stress caused by an 

incomplete fatty acid oxidation increases ketone bodies in the cell and causes cell death 

[40,41]. Moreover, a higher concentration of SCFAs may upregulate the transcription of 

cellular growth-inhibitory genes by modifying their histone acetylation status, leading 

to cytotoxicity [42,43]. Compared with large-molecules e.g. pectin that only function 

extracellularly, small molecules e.g. SCFAs can readily enter cells via passive diffusion 

and active transport [38], indicating a possibility that SCFAs function intracellularly 

and extracellularly depending on the concentration. Adverse effects of SCFAs at 

higher concentrations have also been reported for hepatotoxicity and autoimmune 

diseases [39-41]. This indicates that application of SCFAs by simple administration [42] in 

supraphysiological concentrations holds a risk for well-being of consumers.

In addition to chapter 2, where we demonstrate a direct protective effect of 

pectin on β-cells, results from chapter 3 demonstrate and suggest that SCFAs formed 

from dietary fibers also play an essential role in supporting β-cell metabolism and 

promoting survival under stressful conditions. This was another reason to undertake 

studies towards the beneficial effects of pectins on β-cells in chapter 2 and might also 
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be a contributing factor to the enhanced graft survival of islets in capsules containing 

low-DM pectins in chapter 4 and 5.

Overall our findings from chapter 2 and 3 indicate that pectins have both direct 

and indirect effects on β-cells as dietary fibre and can contribute to beneficial effects 

on both Type 1 and 2 Diabetes by stimulating crosstalk between intestinal microbial 

population-host immunity.

D e m a n d f o r  i m m u n o i s o l a t i ve i s l e t  s c a f f o l d

The efficiency of cell replacement therapy has been limited by insufficient oxygen 

delivery [13, 14, 43]. Immunoisolation compromises active revascularization and 

therewith prevents active transport of oxygen and other nutrients. Oxygen supply 

depends on passive diffusion of oxygen [44-46]. Negatively charged surface helps 

cell-based devices to withstand peri-capsular fibrotic overgrowth [23, 47]. However, it also 

limits peri-capsular angiogenesis. Compared with macrocapsule, microcapsule provides 

an optimal surface to volume ratio facilitating diffusion of essential nutrients such as 

oxygen and is therefore preferred by many for immunoisolation [11]. The better surface 

to volume ratio of micro-device is at the cost of increasing transplant volume, which is 

itself a risk for an immune system reaction and complicates the choice of transplant site. 

Also microcapsules cannot be easily retrieved upon failure of grafts [48, 49]. We therefore 

studied in chapter 5 the contribution of inclusion of low-DM pectins in a macrocapsule 

to determine whether it reduces tissue responses, allows readily vascularization of the 

surface and whether it provides any benefits for β-cells when present in macrocapsules 

under stress. To increase surface to volume ratio and allow peri-device revascularization, 

a printed device was designed as a grid-shape hydrogel scaffold that encapsulates cells 

inside. To accomplish high-fidelity printing, the triblock copolymer Pluronic F127 was 

involved to improve the printability of alginate solution. Since the polymers Pluronic 

F127 are not crosslinked with calcium ions, they generate micropores on the surface of 

scaffold after washing. The size of these pores is reported smaller than immunocyte [50]. 

That means the scaffold simultaneously achieves immunoisolation and would facilitate 

angiogenesis and the diffusion of oxygen and insulin.

In chapter 5 we demonstrate the anti-apoptotic and immunoregulatory functions 

of low-DM pectin in vitro and in vivo when included in a 3D-printed macrocapsule. Further 
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animal implantation studies are needed to exam the efficiency of this immunoisolative 

and immunoregulative scaffold on supporting long-term functional survival of islet 

grafts.

Co n c l u s i o n s a n d f u t u r e p e r s p e c t i ve

Based on the results from the present thesis, we conclude that addition of low DM-pectin 

to the intracapsular environment and on the surface of the capsule can support 

encapsulated islet graft survival. Pectins may have benefits for management of Diabetes 

as blood born oligomers have direct beneficial effects on islets (chapter 2) and also as 

the functional fermentation products of dietary pectin, namely acetate and butyrate 

rescue islets from mitochondrial dysfunction when exposed to inflammatory or oxidative 

stressors (chapter 3). The beneficial effects of pectin exist both in vivo and in vitro. Before 

the concept can be clinically applied in humans, several improvements are needed to 

achieve a successful transplant for therapeutic purposes. In addition to animal studies 

in mouse models, studies using large animals are vital for determining whether these 

beneficial effects have long-term clinical relevance. However, our studies also involved 

use of human TLR2-1 and demonstrate a beneficial effect of low-DM pectins on human 

TLRs as well in chapter 4. Further investigations into structure-function relations of 

pectin and how cell membrane receptors interact with functional domains of pectin, will 

give more comprehensive knowledge to make rational choices for pectin with specific 

structural characteristics. Possible approaches to obtain pectin with specific structures 

are also needed to achieve reproducible effects. Only through comparison between 

pectin types with various chemical structures, the relation between pectin’s function 

and its chemistry can be clearly displayed.

In addition to the tissue responses and cell stress, the low availability and 

suboptimal quality of cadaveric donor pancreata for islet isolation also compromise the 

large clinical application of islet transplantation [51]. That makes using of alternative cell 

source a promising strategy to enlarge the application in T1D treatment [52]. Due to 

the incorporation of pectin into alginate-based microcapsules that can locally regulate 

host innate immunity, these immunoregulatory capsules may improve the applicability 

of xenogeneic islets, such as porcine islets [15, 35].

It has been shown by us and others that dietary fiber pectin provides numerous 
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health benefits including anti-diabetic, anti-inflammation, and anti-cancer effects. 

However, since structures of pectins can vary considerably resulting from various 

sources and different approaches of extraction and procession, lab-to-lab variations 

in functional efficiency of pectins is likely to occur. Beside an enlargement of in vitro 

and in vivo investigations into beneficially healthy functions of pectin, in silico analysis 

of structure-function relations of pectin is also urgently needed to explain and 

overcome possible lab-to-lab variations. These computer simulations will facilitate the 

identification of more potential receptors of pectins. Also, pectin as novel biomaterial 

was tested in 3D-printed immunoisolative scaffolds in chapter 5, which improved β-cell 

survival but did not significantly promote vascularization. To further shorten the time 

of hypoxia and low nutrient post-transplantation, employing pro-angiogenetic factors 

[53], oxygen carriers, and generators e.g. HEMOXCell [54] and OxySite [55], should be 

taken into consideration in future studies.

The rational choices for encapsulating polymer are immensely important 

for reducing tissue responses and supporting islet graft survival, and ultimately the 

successful treatment of T1D. The thesis explored the application of low-DM pectin as a 

preincubation or coating of the islet graft to improve graft survival. As a natural polymer 

with excellent biocompatibility, immune regulatability, and cellular protectability, we 

believe that the highly abundant and low-cost natural polymer pectin might have a 

great potential for reducing the expense and cytotoxicity of diabetes treatment.
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summAry

Type 1 diabetes (T1D) is an autoimmune disease leading to the destruction of the 

insulin-producing β-cells and subsequently to impaired glucose homeostasis. These 

patients are commonly treated with exogenous insulin injections, which provides to 

some extend control of the blood glucose levels but cannot prevent the occurrence 

of frequent hypoglycemia and diabetic complications, like cardiovascular diseases, 

nephropathy, and retinopathy. The shortcomings of insulin therapy can be improved 

by providing a new insulin-producing source to the patients, e.g. pancreatic donor islets 

that regulate the glucose levels from minute-to-minute. Despite great successes have 

been achieved following the groundbreaking publication of the Edmonton protocol and 

infusion of islets into the portal vein, islet transplantation is not yet a widely applied 

treatment for T1D. The reasons for this are multifactorial, but the mandatory use of 

life-long immunosuppression to prevent graft rejection plays an important role. A 

promising approach to prevent the use of immunosuppression is the encapsulation of 

insulin-producing cells in semipermeable and immunoprotective membranes, also called 

immunoisolation. The semi permeability of the membrane facilitates the exchange of 

oxygen, nutrients, and insulin, but protects the cells against the host immune response, 

since these are too large for the pores of the membrane. Although immunoisolation 

has shown to be effective in curing T1D, graft survival was limited to several months 

in most studies, which restricts its clinical application. Associated factors for the low 

survival rate are oxidative and inflammatory stress-induced graft loss and insufficient 

oxygen/nutrient supply caused by peri-capsular fibrotic overgrowth. The dietary fiber 

pectin might improve both limiting factors as it possesses the ability to support cell 

function and modulate immune responses. Therefore, the incorporation of pectin may 

be a promising approach to enhance graft survival of encapsulated islet grafts.

 In chapter 1, we reviewed the past and current micro- and macroencapsulation 

used polymers and crosslinking agents. The rational choices for polymers and 

crosslinking agents to get an optimal biocompatibility, permeability, and mechanical 

stability are discussed. Furthermore, we debated the influence of membrane surface 

properties and novel immunomodulatory polymers that bind to specific immune 

receptors. This knowledge further emphasizes and explains the relationship between 

biomaterials and the device’s biocompatibility, which could highly influence long-term 
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survival of encapsulated islet grafts. This ultimately could promote large scale clinical 

application of islet transplantation.

Pectin has been reported to be beneficial in diabetes management by regulating 

glucose tolerance and prebiotic effects on the microbiota composition. However, 

the exact mechanism and effect of pectin on insulin-producing cells has never been 

investigated. In chapter 2, we designed and performed experiments to determine the 

effects of lemon pectins with different degree of methyl-esterification (DM) on β-cells 

under oxidative and inflammatory stress and to elucidate the underlying rescuing 

mechanisms, including effects on galectin-3. We found that specific pectins had rescuing 

effects on toxin and cytokine induced stress in β-cells but effects depended on the pectin 

concentration and DM-value. Protection was more pronounced with low-DM pectin 

and was enhanced with higher pectin-concentrations. Our findings show that specific 

pectins might prevent diabetes by making insulin producing β-cells less susceptible for 

stress, which would be beneficial for long-term survival rates after encapsulation.

After fermentation pectin forms short-chain fatty acids (SCFAs) like acetate and 

butyrate, which have been shown to protect against oxidative and mitochondrial stress 

in many cell types, but their effect on pancreatic β-cell metabolism has not been studied. 

In chapter 3, human islets and the mouse insulinoma cell line MIN6 were pre-incubated 

with acetate or butyrate at different concentrations with and without exposure to 

the apoptosis inducer and metabolic stressor streptozotocin (STZ). Both tested SCFAs 

enhanced the viability of islets and β-cells, but the beneficial effects were more 

pronounced in the presence of STZ. Both SCFAs prevented STZ-induced cell apoptosis, 

viability reduction, mitochondrial dysfunction, and the overproduction of reactive 

oxygen species (ROS) and nitric oxide (NO) at a low concentration of 1 mM but not at 

higher concentrations. These rescue effects of SCFAs were accompanied by preventing 

reduction of mitochondrial fusion genes. In addition, elevation of the fission genes 

during STZ exposure was prevented. Acetate showed more efficiency in enhancing 

metabolism and inhibiting ROS, while butyrate had less effect but was stronger in 

inhibiting the SCFA receptor GPR41 and NO generation. Our data suggest that SCFAs 

play an essential role in supporting β-cell metabolism and promoting survival under 

stressful conditions. It thereby provides a novel mechanism by which functional survival 

of encapsulated insulin-producing cells can be enhanced. 
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Besides supporting cell function, pectin has been reported to regulate 

immune activation by binding to Toll-Like Receptor (TLR)-2. This receptor also plays a 

fundamental role in recognition of islet-derived danger-associated molecular patterns 

(DAMPs) and subsequent activation of tissue responses. To test whether pectin still has 

a TLR-modulating effect when applied as biomaterial on the surface of microcapsules, 

we designed and tested in chapter 4 a novel strategy for engineering alginate 

microcapsules presenting immunomodulatory polymer pectin with varying DM. 

DM18-pectin/alginate microcapsules showed a significant decrease of DAMP-induced 

TLR-2 mediated immune activation in vitro, and reduced peri-capsular fibrosis in vivo in 

mice compared to higher DM-pectin/alginate microcapsules and conventional alginate 

microcapsules. By testing efficacy of DM18-pectin/alginate microcapsules in vivo, we 

demonstrated that low-DM pectin support long-term survival of xenotransplanted rat 

islets in diabetic mice. This study provides a novel strategy to attenuate host responses 

by creating immunomodulatory capsule surfaces that attenuate activation of specific 

pro-inflammatory immune receptors locally at the transplantation site.

As immunoisolating devices are investigated in microcapsule and macrocapsule 

geometries, we also tested the benefits of specific pectins in a 3D-printed macrocapsule. 

In chapter 5, new alginate-based bioinks were developed to produce cell-laden, 

grid-shaped hydrogel constructs with stable integrity and immunomodulating capacity. 

Integrity and printability were improved by including the co-block-polymer Pluronic F127 

in alginate solutions. To reduce inflammatory responses, immunomodulating low-DM 

pectin was included and tested for inhibition of TLR2/1 signaling activation and tissue 

responses under the skin of mice. The viscoelastic properties of alginate constructs were 

unaffected by pectin incorporation. Furthermore, the results suggested that bioprinting 

of the pectin-alginate-Pluronic F127 macro device together with the insulin-producing 

MIN6 cells reduced tissue responses via inhibiting TLR2/1 and supported β-cell survival 

under inflammatory stress. When clinically applying pectin in 3D-printed macrocapsules, 

these cell-laden constructs may also improve cell survival and protects against immune 

responses, illustrating that pectin is highly relevant for islet transplantation outcomes.

It has been shown before that as blood born oligomer, pectin improves diabetes 

management. Here, we show that dietary pectin also has direct beneficial effects on 

islets, as well as the fermentation products of pectin. Addition of low DM-pectin to the 

intracapsular environment and on the surface of the capsule supports encapsulated islet 
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graft survival and prevents fibrotic overgrowth. In this thesis, we present new insight in 

the pectin mechanism contributing to the management of diabetes and present novel 

applications of pectins as immunomodulatory and cell-protective biomaterial.
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nederlAndse sAmenvAttIng

Type 1 diabetes (T1D) is een auto-immuun ziekte die ervoor zorgt dat de β cellen in 

de pancreas geen insuline meer produceren, wat leidt tot een verstoorde glucose 

huishouding. Deze patiënten worden voornamelijk behandeld met insuline injecties, 

waarmee ze hun glucose levels kunnen reguleren. Echter voorkomt deze therapie 

niet het frequent voorkomen van hypoglykemie en de ontwikkeling van complicaties 

als cardiovasculaire ziektes, nefropathie en retinopathie. Door deze patiënten nieuwe 

insuline producerende cellen te geven, bijvoorbeeld door het transplanteren van 

donor eilandjes van Langerhans, kan het lichaam zelf weer de glucose levels reguleren 

en voorkomt dit de problemen beschreven voor insulinetherapie. Ondanks de 

ontwikkeling van het Edmonton protocol en succesvolle klinische transplantaties van 

eilandjes in de lever, is deze vorm van behandeling nog niet beschikbaar voor iedereen 

met T1D. Hier zijn meerdere redenen voor, maar dat de patiënt zijn of haar hele leven 

immunosuppressieve medicijnen moet slikken om afstoting te voorkomen speelt hierbij 

een belangrijke rol. Een veelbelovende strategie om dit te omzeilen is het inkapselen 

van de insuline producerende cellen in een semipermeabel en immuun beschermend 

membraan, dit wordt immunoisolatie genoemd. Dit membraan faciliteert diffusie 

van zuurstof, voedingstoffen en insuline, maar beschermd tegelijkertijd tegen cellen 

van het immuunsysteem. Immunoisolatie heeft al bewezen succesvol te zijn in de 

behandeling van T1D, echter wordt de overleving van de cellen beperkt tot een aantal 

maanden. Dit wordt veroorzaakt door oxidatieve/ontsteking geïnduceerde stress en 

onvoldoende diffusie van zuurstof/voedingstoffen door de formatie van een fibrotisch 

kapsel. De voedingsvezel pectine staat erom bekend cel functie te ondersteunen 

en immuunreacties te moduleren. Toevoegen van pectine aan de immunoisolatie 

methode zou daarom een veelbelovende strategie kunnen zijn om de overleving van 

getransplanteerde eilandjes te verbeteren.

In hoofdstuk 1 beschrijven we de polymeren en crosslinking agentia die in het 

verleden en tegenwoordig gebruikt worden voor micro en macro inkapselen van cellen. 

Hierbij leggen we de nadruk op welke keuzes gemaakt moeten worden om optimale 

biocompatibiliteit, permeabiliteit en mechanische stabiliteit te verkrijgen. Verder wordt 

het effect van membraan oppervlakte eigenschappen en nieuwe immuun modulerende 

polymeren bediscussieerd. Al deze karaktereigenschappen spelen een belangrijke rol 
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bij lange termijn overleving van eilandjes na transplantatie.             

Eerder onderzoek heeft aangetoond dat pectine diabetes management 

verbeterd door het reguleren van de glucosetolerantie en prebiotische effecten op de 

microbiota compositie. Echter is het exacte mechanisme en het direct effect of pectine 

op insuline producerende cellen nog nooit onderzocht. In hoofdstuk 2 onderzoeken we 

het effect van citroen pectine met verschillende mate van methylverestering op β cellen 

die worden blootgesteld aan oxidatieve en ontsteking geïnduceerde stress. Hierbij 

proberen we het onderliggende beschermende effect, inclusief de rol van galectin-3, 

te ontrafelen. We vonden dat het beschermende effect van pectine afhankelijke is 

van de pectine concentratie en de mate van methylverestering. Dit effect was sterker 

met pectines die een lage mate van methylverestering hebben en bij hoge pectine 

concentraties. Onze resultaten laten zien dat specifieke pectines insuline producerende 

cellen beschermen tegen stress en daarom zouden kunnen bijdragen aan verbetering 

van de overleving van deze cellen na encapsulatie en transplantatie. 

Fermentatie van pectines resulteert in korte-keten-vetzuren zoals acetaat en 

butyraat. Deze vetzuren hebben laten zien dat ze verschillende cel types beschermen 

tegen oxidatieve en mitochondriale stress, maar hun effect op β cellen is nooit 

onderzocht. In hoofdstuk 3 incuberen we humane eilandjes en β cellen van muis 

origine (MIN6 cellen) tezamen met verschillende concentraties acetaat of butyraat 

en de aan of afwezigheid van de apoptose en metabolische stress inducerende stof 

streptozocotin (STZ). Beide vetzuren verbeterde de overleving van de eilandjes en de 

β cellen, maar dit effect was nog duidelijker zichtbaar in de aanwezigheid van STZ. 

Beide vetzuren voorkwamen STZ geïnduceerde cel apoptose, afname van vitaliteit, 

mitochondriale dysfunctie, en de overproductie van reactieve zuurstofradicalen en 

stikstofoxide bij een lage concentratie van 1 mM, maar niet bij hogere concentraties. 

Deze beschermende effecten gingen tezamen met het voorkomen van een verlaging 

van de mitochondriale fusie genen en verhoging van mitochondriale deling genen. 

Acetaat was efficiënter in het verbeteren van metabolisme en inhiberen van reactieve 

zuurstofsoorten, terwijl butyraat sterker was in het inhiberen van de vetzuur receptor 

GPR41 en stikstofoxide productie. Onze data suggereren dat vetzuren een essentiële 

rol spelen in het behoud van β cel metabolisme en het verbeteren van overleving in 

stressvolle situaties. Hier laten wij een nieuw mechanisme zien waarmee de functionele 
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overleving van geencapsuleerde insuline producerende cellen kan worden verbeterd.   

Naast het ondersteunen van cel functie is het ook beschreven dat pectine 

immuun activatie reguleert via Toll-Like Receptor (TLR)-2. Deze receptor speelt 

ook een fundamentele rol in de herkenning van zogenaamde danger associated 

molecular patterns (DAMPs), stofjes die worden uitgescheiden door stervende cellen 

om het immuun systeem te waarschuwen, en de daaropvolgende weefsel reacties. In 

hoofdstuk 4 testen we of pectine nog steeds een TLR modulerend effect heeft als het 

wordt toegepast als biomateriaal met verschillende mate van methylverestering op het 

oppervlakte van microkapsels. Microkapsels met een lage methylverestering lieten een 

significante afname van TLR-2 activatie zien in celkweek en minder fibrotische overgroei 

in muizen vergeleken met hogere methylverestering microkapsels en conventionele 

alginaat microkapsels. Verder demonstreren wij ook dat de lage methylverestering 

microkapsels de lange termijn overleving van xenogeen getransplanteerde eilandjes in 

een diabetes muis model ondersteunt. Deze studie laat een nieuwe strategie zien om 

weefsel reacties af te zwakken door immuun modulerende kapsel coatings te genereren 

die lokaal op de plaats van transplantatie de activatie van specifieke pro inflammatoire 

immuun receptoren voorkomen.  

Immunoisolatie kan gedaan worden met behulp van microkapsels, maar ook 

met macrokapsels. Daarom testen wij in hoofdstuk 5 pectine ook in een 3D geprinte 

macrokapsel. Hiervoor werd met behulp van alginaat bioinkt een rastervormig hydrogel 

construct geprint, integriteit en printbaarheid werden daarbij verbeterd door het 

toevoegen van Pluronic F127. Om de ontstekingsreacties te verminderen werd hier ook 

nog pectine aan toegevoegd met een lage mate van methylverestering. Analyse van 

de constructen liet zien dat de visco-elastische eigenschappen niet wordt beïnvloed 

door het toevoegen van pectine, maar het construct kan wel de ontstekingsreactie 

verminderen door het inhiberen van TLR2/1 en ondersteund de overleving van β cellen 

die worden blootgesteld aan ontsteking geïnduceerde stress. Dit suggereert dat pectine 

ook zeer relevant is voor eilandjes transplantatie in macrokapsels.

In dit proefschrift laten we zien dat de voedingsvezel pectine directe en positieve 

effecten heeft op eilandjes, ook de fermentatie producten van deze pectines spelen 

daarbij een rol. Toevoeging van pectine met een lage mate van methylverestering 

aan microkapsels ondersteund de overleving van ingekapselde eilandjes en voorkomt 
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fibrotische overgroei. Hier presenteren we nieuwe inzichten in het pectine mechanisme 

en nieuwe applicaties van pectine als immuun modulerende en cel beschermend 

biomateriaal. 
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