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A B S T R A C T   

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.   

1. 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 ach-
ieved with insulin injections [1,2]. This tight regulation can be accom-
plished 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 indepen-
dence 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 
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weeks following implantation of encapsulated islets, undesired inflam-
matory 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]. 

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 re-
sponses [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 activa-
tion 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, simple, and cost-effective strategy for local immune modula-
tion 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. 

2. Materials and methods 

2.1. Materials 

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). Inter-
mediate- 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 so-
lution 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 2 N 
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 solu-
tion 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. 

2.2. Animals 

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. 

2.3. Islet isolation 

Rat islets were isolated as previously described [11]. Briefly, pan-
creata 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-min 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 10 mg/mL strepto-
mycin 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 Federa-
tion of Medical Scientific Societies. The Leiden University Medical 
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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). 

2.4. Microencapsulation 

After purification, pectin was dissolved in Ca2+ free Krebs-Ringers- 
Hepes with osmolality 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 exper-
iments with islets, the sterile pectin-alginate (1% pectin with 3% algi-
nate) or alginates solution (3.4%) was mixed at a concentration of 1000 
islets/mL. Droplets were produced with a droplet generator as previ-
ously 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 and 250 μm were hand-picked and used in further 
experiments. 

2.5. Mechanical properties of microcapsules 

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). 

2.6. Immunostaining 

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). 

2.7. Implantation and explantation of microcapsules 

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 micro-
capsules 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 measure-
ments) 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. 

2.8. Histology 

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 s. 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. 

2.9. Oral glucose tolerance test (OGTT) 

At 4 and 8 weeks post-transplantation, the OGTT was performed on 
4-h 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 min. At 0, 15, 30, 60, 90, and 120 min 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). 

2.10. Cytokine measurements 

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 1350 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). 

2.11. Reporter cells 

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, Tou-
louse, 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 pro-
moter. 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 
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purple/blue in the presence of SEAP. The THP1-reporter cells were 
suspended in fresh 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% heat-inactivated fetal FBS, 100 μg/mL Nor-
mocin™, and 50 U/mL Penicillin/Streptomycin at 5 × 105 cell/mL) and 
plated in 96-well plates. 

2.12. TLRs inhibition assay 

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), resus-
pended in culture medium and seeded in 96-well plates (100 μl/well) at 
a concentration of 5 × 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 h 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). 

2.13. Measurement of specific danger-associated molecular patterns 
(DAMPs) 

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 manufac-
turer’s instructions. 

2.14. DAMPs pathway inhibition assay 

To stimulate DAMPs release, encapsulated islets were cultured under 
conditions they may encounter in the immediate period after trans-
plantation 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) supple-
mented with 8.3 mM glucose, 10 mM HEPES, 2 mM L-glutamine and 1% 
Penicillin/Streptomycin. As control served CMRL 1066 medium con-
taining 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 con-
tained 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 1 × 106 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. 

2.15. Statistical analysis 

Data are expressed as mean ± standard error of mean (SEM). Para-
metric 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). 

3. Results 

3.1. Microcapsules containing pectin inhibit TLR2 signaling in a DM 
dependent manner 

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 (Fig. 1a). Because pectin, similarly 
to alginate, contains negatively charged carboxylate groups on its gal-
acturonic 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] (Fig. 1b). We confirmed 
the presence and uniform distribution of pectin on the surface of mi-
crocapsules by confocal immunofluorescence microscopy (Fig. 1c). This 
result indicates that pectin is uniformly distributed throughout the 
capsule including its surface (Fig. 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 (Fig. 1e). To investigate me-
chanical stability, the force required for compressing microcapsules to 
60% deformation was quantified as previously reported [51] (Fig. 1f). 
The incorporation of DM18-pectin decreased the required force to 
compress the microcapsules by 19 ± 6.6% compared with alginate mi-
crocapsules (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. 

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 TLR4 and 5 (Fig. 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 

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  
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inhibitory effect detectable with microcapsules containing DM69 pectin. 

3.2. Islet-derived molecules contribute to immune activation 

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 pro-
voked 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) (Fig. 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 Fig. 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. 

To confirm the impact of DAMPs on immune activation, at day 1, 5, 
and 7 of islet culture, NF-κB activation in THP-1 cells was investigated. 
These harsh culture environments cause TLR-dependent NF-κB activa-
tion in the THP-1 reporter cells (Fig. 2d). The activation was stronger 
with supernatant of human islets exposed to insufficient nutrient 

Fig. 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 dif-
ferences were quantified using one-way ANOVA analysis with a Dunnett’s post hoc test. *p < 0.05; **p < 0.01; ***p < 0.001. . (For interpretation of the references to 
colour in this figure legend, the reader is referred to the Web version of this article.) 
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conditions than by hypoxia. The combination of low nutrient and hyp-
oxia evoked the strongest NF-κB activation. Already at day 1, under a 
combination of low nutrient and hypoxia, NF-κB activation was 3.2-fold 

higher (p < 0.01) compared to normal culture conditions. At day 5, NF- 
κB activation in THP-1 monocytes was enhanced 2.9-fold (p < 0.001) 
under low oxygen and low nutrient conditions. Also, at day 5, under low 

Fig. 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 b, c 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. e-g 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. 

Fig. 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. (For interpretation of the references to colour in this figure legend, the reader is 
referred to the Web version of this article.) 
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nutrient conditions combined with normoxia, we found 1.9-fold 
increased activation of NF-κB (p < 0.05). The effect of low-nutrient 
condition was reduced after 7 days of culturing, likely due to reduced 
survival of islets that result in lower DAMP production. 

3.3. Microcapsules containing DM18 pectin reduce immune activation 

To study the suppressive effects of lower DM-pectin-alginate micro-
capsules 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 Fig. 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 (Fig. 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 (Fig. 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% 02 (p < 0.01), and by 57.6 ± 3.4% under 10% FBS and 1% 
02 (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 (Fig. 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% 02 and by 50.2 ± 4.6% 
under 10% FBS and 1% 02 (p < 0.05) conditions. 

3.4. Pectin-containing alginate capsules attenuate in vivo foreign body 
reaction and cytokine responses 

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 mi-
crocapsules. We implanted pectin-containing and control alginate mi-
crocapsules into the peritoneal cavity of immunocompetent C57BL/6 
mice. At 4 weeks post-transplantation, the vast majority of microcap-
sules made of either alginate or pectin-alginate mixtures were freely 
floating in the peritoneal cavity with minimal adhesion to the abdominal 
organs (Fig. 3a). However, mice receiving DM18-pectin/alginate mi-
crocapsules 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 (Fig. 3b). Of the retrieved capsules, only a 
small portion (<7%) of the capsules were covered by cellular over-
growth independent of the type of capsule (Fig. 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. 

To further evaluate the host foreign body reaction to implanted 
microcapsules, peritoneal fluid of recipients was collected for quanti-
fying inflammatory cytokines and chemokines (Fig. 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. 

3.5. Longer graft survival times induced by DM18 pectin-containing 
capsules for rat islets in diabetic mice 

To determine the impact of pectin-containing capsules on graft sur-
vival of immunoisolated islets, we transplanted 1000 encapsulated rat 
islets into the peritoneal cavity of streptozotocin (STZ)-induced diabetic 
C57BL/6J mice (Fig. 4a). We used DM18-pectin/alginate capsules as 
experimental group and alginate and DM69-pectin/alginate microcap-
sules as controls. Xenografts induced normoglycemia within 3 days in all 
recipients, demonstrating sufficient initial graft function (Fig. 4b). An-
imals also had an improvement in body weight (Fig. 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 (Fig. 4d). By day 300, 
i.e. the end of the study, still 2/7 (29%) of the animals are normogly-
cemic. 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 
Fig. 3e. The level of HbA1c of DM18-pectin/alginate group was 7.2 ±
0.2, which is 13.6 ± 5.1% (p < 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. 

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 received islets in DM18-pectin/ 
alginate microcapsules returned to normoglycemia (<6.5 mmol/L) 
within 90 min after the meal test (Fig. 4f). This occurred slower in re-
cipients 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 implan-
tation, 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 min 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. 

3.6. DM18-pectin/alginate capsules ameliorate inflammatory responses 

At 8 weeks after implantation, we studied impact of pectin incor-
poration into alginate capsules on circulating cytokines. As shown in 
Fig. 5a, plasma of recipients of DM18-pectin/alginate-encapsulated is-
lets 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/ 
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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 (Fig. 5b). The retrieved microcapsules 
maintained integrity after long-term duration of implantation indepen-
dent of the type of capsule (Fig. 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) (Fig. 5c–e). 

4. 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 sup-
pression 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 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 

Fig. 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. 
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islet-derived DAMPs are involved in activation of immune cells in the 
vicinity of encapsulated islets [26,35], we hypothesized that interfer-
ence with key-inflammatory receptors such as TLR2/1 would attenuate 
immune responses. 

Pectins have been shown to prevent TLR2/1-dependent inflamma-
tory 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 poly-
galacturonate and polyguluronate residues according to the egg box 
model [44,64] (Fig. 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 integ-
rity, 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 

Fig. 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. (For interpretation of the references to colour in this figure legend, the reader is 
referred to the Web version of this article.) 
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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. 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 ecto-
domain 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 im-
mune 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 cyto-
kines [68]. The upregulated cytokines are not seen without an implan-
tation 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 cyto-
kines 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 manage-
ment 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 mem-
branes 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 
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 stimu-
late DAMP release [25,74,77] and induce inflammation that can be 
prevented with low DM pectins. 

5. Conclusion 

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 incorpo-
rated 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. Fig. 6 summarizes our 
working hypothesis in which DM18-pectin/alginate capsules suppress 
inflammation by competitive binding with TLR2. Our study demon-
strates that alginate microcapsules containing low-DM pectin is an 
effective strategy to attenuate host inflammatory responses post- 
transplantation, which might be of great potential for future clinical 

Fig. 6. Diagram model of low-DM pectin molecules in alginate-based microcapsules inhibit TLR2 and attenuate DAMP-induced inflammatory responses in human 
pancreatic islets. 

S. Hu et al.                                                                                                                                                                                                                                       



Biomaterials 266 (2021) 120460

12

application of biomaterials and may contribute to a cell replacement 
therapy for T1D and other hormone-deficient diseases. 
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[44] I. Braccini, S. Pérez, Molecular basis of Ca2+-induced gelation in alginates and 
pectins: the egg-box model revisited, Biomacromolecules 2 (4) (2001) 1089–1096, 
https://doi.org/10.1021/bm010008g. 

[45] H. Tan, W. Chen, Q. Liu, G. Yang, K. Li, Pectin oligosaccharides ameliorate colon 
cancer by regulating oxidative stress- and inflammation-activated signaling 
pathways, Front. Immunol. 9 (1504) (2018) 1504, https://doi.org/10.3389/ 
fimmu.2018.01504. 

[46] S. Prado, M. Beukema, E. Jermendi, H.A. Schols, P. de Vos, J. Fabi, Pectin 
interaction with immune receptors is modulated by ripening process in papayas, 
Sci. Rep. 10 (2020), https://doi.org/10.1038/s41598-020-58311-0. 

[47] B.R. Thakur, R.K. Singh, A.K. Handa, Chemistry and uses of pectin–a review, Crit. 
Rev. Food Sci. Nutr. 37 (1) (1997) 47–73, https://doi.org/10.1080/ 
10408399709527767. 

[48] P. De Vos, B.J. De Haan, G.H. Wolters, J.H. Strubbe, R. Van Schilfgaarde, Improved 
biocompatibility but limited graft survival after purification of alginate for 
microencapsulation of pancreatic islets, Diabetologia 40 (3) (1997) 262–270, 
https://doi.org/10.1007/s001250050673. 

[49] C. Ricordi, P.E. Lacy, E.H. Finke, B.J. Olack, D.W. Scharp, Automated method for 
isolation of human pancreatic islets, Diabetes 37 (4) (1988) 413–420, https://doi. 
org/10.2337/diab.37.4.413. 

[50] P. de Vos, B.J. de Haan, A. de Haan, J. van Zanten, M.M. Faas, Factors influencing 
functional survival of microencapsulated islet grafts, Cell Transplant. 13 (5) (2004) 
515–524, https://doi.org/10.3727/000000004783983738. 

[51] S.V. Bhujbal, G.A. Paredes-Juarez, S.P. Niclou, P. de Vos, Factors influencing the 
mechanical stability of alginate beads applicable for immunoisolation of 
mammalian cells, J. Mech. Behav. Biomed. Mater. 37 (2014) 196–208, https://doi. 
org/10.1016/j.jmbbm.2014.05.020. 

[52] M.B.G. Kiewiet, R. Dekkers, M. Gros, R.J.J. van Neerven, A. Groeneveld, P. de Vos, 
M.M. Faas, Toll-like receptor mediated activation is possibly involved in 
immunoregulating properties of cow’s milk hydrolysates, PloS One 12 (6) (2017), 
e0178191, https://doi.org/10.1371/journal.pone.0178191. 

[53] S. Figueroa-Lozano, R.L. Valk-Weeber, S.S. van Leeuwen, L. Dijkhuizen, P. de Vos, 
Dietary N-glycans from bovine lactoferrin and TLR modulation, Mol. Nutr. Food 
Res. 62 (2) (2018) 1700389, https://doi.org/10.1002/mnfr.201700389. 

[54] L.A. Llacua, B.J. de Haan, P. de Vos, Laminin and collagen IV inclusion in 
immunoisolating microcapsules reduces cytokine-mediated cell death in human 
pancreatic islets, J. Tissue Eng. Regen. Med. 12 (2) (2018) 460–467, https://doi. 
org/10.1002/term.2472. 

[55] L.M. Vogt, N.M. Sahasrabudhe, U. Ramasamy, D. Meyer, G. Pullens, M.M. Faas, 
K. Venema, H.A. Schols, P. de Vos, The impact of lemon pectin characteristics on 

TLR activation and T84 intestinal epithelial cell barrier function, J. Funct. Foods 22 
(2016) 398–407, https://doi.org/10.1016/j.jff.2016.02.002. 
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