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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
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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].



Chapter 5

148

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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