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1. Introduction

Clinical islet transplantation (CIT) in the 
liver via the infusion of islets into the 
portal vein has been explored as a potential 
therapy for patients with type 1 diabetes.[1] 
However, CIT is associated with a high 
degree of islet loss due to their exposure 
to several stress factors within the first 
two weeks after intervention.[2] In addi-
tion, this is only applied in a small group 
of severe diabetic patients as immunosup-
pression has to be applied to prevent graft 
rejection which as such has severe side 
effects. Extrahepatic islet transplantation 
using biomaterials as an immunoprotec-
tive islet carrier could improve the out-
come of the transplantation by providing a 
more optimal environment and potentially 
allow for transplantation in the absence of 
immunosuppression.[3] In fact, the encap-
sulation of pancreatic islets, or beta cells, 
within semipermeable membranes repre-
sents a promising strategy to immobilize 
transplanted islets in one location outside 

Macroencapsulation of islets of Langerhans is a promising strategy for 
transplantation of insulin-producing cells in the absence of immunosup-
pression to treat type 1 diabetes. Hollow fiber membranes are of interest 
there because they offer a large surface-to-volume ratio and can potentially 
be retrieved or refilled. However, current available fibers have limitations in 
exchange of nutrients, oxygen, and delivery of insulin potentially impacting 
graft survival. Here, multibore hollow fibers for islets encapsulation are 
designed and tested. They consist of seven bores and are prepared using 
nondegradable polymers with high mechanical stability and low cell adhesion 
properties. Human islets encapsulated there have a glucose induced insulin 
response (GIIS) similar to nonencapsulated islets. During 7 d of cell culture 
in vitro, the GIIS increases with graded doses of islets demonstrating the 
suitability of the microenvironment for islet survival. Moreover, first implan-
tation studies in mice demonstrate device material biocompatibility with 
minimal tissue responses. Besides, formation of new blood vessels close to 
the implanted device is observed, an important requirement for maintaining 
islet viability and fast exchange of glucose and insulin. The results indicate 
that the developed fibers have high islet bearing capacity and can potentially 
be applied for a clinically applicable bioartificial pancreas.
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the liver and provide optimal spatial and functional support, 
which could ultimately lead to enhanced islet survival.[4] Intra-
vascular systems often require a complex surgical intervention 
with varying successful outcome, while extravascular systems 
have the great advantage of relatively easy implantation and 
potential retrieval. Additionally, extravascular devices can be 
reloaded and replaced when necessary.[4b,5] This latter is a per-
tinent consideration since emerging new replenishable cell 
sources become available, such as insulin producing cells 
obtained from stem-cells, which  still have functional limita-
tions requiring retrievability.[6]

An important challenge in creating an optimal microdevice 
is to create a device with proper transport properties of nutri-
ents and oxygen to the islets and, at the same time, protect 
the encapsulated islets from the host-immune system.[5,7] The 
configurations proposed for a membrane-based macroencap-
sulation device include flat and hollow fiber membranes.[4b] 
In comparison to the flat membranes, the hollow fibers are 
quite attractive, offering a combination of high surface area 
with a compact design, which is desirable for implantable 
devices.[8] In addition to this, to guarantee survival of the 
encapsulated cells in the fiber, several parameters need to 
be taken into consideration. The inside membrane material 
should preferably have low cell adhesive properties to avoid 
islet attachment onto the inner membrane surface, which 
could lead to loss of phenotype and subsequently their endo-
crine function.[9] Additionally, the fiber diameter should be 
designed to tightly fit pancreatic islets, while the wall thick-
ness should be low and the membrane porosity high to 
decrease the diffusion distance and provide optimal mass 
transport.[4b]

Improvements in hollow fibers for renal dialysis also stimu-
lated application of these fibers for cell encapsulation including 
intra- and extravascular macrodevices.[4b] The newer genera-
tion fibers have thin walls to achieve optimal mass transport. 
However, when applied for islet encapsulation, they often suf-
fered from insufficient material biocompatibility or mechanical 
instability. Additionally, due to their dimensions, the oxygen 
and nutrients diffusion was limited and occlusion of fibers 
could occur contributing to diffusion issues and shorter graft 
survival times.[10] Another important issue for the single fibers 
was the need for accommodating a high number of islets to be 
able to restore normoglycemia.[1b] A modeling study of Dulong 
and Legallais has shown how challenging the fiber optimiza-
tion is to achieve sufficient loading of islets to induce normo-
glycemia.[11] In order to increase the total amount of islets in 
single bore hollow fiber devices, the length of the fibers needs 
to be increased to lengths that make their clinical application 
unrealistic.[12]

Here, we designed and tested a novel fiber-based system 
in which aforementioned challenges have been taken into 
account. To this end a novel multibore system was engineered 
for islet encapsulation. In comparison to a conventional single 
bore fiber, the multibore fiber offers more space for islet encap-
sulation within the same fiber length and without significant 
increase in volume of the device. Additionally, multibore con-
figuration has been shown to improve mechanical stability 
and handling of the fibers[13] which are important considera-
tions during implantation. The multibore fibers with small 

bore diameter (500 µm) is tailored to fit the broad size range of 
pancreatic islets (50–350 µm). Nondegradable polyethersulfone 
(PES) is used as a membrane forming material, blended with 
the hydrophilic additive polyvinyl-pyrrolidone (PVP). The PES/
PVP blend is used for hemodialysis membrane fabrication and 
does not allow significant inflammatory cell adhesion which is 
very important for biocompatibility.[14] The characteristics of the 
new multibore fibers are tailored to achieve efficient nutrient 
delivery to the cells and insulin delivery to the surrounding 
vessels by the encapsulated insulin producing cells. In fact, 
the walls of the bores are fabricated as thin as possible without 
compromising membrane stability. As a proof of concept, the 
multibore hollow fibers are evaluated by analyzing the glucose-
induced insulin responsive human cadaveric islets encapsu-
lated in the device. Nonencapsulated, free floating islets are 
used as control. Our results are compared to those obtained for 
islets encapsulated into commercially available multibore fibers 
with large bore diameter (900  µm), previously used as hepat-
ocyte bioreactors and 3D tissue engineering applications.[15] 
Moreover, the multibore fiber material biocompatibility and the 
formation of new blood vessels around the fiber are assessed 
after subcutaneous implantation in mice, as a first step toward 
clinical assessment of the device.

2. Experimental Section

2.1. Multibore Hollow Fiber Fabrication

The multibore hollow fibers were fabricated by dry-wet spin-
ning via immersion precipitation using a specially designed 
spinneret (Figure S1A, Supporting Information). The polymer 
dope solution was a blend of 15 wt% PES (Ultrason E6020) and 
10 wt% polyvinylpyrrolidone (PVP K90, Sigma Aldrich) dis-
solved in N-methylpyrrolidone (NMP) (Acros organic). After 
24 h mixing on a roller bank, the solution was filtered using 
a 15  µm filter (Bekipor ST AL3, Bekaert) into a stainless-
steel syringe and left to degas overnight. The following day, 
the syringe and the bore solution were mounted in the high-
pressure syringe pumps and connected to a specially designed 
spinneret (Figure S1B, Supporting Information). Subsequently, 
the spinneret was placed above the coagulation bath at a fixed 
height (air gap). The polymer dope and bore solution were 
pumped through the spinneret and after a 6  cm air gap, the 
nascent multibore hollow fiber was immersed into the water 
coagulation bath, where phase separation occurred, and the 
fiber was formed. The multibore hollow fibers were collected 
in a free-falling way. During spinning, several parameters were 
varied, which are described in Table  1. The collected hollow 
fiber membranes were washed with demineralized water in 
order to remove remaining solvent traces and stored in demin-
eralized water until further use.

To increase the membrane porosity, the PVP of some of the 
developed fibers was washed with 4000 ppm sodium hypochlo-
rite aqueous solution (NaClO, Fluka) for 24 h. Subsequently, the 
membranes were washed and stored in demineralized water. 
Prior to drying, the membranes were immersed in a 25  vol% 
glycerol solution for 24 h to protect the hollow fiber structure 
and morphology during air drying.

Macromol. Biosci. 2020, 20, 2000021
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2.2. Scanning Electron Microscopy

The multibore hollow fiber membrane morphology was visual-
ized using scanning electron microscopy (SEM, JEOL JSM-IT 
100). The membranes were dried in air followed by fracturing 
in liquid nitrogen to reveal the cross section. Subsequently, 
samples were clamped in a cross-section holder and sputter-
coated with 2 nm-thick gold layers prior to imaging.

2.3. Water Transport through the Membrane

Multibore hollow fibers were dried in air and modules were 
prepared by putting the fiber inside the 10  cm long tube with 
a Kartell T-connection (VWR) in the middle. Both ends were 
glued using two-component epoxy glue (Griffon) and cut open 
after the glue had hardened, opening the bores of the multi-
bore hollow fiber. Before testing, the modules were washed 
with ultrapure water and prepressurized at 0.7 bar for 1 h, then 
transmembrane pressures of 0.7, 0.5, and 0.3 bar were applied, 
and the flux of the permeated ultrapure water was measured 
over time (in L m−2 h−1). The clean water permeability (Lp, in 
L m−2 h−1 bar−1) was measured in a dead-end mode and deter-
mined by calculating the slope of a linear fit of the flux versus 
transmembrane pressure graph.

2.4. Cell Culture

Human islets of Langerhans isolated from four donor pan-
creata (purity 98%, 95%, 85%, and 75%, respectively) were pro-
vided by the Human Islet Isolation Laboratory at the Leiden 
University Medical Center (Leiden, The Netherlands). Studies 
were only performed on islets that could not be used for clin-
ical transplantation and after informed consent by the donors. 
All procedures were carried out in accordance with Dutch law 
and the relevant guidelines and regulations. The islets were 
cultured in CMRL 1066 medium (5.5  mmol L−1 glucose) con-
taining 10% FBS, 2 × 10−3 m GlutaMAX, 100 U mL−1 penicillin 
and 100  µg mL−1 streptomycin (Gibco), 10  mmol L−1 HEPES, 
and 1.2  mg mL−1 nicotinamide. In order to determine islet 

number, the islets were stained with dithizone (DTZ, 100  µL 
DTZ per 100  µL islet suspension) and red-stained islets were 
counted twice in triplicate. The islets were divided and placed 
in ultralow attachment 24-well plates (Corning) to preserve 
their morphology and avoid aggregation during culture. Culture 
medium was refreshed every day.

2.5. Cell Seeding

Prior to the cell seeding, the multibore hollow fibers were 
cut into 1.3  cm pieces and the middle bore of the fiber was 
closed with glue using two-component epoxy glue (Griffon) 
(Figure 1A,B). The fibers were then carefully placed at the inlet 
of the 1 mL syringe and fixed with elastic tubing and glue (see 
Figure 1C). One end of the fiber was closed using sterile, sur-
gical staples (Teleflex Medical, HORIZON, Ligating clips). The 
syringe with the attached multibore hollow fiber was sterilized 
with 70% ethanol, washed in PBS, and preincubated in culture 
medium overnight. The relevant number of human islets (1000, 
3000, or 6000) for the experiments was suspended in 100  µL 
medium and placed inside the syringe held in perpendicular 
position with the attached hollow fiber pointing downward. The 
islet suspension was then carefully injected inside the bores of 
the fiber with minimal pressure applied on the piston. After 
injection the multibore hollow fiber was closed with a surgical 
staple near the inlet and cut off from the syringe leaving 1 cm 
of fiber with encapsulated islets. Afterward, the fiber was placed 
in 1 mL of medium and cultured for 1 and 7 d. Culture medium 
was changed every day.

2.6. Human Islets Functionality In Vitro

To assess the function of the encapsulated islets, a glucose-
induced insulin secretion test (GIIST) was performed after 
culture under static conditions for 1 and 7 d. Free-floating 

Table 1. Spinning conditions.

Multibore hollow fiber MF1 MF2 MF3

Polymer dope 15 wt% PES 15 wt% PES 15 wt% PES

10 wt% PVP 10 wt% PVP 10 wt% PVP

Bore liquid Water 50% NMP in water 50% NMP in water

Coagulation bath Water Water Water

Coagulation bath 
temperature

19–21 °C 19–21 °C 48–50 °C

Polymer dope 
pumping speed 
[mL min−1]

1.0 1.0 1.0

Bore liguid pumping 
speed [mL min−1]

4.3 4.3 4.3

Air gap [cm] 6.0 6.0 6.0
Figure 1. Schematic representation of seeding procedure: A) 1.3 cm long 
multibore hollow fiber, B) cross section of the multibore hollow fiber, 
where middle bore is closed with the glue and side bores left open, C) 
fiber is placed in the outlet of the 1 mL syringe and fixed with elastic tubing 
and the glue and the end of the fiber is closed using surgical clip, islets 
resuspended in 100 µL of medium are injected inside the open bores.

Macromol. Biosci. 2020, 20, 2000021
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islets in a transwell system (MilliPore) (n  = 3) were used as 
positive controls. Fibers containing islets and free-floating 
nonencapsulated islets of the same donor, as controls, were 
first preincubated in a modified Krebs buffer (115  × 10−3 m 
NaCl, 5 × 10−3 m KCl, 24 × 10−3 m NaHCO3, 2.2 × 10−3 m CaCl2, 
20 × 10−3 m HEPES, 1 × 10−3 m MgCl2, 2 mg mL−1 bovine serum 
albumin, pH 7.4) for 90 min at 37 °C and 5% CO2. Subsequently, 
the samples were then incubated for 1 h in low (1.67 × 10−3 m), 
high (16.7 × 10−3 m), low, and again high and low glucose buffer, 
with three times 5 min washing in Krebs buffer between each 
high and low glucose incubation step. Two additional GIIST 
steps (second high and third low glucose incubation) in total 
five, instead of the three steps often used in the literature,[9b,16] 
were performed to determine if there is delay in islet response. 
Samples were taken after each incubation step, spun down 
(300  g for, 3  min) and the supernatant was stored at −20 °C. 
Samples were analyzed using a human insulin ELISA kit 
(Mercodia). The functionality of human islets was determined 
by determining the amount of insulin secreted and displayed as 
the glucose-induced insulin stimulation index. For the calcula-
tion of the stimulation index, the insulin secretion of all sam-
ples was normalized to the insulin secreted during the first low 
glucose incubation (1.7 × 10−3 m glucose). 150 islets were used 
as free-floating positive controls, representing the quality of the 
islets used for encapsulation. Stimulation index of at least two 
defines a functional response.

2.7. Multibore Fiber Biocompatibility Study

All animal experiments were reviewed and approved by the 
Institutional Animal Care and Use Committee of the University 
of Groningen (Groningen, the Netherlands) and carried out in 
concordance with the institute guidelines. Animals were group 
housed with ad libitum access to food and water. In vivo bio-
compatibility of new multibore fibers was determined by sub-
cutaneous implantation in 8-week-old immunocompetent male 
C57BL/6BrdCrHsd-Tyrc mice (Envigo) (n  = 5). Before implan-
tation multibore fibers (1  cm) were closed on both ends with 
a small sized surgical ligating clip (Horizon Ligating Clips, 
Teleflex Medical). Then, they were sterilized in 70% ethanol 
followed by three additional washing steps with sterile DPBS 
(Lonza) and stored in sterile Krebs–Ringer–Hepes (KRH; pH 
7.4, 133 × 10−3 m NaCl, 4.69 × 10−3 m KCl, 1.18 × 10−3 m KH2PO4, 
1.18 × 10−3 m MgSO4·7H2O, 25 × 10−3 m HEPES, 2.52 × 10−3 m 
CaCl2·2H2O (all obtained from Merck Millipore) buffer until 
implantation. Mice were anesthetized using 2–3% of isoflurane 
(Piramel Healthcare, Morpeth, UK) and, after shaving, a small 
incision was made on the right flank of the animal. Multibore 
fibers were then implanted into a subcutaneous pocket made 
using forceps. At day 28 after implantation, multibore fibers 
and surrounding tissue were dissected from the subcutaneous 
pocket. After dissection, samples were fixed in 2% paraform-
aldehyde (Merck Millipore) and processed for paraffin embed-
ding and sectioning. Paraffin embedded multibore fibers were 
sectioned at 2 µm and subsequently stained with hematoxylin 
and eosin (Sigma-Aldrich). To determine blood vessel forma-
tion sections were additionally stained for CD31 positive cells. 
Briefly, following heat-induced antigen retrieval, sections were 

transferred and washed in PBS + 0.2% Triton X-100 (PBST). 
Sections were incubated for 30 min at 20  °C with 5% donkey 
serum (PBST) and incubated overnight at 4 °C with a primary 
polyclonal goat-anti-mouse CD31 antibody (R&D, AF3628) in a 
1:200 dilution (PBS + 1% BSA). After washing with PBST sec-
tions were consequently incubated for 45 min at 20  °C with 
a secondary donkey-anti-goat alkaline phosphatase antibody 
(Abcam, Ab6886) in a 1:100 dilution (PBS + 1% BSA). Alkaline 
phosphatase activity was demonstrated by incubating the sec-
tions for 10 min with SIGMAFAST Fast Red (Sigma-Aldrich). A 
short incubation with hematoxylin was used as nucleic counter-
stain. Sections were digitalized using the NanoZoomer 2.0-HT 
multislide scanner (Hamamatsu, Japan). The amount of blood 
vessels and their distance from the device was determined 
using Aperia ImageScope software (Leica).

2.8. Statistical Analysis

The results are presented as the mean ± standard deviation. 
Statistical analyses were performed using two-tailed analysis 
of variance (ANOVA) using SPSS Statistics software (version 
24, IBM Corporation) to compare the insulin concentration 
and stimulation indexes upon glucose stimulation for islets 
from different donors seeded within multibore hollow fiber 
membranes. Statistical significance was considered at p-values 
<0.05.

3. Results

3.1. Development of New Multibore Hollow Fiber Membranes

Various batches of multibore hollow fibers with seven bores 
were produced by dry-wet spinning method. The spinning con-
ditions were tuned in order to obtain mechanically stable fibers 
with thin walls, suitable for pancreatic islet encapsulation.
Figure 2 shows representative SEM images of the developed 

fibers with small bores of about 500 µm (Figure 2B–D) in com-
parison to the commercially available PESM multibore fibers 
with bores of 900  µm diameter and rather thick membrane 
walls (Figure  2A). The first batch of produced membranes 
(MF1, Figure  2B) had round bores and rather thick outer and 
inner walls (200–275  µm) with asymmetric membrane pore 
morphology. Besides, thick dense selective layers containing 
small pores were present on both sides of the fiber, while in the 
fiber cross section, we can observe the presence of macrovoids.

In order to decrease the fiber wall thickness, we adapted the 
spinning conditions by applying 50% v/v NMP in water, as a 
bore solution. The new fibers, MF2 (Figure  2C), had thinner 
walls, however, all the bores were deformed, and the mem-
brane mechanical stability was much lower in comparison to 
MF1 fibers. To improve this while having thin walls, we applied 
during the spinning process a coagulation bath temperature 
of 48–50  °C which resulted in stable multibore hollow fibers 
(MF3) with thin walls and rounded bores (Figure 2D). Figure 3 
shows the detailed morphology of the MF3 membrane cross 
section at higher magnification. The membrane walls between 
the bores consist of a very thin dense selective layer with 

Macromol. Biosci. 2020, 20, 2000021
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small pores, while a finger-like, porous sublayer is present in 
between. The outer wall of the side bores is around 50 µm thick 
and less curved resulting in bores slightly flattened on one 
side. Additionally, the surface of the outer wall of the bores has 
small pores (1–5 µm) which are not present at the connections 
between the bores (Figure 3A). Based on the structural stability 
and morphology, the MF3 membrane was selected for further 
characterization and islet encapsulation studies.

3.2. Clean Water Transport

Figure 4 presents the clean water flux of the new MF3 multi-
bore membranes at various transmembrane pressures in com-
parison with commercial multibore hollow fibers. In all cases, 
the graph is linear indicating good mechanical stability of the 
membranes in this pressure range. The MF3 membrane has 
higher water hydraulic permeability (1824 L m−2 h−1 bar−1) than 
the commercial membranes (1023 L m−2 h−1 bar−1). Additional 
treatment with NaClO solution for 24 h, which removes part 
of the PVP, results in membranes with 40% higher permea-
bility compared to untreated membranes, and more than 100% 
higher compared to commercial membranes (MF3 washed, 
2590 L m−2 h−1 bar−1). Therefore, the MF3-washed membranes 
were chosen as the most suitable for cell encapsulation.

3.3. Human Islets Functionality

In order to study the maintenance of endocrine function 
of islets encapsulated within the multibore hollow fiber, we 

performed glucose-induced insulin secretion tests. Figure 5A,B 
compares the stimulation index of islets encapsulated in the 
developed fibers in comparison to commercial multibore fibers, 
PESM, with larger bores and to nonencapsulated, free-floating 
islets. In all cases, free-floating islets respond well to glucose 
challenge. The islets encapsulated within the commercial large 
diameter (PESM) fibers function neither after 1 d nor after 
7 d of culture (stimulation index for high glucose concentration 
below 2, see Figure 5A). In contrast, islets encapsulated within 
the new multibore (MF3-washed) fibers respond to changing 
glucose concentrations and retain their endocrine function 
during the 7 d culture period indicating also their viability after 
encapsulation within the bores of the novel fiber (Figure 5B).

We also studied the potential of the multibore fibers to 
encapsulate graded loads of human islets from one donor. We 
performed various experiments where in total of 1000, 3000, 
or 6000 islets per cm fiber were encapsulated to determine 
whether higher loads may impair the glucose-induced insulin 
response.

Figure  5C compares the amount of insulin secreted from 
the islets encapsulated in the MF3 washed membranes to 
free-floating islets after 7 d of culture. In all cases, the free-
floating islets (Figure  5C and zoom on Figure  5D), as well as 
the islets encapsulated within the fibers function well showing 
a clear response to glucose concentration changes during all 
five glucose incubation steps. In fact, the amount of secreted 
insulin increases with the number of islets encapsulated in the 
membrane indicating that islet viability was also maintained. 
Statistical analysis showed a significant difference in insulin 
secretion between the various number of islets used for encap-
sulation (p  < 0.05). Basal insulin concentration after first low 

Figure 2. Scanning electron microscopy images of multibore hollow fibers: A) Commercial Multibore membrane—PESM, B) MF1, C) MF2, and D) MF3.

Macromol. Biosci. 2020, 20, 2000021
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Figure 4. Clean water flux versus transmembrane pressure for commercial PESM membranes, MF3-untreated new multibore hollow fiber and MF3 
washed with NaClO for 24 h. Error bars indicate standard deviation (n = 3).

Figure 3. Scanning electron microscopy images of multibore hollow fiber—MF3: A) outer bore surface, B) cross section of outer connection between 
two bores, C) middle bore cross section, D) side bore cross section, E) cross section of the wall between two bores, and F) cross section of the bore 
outer wall.

Macromol. Biosci. 2020, 20, 2000021
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glucose simulation was 1500 pmol L−1 for 1000 islets and almost 
double (2741  pmol L−1) when 3000 islets/fiber were encapsu-
lated, reaching 10 657  pmol L−1 for 6000 islets/fiber. Further-
more, upon the first high glucose stimulation, the insulin 
concentration for 6000 encapsulated islets/fiber is more than 
double than for 3000 islets/fiber and about 20 times higher 
than for 1000 encapsulated islets/fiber. The following glu-
cose concentration changes resulted in an adequate response, 
namely, a decrease in insulin secretion for low glucose concen-
tration and an increase of insulin secretion for high glucose 
concentration, not statistically different from free-floating islets 
(p  > 0.05), indicating that islets remain functional within the 
multibore fibers.
Figure 6 shows the stimulation index of islets from two other 

donors, encapsulated within the new multibore fibers, com-
pared to the free-floating islets. The islets from both donors 
secrete insulin upon glucose stimulation after 1 d of culture 
and they retain their endocrine function after 7 d of culture, 
similar to free-floating nonencapsulated islets (no statistical 
difference: p > 0.05). In all cases, the stimulation index of the 
first high glucose stimulation is more than double compared to 
basal insulin release. Again, even when a high number of islets 
is used, the encapsulation device remains functional for cells of 
all used donors. Since there is a significant variation between 
donors (p  < 0.05), we also found that the free-floating islets 
from donor 3 secreted higher amount of insulin (Figure S2, 

Supporting Information) and showed higher response to glu-
cose concentration changes (Figure 6A) in comparison to less 
responsive islets from donor 4, where stimulation index was 
less than 3 for high glucose stimulation (Figure  6B,C). The 
insulin secretion was also higher for the islets from donor 3. 
Importantly, we also observe an increase in stimulation index 
after the second and third low glucose stimulation for all 
number of encapsulated islets within the fibers in comparison 
to basal insulin release although the difference is not signifi-
cant (p > 0.05). Perhaps, insulin produced during the previous 
high glucose incubation step is slowly released during the next 
low glucose stimulation steps. Another reason for this could be 
that the glucose was not completely removed from the device 
after high glucose incubation and, therefore, the final concen-
tration used for the next incubation step was higher than 1.7 × 
10−3 m, causing an increased islet response. Despite this, for all 
number of encapsulated islets we observe a clear response to 
the first increase of glucose concentration over 7 d of culture.

3.4. Fiber Material Biocompatibility and Blood Vessel Formation: 
Preliminary In Vivo Study

In order to assess the biocompatibility of multibore fiber 
material, fibers (1  cm) were implanted subcutaneously in 
mice. Animal behavior after implantation was normal, with 

Figure 5. Functionality test of encapsulated islets: A) stimulation index after day 1 and 7 for islets encapsulated within commercial PESM membranes 
(1 cm fiber, 3500 islets; 150 free floating islets) (the graph reproduced with permission from ref. [17]), B) stimulation index after day 1 and 7 of encap-
sulated islets from donor 1 within MF3-washed (1000 islets, n = 3), C) insulin secretion of different number of human islets from donor 2 after 7 d of 
culture, encapsulated within MF3-washed, D) zoomed-in insulin secretion of free floating islets and 1000 islets encapsulated within MF3-washed. Error 
bars indicate standard deviation (n = 3), **p < 0.05.
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an increase in their weight over the study period (see Figure 
S3, Supporting Information). After 28 d the animals were sac-
rificed, and fibers were, after macroscopical examination in 
the implantation site, carefully removed for histological anal-
ysis. Macroscopically, we did not observe inflammation in the 
implantation site. Moreover, the device was not integrated in 
the surrounding tissue, illustrating optimal biocompatibility of 

the device material. Figure 7A shows a cross section of the fiber 
with a thin layer of surrounding tissue (50–250  µm) mainly 
composed of cells with the morphological characteristics of 
fibroblasts. Importantly, the device was surrounded by blood 
filled capillaries (Figure S3, Supporting Information). Although 
the vascularization was minor, we did in fact observe blood ves-
sels close (less than 50 µm) to the fiber (Figure 7B). To confirm 

Figure 6. Human islets functionality within new multibore hollow fiber membranes (MF3-washed) in comparison to free floating islets (150) after 1 
and 7 d of culture: A) encapsulated 1000 islets from donor 3, B) encapsulated 3000 islets from donor 4, and C) encapsulated 6000 islets from donor 4. 
Error bars indicate standard deviation (n = 3).

Figure 7. Multibore fiber implantation study: A) HE stained section of the fiber after 28 d of implantation, B) representative fiber section with a few 
CD31 positive (red) endothelial cells, and C) percentage of CD31 positive blood vessels and their distance from the device after 28 d of implantation. 
Error bars indicate standard deviation (n = 5).
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blood vessel formation immunocytochemically, sections were 
additionally stained for CD31 positive cells. There was no sta-
tistical difference in the number of CD31 positive cells found 
in less than 50 µm, between 50 and 100 µm or above 100 µm 
distance from the device (Figure 7C). It seems that although the 
pore size on the outside of the fibers was designed to be low to 
avoid cell infiltration, some cells were able to infiltrate to the 
thin fiber walls on the outside of the fiber. However, endothelial 
cells were only observed there and could not penetrate to the 
lumen of the fiber where the islets would be encapsulated.

4. Discussion

One of the advantages of hollow fibers over flat membranes 
for macroencapsulation of islet grafts is their large surface area 
to volume ratio which is desirable in order to encapsulate a 
high number of islets in a relatively small volume.[18] However, 
single fibers applied as macroencapsulation devices often have 
low mechanical stability. They tend to bend and break, which 
consequently could lead to islet loss after transplantation.[19] In 
this study, we propose a new islet macroencapsulation device 
based on porous multibore fiber membranes. They consist of 
seven equally spaced bores, where the bore diameter is opti-
mized to host a range of sizes of human islets. The membrane 
structure provides one of the best geometries for hollow fiber 
membranes and ensures both large porosity and excellent 
mechanical properties.[13] High stability is a great advantage of 
the multibore membranes, important for handling process and 
for resisting mechanical forces in the period before, during, 
and after transplantation.

In order to provide long-term islet encapsulation, the fibers 
were fabricated using nondegradable PES/PVP polymer blend. 
PES is a widely used biomaterial for hemodialysis mem-
branes, with excellent chemical and mechanical properties.[14] 
The PVP improves material biocompatibility and introduces 
non-cell-adhesive properties to avoid cell attachment onto the 
membrane surface, which is important for islet transplanta-
tion.[20] In the literature, other materials have been proposed 
for hollow fiber fabrication, such as modified polyacrylonitrile 
polyvinyl chloride,[21] regenerated cellulose and polyamide,[8b] 
acrylic copolymer (XM-50 Amicon),[22] and polysulfone.[23] 
However, the need to use large numbers of islets encapsulated 
in hollow fibers with relatively big diameter (0.6–3 mm)[24] led 
to limited transport of nutrients and oxygen, and consequently 
islet death.

The new multibore hollow fibers were fabricated using 
dry-wet spinning method via immersion precipitation.[25] 
By changing the spinning parameters: composition of bore 
liquid and coagulation bath temperature, we obtained highly 
porous membranes with bores of 500 µm and very thin walls 
(≈40 µm). This was achieved by adding solvent (NMP) in the 
bore liquid which reduced the rate of phase separation; the 
exchange between solvent and nonsolvent (lower concentra-
tion gradients during solvent/nonsolvent exchange). As a 
result, we obtained a relatively spongy membrane structure 
with small voids and high porosity (MF2). The fiber wall thick-
ness was decreased, and the pore morphology was improved 
in comparison to MF1 membranes (Figure  2B). When pure 

nonsolvent (water) was used as a bore liquid, the formation 
of dense inner surface occurred. The addition of NMP in the 
bore solution can increase the porosity of the inner surface 
and can prevent the formation of a dense skin layer.[26] How-
ever, the exchange of solvent and nonsolvent on the inner sur-
face of our fiber lumen was slower than on the outside surface 
of the fiber, resulting in deformation of the bores. Mousavi 
et al. studied the effects of various temperatures of the coagu-
lation bath on the formation of polyethersulfone membranes 
and found out that increase in the temperature of the coag-
ulation bath leads to an increase in the solvent–nonsolvent 
exchange rate.[27] Subsequently, a more porous structure is 
formed resulting in higher membrane permeability.[28] When 
we increased the coagulation bath temperature, we obtained 
MF3 membranes with improved outer surface porosity. The 
combination of tailoring the bore liquid composition and 
the temperature of coagulation bath resulted in a proper 
exchange rate during the phase separation process, resulting 
in stable and highly porous multibore fibers with desired 
bore dimensions and thin walls. The latter is a very important 
requirement for optimal mass transport during islet encap-
sulation, since the cell survival depends on the diffusion dis-
tance of nutrients to the cells. When this exceeds 200 µm, it is 
known that cell survival can be negatively affected.[4b]

Multibore hollow fiber membranes are presented in lit-
erature for various applications. Wang and Chung designed 
and fabricated a lotus-root multibore hollow fiber membrane 
for membrane distillation process.[13] This concept has also 
been adopted for inorganic ceramic membranes.[29] In recent 
years, a seven-bore ultrafiltration hollow fiber membrane has 
been fabricated using a specially modified polyethersulfone 
material (PESM) by Inge GmbH. Here, we compared these 
membranes to our new developed multibore fibers for islet 
encapsulation. Our optimal hollow fiber (MF3 washed) is two 
times smaller than these commercial PESM membranes con-
sidering both outer membrane and bore diameter. Besides 
our fibers have high permeability (2590 L m−2 h−1 bar−1), 
more than double in comparison to the permeability of 
commercial membranes and others with similar pore size 
(0.05–5 µm).[15]

The tailor-made MF3 membranes were used for encap-
sulating pancreatic islets and were compared to commercial 
PESM membranes and to nonencapsulated (free-floating) 
islets. De Bartolo et al. had shown earlier that highly permeable 
PESM membranes allow for transport of bovine serum albumin 
(66.5  kDa), which is a much bigger molecule than insulin or 
glucose.[15b] However, human islets encapsulated within PESM 
membranes did not respond to glucose concentration changes, 
which could be attributed to suboptimal dimensions of the 
fiber. The large bore diameter (0.9  mm) and the thick walls 
of the fiber, probably limit the diffusion of nutrients to cells, 
which negatively affects islet survival and function. In contrast, 
our multibore hollow fibers, especially designed for this appli-
cation, succeeded and the encapsulated islets remained func-
tional over 7 d of culture.

Single bore fibers have been used for the encapsulation of 
a low number of islets. Lembert et  al. encapsulated 50 islets 
within 1  cm hydroxyl-methylated polysulfone fiber (0.9  mm 
inner diameter).[23] Here, we used all available volume of the 
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fiber and we were able to encapsulate up to 6000 islets inside 
a 1  cm long fiber without impairing survival in culture up to 
7 d. We observed that the concentration of secreted insulin 
increases with the number of encapsulated islets, indicating 
that the membrane porosity is sufficient to provide nutrients 
to the cells and achieve good insulin delivery by the cells. We 
showed that the human islets encapsulated within the bores 
of our fiber secrete insulin in response to glucose concentra-
tion changes and function well after 7 d of culture, despite the 
variability in the quality of human islets obtained from various 
donors.

The material used for the fiber fabrication was proven to be 
biocompatible in our implantation study. After 28 d we did not 
observe significant adhesion of inflammatory cells. This is an 
important observation as most deleterious cytokines are smaller 
than, e.g., insulin and can pass the membrane.[30] Cells on the 
surface of the device can also compete for nutrients and there-
with influence function of cells inside the device.[31] The thick-
ness of the surrounding fibroblast layer was similar to poly(d,l-
lactide-co-epsilon-caprolactone) based devices but less than 
what we have observed on polysulfone and polyactive-based for-
mulation.[32] Except for this, there is ongoing debate about the 
need for adequate amounts of blood vessels as close as possible 
to the membranes for fast exchange of glucose and insulin as 
well as of nutrients.[4c] To the best of our knowledge we are the 
first to show that vessels can grow in as close as 50 µm from 
the hollow fiber membrane surface.[4c] The vessel density we 
observed with the current device was similar to what we have 
observed with other devices we have tested and the beta-O2 
device that have demonstrated adequate exchange of glucose 
and insulin and therewith regulation of blood glucose.[33]

In encapsulation studies, separation factors such as par-
ticles and/or gels are used to avoid islets aggregation. Here, 
we avoided the use of separation factors during islet seeding 
to prevent additional diffusion transport barriers.[34] Perhaps, 
the lack of separation factors creates empty space between the 
membrane walls and the encapsulated islets, where secreted 
insulin or glucose could be trapped and then is slowly released. 
Although, the islets were freely distributed in the fiber and did 
not attach to the membrane surface due to low-adhesive mate-
rial properties (see Figure S4, Supporting Information), the his-
tological analysis remained challenging due to islet loss during 
sample cutting and processing and a comparison between the 
various number of islets encapsulated within the MF3 mem-
branes could not be performed. As the cells could not attach to 
the membrane surface, the viability of the islets encapsulated 
within the fibers was not assessed due to possible loss of islets 
after opening the bores of the fiber. Nevertheless, the insulin 
response to glucose concentration changes is clear indicating 
the potential of the application of these multibore hollow fibers 
for islet macroencapsulation.

Finally, our preliminary implantation study shows the fiber 
material biocompatibility with minimal tissue response toward 
fiber material, indicating a promising application of new 
multibore fibers for islet encapsulation in vivo. Moreover, we 
observed the formation of blood vessels within 200 µm distance 
from the implanted device, which is important considering 
high islet metabolic activity and their need for proximity to the 
source of oxygen and nutrients.[4c]

5. Conclusion and Outlook

In this study, we have developed new PES/PVP multibore 
hollow fiber membrane for islet macroencapsulation. The 
membranes are nondegradable, mechanically stable and allow 
the encapsulation of a high number of islets, crucial for device 
upscaling and clinical application. The optimized bore dimen-
sions and membrane porosity provide sufficient glucose and 
insulin transport, important for maintaining islet function. 
Moreover, material biocompatibility supports the formation of 
blood vessels close to the multibore fiber which is crucial for 
encapsulated islet survival in vivo.

Following the promising in vitro results obtained here, future 
studies would focus on the application of the multibore hollow 
fibers as islet macroencapsulation devices and assessment of 
cell survival and functionality in vivo, using firstly small animal 
models and later possibly in humans. For these studies, the size 
of the device necessary to accommodate a sufficient number of 
islets is very important. To be able to compare the volume of 
islets with different diameters and volumes, individual islets 
are mathematically converted to standard islet equivalents 
(IEQs) with a diameter of 150 µm.[35] It has been estimated that 
9000 IEQs per kilo bodyweight of patient are needed to restore 
normoglyceamia.[1b] Therefore, by using multibore fibers with 
cells encapsulated within the six equally spaced bores, leaving 
the middle bore for possible vascularization or better nutrient 
supply, we would need eight multibore hollow fibers of 20 cm 
(11 250 IEQs per bore, 50% fiber loading capacity) in order to 
treat a 60 kg patient. The seeding method applied in this study 
allows for the connection of a longer fiber to the syringe which 
should contain the islet number adapted to the volume of the 
available bores. To minimize the space needed for implanta-
tion, the fibers could be coiled (in a ring of about 6 cm in diam-
eter) without affecting membrane properties due to their high 
mechanical stability in comparison to single bore fibers. Islet 
encapsulation within semipermeable membranes might have 
additionally potential to provide adequate immune-isolation 
and allow for transplantation in the absence of immunosup-
pression. Therefore, the immunoprotective properties of our 
multibore fibers will be investigated in the future.
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