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Regular Article 

Mechanically reinforced hydrogel vehicle delivering angiogenic factor for 
beta cell therapy 
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A B S T R A C T   

Type 1 diabetes mellitus (T1DM) is a chronic disease affecting millions worldwide. Insulin therapy is currently 
the golden standard for treating T1DM; however, it does not restore the normal glycaemic balance entirely, 
which increases the risk of secondary complications. Beta-cell therapy may be a possible way of curing T1DM and 
has already shown promising results in the clinic. However, low retention rates, poor cell survival, and limited 
therapeutic potential are ongoing challenges, thus increasing the need for better cell encapsulation devices. This 
study aimed to develop a mechanically reinforced vascular endothelial growth factor (VEGF)-delivering 
encapsulation device suitable for beta cell encapsulation and transplantation. Poly(l-lactide-co-ε-caprolactone) 
(PLCL)/gelatin methacryloyl (GelMA)/alginate coaxial nanofibres were produced using electrospinning and 
embedded in an alginate hydrogel. The encapsulation device was physically and biologically characterised and 
was found to be suitable for INS-1E beta cell encapsulation, vascularization, and transplantation in terms of its 
biocompatibility, porosity, swelling ratio and mechanical properties. Lastly, VEGF was incorporated into the 
hydrogel and the release kinetics and functional studies revealed a sustained release of bioactive VEGF for at 
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least 14 days, making the modified alginate system a promising candidate for improving the beta cell survival 
after transplantation.   

1. Introduction 

Type 1 diabetes mellitus (T1DM) is a chronic and potentially fatal 
disease, which globally affects millions of patients. It is characterised by 
an autoimmune destruction of the insulin-producing beta-cells leading 
to insulin deficiency [3,49]. Exogenously delivered insulin is currently 
the gold standard for treating T1DM, however, it does not completely 
recapitulate the normal glycaemic balance in patients. Poor glycaemic 
control may lead to hyperglycaemic episodes that may increase the risk 
of getting long-term secondary complications such as cardiovascular 
diseases, peripheral neuropathy, diabetic nephropathy, or retinopathy 
or lead to hypoglycaemic episodes which ultimately can be fatal 
[14;49]. Due to this, transplantation of insulin-producing cells, such as 
native pancreatic islets or stem cell-derived beta-like cells, has been 
widely investigated in recent years as a potential cure for T1DM [9,12]. 
More than 1,500 diabetic patients have undergone pancreatic islet 
transplantation with 50–70 % of the patients remaining insulin- 
independent after 5 years [39]. Even though numerous studies have 
shown promising results in regard to reaching insulin independence 
after islet transplantation, low retention rates, cell survival and limited 
therapeutic potential have been reported [52,39,48], thus resulting in 
an increased need for islets or beta cells per transplant. 

Designing biomaterial systems that can mimic the native extracel-
lular matrix (ECM) to ensure high cell retention and protect the thera-
peutic cells, may improve cell survival and ultimately enhance the 
efficacy of cell therapeutic tools [15,41]. Besides serving as delivery 
platforms which support three-dimensional (3D) beta cell encapsula-
tion, these biomaterial systems may be engineered to exert drug delivery 
functions to overcome challenges such as hypoxia and foreign body 
response, and improve both cell survival and functionality, ultimately 
leading to enhanced therapeutic potential of the transplanted cells 
[9,12,42]. 

Cell delivery systems may be fabricated from numerous different 
biomaterials in various ways. The naturally occurring polymer, alginate, 
has been widely used for beta cell encapsulation, due to its quick and 
nontoxic gelation properties and corresponding low cytotoxicity. Algi-
nate alone, however, has been reported to possess limited mechanical 
strength; hence, complicating the transplantation and retrieval proced-
ure [13]. Therefore, alginate can ideally be mechanically reinforced to 
both improve the transplantation process and ensure complete graft 
retrieval in case needed [13,45]. Synthetic polymers, on the other hand, 
often have tuneable degradability, good mechanical properties, and 
high reproducibility [22]. Poly(L-lactide-co-ε-caprolactone) (PLCL) is a 
biocompatible co-polymer composed of polycaprolactone (PCL) and 
polylactic acid (PLA) and has tailorable degradation and mechanical 
properties, making it ideal for mechanical reinforcement [2,31]. 

Electrospinning is a fibre fabrication technique often applied in tis-
sue engineering and regenerative medicine, as it can be used to produce 
biocompatible scaffolds with nano-scale topography resembling the 
natural ECM using both naturally occurring and synthetic biomaterials 
[41]. Furthermore, electrospinning can straightforwardly incorporate 
drugs, making this fabrication method ideal as a drug delivery tool. 
[50,34,46]. Electrospun fibres have, furthermore, been used to me-
chanically reinforce hydrogels to obtain improved properties of the cell- 
laden systems. [12]. 

After the transplantation of biomaterial constructs, the therapeutic 
cells solely rely on oxygen diffusion for survival, as the constructs are not 
yet vascularized. Oxygen is diffusion limited to 100 µm and the 
biomaterial barrier often severely restricts the diffusion of oxygen and 
creates a hypoxic environment that limits the therapeutic potential of 
the transplanted cells [11,28,42]. As beta cells are highly sensitive to 

hypoxic environments due to their high metabolic activity [36,11], this 
is one of the key challenges to overcome in beta cell therapy. This 
challenge has been tackled in several ways, such as inducing vascular-
ization through the use of growth factors, encapsulating clusters in pre- 
vascularized environments, or by utilizing oxygenating compounds or 
constructs [25,42,44,47]. The vaascular endothelial growth factor 
(VEGF) is well-known for its angiogenic effect and is thus widely used to 
improve the vascularization process in vivo and thereby reduce the 
duration of the hypoxic environment surrounding the therapeutic cells. 
Weaver et al. have recently shown that a VEGF-laden hydrogel system 
could improve islet engraftment and increase the therapeutic outcome in 
a mouse model as a response to local delivery of VEGF [47]. Similar 
findings have been reported by Yin and colleagues, who developed a 
VEGF-conjugated alginate encapsulation device, that improved islet 
engraftment and function in response to induced vascularization. [51] 
VEGF-A is the most extensively studied protein of the VEGF family due 
to its crucial involvement in wound healing and tissue repair, as VEGF-A 
expression is upregulated in response to hypoxia in tissues. Notably, 
VEGF-A exists in multiple isoforms, with VEGF-A165 being the most 
biologically active and prevalent variant [29]. Developing a VEGF- 
releasing hydrogel may improve cell viability by speeding up the 
vascularization process. 

In this study, a biocompatible alginate hydrogel was mechanically 
reinforced using coaxial PLCL/GelMA/alginate nanofibres. The fibre 
core was composed of the mechanically robust PLCL and the fibre shell 
was made from the hydrophilic and biocompatible GelMa and alginate 
to ensure quick gelation and incorporation into the cell-laden hydrogel 
matrix. VEGF-A was incorporated into the hydrogel to induce vascu-
larization and the delivery function was quantified by a VEGF release 
and bioactivity study. Device morphology, swelling, degradation and 
mechanical properties were characterised by scanning electron micro-
scopy (SEM), material weight analysis, and compression and tensile 
tests, respectively. The hydrogel biocompatibility was investigated by 
assessing the viability and functionality of encapsulated INS-1E beta cell 
clusters. Our findings revealed that incorporation of coaxial nanofibres 
resulted in a mechanically reinforced alginate hydrogel. Moreover, the 
developed system displayed high beta cell survival after encapsulation. 
Additionally, we successfully incorporated VEGF into the system and 
confirmed its ability to induce endothelial cell sprouting in vitro. 

2. Methods 

2.1. Preparation of polymers 

Different polymer solutions were prepared one day prior to electro-
spinning to allow the complete dissolution of the materials. The fibre 
core solution was prepared by dissolving 16 % (w/v) PLCL (70:30 lactic 
acid: caprolactone, Resomer, Evonic) in 1,1,1,3,3,3-Hexafluoro-2-prop-
anol (Fisher Scientific) (HFIP). The fibre shell solution was composed of 
10 % (w/v) GelMA and 1 % (w/v) sodium alginate dissolved in HFIP. 
GelMA was prepared in-house in advance from porcine skin gelatine 
(Sigma Aldrich, Germany) (Supplementary figure S1). Firstly, 10 % 
(w/v) gelatine was dissolved at 60 ◦C in PBS (Sigma Aldrich, Germany) 
and left overnight under stirring conditions. Then, 10 % (v/v) meth-
acrylic anhydride (Sigma Aldrich, Germany) was added to the gelatine 
solution at a rate of 0.5 ml/min and allowed to react for 3 h at 50 ◦C 
under stirring conditions, before warm PBS was added to reach a 5X 
dilution. Hereafter, the GelMA solution was dialyzed at 50 ◦C under 
stirring conditions against distilled water using 14 kDa cut-off dialysis 
bags (Merck, Sigma Aldrich, Germany). Lastly, the GelMA solution was 
lyophilized. 
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2.2. Electrospinning 

Two syringes containing the core and shell solutions were connected 
to a coaxial needle (inner diameter: 0.7 mm, outer diameter: 1.8 mm), 
placed 11 cm from the collector drum. The electrospinning process was 
performed at room temperature with a constant polymer flow rate of 0.5 
mL/h and 15 kV. The flow rate was controlled by two independent sy-
ringe pumps (RS-232, World Precision Instruments, FL, USA). 

After electrospinning, the fibre mesh was cross-linked in milli-Q 
water containing 2 % CaCl2 and 0.1 % Igracure H2959 photoinitiator 
(Ciba Specialty Chemicals) for 10 min under 365 nm UV light. After 
cross-linking the fibres were washed in milli-Q water to remove excess 
cross-linking solution before they were lyophilized and kept at − 20 ◦C 
until further use. Prior to any experiments, the fibres were sterilized 
under 254 nm UV for 30 min on each side. 

2.3. Hydrogel formation 

To manufacture the alginate hydrogels used for the following studies, 
30 µL (unless otherwise specified) 2 % (w/v) PRONOVA SLG100 algi-
nate (NovaMatrix, Norway) was deposited in a casting mould with the 
following dimensions: H:1.8 mm, Ø:4.6 mm. The alginate solution was 
cross-linked for 2 min by adding 30 µL 100 mM CaCl2 on top, before the 
hydrogels were removed from the casting moulds and submerged in the 
100 mM CaCl2 solution to ensure full cross-linking of the entire system. 
Then the hydrogels were immediately transferred to buffer or media (as 
described according to each study) and incubated at 37 ◦C. The fibre- 
laden hydrogel was prepared by inserting an electrospun fibrous disk 
(diameter: 4 mm) into the alginate solution using forceps, prior to 
crosslinking of the system. The dry mass ratio between the fibre and the 
alginate of the composite system was 1:6.7. Table 1 presents an over-
view of the different hydrogel groups used for the experiments. 

2.4. Swelling and degradation 

To evaluate the physical properties of the alginate hydrogel and the 
coaxial fibres, swelling ratio and degradation profile were investigated. 
Hydrogels with a volume of 50 µL and 12 mm fibre scaffolds were used 
for both swelling and degradation studies. The swelling ratio was 
examined by immersing hydrogels and fibres in Hanks’ Balanced Salt 
solution (Merck, Sigma Aldrich, Germany) (HBSS) supplemented with 3 
mM CaCl2 and incubating them at 37 ◦C. At every time point, the wet 
weight (Ww) was measured, and samples were frozen. After finalizing 
the experiment, the samples were lyophilized for 24 h and the dry 
weight was measured (Wd). The swelling ratio was calculated at 0, 2, 4, 
24, 48, 72, 168, and 336 h for N = 3 using the following equation: 

Swellingratio =
Ww − Wd

Wd
(1)  

The degradation profiles were characterised by immersing hydrogels 
and fibres in PBS (without Ca and Mg) and incubating them at 37 ◦C. At 
every time point, samples were frozen and after the experiment, 
lyophilized for 24 h before Wd was measured. Degradation was calcu-
lated at 0, 3, 8, 24, 48, 120, 192, 336, and 672 h for N = 4 using the 

following equation: 

Degradation =
Wd

Wd,0h
× 100 (2)  

2.5. Scanning electron microscopy 

The fibre morphology and hydrogel porosity were examined using 
scanning electron microscopy (TM3030Plus, HITACHI, Japan) (SEM). 
The SEM was operated with an acceleration voltage of 15 kV and both 
backscattered and secondary electrons were used for imaging. The 
morphology was obtained using ImageJ software by measuring fibre 
diameter or pore size on each image (N = 3). 

2.6. Mechanical studies 

The mechanical tensile and compression behaviour of pure alginate 
hydrogels and fibre-reinforced hydrogels were characterised using an 
Instron mechanical tester (model 5967, U.K). Hydrogels were prepared 
according to section 2.3, one day in advance of the mechanical test and 
incubated in RPMI 1640 (Gibco, Thermofisher, MA, USA) media at 
37 ◦C. For the compression tests, a constant compression rate of 0.5 mm/ 
min was applied and the tests were performed using a 50 N load cell for 
N = 13. To conduct the tensile testing, 150 µL alginate solution was 
transferred to a mould (dimensions: L:30, H;1, W:5 mm) to create 
hydrogels suitable for the testing. Fibres were cut using a scalpel to 
obtain fibre sheets that fitted inside the hydrogels. To understand the 
mechanical properties of the electrospun nanofibres, pure nanofibres 
were likewise subjected to tensile testing. The thickness and weight were 
measured for each sample prior to the test. The tests were performed 
using a 50 N load cell and a constant tensile speed of 1 mm/min. For the 
pure fibres, the speed was set to 10 mm/min. For all three conditions (N 
= 5–6) a gauge length of 10 mm was applied. Young’s modulus, 
toughness, breakage strain and ultimate stress were calculated from the 
obtained stress–strain curves. The compression modulus was calculated 
as the slope from 15-25 % strain and the tensile modulus was calculated 
as the slope from the elastic region. The toughness was calculated as the 
area under the curve, whereas the strain breakage was determined as the 
maximum strain at the breakage point and the ultimate stress as the 
maximum stress before breakage. 

2.7. VEGF studies 

2.7.1. VEGF release 
Hydrogels of 50 µL containing 100 ng VEGF were submerged in 1 mL 

0.1 % bovine serum albumin (BSA)/PBS to assess the release kinetics. At 
each time point, 150 µL PBS solution was transferred to − 20 ◦C and 
replaced with 150 µL fresh 0.1 %BSA/PBS to keep the buffer volume 
constant at 1 mL. Time points were selected to be 3 h, 5 h, 8 h, 24 h, 48 h, 
7d, 14d, 21d, and 35d. Prior to the start of the experiment, two gels were 
dissolved using alginate lyase (A1603-100MG, Sigma Aldrich), to 
quantify the initial amount of VEGF present in the hydrogel. The algi-
nate lyase was diluted in PBS/BSA (0.1 % w/v) to reach 0.05 % (w/v) 
and the gel was emerged and incubated at room temperature for 30 min 
or until the gel was completely dissolved. VEGF was quantified by 
VEGF165 ELISA kit (Human) (OKCDO4194-96, BioSite). The ELISA was 
carried out according to standard manufacturing protocol. 

The accumulated VEGF release (Q) was calculated according to the 
following equation: 

Release =
V*Cn + Vs*

∑n− 1
i=1 Ci

m
*100% (3)  

Where V is the reaction volume, Vs is the sampling volume, Cn is the 
concentration in the sample well at the timepoint n, and Ci is the con-
centration at previous time points. 

Table 1 
Overview of different hydrogel test groups.  

Test groups Explanation 

No Fibre Alginate hydrogel without fibres 
With Fibre Alginate hydrogel with fibres incorporated 
Unencapsulated Unencapsulated IN-1E clusters used as controls 
Alginate 

hydrogel 
Encapsulated INS-1E beta cell clusters encapsulated in the 
alginate hydrogel 

VEGF-laden gel Alginate hydrogel loaded with VEGF (no cells encapsulated) 
Control gel Alginate hydrogel with no VEGF (no cells encapsulated)  
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2.7.2. HUVEC sprouting and VEGF bioactivity 
Human umbilical vein endothelial cells (HUVECs) were cultured in 

coculture with human induced pluripotent stem cells derived mesen-
chymal stromal cells (hIPSC-MSCs) to assess the effect of VEGF. EGM 
Endothelial Cell Growth Medium BulletKit (Lonza) was used to maintain 
the HUVECs and low glucose DMEM (Merck, Sigma Aldrich, Germany) 
supplemented with 10 % FBS 100 U/mL penicillin, and 100 μg/mL 
streptomycin was used for hIPSC-MSC maintenance. HUVECs were used 
between p6-p9 and hIPSC-MSC were used between p8-p10. 

To evaluate the bioactivity of the released VEGF, HUVEC sprouting 
was first evaluated in response to VEGF to find the optimum concen-
tration for sprouting. HUVECs and hIPSC-MSCs were harvested and 
seeded in a 96-well plate at a ratio of 1:4 (3,000 HUVEC:12,000 hIPSC- 
MSC per well) in EGM growth medium. 24 h after seeding, 0–60 ng/mL 
rhVEGF 165 (R&D systems, MN, USA) or medium from VEGF-releasing 
hydrogel cultures were added to the medium. The cells were cultured at 
37 ◦C, 5 % CO2, and 90 % humidity and the medium was replaced every 
2–4 days. 

After 9–11 days of culture, the cells fixed using 4 % para-
formaldehyde (Sigma Aldrich, Germany). To prevent unspecific anti-
body binding, the cells were blocked with 1 % BSA in PBS for 45 min 
before they were rinsed with PBS. 5 µg/mL anti-CD31, rabbit polyclonal 
antibody (abcam, ab32457, UK) in 1 % BSA/PBS was added to the wells 
and left at 4 ◦C overnight. The cells were rinsed with PBS prior to 
staining with 1:1000 Anti-rabbit 594 IgG (abcam, ab150076, UK) in 1 % 
BSA/PBS for 1 h at room temperature. Lastly, the cells were rinsed with 
PBS and stained with Hoechst 33,342 (Invitrogen, ThermoFischer, MA, 
USA) for 10 min and imaged using EVOS™ M7000 Imaging System 
(Invitrogen, ThermoFischer, MA, USA). The CD31 stained area of the 
entire well was quantified using ImageJ software (N = 3). 

2.8. Beta cell culture, cluster formation and encapsulation 

To investigate cell viability and performance in an encapsulated 
environment, INS-1E reporter cells were encapsulated in the alginate 
hydrogels. The INS-1E reporter cell line (hereafter called INS-1E cells) is 
derived from genetically modifying the INS-1E rat insulinoma cell line 
[23,35] to co-secrete luciferase in a 1:1 ratio with insulin as described by 
[8] and was used for all beta cell experiments. 

The INS-1E cells were cultured in growth medium containing RPMI 
1640 (Gibco, Thermofisher, MA, USA), 10 % heat-inactivated Fetal 
Bovine Serum (FBS) (Gibco, Thermofisher, MA, USA), 100 U/mL peni-
cillin (Gibco, Thermofisher, MA, USA), 100 μg/mL streptomycin (Gibco, 
Thermofisher, MA, USA), and 50 μM 2-mercaptoethanol (Gibco, Ther-
mofisher, MA, USA). 

To mimic the nature of pancreatic islets, INS-1E clusters were formed 
from single cells. The clusters were formed by transferring 7.5 × 106 

cells in 10 mL growth medium containing 10 µM Rock-Inhibitor (Roche) 
and 50 μg/mL DNase (Sigma Aldrich, Germany) to a non-adherent 10 
cm petri dish. The cells were cultured at 70 RPM for two days to obtain ≈
1000 islet equivalent (IEQ)/mL. INS-1E cell clusters were counted 
(Automatic Islet Cell Counter, Biorep Technologies, FL, USA) and 
encapsulated in alginate. Clusters were encapsulated with a density of 
10,000 IEQ/mL and mixed with alginate before the hydrogels were 
cross-linked according to section 2.3. 

2.9. Cell viability 

To evaluate the cell viability up to 7 days after encapsulation in 
alginate hydrogels (without fibres), the encapsulated clusters were 
either stained with live/dead staining or subjected to the colourimetric 
metabolic assay Cell Counting kit-8 (CCK8) (Dojindo, Japan). CCK8 was 
conducted on unencapsulated and encapsulated cells according to the 
manufacturer’s protocol. An incubation time of 3 h was used for the 
study and the absorbance was measured using Varioskan LUX Multi-
mode Microplate Reader (ThermoFisher, MA, USA). For live/dead 

staining, cell-laden hydrogels and unencapsulated cells were stained 
with 2 µM Calcein-AM (Invitrogen, MA, USA), 2 µM ethidium 
homodimer-1 (Invitrogen, MA, USA) and 2 µM Hoechst 33,342 (Fisher 
Scientific, MA, USA) in RPMI 1640. After incubation for 1 h, the staining 
solution was replaced with RPMI 1640, and the cells were imaged using 
an Olympus IX81 Inverted Fluorescence microscope (Olympus, Japan). 

2.10. Cluster functionality 

Cluster functionality was assessed using glucose-stimulated insulin 
secretion (GSIS) assay. GSIS was conducted on encapsulated INS-1E 
clusters to confirm their functionality after encapsulation. 

One day after encapsulation, encapsulated and unencapsulated INS- 
1E clusters were transferred to a 96-well insert plate (40 µm filter plate, 
Merck, NJ, USA). Prior to the GSIS test, clusters were washed twice with 
Krebs Ringer Buffer with HEPES (KRBH, VWR, PA, USA) supplemented 
with 0.2 % (w/v) human serum albumin (Sigma Aldrich, Germany), 2 
mM glutaMAX (Gibco, Thermofisher, MA, USA) (referred to as KRBH 
solution), and 2 mM glucose (Sigma Aldrich, Germany). The KRBH 
buffer contains 119 mM NaCl, 4.7 mM KCl, 2.5 mM CaCl2, 1.2 mM 
MgSO4, 1.2 mM KH2PO4, and 20 mM HEPES. After the washing steps, 
all clusters were exposed to a low glucose solution (KRBH solution 
supplemented with 2 mM glucose) for 1 h prior to treatment with a high 
glucose solution (KRBH solution supplemented with 20 mM glucose) for 
another hour. Then, clusters were collected in 2 mL lysis buffer con-
taining 1 M ammonium hydroxide (Acros Organics, Fisher Scientific, 
Belgium) and 0.2 % (v/v) Triton X-100 (Sigma Aldrich, Germany) and 
stored at − 20 ◦C before they were lysed using sonication and used for 
DNA quantification. The GSIS was conducted with N = 6 replicates. The 
supernatants from the two treatments were assayed for their luciferase 
content which was quantified using Nano-Glo Luciferase Assay (Prom-
ega, WI, USA) by following the manufacturer’s guidelines. Samples were 
incubated for 10 min before they were analyzed for their luminescence 
intensity using a Varioskan LUX Multimode Microplate Reader (Ther-
moFisher, MA, USA). 

The DNA content was quantified to normalize the luciferase secre-
tion obtained from the GSIS assay. DNA quantification was conducted 
using the fluorescence-based Quant-iT PicoGreen dsDNA assay kit 
(Invitrogen Thermofisher, MA, USA) by following the manufacturer’s 
guidelines. The DNA standard was used to prepare a standard curve 
ranging from 1 to 600 ng DNA/mL. All samples were incubated at room 
temperature without light for 3 min, prior to measuring sample fluo-
rescence using the Varioskan LUX Multimode Microplate Reader (exci-
tation 485 nm, emission 525 nm). 

3. Results and discussion 

3.1. Hydrogel and fibre fabrication 

In order to manufacture the fibre-reinforced hydrogel, PLCL/GelMA/ 
Alginate nanofibres were electrospun using a coaxial needle (Fig. 1A) to 
obtain hydrophilic fibres in a convenient one-step manner. The hydro-
philic shell played a crucial role in facilitating the integration of fibres 
into the alginate hydrogel. 

The fibres with an average diameter of 892.7 ± 164.8 nm were found 
to be homogeneously distributed in the fibre patch and a bead-free 
morphology was observed (Fig. 1B and C), which correlates with 
what has previously been reported [2]. Hydrogel porosity is crucial in 
supporting both cell survival and functionality upon encapsulation. The 
pores were found to be interconnected (Fig. 1D), which is vital for 
allowing sufficient fluid exchange and ensuring the transport of nutri-
ents, oxygen, insulin, and waste products. The average pore diameter 
(Fig. 1E) was found to be 178 ± 95 µm, which is within the optimal pore 
size range of 50 to 300 µm for inducing vascularization inside the 
hydrogel [10,16]. It is noted that pore size measurement based on SEM 
imaging after lyophilization is not accurate, since the lyophilization 
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process, such as freezing rate, influences the pore size after ice crystals 
sublimation. 

3.2. Physical and mechanical characterisation 

The fibrous alginate hydrogel system was physically and mechani-
cally characterised to investigate its suitability for beta cell therapy in 
terms of encapsulation and transplantation. 

The mechanical properties of alginate alone have previously been 

reported to be inadequate for transplantation purposes [12]. To achieve 
mechanical robustness, we reinforced the hydrogels with mechanically 
robust PLCL/GelMa/Alginate core–shell nanofibers (Supplementary 
Figure S2). Mechanical tensile tests were conducted to compare the 
fibrous hydrogels with pure alginate hydrogels (Fig. 2A and Supple-
mentary Figure S3). The Young’s modulus was found to be significantly 
improved by the addition of the nanofibres from 6.3 ± 0.8 kPa to 73.5 ±
24.6 kPa, making the system more elastic and capable of withstanding 
tensile stress. Furthermore, the nanofibres were found to increase the 

Fig. 1. Hydrogel and fibre fabrication and characterisation. A) The electrospinning set-up used to manufacture coaxial nanofibres. The nanofibres were embedded in 
alginate hydrogels encapsulating beta cell clusters. VEGF was incorporated into the device for delivery. B) SEM image of the coaxial fibres, where the fibre diameter 
C) was quantified. D) SEM image of the porosity of a lyophilized hydrogel. E) Pore diameter quantified from the hydrogel SEM image. 

Fig. 2. Physical and mechanical device characterisation of hydrogels with and without embedment of fibres. A) Stress–strain curve obtained by mechanical tensile 
testing and the calculated tensile modulus and toughness for n = 5 replicates. B) Stress–strain curve obtained by the mechanical compression test and the coherent 
compression modulus. The compressions were run until 80 % strain for n = 13 replicates. C) The calculated swelling ratio monitored for 14 days for both alginate 
hydrogels and PLCL/GelMA/Alg coaxial fibres for n = 3 replicates. D) Dry weight of the fibre and hydrogel monitored for 28 days and E) the corresponding 
degradation profile for n = 4 replicates. Data is presented as the mean ± standard deviation, where the individual dots in the mechanical tests represent sam-
ple replicates. 
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toughness of the hydrogel from 0.09 ± 0.05 kJ/m3 to 0.16 ± 0.08 kJ/m3 

which makes the hydrogel more resistant to fracture when stressed. 
These observations confirm that the incorporation of nanofibres signif-
icantly improved the mechanical properties of the encapsulation system, 
creating a device that is more likely to be successfully transplanted and 
retrieved without breakage in case of any health concerns. Like Young’s 
modulus and toughness, the ultimate stress was found to be significantly 
improved from 1.0 ± 0.3 kPa to 3.3 ± 1.5 kPa by the addition of the 
nanofibres, whereas the strain breakage significantly decreased from 
15.8 ± 4.4 % to 7.4 ± 1.9 % (Supplementary Figure S3). Besides 
tensile testing, the fibre-laden hydrogels were compared to hydrogels 
without fibres in terms of mechanical compression (Fig. 2B and Sup-
plementary Figure S4) to ensure that the compression properties were 
compatible with the transplantation sites. [17]. The compressive 
modulus of the fibre-laden hydrogel and the pure hydrogel was found to 
be 63.1 ± 47.3 kPa and 62.8 ± 22.0 kPa, respectively. Pancreatic islets 
or beta-cell clusters have been transplanted in rodents to a wide range of 
sites such as intrahepatic sites, intraperitoneal space, kidney capsules, 
and the subcutaneous space to find the optimal transplantation site for 
clinical purposes. [4,24,12,27,37]. Most of these tissues have an elastic 
modulus of approximately 10–100 kPa [17], making the compressive 
modulus of both the fibre-laden and pure hydrogel ideal for beta-cell 
transplantations. Like the compressive modulus, toughness, strain 
breakage, and ultimate stress were not significantly affected by the 
incorporation of the nanofibres (Supplementary Figure S4). 

The native tissue is highly hydrated which makes the hydration of a 
biomaterial system a critical factor to investigate to ensure high cell 
viability [19]. Thus, the swelling ratio of both the alginate hydrogel and 
PLCL/GelMa/Alginate nanofibres were investigated (Fig. 2D). The 
swelling ratio of the alginate hydrogel was found to reach its maximum 
swelling ratio of 34.1 ± 1.7 after 24 h before it decreased and remained 
stable around 27 (Fig. 2D). This observation correlates with other algi-
nate systems [19] and is within the range of biocompatible commer-
cially available hydrogel systems such as HyStem and Glycosil. The 
maximum swelling ratio of the fibres, on the other hand, was found to be 
7.4 ± 0.6 after 48 h, before it decreased and remained stable at around 
4.5 (Fig. 2D). The swelling ratio of the fibres was, as expected, found to 

be lower compared to the hydrogel, due to the hydrophobic PLCL 
comprising 60 % of the total fibre mass. 

Hydrogel and fibre degradation were investigated as polymer weight 
loss as a function of time in a 28-day study. Both device components 
were incubated separately in PBS (without calcium and magnesium) and 
the dry weight was monitored at specific time points (Fig. 2E). The 
hydrogels remained stable for 48 h before starting to degrade (Fig. 2F). 
After 14 days, all hydrogels were completely degraded. The coaxial fi-
bres, on the other hand, were slowly degraded during the entire 
experiment, however, 60 % of the fibre weight remained after 28 days of 
incubation. Complete degradation of PLCL (PLCL 70:30) due to hydro-
lysis has been reported to last up to a year [18], thus indicating that the 
40 % fibre weight loss most likely was due to GelMA/Alginate shell 
degradation, which corresponds to 40 % of the total fibre mass. The 
hydrogel and fibre degradation will be discussed further in the VEGF 
release section. 

3.3. Alginate biocompatibility 

To confirm high biocompatibility of alginate, cell viability and 
functionality were investigated for clusters encapsulated in pure algi-
nate. From the live/dead stain on day 1(Fig. 3A), it was evident that the 
cluster viability of the encapsulated clusters was high, and that alginate 
was fully comparable to the unencapsulated culture condition. This 
observation was further confirmed by CCK-8 viability measurements up 
to day 3 (Fig. 3B), which likewise showed viable and proliferating cells 
comparable to unencapsulated clusters, verifying great beta-cell 
compatibility of the hydrogel. The metabolic activity of the encapsu-
lated clusters was found to increase for the entire experiment, showing 
viable cells for at least 7 days. On days 5 and 7, however, the encap-
sulated clusters were found to be less metabolically active compared to 
unencapsulated clusters. This may be explained by the cell proliferation 
being physically restricted compared to unencapsulated cells or by the 
lack of oxygen in the centre of the hydrogel [11,42]slowing down the 
metabolic activity, or simply affecting the viability of the clusters in the 
middle of the hydrogel. When developing a beta-cell encapsulation de-
vice, it is essential that the cells not only survive but also remain 

Fig. 3. Cell viability and functionality of alginate encapsulated INS-1E clusters. A) Live/dead stain of encapsulated and unencapsulated clusters on day 1 for n = 4 
replicates. The green colour represents living cells, and the red colour represents dead cells. B) CKK-8 measurements of unencapsulated clusters and clusters 
encapsulated in alginate. Data is normalized to day 1 for n = 6 replicates. C) Functionality testing using GSIS comparing unencapsulated and encapsulated clusters on 
day 1. The black columns represent the first stimuli with low glucose solution and the grey columns represent the second stimuli using high glucose. Data is 
normalized to the DNA content for n = 6 replicates. Data is presented as the mean ± standard deviation. (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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functional after encapsulation. To assess this, unencapsulated and 
encapsulated INS-1E clusters were exposed to high and low glucose 
concentrations in a GSIS test. As the INS-1E cells secrete luciferase in a 
1:1 ratio with insulin [8], luciferase was quantified and used as a mea-
sure of functionality. 

Fig. 3C illustrates the luciferase secretion as a surrogate of insulin 
secretion in response to glucose stimulation. As expected, the luciferase 
secretion was low, when cells were stimulated with low glucose, before 
it increased significantly after exposing the cells to a high glucose con-
centration for 1 h. Cells encapsulated in alginate for 1 day, however, 
secreted significantly less luciferase compared to the unencapsulated 
cells during stimulation with high glucose. As great cluster viability was 
confirmed in alginate hydrogels on day 1, it could indicate that the 

hampered luciferase secretion was a consequence of diffusion limita-
tions of glucose and luciferase enzyme. Hampered functionality due to 
encapsulation has previously been reported for clusters of encapsulated 
hydrogels. [7] The diameter of the encapsulation device has been found 
to greatly affect the total amount of released insulin. Larger devices 
(>1800 µm) have been found to secrete less insulin compared to smaller 
devices (<700 µm) and unencapsulated cells.[7] The diameter of the 
alginate device was 4550 µm, which therefore could explain the 
decreased luciferase secretion of alginate-encapsulated clusters 
compared to unencapsulated clusters. A way to overcome this issue 
could be to redesign the hydrogel shape and decrease the diameter to 
improve the diffusion limitation. An example of this can be found by 
Ernst et al., who developed a toroidal-shaped hydrogel, which was found 

Fig. 4. VEGF incorporation, release and function. A) VEGF dose–response study conducted in HUVEC and iPSC-derived MSC cocultures. The blue staining represents 
Hoechst nuclei staining, whereas the red stain represents CD31 positive cells. B) CD31 positive cells on a stitched image showing the entire culture well for n = 2C) 
Release kinetics of VEGF for n = 3 replicates. D) CD31 positive cells on a stitched image showing the entire culture well. HUVEC and iPSC-derived MSC were 
cocultured in media from gels with or without VEGF. E) The total CD31 positive area of the images in D) for n = 7 replicates. Data is presented as the mean ±
standard deviation. (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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to improve diffusion throughout the entire device. [12] Another 
approach to overcome the diffusion barrier could be to increase the 
porosity of alginate. Lui and co-workers developed a porous alginate 
encapsulation capsule using polyethene oxide as a pore-making agent 
and reported that the insulin secretion from encapsulated beta cells was 
comparable to the one of unencapsulated beta cells. [32] 

3.4. VEGF release and sprouting 

The angiogenic growth factor VEGF was incorporated into the 
hydrogel to induce vascularization and thereby improve cell survival 
upon transplantation. Firstly, a VEGF dose–response study was con-
ducted to confirm that the HUVECs were an appropriate model for 
assessing VEGF bioactivity and finding the optimum VEGF concentra-
tion to stimulate in vitro sprouting (Fig. 4A and B). Then, to explore the 
incorporation of the protein into the alginate hydrogel and assess the 
VEGF release kinetics, a release study was conducted (Fig. 4C). Lastly, 
the bioactivity of the released VEGF (Fig. 4D and E) was investigated to 
confirm its biological effect on endothelial cells. 

It is well known that MSCs induce HUVEC sprouting by supporting 
endothelial cell tubular network formation. The full mechanism of this 
process is not yet completely understood; however, MSCs are thought to 
secrete growth factors such as VEGF and other cytokines to stimulate the 
angiogenic process [53,5]. Because of this, HUEVCs were cocultured 
with hIPS-MSC in growth media containing 0–60 ng VEGF/mL and 
stained for the endothelial cell marker CD31, to find the optimum 
concentration for sprouting (Fig. 4A and B). The HUVECs were found to 
change morphology and create CD31-positive cell clusters with tubular 
networks when increasing the concentrations of VEGF. No CD31- 
positive cell clusters were found in the cells cultured without VEGF, 
whereas these clusters were pronounced in all conditions in the presence 
of VEGF. A VEGF concentration of 40 ng/mL was found to give rise to 
the largest HUVEC clusters. This is in accordance with what has previ-
ously been reported for VEGF-stimulated sprouting by HUVECS [1]. 
Thus, 40 ng/mL VEGF was the aim for the VEGF release study and 100 
ng VEGF was incorporated into each scaffold. 

From the release study (Fig. 4C), a burst release was observed within 
the first 8 h where approximately 75 % of the total VEGF amount was 
released. After 14 days the accumulated VEGF release reached its 
maximum with approximately 100 % of the total incorporated VEGF 
being released. The subsequent observed decline was most likely 
attributed to the degradation of VEGF degradation during the incuba-
tion period, as VEGF is known to degrade at physiological temperatures 
with a half-life of 96 min in acellular solutions [43]. The VEGF release 
from the hydrogel follows a diffusion-based process, which relies on the 
hydrogel properties, especially its porosity. A burst release of VEGF was, 
therefore, expected, as the hydrogel pores were found to be inter-
connected with an average pore size of approximately 180 µm and VEGF 
is 23 kDa (homodimer form is 46 kDa). [20] It has previously been re-
ported that an initial burst release of VEGF with high concentrations, 
followed by a decreasing concentration over a 4-week period yields 
optimal sprouting conditions. [40,38] Though the release curve exhibits 
an initial burst release followed by a gradual release for 14 days, the 
release kinetics could be further improved. As electrospun fibres are 
known for their excellent drug delivery properties [26,33,50], one 
approach to enhance the sustained release could be to incorporate VEGF 
into the fibres in addition to the hydrogel. This modification could 
potentially extend the duration of the release and thus improve the 
overall control of the VEGF delivery. 

Compared to the degradation study, where the gels were degraded 
after 14 days, the gels in the release study were still intact after 34 days. 
This was most likely due to the presence of calcium ions in the culture 
media [54]. Calcium ions ensure hydrogel crosslinking and presumably 
stabilise the system. To test this, a degradation study was carried out in a 
buffer supplemented with 3 mM CaCl2. After a period of 14 days, the gels 
remained intact, with no observed degradation in either their dry weight 

or morphology (Supplementary Figure S5). The mass of the fibres, 
however, increased over time, which might be explained by the buffer 
salts accumulating and adding to the dry weight after lyophilization. 
The morphology of the fibres remained mostly unaffected by the one- 
month incubation, similar to the observed morphological behaviour of 
the hydrogel (Supplementary Figure S5). 

To confirm bioactivity, HUVEC cocultures were treated with super-
natant from cultured hydrogels loaded with VEGF, control hydrogels 
without VEGF and pure media containing 40 ng/mL VEGF (Fig. 4D and 
Supplementary Figure S6). A similar sprouting pattern was observed in 
both conditions treated with supernatant from VEGF-laden hydrogels 
and VEGF-supplemented media, indicating that the released VEGF was 
indeed bioactive and was not affected by the incorporation into the 
hydrogel. No sprouting was observed in the control hydrogel condition. 
(Fig. 4D and E) The HUVEC cluster area in the bioactivity study 
(Fig. 4D) was observed to be smaller in comparison to the dose–response 
study (Fig. 4B). This can most likely be attributed to the degradation of 
VEGF at 37 degrees. In the dose–response study, VEGF-supplemented 
media was kept at 4 degrees, whereas the VEGF-supplemented media 
control in the bioactivity study was incubated at 37 degrees to ensure 
comparable treatment across all samples and controls. 

4. Conclusion and perspectives 

Beta cell delivery has shown promising results for treating type 1 
diabetes. However, significant graft loss has been observed post- 
transplantation due to challenges such as hypoxia and lack of vascu-
larization. [11,47] To overcome this challenge, we developed a vascular 
endothelial growth factor (VEGF)-releasing fibre-reinforced alginate 
encapsulation device. Due to alginate’s weak mechanical properties 
[12], electrospun coaxial fibres were incorporated into the hydrogel to 
yield a mechanically reinforced system. The Young’s modulus was 
improved by more than 10-fold and the toughness by almost 2-fold by 
the addition of fibres, creating a mechanically reinforced encapsulation 
device. The average pore size of the hydrogel was found to be approx-
imately 180 µm, which is within the optimal range for inducing vascu-
larization inside the device. The alginate hydrogel system was, 
furthermore, found to maintain great viability of encapsulated beta 
cells. In addition, the encapsulated beta cells were functional and 
responded to changes in glucose concentrations; however, this func-
tionality was observed to be diminished when compared to unencap-
sulated clusters. Investigating whether this reduction in functionality 
has a physiological impact in vivo is crucial. Nevertheless, it underscores 
the significance of enhancing the diffusion properties of the hydrogel to 
achieve optimal therapeutic outcomes with minimal cell usage. Lastly, 
100 % of the incorporated and biologically active VEGF was observed to 
be released during a two-week period, making the alginate system a 
promising candidate for improving cell survival at the transplantation 
site by inducing the vascularization process while simultaneously 
providing a biocompatible delivery vehicle for beta cells. The in vivo 
effect of the VEGF-laden device will be the next focus to be investigated 
to fully confirm the physiological relevance of the developed device. 

One of the complex challenges of developing a clinically suitable 
implant is the increased immune response associated with well- 
vascularized implants. This study focused on ensuring cell vasculariza-
tion to maintain cell functionality, a critical first step towards a thera-
peutically relevant device. Future work will aim to mitigate cellular 
overgrowth and foreign body responses by e.g. using hypoimmunogenic 
stealth beta cells in combination with modified alginate, which have 
shown promise in reducing these issues [30,6,21]. Chemically modified 
alginate, in particular, has been found to lessen inflammatory responses 
and improve the viability and function of encapsulated cells, offering a 
pathway to enhance the therapeutic outcome of such devices. [30] 
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