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 Although regarded as a promising treatment for type 1 diabetes, clinical islet 
transplantation in the portal vein is still hindered by a low transplantation 
outcome. Alternative transplantation sites have been proposed, but the sur-
vival of extra-hepatically transplanted islets of Langerhans critically depends 
on quick revascularization after engraftment. This study aims at developing 
a new 3D scaffold platform that can actively boost vascularization and may 
fi nd an application for extra-hepatic islet transplantation. The construct con-
sists of a 3D ring-shaped polycaprolactone (PCL) scaffold with heparinized 
surface to electrostatically bind vascular endothelial growth factor (VEGF), 
surrounding a hydrogel core for islets encapsulation. Heparin immobilization 
improves the amount of VEGF retained by the construct, up to 3.6 fold, com-
pared to untreated PCL scaffolds. In a chicken chorioallanthoic membrane 
model, VEGF immobilized on the construct enhances angiogenesis in close 
proximity and on the surface of the scaffolds. After 7 days, islets encapsulated 
in the alginate core show functional response to glucose stimuli comparable 
to free-fl oating islets. Thus, the developed platform has the potential to sup-
port rapid vascularization and islet endocrine function. 

  1.     Introduction 

 The ability of islets of Langerhans to main-
tain their endocrine function is greatly 
infl uenced by a suffi cient supply of oxygen 
and nutrients, which is normally main-
tained via a dense microvascular network 
within the islets. [ 1 ]  Normally, islets of 
Langerhans receive 5%–15% of the total 
pancreatic blood fl ow, which is extraordi-
nary since they make up only 1%–2% of 
the total pancreatic tissue volume. [ 2 ]  Clin-
ical islet transplantation (CIT) involves the 
isolation of islets from the surrounding 
exocine tissue in a donor pancreas, by the 
combination of enzymatic digestion and 
mechanical disruption followed by den-
sity centrifugation to purify the exocrine 
tissue. [ 3,4 ]  During this procedure, the pan-
creatic islet cells can lose their connection 
with the surrounding islet extracellular 
matrix due to enzymatic degradation. Con-
sequently, the native microvasculature is 

disrupted. [ 5 ]  After their isolation and transplantation, islets can 
remain avascular for several days. [ 1 ]  An inadequate blood supply 
and delayed revascularization can induce islet necrosis, which 
ultimately leads to loss of function and lowers the survival of 
the transplanted cells. [ 1 ]  Together with the instant blood medi-
ated infl ammatory reaction, high concentrations of immuno-
suppresive drugs, high lipid and glucose concentrations, and 
mechanical stress, the lack of proper revascularization is one 
of the reasons why most islets are lost within the fi rst few days 
after intrahepatic transplantation. [ 6,7 ]  

 To overcome the limitation of CIT, several alternative trans-
plantation sites studied over the past decade, such as the renal 
capsule, an omental pouch, the intraperitoneum and subcutis, 
have been used with varying degree of success. [ 8,9 ]  Several dif-
ferent particular drawbacks are associated with each of these 
locations. The renal capsule is very thin and easy to tear com-
pared to other locations, which makes transplantation of a large 
quantity of islets in human patients an extremely complicated 
intervention. Moreover, surgical access is diffi cult and not easily 
translatable to human clinical applications. [ 8 ]  The omental 
pouch and the peritoneum require an even higher number 
of islets to be transplanted compared to other sites. [ 8,9 ]  At this 
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location, islets cannot be easily confi ned in a specifi c area, 
leading to distribution or migration over a large surface across 
the peritoneum. [ 8 ]  The subcutaneous location suffers from a 
high infl ammatory response and usually lacks proper vascular 
access, which means that issues like long term oxygen and 
nutrient diffusion need to be addressed in an active manner. [ 9 ]  
To further optimize islets transplantation at these alterna-
tive sites, scaffolds are often needed to provide confi nement 
and mechanical protection to the transplanted islets. [ 10,11 ]  Fur-
thermore, the use of such scaffolds can provide a supporting 
environment to convert inhospitable locations to suitable 
implantation sites. [ 11 ]  The main limitation of these scaffolds, 
however, is that they need to be quickly revascularized in order 
to provide the necessary supply of nutrient and oxygen to the 
transplanted tissue. 

 The capacity to induce construct revascularization is critical 
for engineering of complex tissues and organs of a clinically 
relevant size. In diabetes, and in general for scaffold-based 
regeneration of a variety of tissues, different strategies have 
been investigated. Revascularization of tissue-engineered con-
structs has been attempted by using either endothelial cells 
(ECs), [ 12 ]  endothelial progenitor cells, [ 13 ]  or embryonic stem 
cells [ 14 ]  to support the formation of new vasculature. An array 
of sponge-like scaffolds has been made from polymers, like 
PLLA and PLGA, using particulate leaching to create macropo-
rous structures which can support the ingrowth of blood ves-
sels. [ 14,15 ]  Polyethylene glycole based hydrogels in combination 
with glycosaminoglycans, [ 16–18 ]  and other synthetic and natural 
hydrogels, were used as growth factor delivery vehicles. These 
growth factor loaded hydrogels were shown to sustain a con-
trolled release of growth factors in time, to support in vitro cell 
proliferation and new blood vessels formation in vivo. Due to 
its interaction with several growth factors, fi brin glue gel was 
also used as a controlled release system for vascular endothe-
lial growth factor (VEGF), basic fi broblast growth factor (bFGF), 
and transforming growth factor beta. [ 19 ]  Gold, [ 20 ]  glass, and 
silica substrates [ 21 ]  have been used for micro contact printing, 
photolithography, and laser writing to provide patterned sub-
strates capable of inducing directional growth of endothelial 
cells. [ 22 ]  Despite having showed promising results in terms of 
capillary and micro vasculature formation, these approaches 
may be limited when aiming at the regeneration of complex 
vessel networks for whole organs due to a limited control over 
the spatial presentation of growth factors in 3D. Other surgical 
techniques have also been proposed for the prevascularization 
of implanted tissue, like pedicle models [ 23 ]  or the creation of 
vessels loops in or around the scaffolds. [ 24–26 ]  These techniques 
are somewhat more complicated than direct implantaiton. 
Therefore, they might be more diffi cult to apply in patients. [ 27,28 ]  

 Growth factors can be directly injected in bolus into the area 
of interest, but this often leads to local overdoses of growth 
factors, and consequently to leaking vessels with an abnormal 
vessel structure. [ 29,30 ]  Therefore, several strategies to control 
the release of growth factors from biomaterials have been 
developed to prevent such abnormal tissue reactions. Growth 
factors can be adsorbed, [ 31 ]  incorporated, [ 16–18 ]  or covalently 
bound to biomaterials, [ 32 ]  which enables tuning of the release 
kinetics depending on the scaffold’s degradation time. Spatial 
presentation of the growth factor, dose, and gradients are all 

characteristics that can play an important role in the establish-
ment of a stable vascular network and, therefore, need to be 
carefully tuned to ensure proper vascularization. [ 22 ]  The con-
trolled delivery of angiogenic growth factors, such as VEGF, 
bFGF, [ 33,34 ]  and platelet-derived growth factor (PDGF) [ 31 ]  has 
been explored for enhancing the revascularization of implanted 
constructs. In particular, VEGF has been demonstrated as one 
of the critical regulators of neovascularization and has been 
also used in clinical studies. [ 35 ]  VEGF has been shown to stim-
ulate the mobilization and recruitment of ECs, and to initiate 
and accelerate the process of angiogenesis. [ 36 ]  VEGF-mediated 
activation of the endothelial cells stimulates the production of 
matrix metalloproteinases, the subsequent degradation of the 
surrounding extracellular matrix, migration of ECs, and for-
mation of buds and sprouts. Subsequently, the newly formed 
sprouts are elongated by the cell proliferation. [ 31 ]  For thera-
peutic angiogenesis to be effective, the growth factor dose, as 
well as the temporal and spatial presentation to the cells, needs 
to be carefully tuned. 

 Controlled growth factor delivery systems have been devel-
oped using hydrogels, [ 37,38 ]  microspheres, [ 39,40 ]  covalent func-
tionalization of biomaterials, [ 41 ]  and electrostatic binding to 
heparin (HEP) [ 42,43 ]  or heparan-sulfate molecules. Heparin 
has affi nity for electrostatic binding of growth factors such as 
FGF-2, hepatocyte growth factor (HGF), and VEGF. [ 44,45 ]  This 
specifi c property of heparin plays an important role in many 
physiological processes, in which growth factors are required. [ 44 ]  
Moreover, heparin is also present in the extracellular matrix 
where its ability to bind growth factors allows the storage of a 
large quantity of these signaling molecules in a readily available 
form, while preventing their degradation, [ 46 ]  thus facilitating 
their “on-demand” and controlled release mechanism when 
needed. [ 44,47 ]  Of particular importance in case of angiogenesis, 
a tuned release of growth factors can generate highly localized 
gradients that provide faster activation of signal transduction 
pathways involved in migration and differentiation of endothe-
lial cells. [ 44 ]  

 In this study, we fabricated a macroporous ring-shaped poly-
caprolactone (PCL) scaffold decorated with VEGF-A in a spa-
tially controlled manner, thus stimulating neo-angiogenesis 
in and around the implant. Human islets of Langerhans were 
contained in an alginate core in the center of the macroporous 
ring. The macroporous PCL ring was fabricated by 3D fi ber 
deposition. Heparin was covalently bound to the polymer using 
1-ethyl-3-(3-dimethylaminopropyl)carbodiimide/ N -hydroxy 
succinimide (EDC-NHS) chemistry and the scaffold was func-
tionalized with electrostatically bound VEGF. We showed that 
with a relatively low amount of VEGF, neovascularization could 
be effi ciently induced around and throughout the pores of the 
scaffold. Heparin that was covalently bound to the surface of 
the scaffolds enabled an effi cient sequestration of VEGF, while 
islets encapsulated in the alginate core were viable and able to 
maintain their endocrine function over time.  

  2.     Results 

 PCL plotted scaffolds resulted in a toroidal construct with an 
outer diameter of about 0.8 cm, an inner diameter of 0.5 cm, 
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and a height of 1 mm ( Figure    1  ). The fi ber diameter of the 
unmodifi ed PCL fi bers was 210 ± 25 µm and the fi ber spacing 
was 457 ± 63 µm. After covalent couping of the PCL constructs 
with HEP, the fi ber diameter was 192 ± 14 µm while the fi ber 
spacing was reduced to 380 ± 29 µm. 

  Azure staining proved complete and uniform heparin 
coating both on the 2D model surfaces (Figure S1A, Sup-
porting Information) and on 3D plotted scaffolds ( Figure    2  A). 
The uniformity of heparin distribution on the scaffold surface 
was further confi rmed by scanning electron microscopy (SEM) 
(Figures  1  and  2 ). After covalent binding of heparin to PCL the 
surface texture changed from a smooth surface into a rougher 
surface containing sub-micrometric features (Figure  2 C–H). 
Heparin content was analyzed by quantifying the amount of 
nitrogen present on the scaffold by energy dispersive X-ray 
analysis (EDAX) analysis. The percentage of nitrogen after 
heparin immobilization was 15.5% ± 4.1% of the elements 
composing the analyzed surface area, while in the noncoated 
scaffolds no nitrogen was detected on its surface (Figure  2 B; 
Figure S2A (Supporting Information)). Effi cacy of covalent 
binding of heparin to PCL via EDC-NHS chemistry was fi rst 
determined on standardized 2D fi lms of 1 cm in diameter 
(Table S1, Supporting Information) by quantifi cation of the 
amount of heparin left in the immobilization solution after 
15 hours. No heparin could be detected in the immobilization 
solution (Figure S1B, Supporting Information), indicating that 
almost all heparin was covalently bound to the polymer surface 
at a concentration of 1% w v −1  per 1.6 cm 2  PCL surface. 

  PCL-heparinized scaffolds were exposed to three different 
concentrations of vascular endothelial growth factor (VEGF 
200, 500, and 1000 ng mL −1 ) overnight. For all the three dif-
ferent VEGF loading amounts used, heparinized PCL scaf-
folds retained a much higher percentage of sequestered VEGF 
compared to the non-heparinized PCL scaffolds ( Figure    3  A). 
The percentage of immobilized VEGF was 77% ± 3.9% in case 
of the 200 ng initial loading and 61% ± 4.6% in case of the 
1000 ng initial loading for heparinized scaffolds. The maximal 
percentage of VEGF unspecifi cally adsorbed on nonheparinized 
PCL scaffolds was 30% ± 4.3%, confi rming the benefi cial role 
of heparin for the electrostatic binding of VEGF onto the scaf-
fold’s surface. Doubling the initial VEGF load applied on the 
scaffold resulted in a double amount sequestered by the scaf-
fold (Figure  3 B), which implied that complete saturation of the 
available binding sites has not been reached yet. 

  Heparin coated scaffolds were not only able to retain a 
higher amount of VEGF compared to PCL scaffolds, but hep-
arin functionalization also plays a role in reducing the initial 
burst release of unspecifi cally bound VEGF from scaffolds. The 
cumulative release from PCL non-heparinized scaffolds was 
higher than the corresponding concentration immobilized on 
heparin coated ones. After an initial burst release of VEGF, both 
heparinized and non-heparinized scaffolds displayed a compa-
rable behavior with no or very limited additional VEGF release 
(Figure  3 C). In all the conditions tested, at the end of the test 
period of 14 days, the cumulative release was still very low, with 
the majority of the immobilized growth factor bound on the 
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 Figure 1.    Schematic of the hybrid scaffold concept. 3D plotted polycaprolactone rings were covalently functionalized with a heparin layer. Heparin was 
used as an active linker to bind VEGF and protect it from degradation. A) Islets of Langerhans were encapsulated in the inner part of the structure 
using alginate hydrogel, crosslinked with 20 × 10 −3   M  CaCl 2 . B) Multiple constructs can be printed one next to the other in a honeycomb confi guration 
increasing the available surface for islets embedding and revascularization of the scaffold.
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 Figure 3.    A) percentage of the initial amount of VEGF and B) total VEGF amount (ng) immobilized on the scaffold. Complete saturation of all the 
binding sites was not reached yet. C) Cumulative release of VEGF from PCL scaffolds compared to heparin coated PCL scaffold. The release kinetic 
was consistently decreased by the heparin layer in all the concentrations tested. D) Staining of the VEGF left on the scaffold after 15 days of release; 
the color intensity was higher in the heparin coated scaffolds, confi rming a higher amount of VEGF retained by the coated scaffolds.

 Figure 2.    A) PCL and PCL/heparin plotted scaffolds stained with Azure II. B) Nitrogen quantifi cation on heparin-coated versus bare PCL scaffolds. 
Nitrogen accounted for the 15.5% (w v −1 ) of the total isotope mass. C–H) SEM pictures at different magnifi cations of the bare PCL scaffolds (C–E) 
and of the heparinized constructs (F–H) where the change in surface topography can be appreciated.
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scaffold surface. To investigate whether VEGF was still present 
on the scaffolds after 15 days of release, scaffolds bound VEGF 
were stained. Heparin coated scaffolds displayed a higher color 
intensity, indicative of the presence of a higher VEGF amount 
(Figure  3 D). The staining was consistently higher than the cor-
respondent VEGF loading concentration on uncoated scaffolds. 

 Covalently bound heparin also increased cell attachment to 
the scaffold surface. The migration of human umbilical vein 
endothelial cells (HUVECs) cultured on tissue culture plastic 
onto the ring-shaped PCL scaffold increased on all heparin 
coated surfaces ( Figure    4  ). Seeding effi ciency of HUVECs on 
heparin coated PCL scaffolds increased compared to uncoated 
PCL scaffolds (Figure S3, Supporting Information). In both 
experiments, it seemed that the addition of increasing amounts 
of VEGF, both to heparin coated and uncoated scaffolds, did not 
infl uence the migratory movement or attachment of HUVECs 
in vitro. Furthermore, the metabolic activity of HUVECs was 
assessed after 1, 3, 5, and 7 days of culture, showing that cell 
viability was neither affected by heparin binding nor by the 
presence of VEGF (Figure S5, Supporting Information). 

  A chicken chorioallanthoic membrane (CAM) assay dem-
onstrated that VEGF retained its bioactivity after electrostatic 
binding via heparin to the scaffolds. This was confi rmed by the 
induction of neovascularization in close proximity and on top of 
the scaffolds in all of the VEGF concentrations used ( Figure    5  ). 
Differences in blood vessel morphology were observed for dif-
ferent VEGF concentrations: vessels induced after loading with 
200 ng loading seemed leaky and had an immature appearance, 
whereas a lower induction of neovascularization, or even inhi-
bition, was seen in the two other PCL conditions with a higher 
(500 and 1000 ng mL −1 ) VEGF loading. Conversely, in the hep-
arin coated scaffolds new blood vessels were formed also on the 
surface of the scaffolds, in some cases guided by the fi bers of 
the plotted 3D structures. The most effective VEGF concentra-
tion in inducing de novo vascularization on the construct was 
found to be 200 ng. Blood vessels with normal morphology 
were observed growing on the fi bers or throughout the scaf-
folds’ macropores. A lower amount of blood vessels could be 
also observed at the two higher loading concentrations (500 and 

1000 ng), comprising of leaky vessels in some cases (Figure  5 ). 
Unmodifi ed PCL scaffolds showed no effect on de novo vessel 
formation, growth, and morphology, which was comparable 
to the morphology observed in the control membrane with no 
implant. Interestingly, an increase in blood vessels ingrowth 
toward the scaffold, although with a thinner diameter, was also 
induced by the presence of heparin coated scaffolds without 
VEGF. Analysis of vessel branching revealed an increasing 
branching with increasing VEGF concentration up to 500 ng for 
PCL scaffolds. Interestingly, PCL/HEP scaffolds presented high 
branching independently from the amount of VEGF loaded, 
most likely due to the known capacity of heparin to bind endog-
enous factors as well (Figure S9, Supporting Information). 

  Islets encapsulated in the alginate in the central core of the 
scaffolds showed a rounded morphology and could be easily 
stained with dithizone, indicating the presence of insulin 
( Figure    6  C). Islets embedded in the scaffold were responsive to 
glucose stimulation, with stimulation indexes as well as abso-
lute insulin secretion comparable to free fl oating control islets 
(Figure  6 A,B; Figures S4, S6, S7 and S8 (Supporting Informa-
tion)). Alginate embedding, heparin, and VEGF immobilization 
on the polymer backbone did not cause reductions or inhibition 
in islets functionality. 

    3.     Discussion 

 One of the major challenges to improve currently applied clin-
ical islet transplantation is to convert a poorly vascularized site 
into a more favorable one, which could signifi cantly improve 
islet functionality. Fast revascularization of the transplanted 
islets and connection to systemic circulation will ultimately 
result in increased nutrient and oxygen supply, increased via-
bility, and enhanced islets response to glucose stimuli. In this 
study, we presented a novel scaffold fabrication strategy where 
islets can be encapsulated in an alginate core of the scaffold 
and are surrounded by a structure decorated with angiogenesis 
inducing factors via electrostatic binding to heparin. We showed 
that effi cient covalent binding of heparin on the scaffolds was 
possible through standard NHS-EDC chemistry. Covalent 
binding of heparin affected the scaffold’s surface topography 
by increasing the surface roughness. Heparin coating increased 
cell attachment on the scaffold surface compared to bare PCL 
and allowed absorption of a 3.6 times higher amount of VEGF 
compared to untreated PCL scaffolds. As showed in Figure  3 B, 
a plateau value in the amount of immobilized VEGF was not 
reached yet, which means that additional growth factor can be 
loaded on the scaffolds. If needed, in future studies one could 
envision to use these available heparin sites to bind a second 
growth factor (e.g. bFGF) to the scaffolds to further modu-
late their vascularization potential. As also observed by other 
authors, this study showed that heparin can be effi ciently used 
for the functionalization of biomaterials, [ 48–50 ]  for the revers-
ible binding of growth factors, and for their controlled release. 
In our case, the results clearly show that the amount of VEGF 
immobilized on the scaffold is suffi cient to elicit a vascular 
response already at the lowest concentration (200 ng mL −1  
loading). On the other hand, the excess in heparin immobi-
lization still provides free binding sites for serum proteins to 
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 Figure 4.    DNA quantifi cation of HUVECs migrated from a monolayer 
culture to the 3D scaffolds. Heparin coating increased the amount of 
migrated cells, regardless of the VEGF concentration.
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adsorb to the scaffold surface, thus increasing cell adhesion 
on the scaffold coated surface. A high heparin binding affi nity 

to VEGF has been already proven, among 
others, by Robinson et al. and Zhao et al. [ 51,52 ]  
This was also demonstrated in this study by 
the fact that after 15 days of release, only a 
small percentage of the growth factor was 
released, while the great majority was still 
bound on the scaffolds. The burst release of 
VEGF detected on day 1 was already reduced 
up to 5 times in case of heparinized con-
structs for all the tested loading amounts. 
Such burst release could, therefore, be due 
to unspecifi c binding of VEGF to the surface 
of PCL scaffolds. In the following days VEGF 
was released at a concentration ranging 
between hundreds and tens of picomoles 
per liter, similar to what has been reported 
in literature to be the optimal concentration 
to elicit cell response (10 −9 –10 −11   M ). [ 53 ]  When 
considering translation to the clinics, the 
speed of such burst release could be actually 
reduced due to the presence of other proteins 
that would compete with VEGF for adsorp-
tion onto the PCL scaffolds. 

 VEGF functionalization of the scaffolds 
via heparin binding was able to induce 
an improvement of the vascularization in 
each of the three concentrations analyzed. 
Although the newly formed blood vessels 
appeared leaky in some conditions, the lowest 
VEGF concentration on heparin coated scaf-
folds provided new vessel formation with 
normal morphology. The best response was 
obtained with the 200 ng mL −1  loading con-
centration, resulting in 154.0 ± 7.8 ng VEGF 
immobilized on the scaffold. It has been 
reported that a concentration threshold exists 
between normal and aberrant vasculariza-
tion: too high VEGF production will lead to 
hemangiomas, while medium to low doses 
will lead to stable, not leaky capillaries. [ 54 ]  
When this concept was applied to growth 
factor absorption on scaffolds, it was found 
that the most effective control of angiogen-
esis was not dependent on the total load of 
growth factor on the scaffolds, but on the 
gradient that developed upon release from 
the constructs into the surrounding envi-
ronment. [ 54,55 ]  As shown by Chen et al., the 
most effective control of angiogenesis was 
achieved when the highest concentration in 
the developed gradient from the source scaf-
fold to the surrounding environment was 
100 ng mL −1 . [ 55 ]  Not only the initial growth 
factor loading, but also the microenviron-
ment gradient developed upon delivery could 
play a role in defi ning the directionality of the 
blood vessels. [ 55 ]  A 100 ng mL −1  growth factor 

concentration initiated sprouting, but the developed gradient 
was not so steep to lose control over directionality. [ 55 ]  Moreover, 
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 Figure 5.    CAM assay performed with PCL and heparin coated PCL scaffolds with three dif-
ferent concentrations of VEGF. Leaking vessels were seen in the 200 ng VEGF load on PCL 
scaffolds, while a higher VEGF concentration seemed to inhibit vessels formation. On heparin 
coated scaffolds, 200 ng load VEGF seemed to induce the highest blood vessels formation, with 
normal morphology (Arrows indicate the blood vessel formation).
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the released growth factor dose can also exercise an infl uence 
over a normal or aberrant morphology of the newly formed 
blood vessels. [ 30 ]  It has been reported in literature that matrix 
bound VEGF is more effective in comparison to its soluble 
form in stimulating endothelial cells proliferation and matu-
ration. [ 32 ]  In our test model, heparin functionalization of the 
construct and the tested loading concentration of 200 ng mL −1  

optimally meet these requirements for the potential revascu-
larization of the implanted construct and could be used for 
enhancing islet viability and functionality after implantation. 
Further studies will aim at confi rming such improved vascu-
larization observed in the CAM model into a diabetic animal 
model as well. In doing so, we will also have to establish the 
degree of possible fi brosis due to the foreign body reaction of 
this implant and the implication of such a fi brotic reaction on 
vascularization and islet functionality. 

 HUVECs were used as a cell model to show endothelial cell 
migration toward the scaffold. Surprisingly, in the used setup 
no difference in cell migration was detected among the dif-
ferent VEGF concentrations. Heparin coating on the scaffold, 
though, was by itself responsible for an increased cell migration 
toward the scaffolds (Figure  4 ), for an improved cell seeding 
effi ciency and adhesion on the scaffolds (Figure S3, Supporting 
Information), and increased blood vessel ingrowth in the CAM 
model (Figure  5 ). Considering the high protein binding capaci-
ties of heparin, a higher blood vessel ingrowth and branching 
on the heparinized scaffolds might be caused by increased 
serum protein absorption and thus increased cell adhesion on 
the heparin coated scaffolds. Moreover, the surface topography 
of the scaffolds increased upon heparin immobilization. This 
change in surface topography might increase the available sur-
face for protein absorption. In addition, a change in the topog-
raphy could provide better adhesion cues for the cells to adhere 
to, compared to a smooth PCL surface. 

 Islet embedding in a hydrogel located in the inner core of the 
scaffold protected islets from losing their round morphology. 
Islets were stained with dithizone showing the presence of 
insulin and a functional response to glucose stimulation, which 
was comparable in all the conditions tested. The stimulation 
index is defi ned as the amount of insulin secreted under high 
glucose stimulation divided by the amount secreted in basal, 
nonstimulated condition, and is typically used to give an indica-
tion of islets functionality. The actual values of secreted insulin 
(mU L −1 ) have also been reported and showed statistical signifi -
cance in few cases for 2 out of 3 donors (Figures S6, S7, and 
S8, Supporting Information). Such analysis should be consid-
ered carefully. Signifi cant differences between groups could be 
also the result of samples containing different number of islets, 
different beta cell mass within a single islet or islet with dif-
ferent size, which naturally range between 50 and 300 µm. The 
stimulation index excludes such differences in islet size and 
composition, and should therefore be considered as the main 
functionality quantitative readout. A low alginate concentration 
(2%) could be used in such a construct, since weak mechanical 
properties of the hydrogel are compensated by the presence of 
the polymer ring around it, which provides mechanical support 
and keeps the islets confi ned in one location. A low alginate 
concentration is benefi cial for islet encapsulation, because it 
prevents nutrients diffusion limitations that occur in a more 
concentrated hydrogel mesh. [ 56–58 ]  Diffusion limitations are also 
prevented by the presence of such a porous polymeric structure 
around them, which can provide mechanical support, without 
impairing oxygen, nutrients, and insulin diffusion. 

 So far, available cell-based strategies for neovasculariza-
tion focused on the delivery of ECs or endothelial progenitor 
cells (EPCs), but it is not clear yet if the improvement in 
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 Figure 6.    Functional behavior of islets at day 1 and day 7 when embedded 
in alginate bulk gels, in PCL-hybrid scaffolds and in the scaffolds coated 
with heparin and functionalized with VEGF. The results are the average 
of three donors. A,B) Pictures of islets embedded in 2% alginate gels in 
the C) 3D PCL-construct and islets stained with dithizone embedded in 
the same scaffold, after 1 d of culture.
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revascularization is given by these cells or by the angiogenic fac-
tors they secrete and research to identify the optimal cell source 
has still to be performed. [ 27 ]  Co-culture systems involving 
EPCs and other cell types of interest have been researched in 
an attempt to improve revascularization and are reviewed by 
Kirkpatrick et al. [ 59 ]  Other strategies involved the transplantation 
of genetically modifi ed and transfected cells to induce stable 
expression of growth factor, but transfection also poses signifi -
cant safety issues. [ 27,60,61 ]  More sophisticated approaches used 
advanced biofabrication techniques as photopatterning [ 62,63 ]  
or micromachining [ 64 ]  to fabricate substrates for capillary net-
works growth in vitro, which would subsequently be implanted 
via microsurgical techniques. [ 27 ]  Although elegant, these 
approaches are also characterized by diffi cult applicability and 
translation to the clinic. 

 In most of the scaffold-based strategies developed for 
enhancing vascularization growth factors still play a pivotal 
role. Many studies have been performed in order to identify 
the ideal growth factor dose, release profi le, [ 65 ]  attachment, [ 66 ]  
or release strategy and growth factors combination. [ 17 ]  Release 
systems have been developed using hydrogels [ 16,17,66–68 ]  or 
other polymeric biomaterials. [ 13,22,38,69,70 ]  Covalent attachment 
of growth factors to the hydrogel matrix [ 66,69 ]  could hamper the 
protein functionality, because the covalent linkage could inter-
fere with the protein folding. Other approaches, both on hydro-
gels and polymer, rely on the presence of heparin, hyaluronic 
acid, or other glycosaminoglycans to mimic more closely the 
natural extracellular matrix, provide reversible binding of the 
growth factor to the gel or polymer matrix and tailor binding 
and release in time. In addition to these advantages, our VEGF-
functionalized scaffolds can be easily produced, upscaled to 
host a relevant amount of cells and implanted without posing 
signifi cant safety concerns. 

 The scaffold concept that we developed in this paper can be 
in principle applied not only to islets of Langerhans implanta-
tion but also to the transplantation of other cell types of interest. 
The scaffold structure could be easily expanded to accommo-
date a clinically relevant amount of islets for transplantation, 
without impairing nutrient diffusion. Islet embedding in the 
alginate core of the scaffold did not impair islet functionality 
and could possibly provide immuno protection properties. Hep-
arin functionalization and VEGF immobilization did not affect 
insulin secretion from the scaffold or cause an adverse effect 
on islet functionality. Adjacent polymers rings can be plotted in 
a honeycomb confi guration, increasing the spots available for 
islet embedding and still having a network of blood vessels sur-
rounding these islet-specifi c areas from all sides (Figure  1 B). 

 Typically, between a few hundreds up to 10 000 islets equiv-
alent are transplanted per kilogram of the patient, where the 
exact number depends on availability and the clinical condi-
tion. [ 71 ]  Human islets transplantation in the portal vein has a 
limited possibility to succeed and the yield is so low that often 
the patients require multiple islet injections to reach a thera-
peutic level of insulin production. Islets often die in the short 
period after transplantation. Extra hepatic islet transplantation 
is a valid alternative to create a more favorable environment for 
islets, but even in this case cell viability is reduced after a few 
days from surgery. Therefore, a device for islets transplantation 
and confi nement is required to maintain cell viability in time. 

Alginate has been a widely used material for islets encapsula-
tion. A remarkable approach has been proposed by Dufrane 
and co-workers where islets have been implanted in alginate 
sheets with good results. [ 72 ]  It is anyway well recognized in the 
fi eld that devices used for islet transplantation must take into 
consideration nutrient and oxygen diffusion to assure proper 
cell functionality into the transplanted tissue. The proposed 
route for implantation of our developed construct is a simple 
one-step procedure in a subcutaneous location. An alterna-
tive approach for using this scaffold in the clinics is given by 
a subcutaneous implantation of the heparinized-PCL ring only, 
followed by injections of the islets in a hydrogel in the central 
core. The preimplantation of the ring would prepare a highly 
vascularized subcutaneous location for islet implantation, 
which would be a more favorable environment for the islets to 
reside in. Once the vascular bed is ready, ≈15 days later, injec-
tion of the islet in the central core of the scaffold could take 
place. A standard regime of immunosuppression should be 
considered in combination with such a device, unless specifi c 
studies are performed to optimize the specifi c type of alginate 
and obtain a mesh size that is tight enough to protect islets 
from immune rejection without compromising nutrient diffu-
sion and insulin secretion.  

  4.     Conclusions 

 This study demonstrates that heparin immobilization is a 
simple and convenient strategy for controlled delivery of VEGF 
and its protection from degradation. The bound VEGF was able 
to induce a normal angiogenic response in a CAM model at a 
loading concentration of 200 ng mL −1 . At this concentration, 
the 3D fi ber confi guration of the plotted scaffolds may provide 
a substrate where blood vessels ingrowth toward the islets is 
facilitated. Islets embedded in the scaffold were functional and 
responded normally to glucose stimulation. This scaffold can 
be regarded as a potentially new approach for subcutaneous 
islet transplantation and improvement of revascularization, 
addressing one of the most important limitations in the cur-
rently applied procedures for islet transplantation.  

  5.     Experimental Section 
  Scaffold Fabrication : PCL scaffolds (Sigma, Zwijndrecht, the 

Netherlands) were fabricated using an extrusion-based additive 
manufacturing machine (sysENG, Germany). PCL (mW 45 000) was 
heated to 100 °C. Plotting speed and pressure were set respectively to 
175 mm min −1  and 5 bars. A needle of 200 µm in diameter was used for 
extrusion. Scaffolds were plotted in a 0–90 fi ber deposition confi guration 
in a toroidal shape with an 8 mm outer diameter, a 4 mm inner diameter, 
and 1 mm height. For each layer, fi ber thickness was set to 150 µm and 
fi ber spacing to 600 µm. 

 Heparin coating on PCL scaffolds was performed by dissolving 
1% w v −1  heparin (Sigma, Zwijndrecht, the Netherlands) in 0.05  M  
2-(N-morpholino)ethanesulfonic acid) (MES) buffer (Sigma, Zwijndrecht, 
the Netherlands) at a pH of 5.5. 0.5  M  1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide (EDC) and 0.5  M  N-hydroxysuccinimide (NHS) (Sigma, 
Zwijndrecht, the Netherlands) were added to the heparin solution. 
Scaffolds were previously equilibrated for 15 min in MES buffer and 
subsequently immersed in the reaction mixture. The reaction was stirred 
for 15 h at room temperature. The reaction was stopped by extensively 
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washing the scaffolds with sterile H 2 O to remove all the residues of 
unbound heparin. [ 13,50 ]  

 Vascular endothelial growth factor (VEGF Peprotech, London, 
UK) was diluted to the loading concentrations of 200, 500, and 
1000 ng mL −1  in phosphate buffer saline solution (PBS) (Gibco, Grand 
Island, USA) supplemented with 0.1% wt v −1  bovine serum albumin 
(Sigma, Zwijndrecht, the Netherlands). Each scaffold was immersed in 
VEGF solution (1 mL) for 24 h at 4 °C to allow absorption of the growth 
factor on the scaffold surface. 

 The central open core of the scaffold was fi lled with 2% w v −1  
ultrapure alginate in PBS (courtesy of Paul de Vos, UMCG, Groningen) 
and crosslinked for 5 min with a 20 × 10 −3   M  calcium chloride solution 
(Sigma, Zwijndrecht, the Netherlands) in 10 × 10 −3   M  HEPES (Invitrogen, 
Grand Island, USA). Scaffolds were then washed with tris-buffered saline 
(TBS). 

  Heparin Staining and Heparin Quantifi cation : Staining of the heparin 
coating on PCL scaffolds was performed by immersion of the treated 
scaffolds in a 0.01 mg mL −1  Azure II solution (Sigma, Zwijndrecht, the 
Netherlands). Before imaging, scaffolds were extensively washed with 
water. [ 73 ]  The heparin left in the reaction mixture after 15 h immobilization 
was quantifi ed with a colorimetric assay based on Azure II, as reported 
by Gutowska et al. [ 73 ]  Briefl y, 0.5 mL of the reaction blend was mixed with 
0.01 mg mL −1  Azure II solution (4.5 mL). The absorption of the heparin-
Azure II complex was measured after 1 min at 500 nm, and compared 
with a reference curve. The amount of heparin immobilized on the 
scaffolds, was calculated by difference with the initial heparin loading. 

  SEM and EDAX : PCL scaffolds and heparin-coated PCL scaffolds were 
gold sputtered (Cressington sputter coater 108 auto) and analyzed by 
scanning electron microscopy (Philips–XL 30 ESEM-FEG). SEM images 
were taken at different magnifi cations (33×, 200×, and 5000×) with an 
accelerating voltage of 5 kV. Scaffold features such as fi ber diameter, 
fi ber spacing, and layer thickness were analyzed using Image J software. 

 Surface coating of the scaffolds was investigated using SEM 
equipped with an EDAX (Ametek, USA). Magnifi cation was kept the 
same as before while voltage was increased to 10 kV. Point analysis 
for the chemical composition at various random spots of the scaffolds 
was performed and the quantifi cation of Carbon (C), Oxygen (O), and 
Nitrogen (N) was obtained. The nitrogen content was related to the 
amount of immobilized heparin. 

  VEGF Immobilization Effi ciency and Release Study : VEGF-A 
immobilization effi ciency on PCL and PCL/HEP scaffolds was quantifi ed 
by ELISA (R&D, Minneapolis, USA) by measuring the amount of VEGF 
left in the immobilization medium after 24 h absorption and calculating 
the difference with the total amount placed in solution. Similarly, the 
amount of VEGF released daily in PBS/0.1% BSA (0.5 mL) was also 
quantifi ed by ELISA. The amount of VEGF left on the scaffold after 
15 days of release was stained with an adaptation of the ELISA kit 
from Peprotech (Peprotech, London, UK). Briefl y, VEGF still bound on 
the scaffold was stained with a biotinilated-anti-VEGF antibody, which 
was subsequently detected with avidin-peroxidase and 2,2′-azino-bis(3-
ethylbenzothiazoline-6-sulphonic acid) substrate. 

  Chicken Chorioallanthoic Membrane Assay : Neovascularization 
potential of the PCL and PCL-HEP coated scaffolds with VEGF (loading 
concentration 0, 200, 500, and 1000 ng mL −1 ) was tested using a chicken 
CAM assay. Fertilized leghorn chicken eggs were purchased from a local 
farm and incubated for 3 days at 37 °C at an 80% humidity and regularly 
turned. On the fourth day, a window of circa 1 cm × 1 cm was opened 
in the shell and the next day samples were implanted. Scaffolds were 
prepared as previously explained and implanted after 4 hrs incubation 
in a PBS solution with 0.1% BSA to get rid of the burst release of weakly 
bound VEGF. PCL/VEGF and PCL/HEP/VEGF scaffolds were implanted 
in the eggs for 4 days, before the chicken embryos were sacrifi ced with 
an ethanol injection. The membrane with the scaffold was fi xed with 
formalin and excised for further imaging. [ 74 ]  Vessel branching analysis 
was performed by manually counting the amount of branches on at least 
three different microscopy pictures. 

  Migration and Cell Viability Assays : To assess the potential of the 
PCL/HEP scaffolds loaded with VEGF to attract endothelial precursor 

cells for the improvement of vascularization in vivo, the migration 
of HUVECs toward the scaffold was tested in vitro. HUVECs (Lonza, 
Basel, Switzerland) were used as a model and cultured at 37 °C, in a 
5% CO 2  incubator, in EBM-2 basal medium (Lonza, Basel, Switzerland) 
supplemented with 2% FBS and growth factors (bullet kit EGM-2, Lonza, 
Basel, Switzerland). 

 85 500 cells/well were seeded in a 24-well plate. One day after 
seeding, cells were treated for 2 h with a 0.5 mg mL −1  solution of 
Mitomycin C (Sigma, Zwijndrecht, the Netherlands) in culture medium 
to block cell proliferation, followed by a washing step with PBS. 

 We prepared PCL and PCL-HEP coated scaffolds loaded with VEGF 
concentrations of 0, 200, 500, and 1000 ng mL −1 . Immediately after 
VEGF immobilization, samples were incubated in complete EGM-2 
medium for 2 h, to increase serum protein absorption on the scaffold 
surface to enable cell attachment. After this preincubation step, samples 
were removed and placed on top of the previously cultured HUVECs 
monolayer in EGM-2 medium without addition of VEGF. After 2 days, the 
scaffolds were cut, immersed in water and sonicated to lyse the HUVECs 
which had migrated onto the scaffold surface. After cell-lysis, DNA was 
quantifi ed using a Pico Green assay (Invitrogen, Grand Island, USA) and 
related to total cell number. HUVECs’ metabolic activity on day 1, 3, 5, and 
7 was assessed using a PrestoBlue Cell Viability kit (Life technologies), 
according to the manufacturer’s protocol. Briefl y, cultured medium was 
replaced with a medium containing 10% (v/v) PrestoBlue reagent and 
cells were incubated for 1 hr at 37 °C. Fluorescence was measured at 
590 nm on a Perkin Elmer Victor3 1420 multiple plate reader. 

  Islets of Langerhans Culture : Human islets of Langerhans were 
provided by the islet isolation and transplantation centre at the Leiden 
University Medical Centre with informed consent. Human islets were 
cultured in CMRL medium (Cellgro, Manassas, USA) supplemented with 
10% FBS (Lonza, Basel, Switzerland) and 1% Pen/Strep (Gibco, Grand 
Island, USA). [ 75 ]  

 For islet encapsulation in the scaffold core, islets were handpicked 
and resuspended in a 2% w v −1  ultrapure alginate solution in PBS. 
Subsequently, islets were mixed in alginate (1330 islets mL −1 ) and a 
droplet (15 µL) of islet-alginate mixture was deposited on a hydrophobic 
polystyrene surface. This resulted in alginate constructs containing 
20 islets in average. The PCL or PCL-HEP coated scaffold was placed 
around each droplet. Alginate was crosslinked with a 20 × 10 −3   M  calcium 
chloride solution for 5 min and the resulting hybrid constructs were 
subsequently washed in TBS solution. The above mentioned fabrication 
method resulted in encapsulation of circa 20 islets per hybrid scaffold 
or in alginate droplets only. Glucose responsiveness was evaluated by a 
glucose induced insulin secretion test (GIIST). The functional response 
of islets embedded in alginate only and in the hybrid construct was 
compared to the same number of free fl oating islets in nonadherent 
tissue culture plates. 

  GIIST : Human islets were incubated for 1.5 hr in a Krebs–Ringer 
buffer with 1.67 × 10 −3   M  glucose, to ensure stabilization of beta cell 
insulin secretion. Subsequently, islets were incubated for 1.5 hr in a low 
glucose Krebs–Ringer buffer (1.67 × 10 −3   M  glucose) after which medium 
samples were taken for ELISA. Islets were then incubated for an equal 
amount of time in a high glucose (16.7 × 10 −3   M ) containing medium, 
followed by low glucose (1.67 × 10 −3   M ) medium, while medium samples 
were taken after each step for ELISA. All medium samples were analyzed 
for insulin content using ELISA kits (Mercodia, Uppsala, Sweden). Plates 
were scanned using a Multiskan GO Microplate Spectrophotometer 
(Thermo scientifi c, Breda, the Netherlands) and insulin release profi les 
were calculated according to the manufacturer’s protocol. 

  Statistical Analysis : Statistical analysis was performed using ANOVA 
mean comparison, followed by a Tuckey’s posthoc test. Data are 
represented as mean ± standard deviation.  

  Supporting Information 
 Supporting Information is available from the Wiley Online Library or 
from the author.  
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