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ABSTRACT: Polymeric scaﬀolds containing biomimics oﬀer
exciting therapies with broad potential impact for cellular
therapies and thereby potentially improve success rates. Here
we report the designing and fabrication of a hybrid scaﬀold that
can prevent a foreign body reaction and maintain cell viability.
A biodegradable acrylic based cross-linkable polycaprolactone
based polymer was developed and using a multihead
electrospinning station to fabricate hybrid scaﬀolds. This
consists of cell growth factor mimics and factors to prevent a
foreign body reaction. Transplantation studies were performed
subcutaneously and in epididymal fat pad of immuno-competent Balb/c mice and immuno-suppressed B6 Rag1 mice and we
demonstrated extensive neo-vascularization and maintenance of islet cell viability in subcutaneously implanted neonatal porcine
islet cells for up to 20 weeks of post-transplant. This novel approach for cell transplantation can improve the revascularization
and allow the integration of bioactive molecules such as cell adhesion molecules, growth factors, etc.
KEYWORDS: biopolymer, transplantation, biomimics, subcutaneous, vascularization

R

vascularization and insuﬃcient oxygen supply, this site has
proven to be undesirable.12−14 Studies are also being conducted
to develop a vascularized subcutaneous site and promote
angiogenesis by incorporating a encapsulation device and/or
growth factors with moderate short-term success.15 Subcutaneous transplants of encapsulated biomaterials also trigger
inﬂammatory and foreign body responses that cause protein
adsorption and therefore, cannot be considered a viable
approach for this treatment.16
Strategies relying on nonencapsulating, biodegradable microporous scaﬀolds are often more successful in subcutaneous
transplantation by promoting vascularization, but are still
limited.17 This treatment model was successfully employed
with murine islets in syngeneic models18,19 and in toleranceinducing allotransplant models.20 Biocompatible polymers, like
poly(vinyl alcohol) (PVA), polyglycolic acid (PGA),15 poly(lactides-co-glycolide) (PLG),18 and polycaprolactone (PCL),21
were utilized to fabricate scaﬀolds. Architectural modiﬁcations
in their structure helped to enhance cell inﬁltration for a better
vascularization of the islets and to reduce possible inﬂammatory
responses.

ecently, cellular transplantation has gained wide recognition as a method of treatment for various diseases,
particularly diabetes. A potentially eﬀective alternative to daily
insulin injections in type 1 diabetes is to transplant insulinproducing tissue to re-establish the natural physiological system
for glucose homeostasis. Successful transplantation of human
islet cells into the liver by the “Edmonton Protocol” has opened
a new treatment strategy for curing diabetes mellitus1,2 and
other similar diseases. However, the requirement of substantial
amount of cells, repeated transplants due to attrition, lack of
angiogenesis and the occurrence of immune rejection, are some
of the obstacles of this approach, indicating that the strategies
need to be further optimized.3,4 For example, in clinical
intraportal islet transplantation, it is not impossible to image
the graft post-transplant or surgically retrieve the graft if
required.5 Transplant site is also important in this mode of
treatment, for example, the transplantation of islets into the
portal vein has been associated with life-threatening intraperitoneal bleeding,6 portal vein thrombosis and hepatic
steatosis.7,8 Research is currently being conducted to identify
suitable biomaterials for islet cell delivery, more optimal
transplant sites, and methods to improve post-transplant
revascularization and prevent islet inﬂammation and immune
rejection.9−11
Currently, studies are focusing on using the subcutaneous
space as an islet transplant site, but because of poor
© 2017 American Chemical Society
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Scheme 1. Schematic Representation of the Scaﬀold Made Using Vinyl Functionalized Lactone Monomers, with Covalently
Bounded Bioactive Molecules Such As Growth Factor Mimics to Accelerate Cell Proliferation and Zwitterionic Polymers to
Reduce Biofouling

vinyl functionality for further conjugative reactions.28,29 The
scheme of the synthesis of the caprolactone monomer from
para-dioxaspirodecanone is shown in Figure 1a. The detailed
experimental procedures and characterizations are included in
the Supporting Information. The polycaprolactone used in this
study was synthesized by copolymerizing this functionalized
monomer with normal caprolactone at a ratio of 2:8 by ring
opening polymerization (ROP). Stannous octoate (Sn(Oct)2)
was utilized as the catalyst for ROP and the copolymers were
obtained with a molecular weight of 18 000. Molecular weight
obtained is comparatively lower than the commonly using
commercially available PCL for similar scaﬀold applications, the
consecutive steps of inter- and intra- photo-cross-linking
establish additional functionality and reinforcement to these
fabricated hybrid scaﬀolds. The schematic structure of the
functional polycaprolactone is depicted in Figure 1a. The
polymerization procedures and characterizations are included as
Supporting Information.
Zwitterionic sulfobetaine methacrylate (SBMA) polymers
exhibit excellent antifouling properties because of their ionic
nature with surface neutral charge. The surface behavior
imparted by polySBMA helps to repel blood proteins and
platelets.30 Proteins like ﬁbrinogen and other clotting enzymes
commonly get adsorbed on the implants as soon as they come
in contact with blood and induce thrombus formation.31 In a
similar fashion, platelets also adhere to these surface adsorbed
proteins via platelet membrane integrins, followed by platelet
activation causing thrombin formation and platelet aggregation.32,33 Oligomers with 6−8 SBMA monomers were
synthesized by atom transfer radical polymerization (ATRP)
using a hydroxyl initiator. After polymerization, the hydroxyl
end group was converted to vinyl group for enabling photocross-link reaction with PCL. The synthesis scheme is shown in
Figure 1b\ and ATRP procedures and characterizations are
included in the Supporting Information.

Even though cell replacement therapy has been identiﬁed as
the future treatment strategy for various diseases, to date, a
robust and translatable platform that does not rely on life-long
systemic immunosuppression to protect transplanted cells has
yet to be identiﬁed. Multidisciplinary research in biology,
chemistry, chemical engineering, and materials science are
essential to develop next generation biomaterials that are
suitable for case-to-case tissue engineering and regenerative
medicine. In this report, a hybrid polymeric material is
synthesized for developing a cell delivery scaﬀold for the
long-term function and survival of insulin producing β-cell
grafts. These porous, retrievable scaﬀolds are prepared by
polymerizing functionalized caprolactone monomers into
functional polycaprolactone (PCL) conjugated with biomimics
for promoting quick vascularization and to prevent a foreign
body rejection. PCL and other lactones have been used in
FDA-approved medical devices and have demonstrated longterm compatibility in numerous animal models.22−25 In
addition, the biodegradability of PCL can be selected and
tuned for the speciﬁc cell type to be transplanted.26,27 Binding
growth factor mimics (GF) and grafting zwitterionic polymers
improve cell proliferation, promote vascularization and reject
blood protein adsorption, all of which prevents immunorejection and enhances the graft survivability. Cells are sensitive
to topography of the scaﬀolds. Electrospinning can produce
nonwoven meshes containing ﬁbers of polymeric materials with
micro level porous topography, similar to the natural
extracellular matrix (ECM).
In this study, we adopted the electrospinning method
equipped with multiple spin heads to deliver biomimetic
geometries with multiple scale webs of spun polymer ﬁbers and
growth factor mimics to encourage cells to adhere, proliferate,
and secrete matrices in short time (see Scheme 1).
Caprolactone monomers bearing pendant-protected carboxyl
group were synthesized and further modiﬁed chemically to
couple with hydroxyethyl methacrylate (HEMA), rendering
2216
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Figure 1. (a) Synthesis scheme for producing caprolactone monomer with vinyl groups suitable to copolymer, with normal caprolactone monomer
to produce functional polycaprolactone. (b) Atom transfer radical polymerization of SBMA and its end group modiﬁcation. (c) VEGF mimic
sequence and its modiﬁcation for surface photo-cross-linking.

SBMA with acrylic functionality cross-link with lactone
surfaces by photoirradiation thereby provide an optimal
zwitterionic surface. This will enhance the antifouling capability
of these scaﬀolds by inhibiting the adsorption of blood proteins
on it. By this functionalization, the foreign body response is
minimized essentially by rejecting the blood proteins from
adhering on the scaﬀold surface by the repulsive eﬀect
facilitating by these zwittwerionic molecules.
To enhance the biochemical signaling in tissue engineering
and regenerative transplants, we needed surface modiﬁcation of
biomaterials with biomimicsand demonstrated recently.34,35 By
incorporating functional peptide sequences corresponding to
biological functions, cells attach eﬃciently to the surface of

biomaterials and proliferate within a short span of time. In this
study, we have prepared vascular endothelial growth factor
(VEGF)-mimicking KLTWQELYQLKYKG (QK) peptides to
achieve surface modiﬁcation. A QK peptide sequence derived
from VEGF was previously shown to have similar eﬀects as the
VEGF protein and support the cell and its proliferation.36
For facilitating photo cross-linking, we prepared the QK
sequence with octenyl alanine [(octenyl)Ala] at the N-terminal
of the peptide for facilitating the vinyl moiety as shown in
Figure 1c. These vinyl functions of the peptides can enable the
covalent bond formation with the PCL scaﬀold along with
SBMA by photoirradiation. These peptides were synthesized
using a microwave assisted peptide synthesizer and puriﬁed up
2217
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Figure 2. Electrospinning process to obtain nanoﬁber matrices as scaﬀolds.

Figure 3. SEM micrograph of an electrospun PCL-PSBMA-QK nanoﬁbers.

to 96% purity. Preparation and characterization data are in the
Supporting Information.
Hybrid 3D scaﬀolds using these synthesized materials ([2],
[3], and [4]) have been developed using an electrospinning
technique. Recently, this method has been identiﬁed as an
eﬃcient technique for fabricating polymeric nanoﬁbers for
tissue engineering scaﬀolds.37 Parameters such as nanoﬁber
diameter, physical properties of the matrices, pore size, and
compatibility can be eﬃciently tuned by controlling the
spinning parameters of the electrospinning process. Mostly,
these electrospun polymeric matrices closely resemble the
collagen phase of naturally forming ECM. The high surface
area, high porosity, interconnected porous structures, tunable
mechanical properties, and customizable rate of degradation
make these matrices ideal candidates for developing scaﬀolds
for tissue engineering.
In this work, we developed a scaﬀold using a hybrid
electrospinning machine equipped with multiple syringe pumps
on an x-y stage to spin ﬁbers of various materials
simultaneously. Functional PCL, poly-SBMA and vinyl-QK
were dissolved individually in chloroform, deionized water and
ethanol, respectively at 20% concentration and then spun onto
a single matrix. The spinning was carried out at a ﬂow rate of
0.05 mL/min at 10 kV at a working distance of 15 cm between
syringe and collector. The ﬁnal compositions of these
components are 90:8:2 respectively with a thickness of ∼130
μm. Experiments were conducted with and without a photo
initiator (Irgacure-2959) by dissolving it with the poly SBMA

solution before electrospinning. Presence of a photo initiator
enhances the curing rate and reduced the irradiation time.
Figure 2 illustrates an image of the electrospinning machine
that produces this hybrid matrix on the collector board. A real
time video of the fabrication process is included as Video S1.
This hybrid nano ﬁber matrix was photo-cross-linked by
exposure to 365 nm UV light at a distance of 100 mm with
approximately 1 mW/cm2 power for about 15 min. The scaﬀold
was then rinsed with water and frozen at −80 °C for
lyophilizing. The photo-cross-linking of the matrix was also
evaluated without photo initiator. Exposure to UV light for up
to 30 min produced scaﬀolds with the required degree of crosslinking. At this stage, the peptides or SBMA will not washed out
while rinsing with water under sonication. Therefore, any
adverse foreign body responses due to the presence of irgacure
can also be avoided during this fabrication step. Figure 3 shows
the SEM micrograph of the electrospun hybrid nanoﬁbrous
structures.
By combining these multiple synthesis strategies and the UV
light-driven cross-linking method, a novel poly lactone based
scaﬀold was developed. The light induced cross-linking
approach permits the incorporation of growth factors for the
cell proliferation without any catalyst contamination or thermal
degradation, as opposed to catalyst or thermal cross-linking.
Moreover, due to covalent bond formation between the
components, they will be permanently bonded to each other,
rather than a normal physical blending, which cause the blends
to get separated. The presence of zwitterionic charges imparted
from the pSBMA improves the overall biocompatibility. The
2218
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Figure 4. (A, D) Vascularization, (B, E) HE staining, and (C, F) CD-31 staining of neo-vascularization of nonfunctionalized (no VEGF) electrospun
scaﬀolds recovered from the (A−C) fat pad and (D−F) subcutaneous sites following 5 weeks implantation in Balb/c mice. Arrows indicate CD31
positive cell forming the lumen of newly formed blood vessels.

Figure 5. Comparative representation of vascularization post-transplant at subcutaneous space of B6 Rag1 mice with nonfunctionalized and
functionalized scaﬀolds. Arrows indicate CD-31+ cells forming the lumen of newly formed blood vessels of (A−C) PCL and (D−F) PCL-VEGF
nanoﬁbers after 1, 2, and 4 weeks of implantation subcutaneously in B6 Rag1 mice. (G) Only those CD 31 positive cells located along the lumen of
newly formed blood vessels were quantiﬁed by ImageJ after 1, 2, and 4 weeks. (Nucleus, blue; CD31, red; white arrow, vessels; objective, 20×; scale
bar, 50 μm; *P < 0.001 Students t test.)

mechanical strengths. Compressive mechanical analysis was
performed to determine the viscoelastic properties of this
hybrid material. The instantantanous compressive modulus

major advantage of this combined electrospinning and UV
cross-linking fabrication process is that it enables customization
of the scaﬀolds with respect to pore size, thickness, and
2219
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Figure 6. Morphological assessment of Neonatal porcine islet (NPI) containing PCL-VEGF nanoﬁbrous scaﬀold transplanted subcutaneously in B6
Rag 1 mice at 20 weeks post-transplant. Graft stained for (A) H&E and (B) insulin (brown color). White arrow indicates the islets.

cells. At 1 week post-transplant, the scaﬀolds began to be
inﬁltrated with small clusters of CD31+ cells, likely due to the
recruitment of CD31+ endothelial cells. At week 2, CD31+
cells began to form blood vessel lumens, and by week 4,
signiﬁcantly more vascularization was observed in VEGF-bound
PCL scaﬀold than control PCL scaﬀold (p < 0.001; Figure 5G).
This clearly demonstrates that our novel concept of binding
VEGF to our scaﬀolds enhances vascularization.
Initial studies were also performed to examine the ability of
these hybrid scaﬀolds to serve as a platform for the
transplantation of neonatal porcine islets (NPI) into B6 Rag1
mice. Neonatal porcine islets were isolated by a simple,
inexpensive, and reproducible method that was established in
our laboratory.38 These islets are comprised of diﬀerentiated
endocrine and endocrine precursor cells and have the potential
for proliferation and diﬀerentiation in both in vitro and in vivo
studies. They have been shown to reverse hyperglycemia in
immuno-deﬁcient mice,38 allogeneic out-bred pigs,39 and in
nonhuman primates.40,41 Furthermore, NPIs are appealing
because of their resistance to (a) hypoxia;42 (b) human proinﬂammatory cytokines;43 (c) hyperglycemia;44 and (d) islet
amyloid deposition.45 They also exhibit an inherent ability to
diﬀerentiate and proliferate38 and achieve transplant tolerance
induction in diabetic mice.46 Considering all these observations,
it is taken into consideration that NPIs are promising tissue
source for clinical islet transplantation. Neonatal porcine islets
from two independent preparations were ﬁrst placed on discshaped electrospun scaﬀolds and then surgically implanted
subcutaneously in B6 Rag-1 mice.
The results demonstrated in Figure 6 reveals that these
hybrid scaﬀolds are able to support the long-term survival of
neonatal porcine islets implanted subcutaneously. Engineering
this highly vascularized microenvironment using our novel
functionalized scaﬀolds can support engraftment and long-term
survival of islets in this extra-hepatic sites.

(slope of the stress strain curve) increased with increasing
strain. The range of modulus is from 45 MPa at 1% strain to
116 MPa at 12% strain. The equilibrium modulus also increased
linearly with increasing strain ranging from 28 to 23.5 MPa.
Dynamic mechanical analysis revealed a phase lag of 3.6
constituting 6% energy loss from viscoelasticity.
These scaﬀolds were subjected to transplantation studies to
evaluate the degree of neo-vascularization.
In order to determine the cell-compatibility of the polymer
alone, scaﬀolds without being cross-linked with any growth
factor mimics were prepared. These control samples were
subjected to transplantation studies as explained in Figure 4.
These scaﬀolds were implanted subcutaneously and in the
epididymal fat pad of immunocompetent Balb/c mice. The
scaﬀolds without any VEGF-mimics were initially transplanted
in order to determine the post-transplant vascularization. After
5 weeks of postimplant, the gross morphology and histological
assessment of the grafts was determined (Figure 4).
Retrieval of these transplanted scaﬀolds from both the
subcutaneous zone and fat pad at 5 weeks post-transplant
revealed extensive neo-vascularization on the scaﬀold surface
(Figure 4A, D). When examined histologically (Figure 4 B&E)
and for the presence of CD31+ cells by immunoﬂuorescence
(Figure 4C, F) the scaﬀolds were shown to be inﬁltrated with
some small clusters of CD31+ cells; however, many of the CD
+31 cells were shown forming the lumen of newly formed
blood vessels. These data demonstrate that these PCL scaﬀolds,
when implanted subcutaneously or in the fat pad, can integrate
with host tissue by becoming highly vascularized.
Implantation studies were also conducted to evaluate the
impact of the presence of VEGF (QK) mimicking peptide
cross-linked with the scaﬀolds. The hybrid scaﬀolds were
implanted subcutaneously in immune-compromised B6 Rag1
mice. Grafts were retrieved after 1, 2, and 4 weeks posttransplant and immune-stained for the presence of CD31+
2220
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In conclusion, we demonstrate a successful fabrication of a
new and innovative hybrid scaﬀold material for islet transplantation using a multi head electrospinning technique and
polymer modiﬁcation for photoinduced cross-linking. This is a
simple and convenient alternative for enhancing the vascularization of biomaterials for cellular therapies. We were able to
show the enhanced vascularization of hybrid scaﬀolds when
compared to controls, which did not have growth factor
mimics. The novel approach of incorporating vinyl functionalized lactones will allow subsequent covalent integration of
bioactive molecules such as cell adhesion factors and growth
factors. This is a new approach for subcutaneous cell
transplantation with improved revascularization, thereby,
addressing one of the major limitations in the currently applied
procedures for cell transplantation. More studies are needed to
further optimize and scale-up these functionalized bioactive
scaﬀolds to support the maturation, survival, and function of
NPIs for their eﬀectiveness for correcting diabetes in various
implantation sites as well as preclinical large animal models like
juvenile pigs.
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