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a b s t r a c t

Pancreatic islet transplantation is a promising advanced therapy that has been used to treat patients
suffering from diabetes type 1. Traditionally, pancreatic islets are infused via the portal vein, which is
subsequently intended to engraft in the liver. Severe immunosuppressive treatments are necessary,
however, to prevent rejection of the transplanted islets. Novel approaches therefore have focused on
encapsulation of the islets in biomaterial implants which can protect the islets and offer an organ-like
environment. Vascularization of the device’s surface is a prerequisite for the survival and proper func-
tioning of transplanted pancreatic islets. We are pursuing a prevascularization strategy by incorporation
of vascular endothelial growth factor (VEGF)-loaded microspheres in 3-dimensional printed
poly(dimethylsiloxane)-based devices prior to their prospective loading with transplanted cells. Micro-
spheres (~50 mm) were based on poly(ε-caprolactone-PEG-ε-caprolactone)-b-poly(L-lactide) multiblock
copolymers and were loaded with 10 mg VEGF/mg microspheres, and subsequently dispersed in a hy-
aluronic acid carrier liquid. In vitro release studies at 37�C demonstrated continuous release of fully
bioactive VEGF for 4 weeks. In conclusion, our results demonstrate that incorporation of VEGF-releasing
microspheres ensures adequate release of VEGF for a time window of 4 weeks, which is attractive in view
of the vascularization of artificial pancreas implants.

© 2020 American Pharmacists Association®. Published by Elsevier Inc. All rights reserved.
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Introduction

Patients with juvenile diabetes (diabetes type 1) suffer from
inadequate insulin production, which often relates to autoimmune
destruction of the pancreatic beta-cells.1 Although blood glucose
homeostasis can be restored by injection of insulin, novel advanced
therapies are being pursued that can restore insulin production.
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Transplantation of healthy insulin-secreting pancreatic islets is a
promising treatment for diabetes type 1 that has been studied since
the 1960s.2 Traditionally, pancreatic islets are infused into the
portal vein and become engrafted in the microvasculature of the
liver. However, poor islet survival, rejection by the host’s immune
system, and the need to use strong immunosuppressing drugs have
restricted this treatment’s widespread use.3 Another issue is the
lack of donors for pancreatic islet transplantation which is espe-
cially severe because on average 3 donors are needed per recip-
ient.2,4 Strategies that can improve the efficiency of islet
transplantation and the overall survival of islets are therefore
warranted. Encapsulating pancreatic islets into a biomaterial device
is an attractive approach, as it provides a physical barrier between
the transplanted islets and the host’s immune cells, creating an
immune-deprived organ-like environment.5 Pancreatic islet
encapsulation devices have been developed for subcutaneous im-
plantation and have even advanced into phase I-II clinical testing.5,6

In some cases, devices are prefilled with islets before implantation
while other devices include filling ports, offering islet replenish-
ment.7 Because the formation of blood vessels is vital for transport
of oxygen and nutrients, neovascularization of the device remains
the key challenge for survival of pancreatic islets after trans-
plantation8; moreover, vascularization of the device is also needed
for transport of released insulin into the circulation and beyond.3,5

Several approaches seem feasible, among others coating of the
polymeric implants with compounds such as fibrin and platelet-
rich plasma to mimic the extracellular matrix, or coformulation of
proangiogenic growth factors within the device,9,10 for instance,
vascular endothelial growth factor (VEGF).11-13 Proper functional
vascularization of the surface of implants, that is, the formation of
stable blood vessels that encompass the device, will take around
4 weeks upon implantation, depending on the site of implantation,
as shown in rodent models.10,14,15 We therefore postulate that
continuous delivery of VEGF for 3-4 weeks is preferred and that
such a sustained release can best be achieved by its encapsulation
in a controlled drug delivery system such as microsphere.16,17 The
most commonly used polymer for the preparation of microspheres,
poly(lactic-co-glycolic acid) (PLGA),18-20 has several drawbacks
regarding the release profile and stability of encapsulated pro-
teins.21,22 The release of encapsulated cargo is often biphasic, that
is, a high burst release followed by a relatively slow release,20,23,24

and is thus not a preferred release profile for vascularization of
implants.15,25 Furthermore, the acidic degradation products of
PLGA-based systems cause a pH decrease within the polymeric
matrix,26,27 and therefore negatively impact the stability of pro-
teins.21,28,29 We therefore evaluated a different kind of biodegrad-
able polymer composed of multiblock copolymers with alternating
hydrophilic and hydrophobic blocks30,31 for the encapsulation of
VEGF in microspheres. These multiblock copolymers form amor-
phous domains [primarily consisting of poly(ε-caprolactone)-
poly(ethylene glycol)-poly(ε-caprolactone) blocks] and semi-
crystalline domains [mainly composed of poly(L-lactic acid)
blocks], and are attractive for protein delivery due to their well-
controlled swelling properties which allow continuous release
through diffusion with low burst release.32-35 The release of pro-
teins can be tailored by the weight fraction and molecular weight
(Mw) of poly(ethylene glycol) (PEG),33,36 which was also demon-
strated for microspheres loaded with VEGF.35 In this study, we
incorporated VEGF-loaded microspheres in poly(dimethylsiloxane)
(PDMS)-based devices37 and studied the release of VEGF and its
bioactivity. Hyaluronic acid (HA) solution served as carrier liquid
for VEGF-loaded microspheres. Both PDMS and HA have been re-
ported as suitable biomaterials for pancreatic islets transplantation
systems.38-40 The current PDMS devices were prepared by 3-
dimensional (3D) printing, an arising technology in the
biomaterial field which can produce well-defined reproducible
scaffolds.41 PDMS membranes are highly gas permeable; however,
they are also required to facilitate the transportation of larger
molecules, such as proteins, for cell microencapsulation applica-
tions.5 Therefore, micrometer-sized pores were created by inclu-
sion of a porogen, which, after its extraction, results in a permeable
structure through which VEGF can diffuse into the surrounding
fluids. We characterized the devices by scanning electron micro-
scopy (SEM) and studied the distribution of red-labeled micro-
spheres within the device. The in vitro release (IVR) of VEGF from
PDMS devices filled with VEGF microspheres was studied by ELISA.
The bioactivity of released VEGF was demonstrated by a human
umbilical vein endothelial cell (HUVEC) proliferation-based
bioassay.

Materials and Methods

Materials

PDMS devices were prepared by 3D printing using silicone rub-
ber elastomer (PDMS) NuSil MED-4840 (Avantor, Radnor, PA) (F. B.
Coulter andE. D.O'Cearbhaill, unpublisheddata, 2019).37Hyaluronic
acid (HA) and FITC-HA (fluorescein isothiocyanate-labeled HA)
(both 1.26 MDa) were supplied by Contipro (Prague, Czech Repub-
lic). Recombinant human VEGF 165 was purchased from PeproTech
Inc. (Rocky Hill, NJ). PLGA (50:50, i.v. 0.4 dL/g) was purchased from
Corbion (Gorinchem, the Netherlands). Poly(vinyl alcohol) (87%-
90% hydrolyzed, average Mw 30,000-70,000), Tween 20, sodium
chloride, and fluorescein sodium salt were purchased from Sigma
Aldrich (Zwijndrecht, the Netherlands). Dichloromethane was pur-
chased fromBiosolve Chimie (Dieuze, France). Blue Dextran 2000 (2
MDa) was purchased fromGE Healthcare Bio-Sciences AB (Uppsala,
Sweden). Nile Red was purchased from Carl Roth (Karlsruhe, Ger-
many). Gibco® Dulbecco’s phosphate-buffered saline (PBS; 10�,
composition 27 mM KCl, 15 mM H2PO4, 1.4 M NaCl, 81 mM
Na2HPO4 � 7H2O) and propidium iodide were purchased from
Thermo Fisher Scientific (Bleiswijk, The Netherlands). Collagen I
(from rat tail) was obtained from Corning (Corning, NY). Calcein AM
was purchased from Cayman Chemical Company (Ann Arbor, MI).

Methods

Preparation of Study Components
Preparation of HA-Based Carrier Liquid. HA was dissolved in 10 mL
PBS pH 7.4 (Dulbecco’s PBS, final concentration 10 mg/mL) by
stirring under mild heating (~40�C) for 16 h. After complete
dissolution (determined visually), the viscous solution was auto-
claved (program: 120�C, 2 bar, 21 min, autoclave: Zirbus Technol-
ogy, Benelux BV, Tiel, The Netherlands) and cooled down to room
temperature. HA carrier liquid was stored at 4�C.

Preparation of Microspheres. VEGF-loaded and placebo micro-
spheres were prepared with Symbiosys multiblock copolymers
using a membrane emulsification-based double emulsion method
and characterized as reported previously.35 Microspheres were
preparedwith a 50:50 blend of Symbiosysmultiblock copolymers A
and B. Polymer A (~54 kDa) consisted of 30 wt% of an amorphous,
hydrophilic poly(ε-caprolactone)-PEG3000-poly(ε-caprolactone)
(PCL-PEG3000-PCL) block with anMw of 4000 g/mol and 70 wt% of a
semi-crystalline poly(L-lactide) block with an Mw of 4000 g/mol.
The total PEG weight fraction of polymer A is 22.5%. Polymer B (~32
kDa) consisted of 50 wt% of PCL-PEG1000-PCL (Mw ¼ 2000 g/mol)
and 50 wt% of poly(L-lactide) block (Mw ¼ 4000 g/mol), resulting in
a PEG weight fraction of 25%. The total PEG content (%) of the 50:50
polymer blend is 23.8%. In brief, 1 mL of a solution of VEGF
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(15-20 mg/mL in 5 mM sodium succinate buffer pH 5) was
dispersed in a 10mL of a multiblock copolymer solution (15-20 wt%
in dichloromethane) by ultra-turrax homogenization (T25 Basic;
IKA, Wilmington, NC; 40 s at 21,600 rpm). The resulting primary
emulsion was pressed through 20 mm pores of a stainless steel
membrane (20 mm � 200 mm) hydrophilic ringed stainless steel
membrane; Micropore Technologies, Redcar, UK into a continuous
phase [4 wt% poly(vinyl alcohol), 5 wt% NaCl]. The secondary
emulsion was stirred at 200 rpm with a magnetic stirrer for 3 h to
evaporate the organic solvent. Obtained microspheres were
collected on a 5 mm filter and washed 3 times with water. After
lyophilization, microspheres were stored at �20�C. Nile Red-
labeled placebo microspheres were prepared by membrane emul-
sification of a 10 wt% PLGA solution supplemented with 1 mg/mL
Nile Red (conventional PLGAwas used because these microspheres
were only used for visual display of particle penetration within the
devices). The average size distribution of the microspheres was
measured with an optical particle sizer (Accusizer 780, Santa Bar-
bara, CA). A size distribution plot is shown in Figure S1.

Preparation of Microsphere Dispersions in HA Carrier Liquid.
Microsphere dispersions in 1% HA carrier liquid were prepared by
stirring a defined amount of microspheres in a corresponding
amount of HA carrier liquid with a thin spatula until a homoge-
neous dispersion was obtained.

Characterization of PDMS Devices
Scanning Electron Microscopy. The surface morphology of the pre-
pared PDMS devices was visualized by SEM. PDMS devices were
submerged in deionized water and sonicated at 37�C 3 times for
30 min to remove porogen (sodium chloride) crystals. Next, the
devices were dried under vacuum at room temperature for 16 h.
Slices of devices were cut with a razor blade and placed on stubs
with double-sized carbon tape. The samples were coated with a
thin platinum layer and imaged with SEM (Phenom; FEI Company,
The Netherlands). The diameters of pores were measured with
ImageJ (NIH, Bethesda, MD).

Filling of PDMS Devices. Dry devices were wetted and washed by
submerging the devices in 20 mL deionized water and sonicating
for 30 min at 37�C 3 times. After each sonification step, the water
was replaced. Freshly prepared solutions or microsphere disper-
sions in 1% HA carrier liquid (as described in sections Release of
Fluorescein, Blue Dextran, and FITC-HA Filled in PDMS Devices
and Release of VEGF From Microspheres Filled in PDMS Devices)
were transferred into a 1 mL syringe. A target volume of 160 mL was
injected into prewetted devices via an 18G needle. The weight of
the syringe and needle was noted before and after filling of the
devices. The inlet of the device was closed with a custom-made
stopper printed using FormLabs Form 2 Dental SG resin (For-
mLabs, Somerville, MA). Proper distribution of microsphereswithin
the devices was visualized by filling with a 12 mg/mL dispersion of
Nile Red-labeled microspheres in HA carrier liquid. Because Nile
Red is not released from the microspheres, the red color in pho-
tographs represents the dispersion of microspheres within the
lumen of the devices.

HUVEC Live/Dead Biocompatibility Assay. The toxicity of leachables
from PDMS devices filled with HA carrier liquid was evaluated by a
live/dead assay with HUVECs. Washed PDMS devices were filled
with 160 mL of HA carrier liquid (as described in the section Filling
of PDMS Devices, no microspheres present), transferred into a glass
vial containing 10 mL of cell-compatible IVR buffer (Dulbecco’s PBS
pH 7.4, 0.2 mm filtered, 0.5% bovine serum albumin, 30 mg/mL
gentamicin, and 15 ng/mL amphotericin) and incubated at 37�C
under mild agitation. After 1, 2, 3, and 4 weeks of incubation, the
complete supernatant was removed and replaced with fresh cell-
compatible IVR buffer. The collected supernatants were diluted
20 times in HUVEC complete medium [endothelial cell basal me-
dium 2 (C-22211) supplemented with endothelial cell growth
medium 2 supplement mix (C-39216), both obtained from Sigma
Aldrich]. Blank complete culture medium, cell-compatible IVR
buffer diluted 20 times in complete medium, and 8 mg/mL HA in
complete medium containing 20 times diluted cell-compatible IVR
buffer (which corresponds to the concentration of HA in filled de-
vices) served as controls. Prior to the experiment, 96-well plates
were coated overnight at 4�C with 100 mL of collagen coating so-
lution (50 mg/mL collagen in 20 mM acidic acid). Afterward, plates
werewashed twice with PBS before seeding of the cells. Wells were
filled with 100 mL of sample or controls and 4000 cells suspended in
100 mL of complete medium (200 mL total volume per well). Cells
were incubated at 37�C/5% CO2 for 24 h. Live/dead staining was
made by incubating with Calcein AM and propidium iodide work-
ing solution (prepared according to the supplier’s instructions) for
20 min. Images were taken with a fluorescent confocal microscope
[Yokogawa Cell Voyager CV7000, Tokyo, Japan; Calcein AM (green
signal): lex ¼ 490 nm, lem ¼ 515 nm; propidium iodine (red signal):
lex ¼ 535 nm, lem ¼ 617 nm] and analyzed with Columbus image
analysis software (PerkinElmer, Waltham, MA).

Release of Fluorescein, Blue Dextran, and FITC-HA Filled in PDMS
Devices. A 1 mg/mL fluorescein solution was prepared by dissolv-
ing fluorescein sodium salt in 1% HA carrier liquid. Furthermore, 10
mg/mL solutions of Blue Dextran (~2 MDa) and FITC-labeled HA
(1.26 MDa) were prepared by dissolving appropriate amounts of
the compounds in PBS; the FITC-HA solution was gently heated
(40�C) and stirred for 16 h to dissolve the polymer. The obtained
solutions of fluorescein, Blue Dextran, and FITC-HA solutions were
filled into PDMS devices as described in the section Filling of PDMS
Devices. Filled devices were transferred into a glass vial containing
10 mL of IVR buffer [consisting of Dulbecco’s PBS pH 7.4 (0.2 mm
filtered), 0.025% Tween 20, 0.02% NaN3] and then incubated at 37�C
under mild agitation. At appropriate time points, a 1 mL sample of
the release medium was removed and replaced with fresh release
buffer. The fluorescein or FITC-HA content in release samples was
quantified by spectrofluorometry at lex¼ 493 nm and lem¼ 512 nm
using a Jasco spectrofluorometer FP-8300 (Jasco, Easton, MD). The
Blue Dextran content in release samples was determined by UV
spectroscopy at 620 nm using a SPECTROstar Nano plate reader
(BMG Labtech, Ortenberg, Germany).

Rheological Measurements of Microsphere Dispersion
Microsphere dispersions of 6, 12, 20, 30, and 50 mg/mL were

prepared essentially as described in the section Preparation of
Microsphere Dispersions in HA Carrier Liquid and analyzed for
their rheological properties using a Discovery HR-2 rheometer (TA
Instruments, Etten-Leur, The Netherlands) equipped with a parallel
plate measuring geometry (steel plate diameter ¼ 40 mm). A shear
stress ramp was obtained from 0.01 to 1 Pa at 21�C.

Release of VEGF From Microspheres Filled in PDMS Devices
Microsphere dispersions were prepared by weighing the

appropriate amount of microspheres and suspending them in HA
carrier liquid (final concentration 12 mg/mL, see the section
Preparation of Microsphere Dispersions in HA Carrier Liquid) and
filled into PDMS devices as described in the section Filling of PDMS
Devices. PDMS devices filled with VEGF-loaded microspheres were
transferred into a glass vial containing 10 mL of IVR [consisting of
Dulbecco’s PBS pH 7.4 (0.2 mm filtered), 0.025% Tween 20, 0.02%
NaN3] and were then incubated at 37�C under mild agitation. At



Figure 1. Imaging of PDMS devices (30 mm � 14 mm). (a) Schematic image of a PDMS
device. (b) Photograph of a dry device with plastic inlet. (c) Photograph of a wetted
device, filled with Nile Red-labeled microspheres (in pink). (d, e) SEM images of the
device surface: (d) reinforcement structure on the outer surface of the device (indi-
cated with arrow) and (e) membrane morphology of the outer surface of the device. (f,
g) Cross-section of the device: (f) 2 membrane sheets (arrows 1 and 2), outer rein-
forcement structure (arrow 3), and support structure between 2 membrane sheets
(arrow 4) and (g) close-up of 2 porous membrane sheets (arrows 1 and 2).
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appropriate time points, the complete release medium was
removed and replaced with fresh IVR buffer. Released VEGF was
quantified by a sandwich ELISA (Human VEGF DuoSet ELISA; R&D
Systems, Abingdon, United Kingdom) according to the manufac-
turer’s protocol. The VEGF stock solution of the ELISA kit was used
for calibration in the concentration range of 31-2000 pg/mL.
Release samples were dilutedwith reagent diluent to fall within the
working range of the assay and measured in duplicate. ELISA plates
were read at 450 nm using a SPECTROstar Nano plate reader (BMG
Labtech).

Obtained VEGF release curves were fitted using the Korsmeyer-
Peppas model, where Qt is the amount of drug released from mi-
crospheres at time point t, Q0 is the initial amount of drug in mi-
crospheres, n is diffusional exponent indicative of the transport
mechanism, and Kp is Korsmeyer-Peppas constant incorporating
structural and geometric characteristics of the dosage form (Eq.
1).42 The diffusional exponent n was calculated from the fitted
linear regression lines of log (% drug released) versus log (time) (Eq.
2). The obtained parameters of fitted VEGF release from micro-
spheres filled in PDMS devices were compared to the parameters of
the fit of the VEGF release curves from microspheres in IVR buffer,
which have been reported previously.35

Qt

Q0
¼Kp � tn (1)

Equation 1: Korsmeyer-Peppas equation

log
�
Qt

Q0

�
¼ log

�
Kp

�þ n logðtÞ (2)

Equation 2: adapted Korsmeyer-Peppas equation.

Bioactivity of VEGF Released From PDMS Devices. The bioactivity of
released VEGF from the implants was analyzed by Alamar Blue
proliferation assay with HUVECs, as described previously.35 In
short, a 12 mg/mL microsphere dispersion of VEGF-loaded micro-
spheres in 1% HA carrier liquid was prepared as described in the
section Release of VEGF FromMicrospheres Filled in PDMS Devices
and filled in PDMS devices (see section Filling of PDMS Devices).
Filled PDMS devices were incubated in 10 mL cell-compatible IVR
buffer (“bioactivity IVR buffer”; Dulbecco’s PBS pH 7.4, 0.2 mm
filtered, 0.5% bovine serum albumin, 30 mg/mL gentamicin, and 15
ng/mL amphotericin) at 37�C under mild agitation. After 1, 2, 3, and
4 weeks of incubation, the complete release mediumwas removed
and replaced by fresh bioactivity IVR buffer. Release samples were
diluted in bioactivity medium to fall within the (linear) prolifera-
tion range of VEGF (0-20 ng/mL), corresponding to a relative cell
proliferation of 1-3.5 (defined by the proliferation in % normalized
by the proliferation of cells that were incubated without VEGF).

Statistical Analysis
Data are presented as average with SD. Statistical analysis was

performed with GraphPad Prism 7 using the one-way analysis of
variance and Holm-Sidak multicomparison test. Differences be-
tween the analyzed groups were considered significant if p < 0.05.

Results

Characterization of PDMS Devices

Figure 1a shows a schematic image of the PDMS devices used in
this study. PDMS devices were made by a 3-step printing process.
First, 2 separately prepared membrane sheets were made from a
PDMS/porogen mix which was subsequently crosslinked. Next,
connecting support structures (PDMS, no porogen) were printed on
the outline and inner parts of onemembrane (as shown in Fig. 1b in
white). Then, a second membrane was placed on top of the support
structures and the polymer was again crosslinked. Finally, rein-
forcement structures (PDMS) were printed on the 2 outer surfaces
of themembranes and subsequently crosslinked. The dimensions of
the printed devices were chosen for future use in rodent studies,
aiming for subcutaneous implantation of the devices. Typically, the
devices measured 30 � 14 � 0.8 mm, with an internal volume of
~160 mL (active inner area of 20 � 10 � 0.8 mm). The surface



Figure 3. Rheological measurements of microsphere dispersions in 1% HA carrier
liquid (concentrations of microspheres stated in mg/mL). Viscosities (y-axis) were
measured using a shear stress ramp from 0.01 to 1.0 Pa (x-axis) at 21�C.
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morphology of the biomaterial implants was created by 3D printing
of a reinforcement structure of PDMS. Pores were introduced into
the membranes by adding NaCl crystals (7-8 mm) as porogen to
PDMSwhichwerewashed out withwater after the printing process
had been completed. Macroscopic pictures of the devices are
shown in Figures 1b and 1c, whereby the distribution of micro-
spheres within the inner lumen of the implants is visualized with
Nile Red-labeled microspheres (as shown in reddish-pink color).
The microspheres were distributed homogeneously in the acces-
sible parts of the implants while support structures were not
colored. The morphology of the 3D printed PDMS was analyzed by
SEM (Figs 1d and 1e). Both surface and cross-sections of the device
were selected. The reinforcement structures on the outside of the
implants were smooth and ~300 mm thick (Fig. 1d). The outer sur-
face of the membrane was smooth with a few pores (Fig. 1e). As
seen in the cross-sections (Figs 1f and 1g), the inside of the implant
was up to ~200 mm wide (Fig. 1f) and the membrane sheet had a
porous network (pore sizes between 4 and 20 mm; Fig. 1g).

The release of possible toxic leachables was studiedwith devices
filled with HA carrier liquid. Release supernatants were collected in
weekly intervals up to 4 weeks of incubation, and did not show any
sign of toxic effects (viability of HUVEC remained above 95% for all
conditions), as shown in Figure S2.

Devices were filled with a fluorescein sodium solution in HA
carrier liquid, to evaluate whether small molecules can permeate
through the PDMSmembrane. As shown in Figure 2 (yellow release
curve), fluorescein was released completely within 2 h. In a similar
setup, we evaluated the efflux of Blue Dextran (Mw of 2 MDa; blue
release curve) and FITC-labeled HA (Mw of 1.26MDa; orange release
curve) from PDMS devices. Both polymers were released from the
devices within 48 h with almost similar release kinetics.
Viscosity of Microsphere Dispersions in HA Carrier Liquid

In view of the final aim of loading pancreatic islets into the
devices, it is crucial that dispersions of microspheres in HA carrier
liquid can be injected into the PDMS devices via a 18G needle with
only minimal injection force. We therefore investigated the rheo-
logical behavior of microsphere dispersions in HA carrier liquid
with concentrations ranging from 6 to 50 mg/mL. As shown in
Figure 3 (gray circles), 1% HA carrier liquid displayed a constant
viscosity of 0.5 Pa$s at stresses ranging from 0.01 to 1.0 Pa, showing
Newtonian rheological behavior (meaning that the viscosity
is independent of the applied shear stress). On the other hand,
dispersions of microspheres in HA carrier liquid showed
shear-thinning behavior. The viscosity of dispersions of 6-20 mg/
Figure 2. Cumulative release of fluorescein, FITC-HA, and Blue Dextran from PDMS
devices. The devices were filled with a solution of fluorescein in HA carrier liquid, FITC-
labeled HA (FITC-HA), or Blue Dextran in PBS, and were subsequently incubated at
37�C in IVR buffer.
mL ranged from 1.0 to 1.7 Pa$s and decreased to about 0.5 Pa$s at
shear stresses above 0.05 Pa. The microsphere dispersion of 30 mg/
mL showed a decrease in viscosity from ~7.0 Pa$s to 0.5 Pa at shear
stresses above 0.40 Pa. Similarly, the viscosity of 50 mg/mL
microsphere dispersion decreased from ~9.0 Pa$s to ~1.0 Pa$s at
shear stresses above 0.60 Pa. The yield stress, defined as the shear
stress at which the microsphere dispersion starts to flow,43 of
dispersions at the tested concentrations (6-50 mg/mL) was rela-
tively low, that is, <0.03 Pa for 6-20 mg/mL and ~0.15 Pa for 30 and
50 mg/mL, comparable to those of orange juice or blue ink.44 We
therefore conclude that all microsphere dispersions are easily
injectable through an 18G needle.

Incorporation of VEGF Microspheres in Devices and VEGF Release

We selected 12 mg/mL as the preferred concentration of mi-
crospheres because at the loaded VEGF concentration and the inner
volume of the devices, this would represent an appropriate theo-
retical dose of VEGF (i.e., 150 ng loaded VEGF, yielding an expected
VEGF release of 5 ng/d, assuming continuous release of the loaded
dose over 28 days35). Figure 4 shows that VEGF was released from
PDMS devices throughout the release period of 28 days in a similar
pattern as VEGF releasemeasured frommicrospheres in suspension
as published previously.35 Indeed, the diffusional exponent for
microspheres filled in devices (0.43 ± 0.03) was comparable to the
diffusional exponent of 0.41 ± 0.02 for microspheres in suspension,
as derived from nonexponential fitting by the Korsmeyer-Peppas
model42,45 (Table 1).
Figure 4. Normalized cumulative release (%) of VEGF from PDMS devices filled with
VEGF-loaded microspheres (blue curve) and VEGF-loaded microspheres in suspension
(orange curve, adapted from Scheiner et al.,35 ACS Omega). Release experiments were
performed in IVR buffer at 37�C (n ¼ 3, shown as average ± SD). Released VEGF was
quantified by ELISA and normalized to 100% based on the total release observed under
the test conditions. MSP, microspheres.



Figure 5. Bioactivity of VEGF released from PDMS devices filled with VEGF-loaded
microspheres. On the left side of the graph: pink bars represent linear responsive
range of VEGF standards between 0 and 20 ng/mL. On the right side of the graph (gray,
light red, and red bars): relative cell proliferation of released VEGF (“IVR samples”)
from PDMS devices filled with VEGF-loaded microspheres per time point. IVR super-
natants were diluted 100� (light red bars) and 20� (red bars). IVR supernatants of
devices filled with placebo microspheres served as controls (gray bars: placebo). The
release study was performed in cell-compatible “bioactivity IVR buffer” without so-
dium azide and Tween 20 at 37�C. Bars represent average ± SD of n ¼ 3. *p < 0.05, 100�
dilution or 20� dilution versus placebo IVR samples.
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Bioactivity of VEGF Released From PDMS Devices

The bioactivity of VEGF released from the PDMS devices was
assessed with an HUVEC proliferation assay. As shown in Figure 5,
endothelial cell proliferation was stimulated up to 3-fold by spiked
VEGF samples in the dose range of 0.5-20 ng/mL (see Fig. S3 for a
detailed calibration curve of VEGF). IVR samples of all time points,
diluted 20 or 100�, stimulated endothelial cell proliferation be-
tween 1.5- and 3-fold in a dose-dependent manner corresponding
to the expected concentrations of 2-10 ng/mL (for 100-fold and 20-
fold diluted samples, respectively). Importantly, Figure 5 confirms
that bioactive VEGF was released during the full 4-week timespan
of the release study. Control experiments with PDMS devices filled
with placebo microspheres did not stimulate endothelial cell
proliferation.

Discussion

The aim of this study is to develop an in vitro prevascularization
strategy of PDMS devices by incorporating microspheres that
release VEGF, the most prominent proangiogenic growth factor.46

These microspheres have demonstrated continuous VEGF release
for 4 weeks,35 which has been shown to be a favorable release
window for implant vascularization.47,48 Devices used in this study
were prepared with PDMS, a polymer that has been well-studied
for its application for pancreatic islet transplantation due to its
bioinertia and biocompatibility.39,49,50 SEM revealed a porous
network within the PDMS membrane which is needed for efficient
in and out diffusion of nutrients and proteins.51,52 Indeed, the
permeability of the membrane was demonstrated by complete
release of fluorescein, FITC-labeled HA, and Blue Dextran from
PDMS implant within 48 h. Hence, we do not expect a significant
barrier function for nutrients and other small molecules that need
to diffuse from biological fluids into and from the device upon
transplantation. Furthermore, our results show biocompatibility of
PDMS devices, in line with previous studies.53,54 The rheological
measurements of microsphere dispersions with concentrations
ranging from 6 to 50 mg/mL revealed low yield pressures and thus
excellent syringeability for filling-in PDMS devices. VEGF-loaded
microspheres filled in PDMS devices showed sustained release of
this protein for 4 weeks. Figure 4 shows that the devices had the
same release characteristics as the microspheres suspended in
buffer, that is, diffusion-controlled release (see Table 1) through a
water-filled porous network within the polymeric matrix of the
microspheres, caused by the hydrophilic PEG of the multiblock
copolymers.35 This means that VEGF release from the devices is
neither controlled by diffusion over the PDMS membrane nor
binding to PDMS, and it is primarily controlled by its release from
the microspheres. This is not surprising as the diameters of mem-
brane pores (as visible by SEM; Fig. 1) created by salt leaching are
much bigger than the hydrodynamic radius of VEGF and Blue
Table 1
Korsmeyer-Peppas Model Fit Parameters for Normalized Cumulative VEGF Release
CurvesMeasured by ELISA of Microspheres in Suspension and Incorporated in PDMS
Devices, as Shown in Figure 4 as Orange and Blue Dotted Lines, Respectively

Parameters VEGF Release Quantified by ELISA

MSP Suspension MSP in Device

n 0.41 ± 0.02 0.43 ± 0.03
95% CI 0.37-0.44 0.37-0.49
R2 0.97 0.91

n, diffusional exponent; 95% CI, 95% confidence interval; R2, correlation coefficient;
MSP, microspheres.
Dextran (RH ~ 27 nm55). Importantly, VEGF was released in its
bioactive form from microspheres loaded in PDMS devices. The
released amount, based on the chosen microsphere concentration
(12 mg/mL) and release of bioactive VEGF (Fig. 5), is considered
optimal for sufficient vascularization and thus performance of
biomaterial implants, that is, 150 ng/0.1 mL implant for
4 weeks.15,25 Although it is known that VEGF is well suitable for
vascularization of biomaterial implants,11-13 angiogenesis in vivo is
an interplay of several different growth factors and cytokines, such
as fibroblast growth factor, hepatocyte growth factor, and platelet-
derived growth factor, besides VEGF.16,56 Polymeric microspheres
offer the possibility to encapsulate and release other growth factors
as well, and these microspheres can also be incorporated in
biomaterial devices intended for implantation in vivo, such as
PDMS devices used in this study.

In future in vivo studies, we aim to investigate the suitability for
this device design for pancreatic islet transplantation in a rodent
diabetes model. Two options are possible for integrating pancreatic
islets with the vascularization approach of this study. Our current
work has focused on developing a protocol for mixing rat pancre-
atic islets with VEGF-loaded microspheres in an HA-based sus-
pension and subsequently filling this suspension in PDMS devices.
Besides this, a prevascularization approach also seems feasible,
where PDMS devices are first filled with VEGF-loaded microsphere
suspension and implanted subcutaneously in rats. After 4 weeks,
pancreatic islets can then be added into the (vascularized) PDMS
device via the inlet. For both options, the compatibility of pancre-
atic islets with VEGF and VEGF-loaded microspheres needs to be
ensured and is therefore part of our current investigations.
Conclusion

In this study, we have incorporated VEGF-releasing micro-
spheres in PDMS-based devices using 1% HA solution as carrier
liquid. PDMS devices, created with salt leaching and 3D printing,
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showed a porous network and high permeability of fluorescein,
FITC-labeled HA, and Blue Dextran. PDMS devices filled with HA
carrier liquid showed cytocompatibility with endothelial cells.
Microsphere dispersions of various concentrations in HA carrier
liquid showed good syringeability. VEGF was released continuously
from PDMS devices for 4 weeks, with release kinetics comparable
to microspheres in suspension in buffer. The release of VEGF from
PDMS devices is therefore governed by the microspheres, as no
significant delay by the PDMS membrane was observed. Released
VEGF from PDMS devices remained bioactive over the entire
release period of 4 weeks. In conclusion, PDMS devices function-
alized with VEGF-releasing microspheres are an attractive vascu-
larization strategy for pancreatic islet-filled implants, which will be
studied in future in vivo studies.
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