-
ol

10

20

30

40

50

9]
9]

Biomaterials

Science

PAPER

Cite this: DOI: 10.1039/c3bm60245a

Received 14th October 2013,
Accepted 12th December 2013

DOI: 10.1039/c3bm60245a

www.rsc.org/biomaterialsscience

1. Introduction

ROYAL SOCIETY
OF CHEMISTRY

Polysaccharide electrospun fibers with sulfated
poly(fucose) promote endothelial cell migration
and VEGF-mediated angiogenesisy

Pim-On Rujitanaroj,1? Rachida Aid-Launais,° Sing Yian Chew*® and
Catherine Le Visage*°©

Vascularization of tissue-engineered constructs is critical for proper cell and graft survival. In order to
achieve this, pro-angiogenic factors, such as vascular endothelial growth factor (VEGF), are often
incorporated into scaffolds by methods that either involve multiple steps or risk compromising protein
bioactivity. In this study, we demonstrate a simple approach to incorporate VEGF into polysaccharide
electrospun fibers by taking advantage of the interactions between VEGF and sulfated polysaccharide,
fucoidan. Pullulan/dextran (P/D) electrospun fibers (diameter ~500 nm) incorporating fucoidan were
fabricated by a one-step electrospinning process. Thereafter, VEGF was loaded onto the scaffolds. By
varying the content of the chemical crosslinker, trisodium trimetaphosphate (STMP), from 10 to 12 and
16 wt% (denoted as STMP10, 12 and 16 respectively), the extent of fucoidan incorporation was significantly
enhanced (<2.5 mg g‘1 for STMP10 vs. 5 mg g~* for STMP12 and 16). In addition, increased fucoidan
content resulted in prolonged retention of VEGF bioactivity (>14 days for STMP12 and 16 vs. 3 days for
STMP10 and 1 day for VEGF by bolus delivery). Subcutaneous implantation of P/D scaffolds in mice
demonstrated enhanced angiogenic response towards fucoidan and VEGF loaded scaffolds at 14 days
post-implantation. In addition, P/D constructs supported rapid cellular infiltration and complete bio-
degradation of the scaffolds was observed at 7 days post-implantation. Taken together, the results
demonstrate the potential of P/D electrospun fibers endowed with fucoidan as tunable reservoirs for the
effective delivery of VEGF to control vascularization of tissue-engineered constructs.

been seen." Therefore, controlled release systems have been
widely explored for the localized delivery of growth factors at

Vascularization is critical for proper tissue regeneration since
blood vessels provide the necessary transport of nutrients,
oxygen and clearance of metabolic wastes. In order to achieve
proper revascularization, angiogenic factors are often used.
Unfortunately, the short half-lives of these growth factors
(~50 min for vascular endothelial growth factor, VEGF') have
often prompted the use of high dosages for systemic deliveries.
Such an approach often results in unwanted side effects. In
the case of VEGF, vasodilation, hypertension, inappropriate
blood vessel growth and neovascularization of tumors have
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therapeutic concentrations, while minimizing systemic side
effects.

Besides the need for controlled and localized delivery, pro-
viding appropriate supporting structures or an extracellular
matrix (ECM) to stabilize the formed vessels is also impor-
tant.”> In particular, electrospun fiber substrates appear to be
promising due to their biomimicking architecture. The fact
that the natural ECM consists of fibers in the sub-micron to
nanometer regime highlights the relevance and importance of
including these features in the design of tissue engineered
constructs. Indeed, drug encapsulation,®® entrapment’ or
covalent binding®® onto electrospun scaffolds for tissue re-
vascularization purposes has been explored. Although such drug
incorporation methods have led to more predictable and con-
trollable drug release, these approaches tend to involve
multiple steps during scaffold fabrication and generally
compromise protein bioactivity.

In this study, we demonstrate a convenient and straight-
forward approach to incorporating VEGF into electrospun
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scaffolds. Pullulan/dextran (P/D) electrospun fibers endowed
with fucoidan were fabricated by a one-step electrospinning
process. Following this, VEGF was incorporated into the pre-
fabricated scaffolds.

Pullulan and dextran are naturally derived polysaccharides
that are widely used in the pharmaceutical and biomedical
industries due to their high abundance, low cost, biocompat-
ibility and biodegradability.’®'" Being biochemically similar to
the natural ECM, these polysaccharides are also used as bio-
degradable scaffolds for tissue engineering.'” > Tubular-shaped
P/D hydrogels can recapitulate the mechanical properties of a
blood vessel. Their hydrophilic non-fouling surface property
allows these constructs to serve as small diameter artery repla-
cements."> On the other hand, P/D electrospun fibers signifi-
cantly enhanced cell adhesion as compared to hydrogels'*
and maintained endothelial cell phenotype for at least 15 days
in vitro."?

Fucoidan is a sulfated polysaccharide that is derived from
brown seaweeds. Besides its anti-tumor, anti-inflammatory
properties,'®!” fucoidan treatment promoted neovasculariza-
tion and angiogenesis and mobilized endothelial progenitor
cells (EPC) in vivo.'® Additionally, due to its negative sulfate
groups, fucoidan binds and modulates the activity of growth
factors such as VEGFE."”'® We have previously studied in vitro
direct interactions between VEGF and fucoidan using surface
plasmon resonance and determined their binding affinity to
be in the nanomolar range (Kp, of 1.1 x 10~° M).>* We have also
demonstrated that fucoidan loaded scaffolds promoted EPC
proliferation. In particular, medium molecular weight (M, =
39 kDa) fucoidan significantly potentiated VEGF angiogenic
activity through its enhanced immobilization and delayed
release as compared to scaffolds without fucoidans or loaded
with high (600 kDa) and low (8.3 kDa) M,, fucoidans.*® Here,
we hypothesize that fucoidan may be incorporated directly
into P/D electrospun fibers by electrospinning. Such electro-
spun fibers would possess better binding affinity for VEGF,
thereby enabling the sustained and prolonged delivery of
VEGF for effective angiogenesis.

2. Materials and methods

Pullulan (M,, 200 000) was purchased from Hayashibara Inc.,
Japan. Dextran (M, 500 000), fucoidan (M,, 23 kDa), trisodium
trimetaphosphate (STMP), gelatin, sodium hydroxide (NaOH),
dimethylformamide (DMF), bovine serum albumin (BSA),
fibronectin, haematoxylin, eosin, alcian blue and nuclear fast
red were purchased from Sigma-Aldrich, USA and used
without any further treatment. Human umbilical vein endo-
thelial cells (HUVECs), EGM-2 Bulletkit, and endothelial basal
medium-2 (EBM2) were purchased from Lonza. Vascular endo-
thelial growth factor (VEGF) and VEGF DuoSet® ELISA Devel-
opment kit were purchased from R&D Systems, USA. Fetal
bovine serum (FBS) was obtained from Hyclone, USA. Phos-
phate-buffered saline (PBS, pH 7.4) and 40,6-diamidino-2-
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phenylindole (DAPI) were obtained from Gibco, Invitrogen,
USA. Adult female C57/Blk mice (8 week) were obtained from
Janvier, France. Ketamine (Imalgéne®500) was obtained from
Merial, France and xylazine (Rompun®) was obtained from
Bayer HealthCare, France.

2.1. Electrospinning of pullulan/dextran and fucoidan-loaded
pullulan/dextran electrospun fibers

Pullulan/dextran (P/D) electrospun fibers were fabricated
according to our previous protocol.'* Briefly, pullulan, dextran
and gelatin were dissolved in a weight ratio of 8:2:1 in deio-
nized water at room temperature at a concentration of 25 wt%.
Fucoidan was added into the polymer solution at a concen-
tration of 10 wt% of P/D and mixed overnight. Thereafter,
STMP was added into the resulting solution at concentrations
of 10, 12 and 16 wt% of P/D and vortexed for 2 h. The resulting
solution was then mixed with DMF in a volume ratio of 10:1
(polysaccharide solution-DMF). Before electrospinning, 10 wt%
NaOH aqueous solution was added in a volume ratio of
1:10 (NaOH-polysaccharide solution) to provide an alkaline
condition to activate cross-linking. The resulting mixture was
then transferred into a syringe and dispensed using a syringe
pump (New Era Pump, USA) at a flow rate of 3.0 mL h™*
through a 22G needle and charged at +18 kV (GAMMA high
voltage research, USA) for electrospinning. A rotating target
(200 rpm) charged at —4 kV was placed 12 cm away from
the needle tip. Thereafter, all scaffolds were dried at 37 °C for
7 days, followed by washing three times with DI water to
remove any residual NaOH and uncrosslinked polymers.
Finally, the scaffolds were cut into 12.5 mm diameter round
pieces, lyophilized and stored at room temperature until
further use. Table 1 summarizes the samples and their
chemical content along with their notations and processing
parameters.

2.2. Evaluation of scaffold morphology

Electrospun meshes were sputter coated with platinum (Pt)
and evaluated by scanning electron microscopy (SEM) (JOEL,
JSM-6390LA, Japan). The average fiber diameters were deter-
mined using Image J (NIH, USA) by measuring 100 fibers per
sample.

Table 1 Processing parameter for electrospun scaffolds

Polymer Fucoidan STMP

concentration content content Processing
Samples (Wt%) (Wt%) (Wt%) parameters
Fibers without fucoidan
STMP10 25 0 10
STMP12 25 0 12 +18/—4 kv
STMP16 25 0 16 3.0mLh™
Fibers with fucoidan
STMP10 + F 25 10 10 12 cm
STMP12 + F 25 10 12 200 rpm
STMP16 + F 25 10 16

This journal is © The Royal Society of Chemistry 2014
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2.3. Phosphorus quantification

The phosphorus content of fibrous scaffolds was determined
according to a colorimetric method mentioned in our previous
publication.™ About 2 mg of each scaffold were degraded with
1 mL of 10% nitric acid and incubated at 105 °C for 3 hours.
Subsequently, 0.4 mL of 14.7 M nitric acid, 2 mL of 10 mM
ammonium metavanadate, and 2 mL of 40 pM ammonium
pentaphosphoric acid molybdate were added into each
sample. For the standard curve, phosphoric acid was used as
the reference and phosphorus content was then determined
spectrometrically at 405 nm wavelength. Results were
expressed as pmol g~' dried scaffold and three scaffolds were
tested for each sample.

2.4. Sulfate and fucoidan quantification

Sulfate quantification was conducted according to Gustaff-
son."* Briefly, about 30 mg of each type of scaffold was dried
overnight at 60 °C. Subsequently, each sample was exposed to
nitrogen (100 mL min~") while boiled in iodohydric acid for
20 minutes. Released hydrogen sulfur reacted with zinc acetate
(0.2 M) to form zinc sulfur. Thereafter, 8 mL of ammonium
iron sulfate (16 mM) and 2 mL of 3.7 mM diamine were added
into each sample. Following 15 minutes of agitation, absor-
bance at 665 nm was measured using a spectrophotometer.
Sulfate content was calculated from a standard curve obtained
with a potassium sulfate reference solution. Sulfate content of
dry fucoidan was measured and fucoidan content of all
scaffolds was then calculated. At least four replicates were used
for each type of scaffold.

2.5. VEGEF loading and release

VEGF was reconstituted in 0.5 wt% BSA in PBS to obtain 10 ug
mL~". VEGF loading onto P/D scaffolds was performed by
adding 5 pL of VEGF solution (corresponding 50 ng) onto each
type of dried scaffolds (average weight = 5 + 0.25 mg). VEGF-
loaded scaffolds were used for further studies. For VEGF
release kinetics studies, we followed our published protocols
with slight modifications.®>" Briefly, each scaffold was placed
in a 12-well plate with 1 mL of PBS and incubated at 37 °C. At
fixed time points, 500 pL of supernatant was retrieved and
replenished with 500 pL of fresh PBS. The amount of released
VEGF was quantified by a VEGF DuoSet® ELISA Development
kit. The cumulative VEGF released (%, with respect to
theoretical loading amount) was finally computed using the
following equation, where the theoretical loading amount
was 50 ng:

Cumulative VEGF amount (ng)
Theoretical loading amount (ng)

X 100

Cumulative VEGF release =

2.6. Cell culture of HUVECs

HUVECs were cultured in the complete growth medium,
EGM-2 Bullet kit. Cells were maintained in a humidified incu-
bator at 37 °C with 5% CO,. The HUVECs were kept within
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passages 4-10 to ensure similar cellular activity for the
migration assay.

2.7. Migration assay

Transwell inserts (8 pm pores, BD Flacon, USA) were coated
with 200 pL of fibronectin at 50 pg mL™' concentration and
incubated at 37 °C overnight. Any excessive liquid was carefully
aspirated. The inserts were then washed once with PBS and
dried in the hood. Scaffolds were placed in a 12-well culture
plate containing 1 mL of EBM2 with 0.2% FBS and incubated
at 37 °C. At specific time points, HUVECs were seeded into the
inserts in 500 pL of EBM2 with 0.2% FBS and the inserts were
placed in the 12-well culture plate. After 5 h, non-migratory
cells were removed from the inserts by wiping the upper
surface with an absorbent tip. The lower part of the inserts,
containing migrated cells, was cut off and the cells were
stained with DAPI (1:1000). Five different representative fields
per insert were visualized by fluorescent microscopy (Olympus,
model no. IX7) under 20x magnification. The number of
nuclei was counted on three inserts for each sample group.
Finally, the results were presented as migrated cells per fields.

2.8. Animal study: in vivo neovessels formation and scaffold
degradation

The animal protocol was approved by the Bichat University
Institutional Animal Care and Use Committee. Eighteen adult
female C57/Blk mice (8 weeks, from Janvier, CERJ, Laval,
France) were anesthetized with 2 mL of anesthetic solution
(83.3 mg mL™" ketamine and 3.3 mg mL ™" xylazine) diluted in
8 mL of distilled water (100 pL per 10 g, i.p.). Control
(STMP16) and fucoidan (STMP16 + F) electrospun fiber discs
of 4 mm diameter were sterilized using ultraviolet light and
then hydrated extemporaneously with either PBS (5 pL) or
VEGF (100 ng in 5 pl). Disc implantation was performed in the
subcutaneous space of the left and right sides of the back of
the mice (n = 3 discs per group).

Animals were euthanized by an overdose of ketamine/xyla-
zine solution at day 7 or day 14 after implantation. Tissue sur-
rounding the implantation area was harvested, fixed in 4%
paraformaldehyde and embedded in OCT for histology
studies. Three sections (8 pum) were cut every 100 to
150 microns in each sample and were transferred to glass
slides. Hematoxylin and eosin stained sections were observed
by light microscopy using the NDPview software (Hamamatsu,
Japan) and the number of blood vessels was evaluated and
expressed in number per mm?® as previously reported.’® At
least 3 sections of each sample were used for quantification,
taken at different depths of the harvested tissues (Table 2).

In a separate experiment, STMP16 scaffolds were implanted
and animals were sacrificed at day 1, day 4 and day 7. Tissue
sections were stained with alcian blue and nuclear fast red to
assess the scaffold degradation following implantation.
Scaffold area was measured on histology sections using
NDPview software (Hamamatsu, Japan) and expressed in mm?.
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Table 2 Subcutaneous study design. A total of 24 samples were
implanted into 12 mice; an additional study was performed with 6 mice
to assess the in vivo fate of the polysaccharide scaffold (2 mice were
sacrificed at each time point)

Samples Day 1 Day 4 Day 7 Day 14
STMP16 — — n=3 n=3
STMP16 + F — — n=3 n=3
STMP16 + VEGF — — n=3 n=3
STMP16 + F + VEGF — — n=3 n=3
STMP16 n=3 n=3 n=3 —

2.9. Statistics

Fiber diameters are expressed as mean + standard deviation.
All other results are expressed as mean + standard error (SE) of
mean. Phosphorus content, sulfate content, fucoidan content
and cell migration were analyzed using one-way ANOVA and
Tukey’s post doc test for more than two sample groups after
verifying equal variances; otherwise, non-parametric tests,
Kruskal-Wallis and Mann-Whitney U tests, were used. Stu-
dent’s t-test was used for statistical comparisons involving two
samples. Blood vessel density results were analyzed using a
two-way ANOVA with Bonferroni’s post hoc test. Scaffold area
results were analyzed using a one-way ANOVA with Bonferroni’s
post hoc test. Values of p < 0.05 were considered statistically
significant.

3. Results

3.1. Scaffold morphology

As indicated in Fig. 1(A-C), fucoidan-loaded P/D scaffolds with
uniform and bead-free fibers were obtained. The average dia-
meters of as-spun fucoidan-loaded P/D fibers with different
loading concentrations of 10 wt%, 12 wt% and 16 wt%
STMP were 489 + 145 nm, 508 + 161 nm and 513 + 158 nm

STMP 1

10KV X6,000 Spm

15V X1,000

Biomaterials Science

respectively. No significant increase in fiber diameter was
observed with increasing STMP content. After washing and
drying, the scaffolds retained the porous and fibrous architec-
tures as indicated in Fig. 1(D-F).

3.2. Phosphorus content

In this study, STMP was used as a chemical crosslinking agent
for polysaccharide-based electrospun fibers. The crosslinking
is a result of phosphate bridge formation between polymer
chains."® Therefore, phosphorus content was used as an esti-
mate of the crosslinking efficacy between the polymer chains.
Fig. 2 shows that the amount of phosphorus in fibers without
fucoidan significantly increased with STMP concentration (384 +
8.5 umol g™, 578 + 40.5 umol g™, and 932 + 86.6 pmol g~ *
for STMP10, STMP12 and STMP16, respectively, p < 0.05). The

Phosphorus content (umol/g)

STMP10 STMP10+F STMP12 STMP12+F STMP16 STMP16+F

Fig. 2 Phosphorus content of cross-linked scaffolds as determined by
the colorimetric test. * and ** indicate p < 0.05 as compared to STMP16
and STMP16 + F respectively. # indicates p < 0.05. Results are presented
as mean values + SE (n = 3).

STMP 16

™~
15 40 SEI 10KV "NX5,0000 Spm 15 40 SEI

Fig. 1 SEM images of (A—C) as-spun fucoidan-loaded pullulan/dextran fibers and (D—F) fucoidan-loaded pullulan/dextran fibers after washing and

drying. Results indicate the retention of scaffold fibrous architecture.
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addition of 10 wt% of fucoidan did not impair the crosslinking
process since the scaffolds presented similar phosphorus con-
tents at each STMP concentration.

3.3. Sulfate and fucoidan content

Incorporation of sulfated fucoidan into electrospun scaffolds
was then evaluated with the measurement of sulfate content.
As indicated in Fig. 3, sulfate content significantly increased
with the incorporation of STMP (6 + 1 pmol g™, 20 + 4 pmol g™,
and 16 + 2 pmol g~' for STMP10 + F, STMP12 + F and
STMP16 + F, respectively, p < 0.05). However, there was no sig-
nificant increase in sulfate content between STMP12 + F and
STMP16 + F, likely due to the saturation of fucoidan that could
be entrapped in the electrospun fibers. Fucoidan content of
scaffolds was then calculated based on their respective fucoi-
dan sulfate content. A similar trend was observed for fucoidan
content (Fig. 3).

3.4. Release kinetics of VEGF-loaded scaffolds

Fig. 4 shows the release profiles of VEGF from electrospun
scaffolds. A sustained release of VEGF was detected for up to 7
days after initial burst releases upon immersion into PBS. The
encapsulation of fucoidan within P/D electrospun fibers
resulted in a significantly lower burst release than plain elec-
trospun scaffolds (19.3 + 0.5% (STMP10 + F), 16.2 + 1.1%
(STMP12 + F), 15.3 + 0.6% (STMP16 + F) vs. 20.9 + 0.6%
(STMP16), at t = 5 h, p < 0.05). The increase in cross-linker con-
centration appeared to slow the initial burst release of VEGF
from electrospun fibers, although the difference was not stat-
istically significant for STMP12 + F and STMP16 +
F. Concurrently, the rate and amount of VEGF that was
released from fucoidan-loaded scaffolds were lower as com-
pared to plain electrospun fibers. At day 14, the total cumulat-
ive release of VEGF was 22.8 + 1.0%, 23.7 + 0.2%, and 24.2 +
0.5% for STMP10 + F, STMP12 + F and STMP16 + F,

25 =
B Suifate e

Fucoidan .

Sulfate content (umol/g nanofibers)
slaquoueu B;6w) Jusuoo uepioon4

STMP 10

STMP 10+F STMP 12+F STMP 16+F

Fig. 3 Sulfate content of scaffolds with and without incorporation of
fucoidan as measured following reduction by hydriodic acid. Scaffolds
without fucoidan were used as controls. Fucoidan content of scaffolds
was then calculated from the corresponding fucoidan fraction sulfate
content. * indicates a significant difference with STMP10 + F scaffolds
(p < 0.05). Results are presented as mean values + SE (n = 3).
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Fig. 4 VEGF cumulative release from scaffolds with and without incor-
poration of fucoidan. VEGF release was measured by ELISA after specific
time points of incubation in PBS at 37 °C. n = 4.

respectively and a significantly higher release of 29.2 + 0.1%
was detected from plain electrospun fibers (p < 0.05). These
results suggested that fucoidan helped to retain VEGF through-
out the period of sustained release.

3.5. Bioactivity of VEGF released from scaffolds

A migration assay of HUVECs was performed in order to inves-
tigate the bioactivity of VEGF released from electrospun
scaffolds. As shown in Fig. 5 and ESI Fig. 1,T bolus delivery of
VEGEF resulted in a significantly higher number of migrated
cells than VEGF-loaded fucoidan scaffolds at day 1 (p < 0.05).
However, the number of migrated cells in response to bolus
VEGF decreased significantly by day 3 and returned to the
basal level after 7 days. Meanwhile, the difference in cell
migration was not statistically significant for scaffolds with
fucoidan alone as compared to untreated cells at all time
points (ESI Fig. 21). For VEGF-loaded fucoidan scaffolds,
higher STMP concentration demonstrated lower cell migration
at day 1 (migrated cells: STMP16 + F ~ STMP12 + F < STMP10
+ F, p < 0.05), likely due to the lower initial burst release of
VEGF from the scaffolds. Although the number of migrated
cells for STMP12 + F and STMP16 + F samples was signifi-
cantly lower at the initial time point, the number of migrated
cells was significantly higher as compared to bolus delivery
from day 5 to day 14. This is likely due to the sustained release
and availability of VEGF from fucoidan electrospun fibers.
This observation contrasted with trends observed on STMP10
+ F, where the number of migrated cells returned to basal level
after 7 days.

3.6. Animal study

Since in vitro results revealed better VEGF release from P/D
electrospun fibers that were crosslinked with 16 wt% of STMP,
these scaffolds were used in subsequent in vivo studies. In the
first series of experiments, control (STMP16) and fucoidan
(STMP16 + F) electrospun fibers were hydrated extempora-
neously with either PBS (5 pL) or VEGF (100 ng in 5 pl) and
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Fig. 5 Migration of HUVECs in a transwell chemotaxis assay (n = 3, transwells). Representative images (A)—(H) of migrated HUVECs at day 14. Blue
signals present cell nuclei by DAPI staining. The scale bar is 50 um. (A) and (E) With and without bolus delivery of 50 ng mL™* VEGF respectively.
(B)—(D) Fucoidan scaffolds with STMP10, STMP12 and STMP16 respectively. (F)—(H) VEGF-loaded fucoidan scaffolds with STMP10, STMP12 and
STMP16 respectively. (I) Quantitative analysis of migrated cells. * and ** indicate p < 0.05 as compared to samples with bolus delivery of VEGF and

STMP10 (+F + VEGF) samples at each time point respectively.

then implanted in a subcutaneous angiogenesis model in
mice. Fig. 6a shows representative images of haematoxylin/
eosin stained tissue sections harvested at day 14. Similar to
day 7 (not shown), macroscopic observation evidenced a com-
plete disappearance of the scaffolds in all groups. In the pres-
ence of fucoidan and VEGF (STMP16 + F + VEGF scaffolds), a
more intense vascularization response was observed. Further-
more, the increased presence of erythrocytes demonstrated the
functionality of the neoformed blood vessels (black arrows). As
indicated in Fig. 6b, there was a significant difference in blood
vessel density between the STMP16 + F + VEGF scaffold and all
other groups at day 7 (p < 0.01 for STMP16, p < 0.001
for STMP16 + F and p < 0.05 for STMP16 + VEGF) and at day 14
(p < 0.001 for all cases).

In the second set of experiments, electrospun fibers were
implanted subcutaneously in mice to assess the in vivo fate of
the polysaccharide scaffold. At day 1, samples were retrieved
and scaffolds, as well as the electrospun fiber structure, were
clearly identified on alcian blue stained histology sections
(Fig. 6D). At day 4, we noticed that the scaffold had shrunk. In

6 | Biomater. Sci.,, 2014, 00, 1-10

addition, cellular infiltration, as illustrated with an insert from
day 4 image, was evident with red stained cells located in-
between the loose electrospun fibers. At day 7, there was
almost no scaffold left at the site of implantation and this was
confirmed with a significant decrease of the scaffold area, as
measured on histology sections, from day 1 to day 4 and day 7
(2.49 + 0.18 mm?* versus 1.49 = 0.04 mm> versus 0.004 *
0.001 mm?, respectively, p < 0.01).

4. Discussion

In this study, we incorporated polysaccharide fucoidan into
electrospun pullulan-dextran fibers. Functionalized fibrous
scaffolds were assessed as tunable reservoirs and delivery
systems for VEGF, a potent angiogenic molecule, in vitro and
in vivo.

Inadequate nutrient perfusion and mass transport issues,
especially oxygen diffusion, limit the development of tissue-
engineered products to smaller than clinically relevant sizes

This journal is © The Royal Society of Chemistry 2014
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(A) Following subcutaneous implantation, neovessel formation (arrows) was assessed on hematoxylin/eosin stained sections of tissues har-

vested two weeks after subcutaneous implantation. (B) Neovessels were quantified and results were expressed as the number of neovessels per pm?
(*p < 0.05, **p < 0.01, ***p < 0.001). (C) STMP16 scaffold degradation was assessed on sections stained with alcian blue and nuclear red to visualize
polysaccharide fibers and cells, respectively. At day 4, a significant decrease of the scaffold area was observed as compared to day 1, with cellular
infiltration noted in-between the loose electrospun fibers (arrows). At day 7, only remnants of the fibrous scaffold could be found.

and impair their subsequent integration in vivo. Many cellular
studies have sought to use prevascularized or endothelialized
scaffolds to induce neovascularization and enhance inte-
gration with host vasculature. Another strategy relies on the
use of a pro-angiogenic biomaterial that would not require any
cell culture step before implantation, while providing biologi-
cal cues to improve EPC recruitment.”” Spatial and temporal
presentation of these cues at the site of tissue repair would be
critical for achieving proper microvascular network formation
and stabilization. It is well documented that the pro-angio-
genic protein, VEGF,>* not only stimulates the proliferation
and migration of endothelial cells to establish nascent micro-
vessel but also recruits mononuclear cells and macrophages
that produce additional angiogenic factors.>® Simoén-Yarza and
coauthors reviewed the main drug delivery systems that have
been developed to administer VEGF in cardiovascular dis-
eases.> Most of these systems require covalent binding such
as VEGF immobilized in poly(ethylene glycol)-diacrylate hydro-
gels.”® To overcome the potential damage to VEGF and the loss
of biological activity that may result from the covalent chem-
istry, development of growth factor-binding biomaterials has

This journal is © The Royal Society of Chemistry 2014

emerged as another strategy. We thus selected fucoidan, a sul-
fated polysaccharide, to functionalize electrospun P/D fibers
into tunable VEGF reservoirs.

We previously reported the fabrication of electrospun poly-
saccharide fibers using STMP as a chemical cross-linker."*"*
Polysaccharides were mixed with STMP to enable in situ cross-
linking during the electrospinning process. In this study,
STMP concentrations ranged from 10 to 16 wt% of polysac-
charides. Cross-linking occurs through the formation of an
intermolecular linkage between two hydroxyl groups within
the polymer chains as demonstrated for pullulan.”® Fucoidan
molecules bearing hydroxyl groups might react as well with
STMP thus becoming part of the hydrogel network. Indeed,
when increasing the concentration of STMP from 10 to 12 wt%,
an increase of fucoidan content in electrospun fibers was
obtained. However, a further increase of STMP concentration
to 16 wt% did not increase the fucoidan content of the fibrous
scaffolds.

In a previous work, we demonstrated that both molecular
weight and sulfate content influenced fucoidan incorpora-
tion into chemically cross-linked porous hydrogels.”® A low
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molecular weight (8.3 kDa) fucoidan was not efficiently cross-
linked into the hydrogel framework and the resulting fucoidan
content was less than 3 mg g~' of scaffold. Increasing the
molecular weight of fucoidan resulted in a significant increase
of the fucoidan content up to 80 mg g~ " scaffolds, with longer
chains bearing multiple hydroxyl groups more efficiently cross-
linked to the pullulan and dextran framework.

Hence, based on these results, we selected in this study a
medium molecular weight fucoidan, similar to the one used in
our previous work. Although electrospun fibers were prepared
using a higher cross-linker concentration and their phos-
phorus content was at least 3 times higher than in porous
scaffolds, a low fucoidan content of ~5 mg g~" of electrospun
fibers was reached. This result indicates that either all hydroxyl
groups of pullulan and dextran chains were involved in cross-
linked bonds or all hydroxyl groups that were sterically avail-
able on fucoidan molecules were participating in these bonds;
either way, no additional fucoidan could be incorporated.

We then demonstrated that fucoidan content was high
enough to impact VEGF bioactivity on endothelial cells.
Indeed, STMP10 electrospun fibers that contained less than
3 mg g7' were less effective than STMP12 and STMP16
scaffolds for stimulating cell migration. In addition, both
VEGF loaded STMP12 and STMP16 scaffolds that had similar
fucoidan content presented similar bioactivity. One might
assume that the number of sulfate groups associated with the
functionalized electrospun fibers would be a more relevant
parameter than the fucoidan content, since structure-function
studies have reported that the distribution of negative charges
of sulfate groups on the fucoidan backbone rather than its
molecular weight is important for biological activities.>” Here,
we demonstrated that both VEGF loaded STMP12 and STMP16
electrospun scaffolds presented similar sulfate content and
similar bioactivity, confirming a relationship between sulfate
groups and biological activities of fucoidan scaffolds.

One commonly encountered problem is the difficulty in
fully colonizing even relatively thin (~1 mm) electrospun
scaffolds.?® Inadequate cell infiltration occurs and limits inte-
gration with native structures when these scaffolds are
implanted in vivo. To our surprise, following subcutaneous
implantation in mice, we observed cells infiltrating in-between
layers of electrospun fibers, coupled with a drastic reduction
of the scaffold size within 4 days, as measured on alcian blue
stained histological sections. By day 7, fibers could not be
identified on tissue sections and all scaffolds had disappeared.
This bioerosion timeframe is particularly striking as compared
to our previous reports on P/D porous scaffolds. These 1 mm
thick scaffolds, obtained by a similar STMP cross-linking
process combined with a salt leaching technique, presented
large interconnected pores (~200 microns). Following cardiac
implantation in rat hearts, it took almost 2 months to observe
a similar bioerosion of scaffolds that were 3 times less cross-
linked.”® Thus, these electrospun scaffolds could be con-
sidered as highly porous biomaterials, in which cells can
quickly infiltrate in-between fiber layers. These cells would
then favor the scaffold erosion through enzymatic hydrolysis
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Biomaterials Science

of phosphoester bonds that we introduced during the cross-
linking process.*® This fast erosion rate might be finely tuned
by adjusting the cross-linker content to optimize the delivery
duration.

Another important finding of this study was the demon-
stration that a hydrogel fibrous system could be used to
achieve a sustained release of biologically active VEGF follow-
ing local implantation and the desired outcome of neovascu-
larization. The approach of scaffold decoration with fucoidan
probably mimics the in vivo conditions where growth factors
are associated with the extracellular matrix through dynamic
direct and indirect interactions.’’ Fucoidan had a marked
positive effect on angiogenesis, suggesting that it could
directly bind to and release certain growth factors, as well as
sequester them and/or enhance their activity. One advantage
of the fibrous system is its flexibility in terms of VEGF dose
through a simple change in concentration of the solution
loaded on the scaffold. In addition, one can envisage adminis-
tering electrospun fibers prepared with either different fucoi-
dan content or cross-linker content to obtain different VEGF
release profiles. A local release of VEGF from the functiona-
lized scaffold, in addition to the electrospun fiber features,
could have contributed to the formation and stabilization of
microvascular networks, highlighting the importance of con-
trolling the biochemical and structural microenvironment for
biomaterial-based vascularization.

5. Conclusion

In this study, we demonstrate a one-step preparation of electro-
spun scaffolds functionalized with non-animal sulfated poly-
saccharide fucoidan. We demonstrate that VEGF loaded
scaffolds potentiate VEGF in vitro bioactivity on endothelial
cells, trigger an angiogenic response following subcutaneous
implantation in mice, as well as favor cellular infiltration and
subsequent bioerosion of the biomaterial. Such functionalized
electrospun fibers offer exciting approaches for clinical
applications.
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