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Biodegradable synthetic vascular networks are produced via
the combination of robocasting and electrospinning
techniques.  Preliminary revascularization studies using
microvascular endothelial cells and human dermal fibroblasts
show good attachment and uniform distribution within the
vascular networks, highlighting their potential use in vascular
tissue engineering applications.

One of the greatest challenges currently faced in Tissue Engineering
(TE) is the incorporation of vascular networks within tissue
engineered constructs. Many of these 3D constructs recapitulate the
gross morphology of the native tissues but do not contain any
intrinsic vasculature requiring ingrowth of neovasculature from the
host wound bed for their survival. When this occurs too slowly TE
grafts fail as tissues lack access to oxygen and nutrients. Generally,
TE grafts thicker than 400 pum will need the presence of vasculature
for avoiding necrosis and allowing diffusion of nutrients and gases'
3. The formation of blood vessels in the absence of intrinsic
vasculature (vasculogenesis) and in the presence of pre-existing
vessels (angiogenesis) has been addressed by tissue engineers using
a range of approaches®. Many approaches are based on the use of
decellularised tissues®'® whilst others focus on the use of natural
polymers such as collagen ''. Both natural and synthetic extracellular
matrix (ECM) materials have also been used for the creation of
patterned vascular networks using carbohydrate-based sacrificial
materials '%. For electrospun constructs, Centola and coworkers
reported work on the fabrication of an electrospun hybrid vascular
graft reinforced with a PCL frame created by fused deposition
modelling * and Jeffries and coworkers have recently combined
fused deposition modelling with template electrospinning'®.
Furthermore, 3D aortic valve conduits have been produced by Duan
et al. using bioprinting methods and an alginate/gelatin hydrogel'’.

In this study we developed a 4-step technique combining
electrospinning and robocasting which allows the introduction of
complexity within biodegradable membranes using a cell-friendly
sacrificial template material (alginate) as illustrated in Figure 1. This
method is very versatile and allows the creation of vascular networks
with a wide range of morphologies and sizes as well as the use of a
variety of medical grade polymers for the creation of the
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biodegradable membranes. Specifically, in this study we used Poly
(lactic-co-glycolic acid) (PLGA) and poly (3-hydroxybutyrate-co-3-
hydroxyvalerate) (PHBV) for the creation of electrospun mats
equipped with artificial vasculature and we used both human dermal
fibroblasts (HDFs) and human dermal microvascular endothelial
cells (HDMEC:s) for preliminary cell studies.

Combining conventional techniques routinely used in tissue
engineering approaches such as electrospinning and innovative 3D
additive manufacturing techniques such as robocasting brings
numerous advantages to the design of future medical devices. Some
of these advantages have been previously reported by our groups in
several publications highlighting the combination of electrospinning
with other manufacturing techniques such as microstereolithography
for the creation of biodegradable rings for corneal healing'® ', In the
current study the use of robocasting allows us to readily tune the
design of the vascular networks in terms of size, thickness and
morphology. Additionally, electrospinning allows us to create
devices with different degradation speeds which can be easily
scaled-up and sterilised for a future clinical application. The ability
to easily spin different polymers allow us to control degradation
times '® and porosity opening the opportunity of developing different
membrane combinations as recently reported by our group'.
Specifically, electrospun mats were produced by dissolving medical
grade PLGA (Purac) and PHBV (Goodfellow) in dichloromethane
(DCM) and a mixture of DCM and Methanol respectively. Optimal
concentrations of 20% w:w PLGA and 10% w:w of PHBV
(containing 10% w:w of Methanol) were prepared and the polymers
were electrospun using four 5 ml syringes with 0.6mm ID blunt tip.
PLGA was spun for 1.5 hours using a rate of 30 ul/min and, a
voltage 12.5 kV and a distance between the needles and the collector
of 15 cm. PHBV parameters were 1 hour of spinning, 40 pl/min rate,
a voltage of 17 kV and a distance between the needles and the
collector of 17 cm. Using these parameters we obtained PLGA
electrospun mats with microfibres with diameters of 3.5 £ 0.5 pm
and PHBV electrospun mats with nanofibres with diameters of 0.70
+0.05 pm.
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Figure 1. Schematic of the fabrication of synthetic vascular networks using a
multi-step process. Firstly a thin layer of polymer (PHBYV) is electrospun
onto a flat electroplated aluminium collector. Secondly, an alginate-glycerol
mixture is printed onto the electrospun sheet. Then another layer of PHBV is
spun on top of the alginate pattern. Finally, alginate is removed using an
ethylenediaminetetraacetic acid (EDTA) solution.

Using alginate as a sacrificial substrate in a room temperature
deposition process presents several advantages: (i) the printing
process can be performed without the need for a heating head; (ii) it
allows introduction of biomolecules within the fabrication process so
we can easily add functionality to our devices without facing loss of
activity or protein denaturation and (iii) the microstructural integrity
of the electrospun mats is not altered by high temperature
processing. The use of other sacrificial substrates such as PVA has
been also reported although in this case the extrusion cannot be done
at room temperature '*. Additionally, alginate is very easy to remove
and is cell-friendly. The alginate paste was placed inside a syringe
barrel attached to a dispensing system (Ultra 2800, EFD Inc., East
Province, USA) and a 3D printer (RepRap Mendel, Oldbury on
Severn, UK) was used to hold the dispensing arm and print the
alginate (custom built g-code software (Vascular Pattern Path
Generator, VPPG) was used to control geometry, feed-rate of the
printer and the number of iterations). The alginate paste was
produced by mixing 36.35g of distilled water, 0.1g of calcium
chloride dihydrate (Sigma-Aldrich) 0.75g of alginic acid sodium salt
(Sigma-Aldrich) and 12.125g of glycerol (Sigma-Aldrich) and it was
printed using an optimum extrusion rate of 0.025¢cm’/min and a feed
rate of 8.3 cm/s. To remove the alginate sacrificial template and
achieve the creation of a hollow network between the two
electrospun mats, the scaffolds were submerged in 0.5M EDTA
solution overnight on a gel-shaker set to 70 rpm. Removal of the
sacrificial substrate was studied by both SEM and fluorescence
microscopies (Fig. 2). Eosin-Y was added to the alginate mixture
and the removal process was followed using a fluorescence
microscope ImageXpress system (Axon Instruments, USA). Hollow
networks of sizes ranging from 0.5 mm to 2 mm were created.

For the ultimate purpose of seeding and coating the internal vascular
channels with endothelial cells (ECs) a nanofibrous structure was
required to prevent cell migration throughout the thickness of the
scaffold.
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Figure 2. Image of PHBYV artificial electrospun vascular network (a); High
magnification SEM image of PHBYV fibres in the vascular construct (b); SEM
image of vascular conduit containing the alginate sacrificial substrate (c);
Fluorescence image of alginate loaded with Eosin-Y after printing on PLGA
electrospun substrate (d); Fluorescence image of alginate loaded with Eosin-
Y after spinning a PLGA layer on top (e); SEM image of vascular conduit
after removing the alginate sacrificial substrate (f).

Prior to cell culture mechanical properties of the PHBV scaffolds
were tested and are summarised in Table 1. Briefly, tensile
mechanical testing was conducted using a uniaxial load test machine
fitted with a 4.5 N load cell (Bose Electroforce 3100, Bose Ltd, UK).
The dimensions of strips of scaffold sheets were measured using a
micrometer before being fixed to the clamps of the machine
positioned 10 mm apart. Each sample was then pulled at a rate of
0.1 mm/minute and elongated to failure (n=4). Stress-strain curves
were produced and the relevant values were calculated using the
resultant graphs. To obtain the suture retention strength both ends of
the scaffold sheet were sutured 3 mm from the end of the sample (6-
0 Prolene, Ethicon Inc, USA) before being clamped in place within
the uniaxial load test machine. The distance between the clamps was
measured and each sample was then pulled at a rate of 0.1
mm/minute and elongated to failure (n=6). Suture retention strength
was calculated as load/ (suture diameter X material thickness). The
results show that the bulk material has an average ultimate tensile
strength of 0.6 MPa, similar to poly(ether urethane urea) (PEUU)
vascular graft scaffolds that have been used previously in vivo™.
The suture retention strength of this material is also similar to
scaffolds that have been used in vivo which have a typical range of
between 35-59 MPa”'.

After the fabrication of the constructs and the elimination of the
sacrificial substrate, the scaffolds were cannulated with a 24G
cannula under a dissection microscope (Wild Heerbrugg M 3Z) and
their ability to be perfused was tested using a blue colour dye. The
vascular nets were attached to a peristaltic pump (Watson Marlow
200 series, Scientific Laboratory Supplies, UK) via the cannula and
placed into a 100 ml glass bottle containing 50 ml of media.
Scaffolds were perfused at a flow rate of 0.5 ml/min for 1-5 days.
Prior to cell culture, the cannulated constructs were sterilised by
submerging them for 45 min in 70% ethanol (in distilled water) and
then washed 3 times with sterile PBS. Initial viability and cell
attachment tests were performed using HDFs (tissues were collected
and used under the requirements stipulated by Research Tissue Bank
Licence 12179). HDFs were cultured in DMEM supplemented with
FCS (10% v/v), streptomycin (0.1 mg/ml), penicillin (100 IU/ml)
and amphotericin B (0.5 g/ml) and sub-cultured as necessary. Cell
viability was evaluated using the 3-(dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) assay and the location of the
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cells on formalin-fixed constructs after 5 days of seeding was studied
using Rose Bengal (1 % w:w). As expected and demonstrated in
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Tensile testing (n=4)

Suture Retention Strength (MPa)

(n=6)
Ultimate Tensile Yield Strength (MPa) Young’s Elongation at Break
Strength Modulus (MPa) (%)
(MPa)
0.60 +£0.08 0.29 +£0.05 15.00 £ 2.60 36.47 £5.03 41.67 £5.85

Table 1 - Mechanical properties of PHBV scaffold.

previous work developed by our group cells grew and attached to
both PLGA and PHBV electrospun membranes'® " ' 22 The
constructs were able to be perfused and following perfusion the cells
were well-distributed throughout the electrospun networks. The
suitability of the constructs as synthetic vascular networks was then
explored using proliferating HDMECs from juvenile foreskin
(Promocell, Heidelberg, Germany). Cells were grown in EC growth
medium MV containing 0.05 ml/ml FCS, 0.004 ml/ml EC growth
supplement, 10 ng/ml epidermal growth factor (recombinant
human), 90 pg/ml heparin, 1 pg/ml hydrocortisone, 100 U/ml
penicillin, 0.1 mg/ml streptomycin and 0.25 pg/ml amphotericin B.
To ensure cells attached uniformly to the artificial channels we used
a two-stage process. First, 2.5 x 10° HDMECs cells (per scaffold)
were seeded and kept overnight in an incubator at 37 °C and 5%
CO,; the constructs were turned over the next day and a second
suspension of 2.5 x 10° HDMEC cells was seeded and left

overnight. Images a-c in Figure 3 illustrate how cells attached to
both the curved and the flat part of the construct. Scaffolds seeded in
static conditions showed areas with irregular cell attachment
indicating that perfusion was essential to achieve a more uniform
distribution of cells through the electrospun network.

Figure 3. Fluorescence image of HDMECs cells stained with Phalloidin-
TRITC (red) located on the curved surface of the artificial electrospun
vascular network (a); Fluorescence image of HDMECs cells stained with
Phalloidin-TRITC (red) located on the flat surface of the artificial
electrospun vascular network (b); Confocal z-stack of the vascular construct
showing an homogenous distribution of cells (red) throughout the artificial
construct (c); SEM images of HDMECs cells attached to the PHBV
constructs (d-f).

This journal is © The Royal Society of Chemistry 2012

Delivering cells of endothelial origin has been the focus of many
studies aimed at enhancing neovascularization as they are directly
associated with contributing to vessel formation.  However,
improved results have been noted by using a co-culture of ECs and
so called ‘helper cells’. Studies using HDMECs and HDFs have
shown improved cell proliferation and cell signalling® and it is
believed that this is as a result of paracrine signalling mechanisms
that promote production of VEGF from fibroblasts and the up-
regulation of VEGF receptors on HDMECs®. In an attempt to
improve the surface coverage of HDMECs throughout the vascular
channels, HDFs were co-cultured within this system. Briefly
HDMECs were seeded using the same quantities and two staged
process described above, but in these experiments 2.5 x 10° HDFs
suspended in EC growth medium MV containing 0.05 ml/ml FCS,
0.004 ml/ml EC growth supplement, 10 ng/ml epidermal growth
factor (recombinant human), 90 pg/ml heparin, 1 pg/ml
hydrocortisone, 100 U/ml penicillin, 0.1 mg/ml streptomycin and
0.25 pg/ml amphotericin B, were seeded onto both outer surfaces of
the scaffold and cultured for 5 days. Samples were prepared and
imaged for SEM using methods described previously'’.
Immunohistochemistry was also performed by fixing the samples in
3.7% formalin for 3 hours and then freezing in OCT media (Tissue-
Tek, Fisher Scientific, UK). Samples were then sectioned into 20pum
slices using a cryostat (Leica CM1100). Slides were submerged
three times in PBS to remove the OCT media before being incubated
with 7.5% (w/v) bovine serum albumin (BSA) (Sigma Aldrich) at
room temperature for 1 hour. Samples were then incubated
overnight at 4°C with mouse monoclonal anti-human CD31 (1:20 in
1% (w/v) BSA) (Dako, UK). After PBS washes, the scaffold
sections were incubated with Alexa Fluor® 633nm goat anti-mouse
secondary antibody (1:200, Life Technologies) for 1 hour at room
temperature before washing and finally counterstaining with nuclear
stain DAPIL. Figure 4 clearly shows the improved HDMEC cell
coverage within the channels when using a co-culture of HDMECs
and HDFs (d-f) when compared to HDMECs alone (a-c). With co-
culture there appeared to be a continuous layer of CD31 positive
cells within the channels. In the absence of HDFs this layer was not
continuous.

We have developed a technique for the fabrication of
bespoke constructs with applications in the regeneration of
vascular tissues. We have demonstrated that HDMECs
attach uniformly to our constructs when co-cultured with
HDFs and that we can easily tune our scaffolds in terms of
chemical nature, size and morphology. Furthermore, the
constructs can be made of a range of polymers with
different rates of degradation. It is important to highlight
the final design of our constructs which are made of a flat
bottom and a curved upper surface (Figs. 2¢c, 2f, 3a-c).
Other authors have reported vascular networks with a fully
cylindrical structure e.g. Morgan et al!! reported on the
creation of rounded vessels using collagen. Further
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development of the 4-Step protocol we present in this study will
allow us to create round channels in the future.

Figure 4 — SEM images of curved and flat surfaces of vascular channels showing sporadic coverage of HDMECs when these were added on their own (a-b);
Fluorescence image showing CD31 positive cells (red) with DAPI counterstaining (blue) throughout a cross section of the scaffold when HDMECs were
cultured alone confirming the irregular cell coverage (c); SEM images of curved and flat surfaces of vascular channels showing a uniform sheet like coverage
of HDMECs when a co-culture of HDMECs within the channels and HDFs on the outer surfaces of the scaffold were used (d-e); A representative fluorescence
image indicating the uniform coverage within a cross section of the scaffold using a co-culture of HDMECs and HDF's (f).

Conclusions

In summary the aim of this work is to report a reproducible and
robust way of fabricating scaffolds which can be used as
models for studying vascular regeneration and may ultimately
be part of a biomaterial device to assist in neovascularisation of
tissue engineered tissues. There are many factors which are
thought to contribute to neovascularisation in vivo — cell
combinations, pro-angiogenic signals and the influence of
blood flow - which makes this a difficult area of study as this
complexity cannot be readily reproduced in in vitro studies. We
suggest this simple vascular network will prove a useful model
system to advance our knowledge of neovascularisation as we
will be able to study the combination of these factors in a
controlled environment. Thus future work will include the use
of varying cell combinations in conjunction with perfusion
bioreactors to more closely reproduce the in vivo environment.
Furthermore, the scaffolds can also be functionalised using
molecules such as heparin which in turn will bind specific
angiogenic factors like Vascular Endothelial Growth Factor
(VEGF) using methods recently developed by our group based
on flexible layer-by-layer coating strategies™.
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