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Fusible core molding for fabrication of branched three-dimensional perfusable
microvessels for vascular tissue engineering
Cristina Martin1, Aarash Sofla2, Boyang Zhang2,3, Sara S. Nunes2, Milica Radisic2,3,4
1

Department of Chemical Engineering, University of Salamanca, Plaza de los Caidos 1-5, 37008

Salamanca, Spain
2

Institute of Biomaterials and Biomedical Engineering, University of Toronto, 164 College Street,

Toronto, Ontario, Canada M5S 3G9
3

Department of Chemical Engineering and Applied Chemistry, University of Toronto, 200

College Street, Toronto, Ontario, Canada M5S 3E5
4

Heart and Stroke/Richard Lewar Centre of Excellence, University of Toronto, 150 College

Street, Toronto, Ontario, Canada M5S 3E2

*Correspondence to:
Milica Radisic
Associate Professor
Institute of Biomaterials and Biomedical Engineering
Department of Chemical Engineering and Applied Chemistry
Heart & Stroke/Richard Lewar Centre of Excellence
University of Toronto
164 College St., Rm.407
Toronto, Ontario
M5S 3G9 Canada
m.radisic@utoronto.ca, Phone: 416-946-5295, Fax: 416-978-4317

!
!
Abstract
A novel method for fabrication of branched, tubular, perfusable, microvessels for use in vascular
tissue engineering is reported. A tubular elastomeric biodegradable scaffold is first fabricated via
a new double fusible injection molding technique that uses a low-melting temperature ternary
alloy, Field’s metal, and paraffin as sacrificial components. A cylindrical core metal of 500 µm or
lower diameter with the target branching scaffold geometry is first constructed, then the metal
structure is coated with paraffin and finally the metal-paraffin construct is embedded in
polydimethylsiloxane (PDMS). The paraffin layer is then removed by heating and replaced by a
biodegradable elastomeric pre-polymer that is subsequently UV-cured inside the PDMS. The
metal core is then melted away and the PDMS is removed to attain the branched tubular
elastomeric biodegradable scaffold. Finally, it is also demonstrated that human umbilical vein
endothelial cells (HUVEC) were able to spread on the surface of the scaffold and form a
confluent monolayer, confirming the potential of this new technique for making engineered blood
vessels.
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Introduction
The application of tissue engineering technology to cardiovascular surgery holds great
promise for improving outcomes in patients with cardiac ischemias or peripheral vascular
diseases. Currently, one of the biggest challenges in regenerative medicine is the generation of
a steady blood supply to provide nutrients and oxygen as well as to remove metabolic waste
products in ischemic and engineered tissues. For many decades, endothelial cells have been
used in tissue engineering and regenerative medicine as means to recreate vasculature and to
re-establish blood flow to ischemic areas. When co-cultured in scaffolds with tissue specific cells
they were demonstrated to contribute to creation of new blood vessels in the engineered tissue
and connection to the host vasculature1,2. However, in more complex cases where control of the
implant and vasculature geometry is required, endothelial cells require an appropriate
biomaterial substrate for attachment and proliferation.
Although some success has been achieved in developing vascular bypass grafts using
polymers such as ePTFE (expanded polytetrafluorethylene) and Dacron (polytethylene
terephthalate) it is still a challenge to generate smaller diameter vascular grafts since grafts of
4mm in diameter or less fail to maintain patency and become occluded when implanted3.
Currently used synthetic vascular grafts have several limitations including thrombogenicity,
increased risk of infection, and lack of growth potential4. Therefore, the development of new
scaffolds to fabricate smaller diameter vasculature is imperative for the advancement of tissue
engineering and regenerative medicine.
In addition, generation of larger engineered tissue mimics (more than ~1mm in diameter)
in vitro, is limited by the inadequate oxygen and nutrient supply5. This problem is especially
evident with engineering of tissues based on highly metabolically active cells, such as
engineered myocardium5,6. Thus, an ideal tissue mimic would include a vasculature that can
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support the survival and function of cells in such tissues. Ideally, this vasculature must also
allow immediate and direct integration with the host vascular system with points of anastomosis
to establish blood flow7,8.
Generation of small vascular bypass grafts or vascularized engineered tissues requires
an extracellular matrix or scaffold for 3D support, which can be either natural or synthetic.
Ideally, a combination of a biodegradable scaffold and viable endothelial monolayer would be
provided. This would allow for vessel remodeling in response to blood flow, response to signals
from the implantation site and it would create a non-thrombogenic surface due to the presence
of a quiescent endothelial cell layer. For this purpose, the biomaterial needs to be biocompatible
and non-immunogenic as well as adhesive to key vascular cell types. It also needs to provide
appropriate environment for cell survival, a degradation time that matches the neotissue
formation and mechanical properties comparable to the target tissue. Finally, in the context of
cardiac tissue engineering it is also required that the material does not irreversibly deform when
submitted to contractile movements. Many biomaterials have been suggested for the
construction of cardiac tissue engineering scaffolds, including natural and synthetic polymers9-14.
Microfabrication approach to tissue vascularisation was first introduced by etching
channel network on silicon to create a mold mimicking the capillary beds in vivo15. Similar
approach was then applied to biodegradable polymers such as poly(DL-Lactide-co-glycolide)
(PLGA), and poly(glycerol sebacate) (PGS) where microfabricated enclosed channel network
was seeded with endothelial cells to provide a rudimentary vasculature16,17. Compared to the
cell co-culture approach, microfabricated rudimentary vasculature has the potential of providing
immediate medium perfusion into thick tissue construct. In addition, microfabricated vasculature
can provide hierarchical branches, allowing immediate integration with the host vasculature.
However, the microvasculature is usually patterned within the slab of biopolymer, leaving no
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room for seeding of parenchymal cells around the vasculature. Similar microfabrication
approach has also been applied to soft-materials such as alginate, gelatin, and collagen gels
where cell-encapsulated gels were embedded with micro-channel network seeded with
endothelial cells18-21. This approach allows co-culture of multiple cell types in perfusion which
more closely resembles the in vivo conditions. However, soft materials are difficult to handle and
limited matrix remodelling by the embedded cells is often reported. So far, this approach has
only been limited to in vitro studies.
Therefore, our goal was to utilize fusible core molding technology to fabricate branched,
3-dimensional, perfusable, small diameter vessels for use in both vascular tissue engineering
and as bypass grafts. Here, we present a new injection molding technique to fabricate 3-D
elastomeric biodegradable scaffolds. The process uses a two-stage fusible core that is made of
a new low-melting temperature ternary alloy, Field’s metal, and paraffin. Field’s metal is a nontoxic ternary alloy of 32.5% Bi, 51% In, 16.5% Sn. The metal core allows the fabrication of
tubular scaffolds with inside diameter as small as 150µm, while removal of paraffin layer creates
the mold for generation of a thin wall of the tubular scaffold. We used a recently described UV
curable biodegradable elastomer whose mechanical properties can be varied to match those of
the desired tissue22-24. The ability of the scaffold to support endothelial cell attachment was
tested.

Materials and Methods
Materials
Citric

acid,

maleic

anhydride,

1,8-octanediol,

1,4-dioxane,

2-hydroxy-1-

[4(hydroxyethoxy)phenyl]-2-methyl-1-propane (Irgacure 2959) and dimethylsulfoxide were
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purchased from Sigma and used as received. Field’s metal was purchased from Rotometals,
San Fransisco, US. Paraffin pallets were purchased from McMaster-Carr, USA.
Human umbilical cord endothelial cells (HUVEC) were purchased from Lonza and
expanded. Only cells passaged less than 6 times were used for all experiments. The cells were
cultured in EGM-2-BulletKit (Lonza) with additional supplements of hEGF, Hydrocortisone, GA1000 (Gentamicin, Amphotericin-B), FBS(Fetal bovine serum), VEGF, hFGF-B, R3-IGF-1,
Ascorbic Acid, and Heparin.

Double fusible injection molding procedure

A UV-curable biodegradable elastomer made of citric acid, maleic anhydride and 1,8octanediol, poly(octamethylene maleate (anhydride) citrate (POMaC), developed previously22,23,
was used for the fabrication of the tubular branched scaffold. Polymerization takes place in two
steps. In brief, a pre-POMaC was firstly formed by polycondensation of the monomers at 140oC
for 3 hours under nitrogen purge. The molar composition of acid to diol was kept at 1:1 ratio
while the feeding molar ratio of citric acid to maleic acid was 1:4. In a second stage, the prepolymer was photocrosslinked through a free radical polymerization using Irgacure 2959 as
photoinitiator and 365 nm UV light.

For fabrication of the 3-D elastomeric biodegradable scaffold, a double fusible molding
procedure was designed where paraffin and Field’s metal were used as sacrificial layers. First,
the desired architecture of branched vessels was made of Field’s metal (Fig. 1A, 2A). To do so,
Tygon tubing of an inner diameter equal to the inside diameter of the desired scaffold was filled
with melted Field’s metal in a water bath at 80ºC. In this work, scaffolds of 500 and 250 µm
inside diameter were fabricated. The metal was allowed to solidify inside the tubing by taking
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the filled tube out of the bath and placing it at the room temperature on a bench. Then, pieces of
the desired length were cut and the metal was extracted from the tubing by carefully pulling it
out. The pieces were welded together by using a soldering iron to create the target scaffold
geometry such as a single tube, a Y-branch or a closed branch (Fig. 2A). In addition, extra
pieces of metal were also welded to both sides of the structure (Fig. 2B). These additional parts
will be directly embedded in PDMS and will keep the metal core in place at all times. The metal
core structure was then coated with paraffin (Fig. 1B, 2C) by dipping the structure in melted
paraffin. Care was taken to not let the temperature of the melted paraffin go above the melting
point of the metal (63oC). As illustrated in Fig. 2C for a single tubular geometry, the metallic
support pieces were cleaned of paraffin. The paraffin-coated metal structure was later
embedded in polydimethylsiloxane (PDMS) of 10:1 monomer to crosslinker ratio (Fig. 1C, 2D).
The PDMS was cured at room temperature for 24 hours. Once the PDMS was cured, the
sample was heated to melt the paraffin out in a water bath at 60 oC (Fig. 1D, 2E). Close control
of the temperature was needed to avoid the temperature exceeding the melting point of the
metal. As needed, the remaining traces of paraffin were removed by passing xylene through the
tube. As shown in Fig. 2E for a Y-branch geometry, after the paraffin was removed the metal
core still remained concentric with respect to the PDMS mold due to the support pieces which
were directly immobilized in PDMS. The space between the metal core and the PDMS cast was
then filled with the pre-polymer (Fig. 1E) and crosslinked by exposing for 2-3 hours to UV light at
the intensity of 3.5 mW/cm2 at 365 nm to form the biodegradable elastomer POMaC (Fig. 1F).
The metal core was then melted (Fig. 1G) by heating the mold at 85oC in a water bath and taken
out either by gravity or injection of hot water into the scaffold depending on the inner diameter of
the scaffold. If traces of the metal remained inside the scaffold, they were removed by rinsing
with 3M nitric acid. Finally, the PDMS was removed by carefully peeling it out and the final
scaffold structure was attained (Fig. 1H).
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Mechanical properties
Mechanical properties of the polymer were studied using a BioDynamic 5210 instrument
(Bose, MN, USA) with 25N axial load cell. Four rod shaped samples were prepared by UV
polymerization of the POMaC prepolymer inside a transparent Tygon tubing. The length of the
samples was 15mm with diameter of 1.5 mm. Each specimen was held between the grips of the
mechanical tester at span of 4 mm. The displacement controlled tensile test was conducted at 1
mm/minute until the specimen broke. The force vs displacement was recorded and analyzed.

In vitro cell attachment
A semi-tubular shaped POMaC scaffold, obtained by cutting longitudinally in half a
tubular scaffold produced following the double fusible injection molding procedure, was used for
cell attachment and viability test. The polymer scaffold was first sterilized with 70% ethanol in
distilled water for 30 min. Then the scaffold was coated with 0.2% Gelatin in PBS overnight.
After coating, HUVEC cells were seeded onto the scaffold surface at the concentration of 10
million cells/mL followed by static incubation at 37°C with 5% CO2 for 3 hours to allow cells to
attach. Excessive unattached cells were washed out after the incubation with PBS. Attached
cells were cultured for 4 days at 37°C with 5% CO2.
To visualize the endothelial cells layer after 4 days, the cells were immunostained for
CD31. First, the sample was fixed in 4% paraformaldehyde in PBS for 30 min at room
temperature and then stained with mouse anti-CD31 (sigma, 1:100 dilution) at 4°C overnight
followed by anti-mouse TRITC (sigma, 1:100 dilution) at room temperature for 1 hour. The

!
!
sample was then imaged with a confocal microscope (Olympus FV5-PSU confocal with IX70
microscope, Canada).

Results and Discussion
Scaffold fabrication
The dimensions of scaffolds fabricated following the double fusible injection molding
technique are determined by the two sacrificial layers used. The first one consists of a Field’s
metal core that will define the inner diameter of the scaffold. For prototype fabrication, this layer
was made using a soldering iron station to weld pieces of Field’s metal together to create the
desired geometry. However, for higher geometric accuracy, the metal structure can be precisely
made by conventional injection molding processes, in which the Field’s metal is injected to a
mold whose geometry is precisely made by traditional methods such as CNC, laser cutting or
EDM. The second layer consists of paraffin coating the metal core, which will define the wall
thickness of the scaffold. The relative standard deviation for the wall thickness of the
constructed scaffolds was 0.19. A more uniform wall thickness can be obtained by improving the
paraffin coating procedure. More accurate control of temperature as well as dipping and
extracting rates will significantly reduce the variation in the wall thickness along the scaffold.
POMaC was chosen among other biodegradable polymeric elastomers because it is
economical and simple to synthesize. It was demonstrated previously to be cell and tissue
compatible, and its mechanical properties and biodegradability can be tuned by varying the
composition of the polymerization mixture and/or process variables22. Another relevant
characteristic of this elastomer for its use in the double fusible molding process for scaffold
fabrication is that it is a UV-curing elastomer. The fact that it does not require to be cured by
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temperature elevation allows the use of Field’s metal as a sacrificial core layer. The obtained
purified pre-polymer is a relatively transparent and viscous solution at room temperature that
can be easily inserted in different molds, such as transparent plastic tubes or PDMS channels,
where it is then UV-cured to obtain the polymer structure with the desired geometry. Using
current approach we obtained a hollow structure with inner diameter of about 500µm and a tube
wall of around 300 µm (Fig. 3A). The structure was perfusable with coloured water to facilitate
visualization (Fig. 3B). A scaffold consisting of a bifurcation (Y-shape) is shown in Fig. 3C. In
this case, the inlet tubing that can be used to connect the structure to the perfusion bioreactor is
shown in the upper part of the image. Finally, Fig. 3D illustrates a closed branched vessel
scaffold. Colored media through the scaffold is shown in the image, indicating symmetric flow
through both branches. By varying the diameter of the Field’s metal wire and the thickness of
the paraffin layer, scaffolds with different dimensions and structure could be produced.

Mechanical Characterization

Since the samples used to perform the tensile tests were obtained by molding them
inside a Teflon tubing, non-standardized test samples were used. However, because of the high
aspect ratio (length/diameter=10) of the rod samples used for the mechanical test, highly onedimensional stress state along the rod is created during the tensile test. Therefore the simple
Young’s modulus=stress/strain formula was used.

Different monomer molar ratios have been investigated in a previous study and it was
reported that the Young’s modulus increased and the elongation decreased when the molar
ratio of maleic anhydride was increased22. In the present work, the initial monomer molar ratio of
1:4:5 for citric acid, maleic anhydride and 1,8-octanediol was chosen as it resulted in
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mechanical properties that were appropriate for our purpose: Young’s modulus of 830±113 kPa,
tensile strength of 146±26 kPa, and maximum strain of 43±8 %. The stress-strain curve for a
representative sample used to study the mechanical properties of the polymer is shown in Fig. 4.
Specifically, the Young’s modulus of the human blood vessels was reported in previous studies
to be in the range 300-1500 kPa25,26.

The elongation and tensile strength of the POMaC rods in this study were lower than the
reported values by Tran et al.22, while the Young’s modulus was 3-fold higher. In their original
paper, however, they explain that the mechanical properties strongly depend on curing
conditions such as UV exposure. As a reminder, the UV exposure time in this study (2-3 hours)
was substantially longer than the 10 minutes UV exposure time used by Tran et al.

Cell attachment and viability
To further examine the potential application of this technique for making functionalized
blood vessel, a semi-tubular shaped POMaC scaffold was coated with HUVEC to mimic an
endothelialized lumen. After four days of culture, cells were able to spread on the surface of the
polymer tube and form a confluent monolayer. As Fig. 5B, C show, the CD 31 staining outlines
the edges of individual cells. HUVEC presented a cobble stone morphology on the POMaC
scaffold, forming tight contacts with neighbouring cells. Fig. 5A shows the cross section of the
semi-tubular scaffold with endothelial cells growing along the curved surface of the scaffold.
This demonstrates that the processed POMaC tube is supportive to the attachment and
proliferation of HUVEC.
Significant effort has been made in the synthesis of cell-seeded microvascular grafts for
their applications as replacements of diseased sections of vasculature or in engineering
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vascularized tissue. Reported approaches include the use of lithography technique to create
microfabricated enclosed channel networks in both synthetic and biodegradable polymers19,20,2729

. The main drawback of this approach is the absence of thin-wall tubular shape in the

fabricated microvasculature, leaving no room for seeding cells around the vasculature to mimic
the arrangement of parenchymal cells in the native tissues. A more recent technique that allows
the synthesis of hydrogel-based small diameter tubular grafts relies on continuous formation of
soft material hollow fibers by multiphase coaxial laminar flow30,31. However, in addition to the
difficulty of handling these fibers, another disadvantage of this technique is the inability to create
branched microvessels that more closely resemble hierarchical structure of the native
vasculature. The method we developed in this study adresses both problems, allowing the
formation of branched tubular micro-scale scaffolds that are mechanically stable enough for
handling. In future studies, we will investigate the cultivation of endothelial cells on the tubular
scaffold walls under perfusion as well as seeding of cardiomyocytes in parenchymal spaces
around the vasculature.

Conclusions
While there has been some sucess in developing tissue-engineered vascular grafts, the
challeanges related to identifying a suitable cell source for vascular tissue engineering and
creating a proper biodegradable polymer scaffold that will support cell attachment and
proliferation still remain. It is especially challenging to generate branched tubular grafts in
micrometer sizes. In this study we have developed a new technique consisting of a double
fusible injection molding procedure that enables the fabrication of branched, tubular, perfusable,
biodegradable scaffolds. By using a low-melting temperature ternary alloy, Field’s metal, and
paraffin as sacrificial layers, biodegradable scaffolds with inside diameter as low as 150 µm
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were successfully constructed. The mechanical properties of the scaffolds were tuned up to
match those of the native tissues by varying the composition of the polymerization mixture. The
ability of the scaffold to support endothelial cell attachment was also confirmed. Thus, this
technique may enable engineering of branching living blood vessel replacements for
regenerative medicine applications.
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Figure captions
FIG. 1. Schematic illustration of the double fusible core molding procedure shown by the crosssection of a single branch. (A) The desired Field’s metal structure is fabricated. (B) The metal is
coated with paraffin. (C) The metal-paraffin structure is embedded in PDMS. (D) The paraffin is
melted away. (E) Pre-POMaC is added to fill the space left by the paraffin. (F) The prepolymer
is cured by UV-light. (G) The Field’s metal core is melted away. (H) The biodegradable
elastomeric scaffold is taken out of the PDMS.
FIG. 2.

Double fusible core molding procedure steps shown for several morphologies. (A)

Closed branched Field’s metal structure. (B) Support metallic “legs” added to the closed
branched metal structure. (C) Single tubular metal structure coated with paraffin. (D) Petri dish
containing tubular metal-paraffin structures embedded in PDMS. (E) Y-shape structure showing
the space between metal and PDMS left by the removal of paraffin.
FIG. 3. Tubular branching POMaC scaffolds. (A) Cross section of a tubular POMaC scaffold
with an inner diameter of ~500µm and a wall thickness of ~ 300 µm. (B) Hollow tubular scaffold
with colored water to facilitate visualization indicates open lumen. (C) Y-shape scaffold with inlet
tubing. (D) Closed branched vessel scaffold.
FIG. 4. Stress-strain curve for a representative sample used for the study of the mechanical
properties.
FIG. 5. HUVEC coated semi-tubular POMaC scaffold. (A) Confocal microscopy images of cross
sectional view of the CD-31 stained cells on a semi-tubular scaffold. (B, C) Longitudinal view of
CD-31 stained HUVEC on semi-tubular scaffold showing cell outline and morphology (CD-31
staining shown in red).

