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3D bioprinted vascular constructs have gained increased interest due to their significant potential for cre-
ating customizable alternatives to autologous vessel grafts. In this study, we developed a new approach
for biofabricating fibrin-based vascular constructs using a novel rotary 3D bioprinter developed in our
lab. We formulated a new bioink by incorporating fibrinogen with gelatin to achieve a desired shear-
thinning property for rotary bioprinting. The blending of heat-treated gelatin with fibrinogen turned
unprintable fibrinogen into a printable biomaterial for vessel bioprinting by leveraging the favorable rhe-
ological properties of gelatin. We discovered that the heat-treatment of gelatin remarkably affects the
rheological properties of a gelatin-fibrinogen blended bioink, which in turn influences the printability
of the ink. Further characterizations revealed that not only concentration of the gelatin but the heat treat-
ment also affects cell viability during printing. Notably, the density of cells included in the bioinks also
influenced printability and tissue volumetric changes of the printed vessel constructs during cultures.
We observed increased collagen deposition and construct mechanical strength during two months of
the cultures. The burst pressure of the vessel constructs reached 1110 mmHg, which is about 52% of
the value of the human saphenous vein. An analysis of the tensile mechanical properties of the printed
vessel constructs unveiled an increase in both the circumferential and axial elastic moduli during cul-
tures. This study highlights important considerations for bioink formulation when bioprinting vessel con-
structs.
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Statement of Significance

There has been an increased demand for small-diameter tissue-engineered vascular grafts. Vascular 3D
bioprinting holds the potential to create equivalent vascular grafts but with the ability to tailor them
to meet patient’s needs. Here, we presented a new and innovative 3D rotary bioprinter and a new bioink
formulation for printing vascular constructs using fibrinogen, a favorable biomaterial for vascular tissue
engineering. The bioink was formulated by blending fibrinogen with a more printable biomaterial, gela-
tin. The systematic characterization of the effects of heat treatment and gelatin concentration as well as
bioink cell concentration on the printability of the bioink offers new insight into the development of
printable biomaterials for tissue biofabrication.

© 2019 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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Cardiovascular diseases (CVDs), such as coronary artery disease
(CAD) and peripheral artery disease (PAD) are considered as the
number one cause of death globally [1]. CAD treatment includes
medical therapy and endovascular interventions. Endovascular
therapies offer a lower risk option over open surgery grafting.
Studies indicate that multiple coronary bypass graft implantation
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could reroute the blood around the clogged artery to supply blood
to the heart [2-5], highlighting the need for improved graft
options. Synthetic grafts made from Dacron and ePTFE have been
used since the 1970s. These biomaterials are more promising for
fabricating large (>8 mm) or medium diameter (6-8 mm) grafts
[6]. Recent advance in vascular tissue engineering has produced
novel synthetic grafts for small (<6 mm) diameter applications
[7-10]. Autologous arteries or veins are, however, still the favored
conduits for revascularization through grafting. The internal tho-
racic artery, radial artery, and saphenous vein (SV) are the most
commonly used autologous grafts [6,11,12]. Despite representing
the gold standard, SV patency rates remain low, showing a failure
rate around 50% at 10 years [13]. Grafts taken from other parts of
the body are rarely optimal in dimensions or their mechanical
properties resulting in compliance mismatch at the graft site, one
of the leading causes of intimal hyperplasia and graft failure
[14,15].

Tissue-engineered vascular grafts (TEVGs) have been increas-
ingly explored as alternatives due to their potential to replace
the autologous grafts. TEVGs remodeled by cells in vitro can be
engineered to achieve an in vivo burst pressure and extracellular
matrix (ECM) composition similar to autologous grafts [16-19].
Small diameter grafts are more susceptible to the loss of patency
caused by thrombosis [20], which can be overcome through
endothelialization or surface modification of the luminal surface
to bestow anti-thrombotic properties on to the grafts [21]. Several
approaches have been developed to create TEVGs in the last two
decades. This includes the use of collagen [22-28] and fibrinogen
[18,29-37] to cast TEVGs using molds. Scaffold-free approaches
have also been attempted [38-40]. Cell sheet fabrication is another
technology that has been developed lately for fabricating TEVGs,
where cells such as fibroblasts or smooth muscle cells can be
grown to confluence and then lifted off as a sheet to be rolled into
TEVGs [16,17,41,42]. However, these methods have limitations for
creating on-demand tissue constructs and recapitulating com-
plexed tissue structures of a vessel. Casting approaches require dif-
ferent molds when different dimensions are desired and are unable
to recreate the distinct regions of the tunica externa, media, and
intima of arteries. Cell sheet technology requires culturing many
cell sheets to accumulate sufficient numbers in order to create a
single TEVG.

3D bioprinting is a novel technology that has attracted atten-
tions due to its potential to create on-demand tissue-engineered
products. Over the last several years, many groups have reported
functional tissues and organs manufactured by 3D bioprinting such
as skin [43-47], liver [48,49], kidney [50] and proximal tubules
[51], and muscles [52-55]. A number of biomaterials including col-
lagen and fibrinogen have been explored for constructing TEVGs.
Collagen bioinks have been tested for 3D bioprinting but require
the use of very high concentrations in order to retain their shape
during printing [56]. Alginate can be a good biomaterial for fabri-
cating TEVGs due to its good printability to create a layer-by-
layer organization of blood vessels [57-59]. However, it is inher-
ently bioinert, and requires mixing with other biomaterials or
chemical modification to improve cell attachment [60]. Fibrinogen
promotes de novo collagen synthesis, making it an attractive bio-
material for fabricating TEVGs [30,61]. Its low viscosity makes it
unfit for 3D bioprinting. Gelatin, the hydrolyzed derivative of col-
lagen, is another commonly used biomaterial for 3D bioprinting
due to its well-established thermoreversible properties. It forms
a gel at a low temperature; but it becomes a liquid at 37 °C. Gelatin
is primarily composed of subunits of native collagen o-chains. It
also contains higher molecule weight fractions with multiple
crosslinks (B- and y-chains). Degradation of these chains begins
at temperatures higher than 40 °C at which point lower molecular
weight fractions form [62]. The change of the molecular weight

affects gelatin’s functionality considerably [63-65]. Gelatin has
been used in combination with other biomaterials for constituting
various bioinks [46,51,52,66-69].

We herein present a new technology for formulating a novel
bioink for biofabricating TEVGs using a rotary 3D bioprinter devel-
oped in our lab. We blended gelatin with fibrinogen to formulate a
bioink with a favorable rheological property and printability for
generating vessel constructs whose biomechanical properties
improve during cultures. This new bioink overcomes the limita-
tions of incorporating a favorable biomaterial such as fibrinogen
that does not have the desired rheological characteristics for extru-
sion bioprinting.

We hypothesized that the inclusion of the gelatin in a fibrino-
gen bioink would impart the rheological properties of a gel to
the blended bioink. A gelatin gel, unlike viscous liquids, does not
deform due to gravity. It encapsulates the soluble fibrinogen and
cells during printing and subsequent enzymatic crosslinking of
the fibrinogen by thrombin. Furthermore, we hypothesized that
the fibrin network maintains its printed construct when gelatin
is vacated from the fibrin fiber network. The development of this
new bioink enables the use of one of the favorable biomaterials,
i.e. fibrinogen for biofabricating TEVGs.

2. Materials and methods
2.1. The configuration of a rotary 3D bioprinter for fabricating TEVGs

We developed a three-axis rotary 3D bioprinter with z-, r-, and
0-axes for fabricating TEVGs, as shown in Fig. 1A. The printer is
controlled by an Arduino Mega 2560 microcontroller board loaded
with an open-source Marlin firmware. To print a TEVG, a polystyr-
ene rod whose diameter matches the inner diameter of a desired
vascular graft is held by a coupler and rotated by a NEMA 17 step-
per motor mounted on a movable stage. An extrusion system uti-
lizing a syringe was on a fourth, NEMA 14 stepper motor-
controlled axis. Extrusion flow rates ranged from 1 to 7 mL/min
out of a 24 G (0.330 mm ID) polypropylene tapered extrusion tip
Jensen Global (Santa Barbara, CA). Tips were autoclaved at 121 °C
before use.

2.2. The preparation of bioinks and cells for TEVG printing

To prepare a bioink for fabricating TEVGs using a rotary 3D bio-
printer, we mixed fibrinogen with gelatin after heat treatment.
Gelatin from porcine skin (type-A, 300 bloom, 500-1000 kDa)
(Sigma-Aldrich) was dissolved in the Dulbecco’s phosphate buf-
fered saline (DPBS) without calcium and magnesium (Corning,
NY) to a concentration of 15% (w/v) and heated in a hot water bath
at 90 °C. After heat treatment, the warm gelatin was sterile-filtered
and stored at 4 °C. A stock solution of 60 mg/mL fibrinogen from
bovine plasma (Sigma-Aldrich) (65-85% protein, >75% clottable
protein) was prepared by layering over warm DPBS and incubating
for 12 h at 37 °C. After incubation, the fibrinogen stock was filtered
first through a 0.45-pum nylon filter and subsequently through a
0.2-pum regenerated cellulose filter. Fibrinogen stocks were stored
at —20 °C until use.

To prepare a cell-laden bioink, we mixed low passage primary
neonatal human dermal fibroblasts (HDF-n) (ScienCell Research
Laboratories Inc.) into the gelatin-fibrinogen bioink for printing.
HDF-n were cultured in a high glucose (4.5 g/L) DMEM supple-
mented with 4 mM t-glutamine, 1 mM sodium pyruvate, 10% (v/
v) fetal bovine serum (FBS) (Sigma-Aldrich), and 1% (v/v)
penicillin-streptomycin in 5% CO, and 37 °C. The culture medium
was exchanged every 2-3days. The cells were passaged by
trypsin-EDTA (Carlsbad, CA) treatment when they reached
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Fig. 1. Biofabrication of tissue engineered vascular constructs using a rotary 3D bioprinter. (A) A diagram of a rotary 3D bioprinter. Symbols: I) Motor-controlled extruder, II)
Motor-controlled mandrel, III) Motor-controlled z-axis, and IV) movable stage. (B) 3D bioprinting process on a rotating surface. A cell-laden hydrogel is extruded from a
syringe extrusion head onto a rotating rod while the extrusion head proceeds linearly along the axis of the rod. (C) Gelatin, fibrinogen, and cells are mixed together at 37 °C,
and loaded into a syringe. (D) Cell-laden bioink is chilled rapidly to gel gelatin and to encapsulate fibrinogen and cells in a well-mixed state. After warming the bioink to 23-
25 °C, the gel is printed helically around the rod. (E) The printed vascular construct is submerged in a thrombin bath to crosslink the fibrinogen. (F) The vascular construct is
placed in a CO, incubator for culture. The gelatin is vacated from the construct during the culture.

80-90% confluence. Passages lower than 10 were used for printing
experiments. Before incorporating into the bioink, the HDF-n cell
pellets were re-suspended in a DPBS (without calcium or magne-
sium) supplemented with 20 mM HEPES (2-[4-(2-hydroxyethyl)
piperazin-1-yl] ethane sulfonic acid) (Life Technologies, Carlsbad,
CA) and 1% (v/v) FBS.

A stock solution of 2000 U/mL thrombin (Alfa Aesar, Haverhill,
MA) was prepared for fibrinogen crosslinking. Ethidium
homodimer-1 fluorescent dye was employed to determine the cell
viability within printed vessel constructs after printing. A portion

of 30 uL of a cell-laden bioink was printed in triplicate into the
wells of a 96-well plate and subsequently stained with ethidium
homodimer-1 and examined using a plate reader at 530 nm and
645 nm to quantify its fluorescence intensity. The entire well was
scanned by the plate reader, so the intensity value analyzed for
each replicate is the average spatial intensity for the whole well.
TEVGs were printed using cell-laden (containing either 1 or
3 x 106 cells/mL) bioink that was composed of 7.5% (w/v) gelatin
and 10 mg/mL fibrinogen. The printed constructs had approximate
initial dimensions of 20 mm (L) x 4.9 mm (ID) x 10.9 mm (OD).

constructs, Acta Biomaterialia, https://doi.org/10.1016/j.actbio.2019.06.052
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Constructs were printed onto a polystyrene rod that had been pre-
treated with 10% (w/v) Pluronic F-127 (Sigma-Aldrich) for 1 h and
then air-dried. The constructs were placed in a custom-made
PDMS chamber with 8 mL of the cell culture medium supple-
mented with 50 pg/mL r-ascorbate (Sigma-Aldrich) to enhance
the secretion of collagen from derma fibroblasts. To maintain
cell-secreted soluble factors, only half the medium was exchanged
every two days with 100 pg/mL r-ascorbate.

2.3. Fibrin network formation

For a better understanding of fibrinogen crosslinking, a dye-
conjugated fibrinogen was prepared by NHS chemistry. Briefly,
250 mg of bovine fibrinogen was dissolved in 25 mL of 50 mM
borate buffer, pH 8.5, to form a 10mg/mL solution. N-
hydroxysuccinimide (Thermo Scientific) conjugated with rho-
damine (Thermo Scientific) was added at a 10:1 M ratio of dye/fib-
rinogen. After reacting for 2 h at room temperature, the dye-
fibrinogen was dialyzed in a 6-8 kDa membrane filter against a
1 L bath of PBS for 3 days. The PBS in the bath was exchanged twice
a day. After dialysis, the labeled fibrinogen was frozen at —80 °C,
lyophilized, and stored at —20 °C until use. Stocks of 60 mg/mL
rhodamine-fibrinogen were reconstituted in DPBS. Gelatin solu-
tions were mixed with 10 mg/mL rhodamine-fibrinogen chilled
to 4 °C, allowed to warm up to room temperature, crosslinked with
1 U/mL thrombin overnight, and then visualized under a Zeiss LSM
880 laser confocal scanning microscope using a 63 x oil immersion
objective.

2.4. Rheological measurements

The rheological properties of the bioinks were analyzed using a
rotational rheometer (ARES G2, TA Instruments). All solutions were
well-mixed at 37 °C, chilled to 4 °C to gel, and then allowed to
warm up to room temperature for testing. For determining the vis-
cosity profiles, each sample was tested in a shear ramp test run-
ning from 0.1 s7! to 100 s~! shear rate. The range of tested shear
rates was chosen in order to include potentially relevant shear
rates created as the bioink was extruded. Assuming an incompress-
ible Newtonian fluid, for an average flow velocity of 100 mm/min
and an extrusion tip diameter of 0.330 mm, shear rate values
around 40s~! would be expected. For determining the storage
moduli of the bioink, an oscillation frequency of 0.1 Hz was used.
All samples were run in triplicate.

2.5. Scanning electron microscopy (SEM) and cryomicroscopy
(cryoSEM)

The effects of heat treatment and gelatin concentration on
printability of the bioinks were characterized by either SEM or
cryoSEM. Different bioinks as described above were examined after
printing. For SEM, a bioink sample was placed ina 7 x 7 x 5 mm
plastic mold and flash frozen in liquid nitrogen for 2 min, followed
by freeze-drying for 48 h. Dried samples were carbon-coated with
a carbon coater (Cressington 208C, Cressington Scientific Instru-
ments) to a thickness of >30 nm and imaged using a Zeiss Supra
55 VP-FESEM scanning electron microscope using an accelerating
voltage of 5 kV.

For cryoSEM, samples were plunged into a liquid nitrogen slush
at —190 °C and then transferred to a Gatan Alto 2500 cryo unit at
—140 °C. The samples were etched at —95 °C for 10 min and then
sputter coated with gold for 120 s at 10 mA. The samples were
examined under a Zeiss Sigma VP-FESEM at —140 °C.

2.6. Mechanical testing of the printed blood vessels

Tensile measurements of a bioprinted vessel in the radial and
circumferential directions were performed in a bath of PBS (pH
7.4) at room temperature. Samples were cut into strips and
clamped to a uniaxial tensometer (CellScale UStretch, Waterloo,
ON, Canada) equipped with a 44N load cell. Samples were
strained at 0.1 mmy/s until a complete rupture was achieved. The
tensometer recorded a tensile force at a frequency of 10 Hz. Prior
to mechanical testing, the wall thickness of the vessel was deter-
mined using a microscope. Briefly, a printed construct was imaged
using a 4x objective under an inverted phase contrast microscope
(Nikon Eclipse Ti, Nikon, Tokyo, Japan). Tiled images were taken
large enough to include both the whole length of the construct
as well as the mandrel upon which it was cultured. The outer
diameter of the rod and the construct were taken at 5 points, aver-
aged, and used to calculate the average wall thickness. The sample
dimensions were then used to convert recorded force and displace-
ment data into average uniaxial engineering stress and strain. An
estimation of the burst pressure of vascular constructs was calcu-
lated using the Barlow’s equation.

2tS
PBurst = ﬁ (1)

where S is a circumferential ultimate tensile strength (UTS) of the
sample, t is the wall thickness, and the OD is the outer diameter
of the sample.

The compliance (C) of the vascular constructs was estimated as
suggested by Roeder et al. [70]:

C=r o 2)

where E. is a circumferential elastic modulus, t is the wall thickness,
and OD is the outer diameter of the sample. Compliance was
reported as %/mmHg.

The anisotropy index of the vascular construct was calculated as
follows:

[== (3)

where E. is an elastic modulus of the sample when stretched as a
circumferential strip, whereas E, is an elastic modulus of the sample
when stretched as an axial strip along the length of the rod.

2.7. Histology

A 5-mm piece of the printed constructs were fixed in 4% (w/v)
paraformaldehyde for 40 min, followed by a cryoprotective step
in 30% (w/v) sucrose overnight. Samples were embedded in an
optimal cutting temperature (OCT) medium, flash frozen using liq-
uid nitrogen, and cut into 10-pum transverse slices. Slices were
stained using either a hematoxylin and eosin procedure (H&E), a
modified Verhoeff Van-Giesen procedure, or a Gomori trichrome
procedure.

2.8. Statistical analysis
All data are expressed as mean + standard deviation. Statistical

differences are determined with Student’s t-test and differences
are considered statistically significant at p-value of 0.033 or less.
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3. Results
3.1. Development of a rotary bioprinter for 3D printing TEVGs

As shown in Fig. 1A, we developed a novel 3D rotary bioprinter
for biofabricating TEVGs. The printer was controlled by an Arduino
Mega 2560 microcontroller and all axes were stepper motor-
driven. Vessel constructs were printed helically on a rotating poly-
styrene rod (Fig. 1B). The polystyrene rod can be readily fabricated
or 3D printed to a desired diameter and length to meet individual
patient’s need. To print a vessel, we used a NEMA14-powered
extrusion gantry that was designed to hold a different size of syr-
inges such as a 1- or 3-mL syringe to extrude viscous bioinks for a
layer-by-layer rotatory printing based on a predetermined archi-
tecture. The syringes were fitted with a 24G tapered tip
(ID=0.334 mm). The linear extrusion rates were typically
100 mm/min. Multiple heads can be configured for the printer if
needed. Each head can be used to print different types of cells
and bioinks. All vascular constructs were printed using a circum-
ferential and axial motion at the same time.

To determine the volume of a bioink needed for printing, the
following formula was adopted:

Vextruded = TELt(t + ODpipet) (4)

where L is the length of the construct, t is the wall thickness, and OD
is the outer diameter of the polystyrene rod that served as a man-
drel. We chose a polystyrene rod with a 4.9 mm OD that is in a
range of small diameter vascular grafts (<6 mm). The initial thick-
ness of the vessels was determined by the number of layers printed
on the mandrel. However, the vessels were remodeled continuously
by ECM secreted from cells during the vessel development. Thus,
the final diameter of the vessels were determined by culture condi-
tions designed to tissue engineer vascular grafts after printing. This
rotary printing technology offers a new solution enabling low-cost
and rapid vascular graft printing.

3.2. Development of a bioink for rotary tissue printing

Fibrinogen is a promising biomaterial for TEVGs [51,52,67]. It is,
however, not printable as discussed above. To make it printable,
we explored a new approach by blending it with gelatin to alter
its rheological properties. As a thermoreversible biomaterial, the
mixing of gelatin with fibrinogen will increase its elasticity after
cooling. As the interlinking of its fiber network is caused by hydro-
gen bonding, it can undergo a transition from a solidified gel to a
liquefied solution by rising the temperature from low such as
4 °C to high such as 25 °C. The blending of gelatin with fibrinogen
bestows shear-thinning rheological properties needed for 3D bio-
printing to the bioink. The printed vascular constructs can then
be placed in a thrombin bath for crosslinking at room temperature.
Once the fibrin network is formed, the whole constructs can be
placed in an incubator at 37 °C to remove the gelatin, creating a
porous structure favorable for cells to grow and organize into a tis-
sue structure (Fig. 1C-F). We discovered that the heat treatment of
gelatin remarkably affects the shear-thinning properties of the ink,
which in turn influences the printability of fibrinogen for fabricat-
ing TEVGs.

3.2.1. Characterization of printability and shear-thinning properties of
the blended gelatin-fibrinogen bioink

To determine the printability of the gelatin-fibrinogen blended
bioink, we first investigated the printability of gelatin. We found
that the heat treatment and concentration of gelatin are two key
parameters determining the printability of gelatin. Heat-
treatment has been used to modify the printability and the cell via-

bility of gelatin-based bioinks [67]. We prepared a panel of differ-
ent gelatin treated at 90 °C for various durations ranging from 1 h
to 9 h. The heat-treated gelatins were helically printed to study the
effect of heat treatment and concentration on the printability of
the bioinks (Fig. 2A). We found that the longer the gelatin was
heated, the less viscous it became. The increase in concentration
of gelatin seemed to compensate this trend. A high concentration
of gelatin tended to be stiffer, enabling it to hold its shape on the
mandrel against the gravity during printing. Extended heating
times produced a low concentration gelatin solution that was
unable to gel and instead became a viscous solution that flowed
off from the surface of the mandrel. We found that for a heat treat-
ment of 1 h at 90 °C a concentration of 3.75% (w/v) or higher was
needed in order to have an extrudable bioink that could maintain
its shape during printing. Higher than 10% (w/v) resulted in bioinks
that were too viscous and stiff to be extruded by the printer. It
appears that gelatin becomes more printable when it is used at a
low concentration and heated for a short period or at a high con-
centration and heated for a longer period.

To determine whether the blending of gelatin with fibrinogen
affects its printability, we added 10 mg/mL fibrinogen to the gela-
tin and printed as described above. As shown in Fig. 2B, the mixing
of fibrinogen with 1 h heat-treated gelatin did not seem to alter its
printability significantly. SEM analysis of gelatin and gelatin-
fibrinogen bioinks revealed similar pore structures of these two
bioinks (Fig. 2C).

Next, we interrogated how heat treatment affected rheological
properties of the bioink. We found that the dynamic viscosity
and storage moduli of gelatin increased with an increase in gelatin
concentration, but decreased with extended heat treatment
(Fig. 3A & B). For longer heat treatment, the effect of gelatin con-
centration on viscosity and storage moduli became more profound
for heat-treated gelatin. Characterization of bioink’s shear-
thinning property divulged a critical role of heat treatment in
determining rheological properties of the gelatin-fibrinogen
bioinks. As shown in Fig. 3C, gelatin and a gelatin-fibrinogen bioink
possess a similar viscosity profiles, whereas fibrinogen is five-
orders of magnitude less viscous than gelatin and four-orders of
magnitude less viscous than the bioink blend under a shear force.
These results highlighted the importance of viscosity as one of the
primary rheological parameters for determining printability of a
bioink. The blending of fibrinogen with gelatin did seem to alter
shear-thinning property of the gelatin. In other words, the shear-
thinning property of a gelatin-fibrinogen blended bioink is mainly
dependent upon the gelatin’s shear-thinning property.

SEM analysis of freeze-dried 10% (w/v) 1 h heat-treated gelatin
or 5% 9 h treated gelatin did not reveal a porous structure. Instead,
they showed a rough, scaly surface (Fig. 3D). In contrast, the 10%
(w/v) 9 h heat-treated gelatin or 5% (w/v) 1 h heat-treated gelatin
formed a porous structure. CryoSEM that is able to image gels in a
higher state of hydration unveiled a trend of increasing gel density
when concentration of gelatin increases for gelatin that were
heated in a short period. Longer heat treatment rendered the
microstructure of a low concentration gelatin that becomes less
interconnected (Fig. 3E). The longer heat treatment of a high con-
centration gelatin appeared to make a gel much dense and lose
its porous structure.

The inclusion of cells into the gelatin-fibrinogen bioinks also
altered the printability of the bioink. We observed that the bioink
became a viscous liquid instead of a gel after cells were added to
the gelatin-fibrinogen hydrogel, reducing its printability, as shown
in Fig. 4A, B. Fig. 4C shows visual images of bioinks containing dif-
ferent number of cells. Clearly, the more cells were added to the
bioink, the more liquefied the bioink became. The addition of cells
to the gelatin-fibrinogen bioink impairs the gelation of heat-
treated gelatin. SEM revealed the disruption of microstructures of

Please cite this article as: S. Freeman, R. Ramos, P. Alexis Chando et al., A bioink blend for rotary 3D bioprinting tissue engineered small-diameter vascular
constructs, Acta Biomaterialia, https://doi.org/10.1016/j.actbio.2019.06.052



https://doi.org/10.1016/j.actbio.2019.06.052

6 S. Freeman et al./Acta Biomaterialia xxx (xXxx) xXx

(A)

Heat treatment time (h)

Gelatin concentration (%w/v)

u
—
Lo
—
—
(@)
—

Gelatin only
Gelatin only

With fibrinogen
With fibrinogen

Lﬁhf:b' -‘Q
‘@% @

[
LS
"Am\ -..a\ \ .

Fig. 2. Printability of gelatin-fibrinogen blended bioinks. (A) Helically printed gelatin constructs using different concentrations of heat-treated gelatin ranging from 2.5 to 10%
(w/v). A 15%(w/v) gelatin was heated to 90 °C for 1, 5, and 9 h and then diluted into different concentrations for printing. Gelatin was chilled to 4 °C to gel and then placed at
room temperature for at least 1 h before printing. (B) A comparison between 1 h heat-treated gelatin (7.5%(w/v)) and gelatin (7.5%w/v)-fibrinogen (10 mg/mL) blended
bioink. (C) SEM micrographs of 1 h heat-treated gelatin (5%(w/v) and gelatin (5%w/v)-fibrinogen (10 mg/mL) blended bioink. Scale bar: 10 pm.

a gelatin-fibrinogen bioink due to its mixing with cells (Fig. 4D).
These results suggested that the printed constructs tend to deform
and flow off from the rod of the printer when the gelatin is heat-
treated too long, or the bioink entails a high density of cells. A
printable bioink should allow for printing a construct that main-
tains its shape on the mandrel against the gravity during printing.
To conclude, there are three factors influencing the rheological
properties of the gelatin-fibrinogen bioink blend, i.e. the concen-
tration and heat treatment of gelatin as well as the density of cells
that are mixed with the bioink.

Another factor that we investigated is the ability of a bioink to
maintain a high cell survival rate during and after printing. We
performed an ethidium homodimer-1 staining to quantify the cell
death after printing. Ethidium homodimer-1 is a cell impermeant
fluorescent dye that binds to DNA of cells with damaged or com-
promised membranes. As shown in Fig. 4E, F, cell viability
dropped in a high concentration (>8.75% (w/v)) and shorter-
time heat-treated gelatin fibrinogen bioink blend. The cell viabil-
ity was 84.7 + 0.5% when 5% 1 h heat-treated gelatin was used for
preparing a gelatin-fibrinogen bioink blend that contained
1 x 10° cells/mL. It dropped to 61.6%2.6% when printing with
10% (w/v) 1h heat-treated gelatin blended cell-laden gelatin-
fibrinogen bioink. The same trend was observed when printing
with 3 x 10° cells/mL-laden bioinks. Cell viability was maintained
higher than 80% in all tested conditions, suggesting that the cell
viability during and after printing might not be a great concern
when a gelatin-fibrinogen bioink blend is used for 3D rotary
printing.

3.3. Effect of thrombin concentration on crosslinking of cell-laden
bioinks

Next, we characterized the effect of thrombin concentrations on
vascular printing. Vascular constructs were printed using 7.5%(w/
v) 1 h heat-treated gelatin mixed with 10 mg/mL fibrinogen and

3 x 10° cells/mL. The printed constructs were incubated in various
concentrations of bovine thrombin (1, 5, 10, and 20 U/mL) for 1 h at
room temperature. HEPES was added to the cell culture medium to
protect against pH changes while fibrin clotting occurred. After
crosslinking, we placed the constructs in a CO, incubator overnight
and examined the next day. As mentioned above, gelatin leaked
out from the crosslinked fibrinogen network, generating porous
scaffolds for cells to grow and assemble into a vessel structure.
As shown in Fig. 5A, we found that more uniform vascular con-
structs could be formed when a low concentration of thrombin
was employed for crosslinking. A concentration higher than 20 U/
mL led to the formation of lumps on the underside of the conduits,
presumably due in part to the gravity. The formation of a fibrino-
gen network was detected when mixing gelatin with rhodamine-
conjugated fibrinogen. We observed interconnected fibrin net-
works formed after crosslinking (Fig. 5B). In the absence of cells,
we observed the formation of porous structures with the fibrin
arranged in a honeycomb-like structure. In the presence of cells,
the fibrin fiber networks became more condensed around and in
between cells.

3.4. Tissue engineering of printed vascular constructs

Finally, we evaluated whether the printed vascular constructs
could develop into TEVGs. We prepared a bioink blend entailing
3x106 cells/mL, 10 mg/mL fibrinogen, and 7.5% (w/v) 1h heat-
treated gelatin for printing a vascular construct on a rotary bio-
printer. To observe the development of TEVGs after printing, we
used GFP-expressing HDF-n cells that allow for visualizing the
changing of cellular morphology within the printed the vascular
constructs during cultures. The fibroblast cells became more elon-
gated at day 5 (Fig. 6A). These cells exhibited different morphology
in the different regions of the vessel. Fibroblasts near the vessel
surface were circumferentially aligned as shown in Region I
(Fig. 6A), whereas cells in the inner layer (luminal side) of the ves-
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Fig. 3. Effect of heat treatment on gelatin’s rheological and microstructural properties. Effect of heat treatment on (A) the viscosity and (B) the shear storage moduli of gelatin.
Gelatin was heated at 90 °C for various times (1-7 h) and then diluted to 5, 7.5%, and 10%. The viscosity was measured at a shear rate of 100 s~!, whereas the storage modulus
was measured at an oscillatory frequency of 0.1 Hz. Data are presented as mean +S.D. * p <0.03; **, p <0.002; *** p <0.0002; and **** p <0.0001. (C) shear-thinning

properties of the bioinks. (D) SEM of gelatin-fibrinogen bioink. Scale bar: 10 pm. (E

sel (Region II) became more spindle-like (Fig. 6C). Histological
staining of the vessels at day 3, day 24, and day 45 revealed
increased collagen deposition detected by Gomori trichome (blue)
and Verhoeff Van Gieson (VVG) (red) staining (Fig. 6D, E). However,

) Cryo-SEM of gelatin-fibrinogen bioinks. Scale bar: 10 um.

hematoxylin and eosin (H&E) staining did not reveal any notice-
able change of collagen in the vessel over the time, suggesting
H&E might not be a good choice for detecting collagen in fibrino-
gen printed vessel constructs. The heavy purple-pink background
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Fig. 4. Effect of heat treatment of gelatin on cell viability during 3D rotary printing. (A) 1 x 10° or (B) 3 x 10° cells/mL neonatal human dermal fibroblasts (HDF-n) were
mixed with the gelatin-fibrinogen bioink for vascular 3D rotary printing. The gelatin was heat treated at 90 °C before used for preparing the bioinks. Red region indicated poor
printability of the cell-laden bioinks, while the green regions indicated conditions that held. Average percentage of live cells detected by ethidium homodimer staining are
shown in the table. (C) The appearance of tubular tissue constructs printed using cell-laden bioinks prepared using 10 mg/mL of fibrinogen and 7.5% (w/v) heat-treated
gelatin. (D) SEM micrographs of the 5% (w/v) 1 h heat-treated gelatin + 10 mg/mL fibrinogen. Scale bar: 10 um. Percentage of live cells in gelatin-fibrinogen bioinks containing
(E) 1 x 10° cells/mL or (F) 3 x 10° cells/mL. Data are presented as mean +S.D. *, p <0.033; **, p<0.0021; ***, p<0.0002; and ****, p <0.0001. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

observed in H&E stained at day 24 was due to a poor washing of
the eosin dye from the glass slide.

Interestingly, we observed a significant volumetric reduction of
the vascular constructs in the cultures (Fig. 6F, G), with the greatest
change occurring in the beginning of the culture (data not shown),
due in part to the washing out of gelatin from the printed vessel
constructs and the growth of fibroblast cells that tightened the

matrix. The length of the vessel constructs decreased at a similar
rate. It does not seem that the printing cell density affects length
reduction in the cultures. It was about 0.908 + 0.155 when printing
with 1x10° cells/mL. It was 1.03 + 0.073 mm/day for 3x10° cells/
mL. However, the thickness of the vessel constructs decreased
rapidly in the first 3 days and then became plateau afterwards.
However, the printing cell density also influences the thickness
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reduction considerably. The thickness of the vessel at day 7 was
305.630+49.758 ym when printing with 1 x 10° cells/mL,
whereas it drops below 125.824 + 50.872 pm when printing with
3 x 10° cells/mL.

We grew the constructs up to two months and tracked the
changes in mechanical properties in the circumferential and axial
directions. Elastic modulus, burst pressure, and ultimate tensile
strength of the vessels increased over the time, whereas a compli-
ance of the vessel decreased with an increase in the circumferential
stiffness and wall thickness reduction. The elastic moduli for the
circumferential and axial directions of the tissue equalized over
the time. As shown in Fig. 6H, I, the circumferential elastic modulus
and ultimate tensile strength increased significantly with the cul-
ture. An analysis of the axial mechanical properties and the aniso-
tropy index revealed that the circumferential elastic modulus
started proportionally higher than the axial elastic modulus at
the beginning of culture but the axial elastic modulus slowly
increased over the time to be similar in magnitude (Fig. 6]). Inter-
estingly, we observed a decrease in compliance of the vascular con-
structs in the culture, which could be associated with an increase
in a circumferential stiffness and decrease in vessel thickness
(Fig. 6K). The estimated burst pressure of the vessel constructs
increased in the culture, with one of the samples reaching
2.4 MPa. This value corresponds to an estimated burst pressure
of 1110 mm Hg using the Barlow’s formula for estimating a burst
pressure from the UTS (Fig. 6L). This is promising, as it is about
52% of the burst pressure of a human saphenous vein [2] and
35% of the burst pressure of an internal thoracic artery (ITA)
(3196 + 1264 mmHg) [32].

4. Discussion

Here, we demonstrated a novel 3D bioprinting approach on a
rotating cylindrical surface for the fabrication of vascular con-
structs. 3D printing offers a free-form fabrication method and con-
trol of construct dimensions. Although 3D bioprinters using

—
o)
—

Without cells

With cells

HDF-n
Fig. 5. Effect of thrombin concentration on cell-laden bioink crosslink after printing. (A) Effect of thrombin concentration on the crosslinking of cell-laden bioinks. The cell-
laden bioink was prepared by mixing 7.5% (w/v) 1 h heat-treated gelatin with 10 mg/mL fibrinogen and 1 x 10° cells. (B) Fluorescence micrographs of fibrin networks formed

with and without cells at 24 h after printing. 3 x 10° cells/mL was printed along with the bioink. Scale bar: 10 um. Fibrin was labeled with Rhodamine (red). Green, GFP-
expressing HDF-n cells. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Cartesian coordinates have been used previously for creating blood
vessels [38], the use of a rotating mandrel complements the fabri-
cation of a tissue with cylindrical geometries and avoids the need
for the use of support materials if very long vessels needs to be
printed.

The fibrinogen is able to crosslink using thrombin, making it an
ideal biomaterial for fabricating a soft tissue such as a vessel con-
struct. However, its viscosity and stiffness is insufficient for bio-
printing using a 3D rotary bioprinter due to its lacking of ability
to hold its shape on the mandrel against gravity during the print-
ing. We showed that the mixing of fibrinogen with more viscous
gelatin gel bestows a desired shear-thinning property to the fib-
rinogen, making it printable for fabricating vessel constructs. We
discovered that the printability of the blended bioink is tunable
by pre-heat treatment of gelatin. Heating is considered to cause a
decrease in molecular weight of the gelatin [62]. It has been
reported more recently in studies of extracting gelatin from animal
sources [71-73]. Sinthusamran et al. reported a decrease in gelatin
gel strength with a longer extraction time or a higher extraction
temperature [71], which parallels the trend that we observed on
changes in shear storage modulus of gelatin over longer heat treat-
ment. We demonstrated that the control of the shortening of
molecular weights of gelatin through heat treatment can be used
to tune the printability of the gelatin-fibrinogen bioink blend for
vascular printing.

To crosslink the blended bioink, the thrombin must be diffused
into the printed hydrogel. It is interesting that a lower concentra-
tion of thrombin yielded the printing of more uniform vessel con-
structs. We speculate that a higher concentration thrombin
impairs its own diffusion into the hydrogel, as it rapidly crosslinks
the outermost layers of the fibrin matrix, thereby reducing its per-
meability into the subsequent layers. A lower concentration of
thrombin permits a slower reaction rate, which allows more
thrombin to be diffused into the hydrogel before the outside layers
become too dense.

We noticed a rapid and substantial shrinking of the printed ves-
sel constructs at the beginning of the culture. The shrinking slowed
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Fig. 6. The development of tissue engineered vascular constructs through 3D rotary bioprinting. (A) Fluorescence micrographs of GFP-HDF-n grown within the printed
fibrinogen vascular constructs at day 1, 3, and 5. Scale bar: 200 pm (4x ) and 100 pm (10x). (B) A vessel structure formed at Day 45. (C) Multiphoton confocal micrographs of
cells grown in different regions of the vessel. Region I: outer layer of the vessel. Region II: inner layer of the vessel. Scale bar: 100 um. Histological section (D) and cross-
section (E) images of vessels examined by hematoxylin & eosin (H&E), Verhoeff-Van Gieson (VVG), and Gomori trichome (TC) staining at day 3, 24, and 45. Scale bar: 1 mm
(D) and 50 um (E). Arrows indicate a lumenal side of the vessel. (F) A time course of vessel condensed in length. (G) A time course of vessel condensed in thickness. (H)
Circumferential elastic modulus, (I) circumferential ultimate tensile strength (UTS), (J) anisotropy index, (K) compliance, and (L) burst pressure of vascular constructs.

down after one or two days of culture. The removal of gelatin from fibroblast cells when they grow and become denser within the
the fibrin network might contribute to the rapid and substantial scaffold matrix. Other groups working on fibrin-based TEVGs have
condensing of the vessel constructs at the beginning of the culture. reported similar reduction in graft dimensions during the culture.
The subsequent shrinking might be due to the contraction of Syedain et al. studied the importance of axial shortening for
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Fig. 6 (continued)

achieving anisotropy values closer to a target native ovine femoral
artery (~3.3), and for improving circumferential elastic modulus
and both circumferential and axial UTS values [18]. Their study
using polarized light to track collagen fiber alignment shed light
on our observations of mechanical anisotropy, suggesting that
our constructs initially had very high circumferential fiber align-
ment due to the helical printing method used. Cell traction forces
within the construct tend to align fibers axially, but axial shorten-
ing maintains the balance in favor of circumferential strength and
stiffness.

Although a lower concentration of thrombin leads to the print-
ing of more uniform vascular grafts, a noticeable sag on the under-
side of the constructs was still observed. This might explain why
the whole vessel tended to have thicker walls on bottom side of
the construct versus the top, as revealed by cross-sectioning stain-
ing. We observed differences in tissue uniformity even within con-
structs printed under the same condition. This may explain a high
variation noticed in the mechanical values of the grafts through the
long-term culture, as well as small patches of the tissue that did
not undergo ECM remodeling, as can be seen in the 20x magnifica-
tion of the 45-day old construct stained with Gémori trichrome.
We have already begun improving the biofabrication protocol to
include thrombin in the bioink in addition to the thrombin bath,
and it has shown promise for improving tissue distribution and
decreasing the variation. Notwithstanding, the printed constructs
presented here were able to behave similar to other fibrin-based
TEVGs, giving validity to the bioprinting approach for producing
clinically relevant tissue engineered products.

While we were focusing on bioink formulation for rotary bio-
printing in this study, the augment of these studies will enable
the printing of triple layered vessel grafts by depositing fibroblast
cells, smooth muscle cells, and endothelial cells layer by layer to
compartmentalize collagenous matrix, elastic fibers, smooth mus-
cle layers, and endothelium using the 3D rotary bioprinter devel-
oped in our lab. This will overcome technological difficulties in
printing such vascular structures when cell sheet or casting tech-
nologies are used for fabrication, as discussed above. It offers a
solution to biomanufacture clinically relevant vascular grafts for
CVD treatment.

5. Conclusion

We developed a novel bioink and rotary bioprinting for biofab-
ricating customized and personalized vessel grafts. Analysis of dif-
ferent bioink formulations revealed a complexity of biomaterial
printability, cell viability, and tissue formation during and after
3D bioprinting. We showed that the neonatal human dermal
fibroblasts can be printed at high concentrations. Furthermore,
the secrete ECMs remodel the vessel to a desired burst pressure.
In particular, we observed the increase in collagen deposition from
the cells during the cultures, leading to an increase in mechanical
stiffness and strength over time.
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