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Abstract

Engineered tubular constructs made from soft biomaterials are employed in a myriad of
applications in biomedical science. Potential uses of these constructs range from vascular
grafts to conduits for enabling perfusion of engineetéditissues and organs. The fabrication of
standalone tubes or complex perfusable constructs frombiofunctional materials, including
hydrogels, via rapid and readily accessible routes is desirable. Here we report a methodology
in which customized coaxial nozzles are 3D ptinted using commercially available
stereolithography (SLA) 3D printers. These nozzles,can be used for the fabrication of
hydrogel tubes via coextrusion of two shear-thinning hydrogels: an unmodified Pluronic® F-
127 (F127) hydrogel and an F127-bisurethane methacrylate (F127-BUM) hydrogel. We
demonstrate that different nozzle geometties can be. modeled via computer-aided design
(CAD) and 3D printed in order to generate tubes or coaxial filaments with different cross-
sectional geometries. We were able to fabricate tubes with luminal diameters or wall
thicknesses as small as ~ 150 pm. Finally, wesshow that these tubes can be functionalized
with collagen I to enable cell adhesionyand human umbilical vein endothelial cells
(HUVEC:S) can be cultured on the luminal surfaces of these tubes to yield tubular endothelial
monolayers. Our approach could enable the rapid fabrication of biofunctional hydrogel
conduits which can ultimately be utilized for engineering in vitro models of tubular biological
structures.

Keywords: 3D printing, hydrogel, tubular conduit, endothelial, endothelium, vascular, blood vessel, vasculature

Examples include the airways and blood vessels of

1. Introduction vertebrates, and the xylems and phloems of vascular plants.[!]
Fabrication of perfusable structures using biofunctional

Tubular structures are abundant in nature where they materials and compatible manufacturing processes is of great

function broadly as conduits for the bulk transport of fluids. interest in the areas of bioengineering (e.g., for in vitro assays)
and regenerative medicine.* '3 While tubes are geometrically

XXXX-XXXX/ XX/ XXXXXX 1 © xxxx |IOP Publishing Ltd



oNOYTULT D WN =

AUTHOR SUBMITTED MANUSCRIPT - BF-101969.R2

Journal XX (XXXX) XXXXXX

Author et al

simple, their fabrication from soft materials is an existing
challenge in the field. Common strategies involve casting or
rolling a synthetic or natural polymeric material around a
mandrel, wherein the diameter of the mandrel determines the
tube’s luminal diameter. These mandrel-based approaches
have generally yielded tubes with properties comparable to
those of human blood vessels, however, the utility of these
approaches is limited when it comes to the fabrication of tubes
with small luminal diameters (< 0.5 mm) and arbitrary lengths
(> 15 ¢cm).l14201

An alternative approach for fabricating tubular structures
involves material extrusion through dies with annular orifices.
Extrusion-based processes are good candidates for this task
because they have the ability to produce constructs with
complex cross-sectional profiles and hollow internal
geometries which are difficult to create using most other types
of manufacturing processes.[$10:12:1321-23]

Standalone tubular structures have been investigated as
vascular grafts,!'>224 nerve guidance conduits,!323:2%] grafis

perfusable, cell-laden constructs which utilize tubes as a basic
structural motif have also been designed to recapitulate tissue
or organ function.3!33

Hydrogels are attractive materials for manysbiomedical
applications due to their significant water content and
mechanics reminciscent of soft tissues.***’! However,, it
remains challenging to reconcile biocompability, bioactivity,
and mechanics in hydrogels with processability in the context
of extrusion.?¥! Previous reports have succeeded in outlining
sets of biochemical and biophysical material properties which
are essential for the recapitulation of many physiological
functions,’*’3?! yet the incorporation of these.properties into
materials used in extrusion-based fabrication processes
remains a challenge.

Hydrogels that have thus far beentprocessed into tubular
structures for potential biomedical applications include those
based on gelatin,®) hyaluronic< acid,['”! alginate,!>!3]
collagen,!'*1¢1 poly(vinyl al\hol) [17.201 gilk  fibroin,!'¥
fibrin,!” and decellularized extracellular matrix.*!! Recently,

for urethroplasty,’?’?! and tracheal grafts.?%) More complex, Pi et al.®! have “demonstrated coaxial extrusion-based
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Figure 1. Schematic of coaxial nozzle and hydrogel tube production. a) Computer-aided design (CAD) in conjunction with SLA
3D printing enables the fabrication of fully-customizable coaxial nozzles. b i) Tube fabrication workflow. b ii) Chemical structures
of F127 and F127-BUM. ¢ i) Coaxial nozzles of different diameters after printing. ¢ ii) Tip of coaxial nozzle under magnification.
¢ iii) Coaxial nozzle after blunt-tip needles have been affixed to inlets. ¢ iv) Coaxial extrusion assembly.
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fabrication of circumferentially-layered tissue-engineered
tubular constructs using materials based on methacrylated
gelatin, alginate, and acrylated multi-arm poly(ethylene
glycol). The authors produced these constructs using
urothelial and vascular endothelial cells and smooth muscle
cells. These tissue-engineered constructs represent an
important step toward creating engineered replacements for
tubular biological structures. However, this platform involves
handmade nozzles, which may restrict the platform’s
accesibility and customizability.

Here we report a practical and versatile 3D printing-
enabled platform for the extrusion-based fabrication of tubular
hydrogel constructs and multi-material coaxial filaments
(Figure 1). Additionally, we demonstrate the fabrication of
bioactive collagen-functionalized hydrogel tubes for the
culture of human umbilical vein endothelial cells.

Our platform utilizes 3D printed and fully customizable
coaxial nozzles in combination with extrudable hydrogels
based on a derivative of Pluronic® F-127. The employment of
3D printing in our work highlights the utility of additive
manufacturing in the rapid design, fabrication, and iteration of
extrusion hardware posessing relatively complex geometries.
The platform outlined here, including the materials and
process-design principles highlighted, can broadly serve as an
example of effective implementation of design for additive
manufacturing in the context of biofabrication. Finally, a
notable advantage of this platform stems from its accessibility
to other laboratories. The CAD files of the coaxial nozzles
(available in the supplementary material) can be modifiedsto
meet a variety of needs, and the nozzles can be printed on
commercially avaliable desktop SLA 3D printers.

2. Materials and methods

2.1 Materials

Pluronic® F-127 (P2443-1KG; referred to as.F127), phenol
red solution (P0290-100ML; 0.5%), sodium hydroxide
solution  (S2770-100ML; 1.0 M), 2-hydroxy-4'-(2-
hydroxyethoxy)-2-methylpropiophenone«(410896-10G; 98%;
referred to as Irgacure 2959), and 2-acrylamido-2-methyl-1-
propanesulfonic acid sodium salt solution (655821-250ML;
50 wt%; referred to as AMPS) were all purchased from Sigma
Aldrich. Dibutyltin dilaurate (D0303;> 95.0%) was purchased
from TCI America. 2-Isocyanatoethyl methacrylate
(ACT34296) was purchased from Arctom Chemicals. CDCls
(DLM-7-PK; 99.8%) was purchased from Cambridge Isotope
Laboratories. Common.wsolvents (Certified ACS) and
phosphate-buffered saline (PBS) tablets (BP2944100) were
purchased from Fisher Scientific; Collagen I from rat tail
tendon (354249; 8.3 mg/mL in 0.02 M acetic acid) was
purchased from/Corning. Ammonium hydroxide (AX1303;
28.0-30.0 wt%) was purchased from EMD Millipore.
Autodesk Standard,Clear/Prototyping Resin (also known as
PR48) was’purchased from Colorado Photopolymer Solutions.
Formlabs| Clear photopolymer resin (FLGPCL04) was
purchased from Formlabs.

Human umbilical vein endothelial cells (C2517A; single
donor; in EGM-2; referred to as HUVECs) and endothelial
cell growth medium (CC-3162; referred to as EGM-2) were
purchased from Lonza. Penicillin-streptomycin cocktail
(15140122; 10000 U/mL), ethidium homodimer-! (E1169),
calcein AM (C3100MP), and 4',6-diamidino-2-phenylindole
(D1306; referred to as DAPI) were all purchased from Thermo
Fisher Scientific. Subculture Reagent Kit (090K; containing
HBSS, Trypsin/EDTA & Trypsin Neutralizing Solution) was
purchased from Cell Applications. Paraformaldehyde solution
(50-980-487; 16%), bovine serum albumin (BP9706100;
referred to as BSA), polysorbate 80 (AC278632500; referred
to as P80), and Alexa Fluor 488-goat anti-mouse IgG
(NC0675427; 1gG polyclonaly H+L) were all purchased from
Fisher Scientific. Triton X-100 (X100<L00ML) was purchased
from Sigma Aldrich. Mouseanti-human CD31 (MCA1738;
IgG1 monoclonal; cloné WM59)\vvas purchased from Bio-Rad
Laboratories. All reagents<were, used as received unless
otherwise specified:

2.2 Instrumentation

The 'HONMR specttum was obtained using a Bruker
AVANCE series instrument with 500 MHz frequency. Gel
permeation. chromatography (GPC) was performed using a
Watets Breeze, 2 chromatograph equipped with two 10 pm
Malverncolumns (300 mm x 7.8 mm) connected in series with
increasing pore size (1000, 10000 A), using chloroform as the
eluent, and «calibrated with poly(ethylene glycol) standards
(102 to 40000 g/mol). Rheometric experiments were
performed using a TA Instruments Discovery Hybrid
Rheometer-2 (DHR-2) equipped with an Advanced Peltier
Plate system for temperature control, and a 365 nm LED UV-
curing accessory with disposable acrylic plates for
photorheology experiments. All rheometric experiments were
performed using a stainless steel 20 mm upper plate. Coaxial
nozzles were 3D printed using an Autodesk Ember DLP 3D
Printer or a Formlabs Form 2 SLA 3D Printer. Fluorescence
microscopy was performed on a Zeiss Axiovert 200 with
Axiocam 503 mono camera. Confocal microscopy was
performed on a custom-built simultaneous 4-channel Nikon
AR1 with cMOS camera with xyz-motorization.

2.3 Synthesis of F127-BUM

The synthesis of F127-bisurethane methacrylate (F127-
BUM) is described in full detail in the supplementary material.
Briefly, F127 (60 g, 4.8 mmol) was dried under vacuum, and
anhydrous CH2Cl2 (550 mL) was charged to the flask. The
mixture was stirred until complete dissolution of the F127 was
observed. Dibutyltin dilaurate was then added, and the 2-
isocyanatoethyl methacrylate (3.5 mL, 24.8 mmol) was
diluted in anhydrous CH2Cl> (50 mL) and added dropwise to
the reaction mixture. The reaction was allowed to proceed for
2 d before being quenched by the addition of MeOH. The
F127-BUM was precipitated in EtzO before separation via
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centrifugation. The F127-BUM precipitate was finally washed
in Et2O, prior to being dried under vacuum.

2.4 Preparation of F127-based hydrogels

2.4.1 Preparation of F127-BUM hydrogel with collagen
I additive. CollagenT (1.2 mL; 8.3 mg/mL in 0.02 M acetic
acid) was added to chilled, sterilized dH20 (2.21 mL). The
mixture was swirled thoroughly before the addition of F127-
BUM (1.5 g). Immediately after addition of the F127-BUM,
the mixture was vortex-mixed and placed on ice for
approximately 3 h until dissolution of the F127-BUM was
observed. A 5 wt% solution of Irgacure 2959 was prepared by
adding sterilized dH-O to Irgacure 2959 and incubating for 30
min at 70 °C before briefly vortex-mixing. After dissolution
of the F127-BUM, the Irgacure 2959 solution (100 puL; 5 wt%)
was added to the gel, and the gel was vortex-mixed again
briefly. The gel was kept on ice overnight and vortex-mixed
the following day, followed by centrifugation at
approximately 600 g for 1 min. This process was repeated two
or three times until a homogeneous, slightly turbid gel was
observed. The gel was kept on ice whenever possible during
this time. The gel was stored in the dark at 4 °C and used
within 3 d. Prior to use, bubbles (if remaining) were eliminated
by brief centrifugation at approximately 600 g.

2.4.2 Preparation of FI127-BUM hydrogel with AMPS
additive. AMPS solution (1.0 g; 50 wt%) was added ,to
chilled, sterilized dH20 (2.4 mL). The mixture was swifled
briefly before the addition of F127-BUM (1.5 g). Immediately
after addition of the F127-BUM, the mixture was vortex-
mixed and placed on ice for approximately 3wh. until
dissolution of the F127-BUM was observed. Irgacure. 2959
solution (100 pL; 5 wt%) was then added to the gel, and the
gel was vortex-mixed again briefly. The 5/wt% solution of
Irgacure 2959 was prepared as described previously. The gel
was also stored and conditioned as described previously.

2.4.3 Preparation of F127-BUM hydrogel without
additive. FI127-BUM (1.5 g) was added to" chilled,
sterilized dH20 (3.4 mL). Immediately aftér addition of the
F127-BUM, the mixture was vortex-mixed and placed on ice
for approximately 3 h until dissolutien of the F127-BUM was
observed. Irgacure 2959 solution (100 uL; 5 wt%) was then
added to the gel, and the gel avas vortex-mixed again briefly.
The 5 wt% solution of Jrgacure 2959 was prepared as
described previously. The gel was also stored and conditioned
as described previously:

2.4.4  Preparation Yof sacrificial FI127 core
hydrogel. Unfunctionalized F127 (1.5 g) was added to
chilled, sterilized dH20 (3.5 mL). Immediately after addition
of the F127, the mixture/was vortex-mixed and phenol red
solution (150 pL; 0.5 wt%) was added. NaOH (10 pL; 1.0 M)
was also added to bring the gel to approximately pH 7.4. The
gel was vortex-mixed again briefly and placed on ice for

approximately 3 h until dissolution of the F127 was observed.
The gel was stored and conditioned as described previously.

2.5 Coaxial nozzle fabrication

The nozzles were printed using an Autodesk Ember DLP
3D Printer with the Autodesk Standard /Clear Prototyping
Resin, also known as PR48 (Colorado Photopolymer
Solutions) or a Formlabs Form, 2 SLA 3D Printer with
Formlabs Clear photopolymer resin (Formlabs). In all cases,
50 pm was selected as the layer height. The standoff from the
build surface was set to 0 mm, and nozzles were printed such
that their superior surfaces made\contact with the build
surface. Support structures’ were “not used. Following
completion of prints, nozzles were rihsed with isopropanol.
The nozzles were then purged and dried with pressurized air
and post-cured according to the manufacturer’s instructions.
Following 3D printing and completion of the post-printing
steps described, 14.gauge x 0.5 in straight and bent (45°)
blunt-tip needles (OK, International) were affixed to the
superior and lateral inlets, respectively, of each coaxial nozzle.
The straight needle was ground short and deburred such that
the remaining length of the canula was roughly 5 mm. This
measure was takento reduce the overall height of the fully-
assembled, coaxial mozzle and is not a necessary step.
Alternatively;, 14 gauge x 0.25 in needles could be used.
Loctite 495 cyanoacrylate adhesive was used to affix the
needles. Following assembly, each nozzle was washed with
70% isopropanol and stored at room temperature in dH>O until
further use. Prior to use, nozzles were rinsed briefly with 70%
EtOH.

2.6 Fabrication of hydrogel tubes

Unless otherwise specified, tubes were fabricated using the
largest-size (2 mm outer conduit diameter) nozzle. Gels
chilled on ice were loaded into syringes (Nordson EFD), and
once the gels reached room temperature, the extrusion set up
(Figure S7b) was assembled. The syringe containing the
sacrificial (core) gel was affixed to the superior inlet and the
syringe containing the outer (shell) gel was affixed to the
lateral inlet of the coaxial nozzle (Figure 1b; ). Syringe barrel
adapters (Nordson EFD) were then attached to each syringe.
Pressure to drive the syringe pistons was supplied by an in-
house N2 line. The pressure was controlled independently for
each syringe around 55-100 kPa, nominally, by 0-210 kPa
pressure regulators and gauges. To adjust pressures prior to
extrusion, the tubing of each syringe barrel adapter was
clamped using a pinch-clamp, and the regulators were set to
the desired pressures. To begin extrusion, the tubing of each
adapter was unclamped, and after waiting a moment for the
coaxial extrusion rate to stabilize, a 4 in x 6 in glass sheet was
manually translated under the nozzle to catch the coaxial gel
filament. The shell of the coaxial filament (outer gel) was then
photo cross-linked for 20 min under a UV lamp (365 nm, 3.3
mW/cm?). The sacrificial core of the coaxial filament (inner
gel) was removed via dissolution in aqueous medium to yield
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the hydrogel tube. 1X PBS was used as the dissolution
medium for hydrogel tubes used in cell seeding experiments;
dH>O was used for hydrogel tubes for all other purposes.

2.7 Cell seeding experiments

Overview: The F127-BUM hydrogel with collagen I
additive was used in the fabrication of tubes and discs for cell
seeding experiments (all parts of Figure 3 except Figure 3a, 1).
The F127-BUM hydrogel without collagen I additive was
used in the fabrication of discs as a negative control (Figure
3a, 1). HUVECs were maintained in endothelial cell growth
medium (EGM-2 supplemented with 100 units/mL penicillin
and 100 pg/mL streptomycin). Cells were maintained in a 37
°C incubator with 5% COa. Cells of passage number 4—8 were
used for all cell seeding experiments.

2.7.1 Preparation of hydrogel tubes for cell
seeding. Preparation of hydrogel tubes for cell seeding is
described in detail in the supplementary material. Briefly,
following coaxial extrusion and photo-cross-linking as
described previously (with the F127-BUM hydrogel with
collagen I additive used as the shell), the coaxial filament was
placed in 1X PBS and incubated at 37 °C for 1 h to facilitate
dissolution of the sacrificial core hydrogel. The resulting tube
was sectioned (~ 20 mm long sections), and the tube sections
were sequentially washed with dH.O, 70% EtOH, and
sterilized 1X PBS. The tube sections were then dehydrated in
an incubator at 37 °C. Following dehydration, tube sections
were submerged in collagen solution (6.0 mg/mL in 0.014'M
acetic acid) and were allowed to rehydrate. Following
rehydration, tube sections were briefly exposed to ammonia
vapor to facilitate pH- and temperature-dependent cross-
linking of the collagen (discussed further in supplementary
material). Tube sections were then once again placed in a 37
°C incubator to dehydrate. The rehydration procedure was
repeated once more, and following another dehydration, a
similar rehydration procedure was carried out with endothelial
cell growth medium instead of collagen solution. Following a
final dehydration, tube sections were aehydsated with the
growth medium and stored in medium at/4 °C until cell
seeding.

2.7.2 Fabrication of hydrogel discs & preparation for
cell seeding experiments. FabricationOf hydrogel discs
and preparation for cell seeding is described in detail in the
supplementary material. Btiefly, a paircured hydrogel sheets
were prepared from F127-BUM hydrogels with and without
collagen I additive. The sheets were,placed in 1X PBS and
incubated at 37 °C for 1 h{ A biopsy punch (5 mm) was then
used to punch gelydiscs from the sheets. Discs were
sequentially washed with dH>0, 70% EtOH, and sterilized 1X
PBS. Discs made, from F172-BUM hydrogel with collagen I
additive wererdehydratedin an incubator at 37 °C. The discs
without collagen (negative control) were transferred to
endothelial cell growth medium and stored at 4 °C in medium
until cell seeding. Following dehydration, F127-BUM discs

with collagen I were subjected to a dehydration/rehydration
procedure as described in section 2.7.1: discs were submerged
in collagen I solution and were allowed to rehydrate.
Following rehydration, discs were briefly exposed to
ammonia vapor. Discs were then once again placed ina 37 °C
incubator to dehydrate. The rehydration procedure was
repeated once more, and following another dehydration, a
similar rehydration procedure was carried.out with endothelial
cell growth medium instead of collagen solution. Following a
final dehydration, discs were rchydrated with the growth
medium and stored in medium at 4.°Cuntil cell seeding.

2.7.3 HUVEC seeding and culture in tube sections.

For cell seeding in tube sections, HUVECs were
trypsinized and resuspended at{ a = concentration of
approximately 1.0 x 10%¢eells/mL in EGM-2 with penicillin-
streptomycin. Sterilized blunt-tip needles (14 gauge x 0.5 in)
were attached to 1 mlL syringes, and a tube section was gently
slipped onto each needle. Tube sections were briefly rinsed by
drawing growth medium into, and through, the lumens.
Approximately,100 puL of the cell suspension was then drawn
through the tube sections so that lumens were filled with cell
suspension. Tube sections with syringes attached were
transferred to a poly(styrene) BioAssay dish lined with
Kimwipes soaked in 1X PBS. The tube sections and syringes
were kept. hotizontally in the BioAssay dish during a 1 h
ingubation at:374°C and 5% COz. Throughout the incubation,
tube sections and attached syringes were rotated 90° every 15
min to ensure uniform access of cells to luminal walls. While
in the dish, syringes were kept from rolling using 3D printed
poly(lactic acid) syringe stands (FlashForge Creator Pro)
(Figure S9b). Following the 1 h incubation, tube sections were
removed from syringes and transferred to growth medium in a
6-well poly(styrene) culture plate (2 mL of medium per tube
section; two tube sections per well) and additionally incubated
for up to 72 h at 37 °C and 5% CO.. Medium was replaced
after 48 h in culture. Prior to visualization of cell morphology
in tube sections via DAPI staining and indirect
immunofluorescence, tube sections were removed from the
medium, transferred to a new culture plate, and briefly rinsed
with 1X PBS. Cells were fixed at room temperature in 4%
paraformaldehyde for 20 min. For rinses and fixation, a 1 mL
syringe with a blunt-tip needle was briefly used to draw
solution into the lumen of each tube section; each tube section
was then immediately slipped off of the syringe needle and
into a well of a 6-well poly(styrene) culture plate containing
enough solution to submerge the tube section.

2.7.4 HUVEC seeding and culture on discs.  Seeding
and culture on discs is described in detail in the supplementary
material. Briefly, cell suspension was pipetted directly onto
each disc and additional growth medium was added around
each disc. Cells were incubated at 37 °C and 5% COz. Medium
was replaced every 24 h. Viability was evaluated at 24, 48,
and 72 h via staining with calcein AM and ethidium
homodimer-1. For visualization of cell morphology via DAPI
staining and indirect immunofluorescence, discs were
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removed from the medium after 48 h. Cells were fixed in 4%
paraformaldehyde prior to staining and immunocytochemical
treatment.

2.7.5 Staining and immunocytochemistry.  Staining and
immunocytochemistry are described in detail in the
supplementary material, and details of reagents are provided
in section 2.1. Briefly, following fixation, tube sections or
discs were rinsed with 1X PBS and then sequentially treated
with permeabilization buffer, blocking buffer, and primary
antibody. Samples were then allowed to sit overnight. After
removal of the primary antibody, samples were washed with
washing buffer, and then treated with secondary antibody.
After removal of the secondary antibody, samples were
washed with washing buffer and then treated with DAPI in 1X
PBS. Following brief incubation with DAPI, samples were
washed with washing buffer and imaged via confocal
microscopy.

3. Results and discussion

3.1 Coaxial nozzle fabrication

We employed commercially available SLA 3D printers to
fabricate coaxial nozzles with intricate, sub-millimeter cross-
sectional features and hollow internal geometries. Our basic
coaxial nozzle design consisted of a tubular inner conduit
supplied by a superior inlet and an annular outer conduit
supplied by a lateral inlet (Figures 1b; i and S6).

The close tolerances of luer lock connectors, as well as the
relative brittleness of many cured photopolymer resins,
precluded the reliable 3D printing of functional integrated luer
lock connectors on the nozzles, using our 3D printers.
Therefore, once the nozzles were printed, blunt-tip 14-gauge
needles were affixed to the nozzle inlets to provide a means of
attachment of syringes via a luer lock connection (Figure 1c;
iii, 1v).

In order to provide a large contact atea betweenthe
printer’s build surface and the nozzles, and thusireduce the risk
of the nozzles detaching during printingwe ineluded‘a large
superior surface on the nozzles. The nozzlesdwere also
designed to be 3D printed without the needfor substantial pre-
print or post-print processing—e.g., withoutwtilizing support
structures. Additionally, strength andirigidity of the nozzles
were prioritized in order to resist elastic deformation-induced
loss of coaxiality during extrusion and also to resist breakage
during use and handling. This\consideration entailed, in part,
inclusion of thick, tapered walls and.placement of the lateral
inlet virtually flush swith the supetior inner surface (i.e.,
ceiling) of the nozzle (Figure S6). Finally, to ensure
widespread practieability of this platform, we implemented a
modular designj rapid iteration and customization of nozzle
models is afforded simply by editing the dimensional
constraints of the provided template CAD files (available in
the supplémentary material). The fully assembled nozzles
were used, in combination with commercially available

pneumatic syringes and adapters for extrusion of shear-
thinning hydrogels.

3.2 Fabrication of hydrogel tubes

Shear-thinning hydrogels are ideal for_extrusion-based
processes (such as 3D printing via direct ink‘writing (DTW))!“"-
41 because they readily flow through nozzles \during
dispensation but then rapidly regain their gel character upon
exiting; this enables maintenance of the extruded form. A
material’s reversible response tosshearnsload and the time
dependence of the response are ‘critical when evaluating a
material’s suitability for extrusion.[#4:4]

In order to ensure fidelityof tubes™ cross-sectional profiles
to those of the nozzles, we/employed/wo types of hydrogels
during the coaxial extrusion process: non-cross-linkable and
cross-linkable. A non-gross-linkablehydrogel was formulated
from a commercially _available amphiphilic triblock
copolymer, F127 and was used as a sacrificial core material.
A cross-linkable hydrogel wasformulated from a derivative of
F127, namely, F127-BUMsand was employed for the tube
walls (Figure 1b)alrgacure 2959 was added to cross-linkable
F127-BUM=based hydroegels as a photoradical generator.

The F127-BUMwas synthesized via reaction of F127 with
2-isocyanatoethyl methacrylate. While there are numerous
reports featuring F127 functionalized with (meth)acrylate
groups, ;wenfound that this particular reaction afforded
excellent conversion and facile removal of byproducts. The
F127-BUM-based hydrogels retained the rheological
characteristics typical of hydrogels of F127. #6471 Namely, the
hydrogels exhibited shear-thinning behavior as evidenced by
their ‘decreasing apparent viscosities with increasing shear
rates, and the rapid recovery of their storage moduli during
cyclic shear strain experiments (Figures S3-S5).

In addition to their shear-thinning behavior, hydrogels
based on F127 or F127-BUM also exhibited a temperature
dependent reversible sol-gel transition, which is driven by a
lower critical solution temperature (LCST) response of the
polymer. We have previously reported the utility of the
thermo-responsive behavior of these types of hydrogels for the
production of shear-thinning nanocomposite materials. 8]

The gelation temperatures (7ge1) for the F127-BUM-based
hydrogels were determined by the cross-over point between
the loss and storage moduli in each temperature ramp
experiment. For the F127-BUM hydrogel without additive,
Teer = 13.7 °C (Figure S3a); for the hydrogel with collagen I
additive, Tz~ 13.6 °C (Figure S4a); for the hydrogel with
AMPS additive, Tgel was depressed below 5 °C (Figure S5a);
however, cooling this gel in an ice bath was sufficient to
induce the gel-to-sol transition.

The thermo-responsive behavior of the F127- and F127-
BUM-based hydrogels facilitated formulation and processing
of these materials. After the gel-to-sol transition was induced
for each hydrogel composition, it was possible to transfer
these materials into pneumatic syringes without difficulty.
The materials were then allowed to return to room
temperature, at which point they regained their gel states and
were ready for extrusion (Figure S7a).
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Coaxial filaments comprised of a sacrificial core (29 wt%
F127 hydrogel) and a cross-linkable shell (30 wt% F127-
BUM hydrogels with or without additives and with photo-
radical generator) were extruded using the 3D printed coaxial
nozzles. The extruded coaxial filaments were cured with UV
light (365 nm) to initiate polymerization of the methacrylate
groups and cross-link the outer hydrogel. The coaxial
filaments were then rinsed with excess water or PBS to
dissolve the uncross-linked sacrificial core hydrogel, yielding
a tube.

For purposes of fabricating standalone tubes from F127-
BUM-based hydrogels, it is generally not necessary to extrude
a sacrificial core hydrogel, but in the event that other hydrogel
compositions are utilized, it is likely that an F127-based core
hydrogel will be necessary to prevent distortion or collapse of
the tube before curing. Furthermore, the core hydrogel was
dyed with phenol red to aid in visualization of the lumen size
during extrusion, which is convenient if extrusion pressures
are not predetermined and are manually adjusted.

In order to demonstrate the versatility of this approach for
fabricating tubes of a range of sizes, we employed three
different coaxial nozzle sizes. The largest nozzle in this work
consisted of an overall orifice diameter (corresponding to the
extruded tube outer diameter) of approximately 2 mm (Figure
S6a); it was used to produce the tubes pictured in Figure 2a; i,
ii. The smallest-size nozzle consisted of an overall orifice
diameter of approximately 0.5 mm (Figure S6¢) and was used
to produce the smaller tubes pictured in Figure 2a; iii, iv and
Figure 2b. Following fabrication, these small-diameter tubes
were submerged in deionized water and perfused with a dye
solution to demonstrate patency (Figure 2aj iii, iv).

When cured, 30 wt% hydrogels based on F127-BUM are
relatively tough and elastic. In'fact, we'were able to tie knots
with these tubes (Figure/2a; i), and also distend them
considerably with water (Figure S7c).

Luminal diameters and wall thicknesses were determined
by the dimensions of the nozzle, as well as the core and shell
extrusion pressures. We'found that in cases where inner and
outer extrusion pressures werewell matched, higher fidelity to

Figure 2. Tube geometry can be tuned by altering nozzle size and shape as well as extrusion conditions. a i, ii) Tubes produced
usinglargest-size (2mm outer conduit diameter) coaxial nozzle. Tubes have good elasticity and toughness. a iii, iv) Tubes fabricated
using smallest-size (0.5 mm outer conduit diameter) nozzle. Dye perfusion shows lumen patency. Tube walls were stained as dye
began to defuse through walls. b) Summary of extrusion-pressure effects on cross-sectional geometry of small tubes. Luminal
diameters or'wall thicknesses as small as ~ 150 pm were achieved. ¢ i, ii) 5-point star geometry on customized nozzle. ¢ iii) Cross-

sectional geometry of S-point star tube produced using star nozzle.
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nozzle dimensions was observed, and overall extrusion rate
was adjusted by increasing or decreasing the extrusion
pressures in tandem. In cases where the shell extrusion
pressure was higher than the core extrusion pressure, the
overall extrusion rate (i.e., length of coaxial filament
generated per unit time) was limited by the core extrusion rate
due to adhesion between the two hydrogels. In these
situations, the shell hydrogel exhibited a volumetric flow rate
mismatched with the overall extrusion rate, which yielded a
tube with a relatively small luminal diameter and a thick wall
(Figure 2b; 1). In cases where the core extrusion pressure was
higher than the shell extrusion pressure, the reverse situation
occurred—i.e., a tube with a relatively large luminal diameter
and a thin wall was produced (Figure2bj iii). In these cases of
extrusion-pressure mismatch, overall extrusion rate could still
be varied while keeping the coaxial filament geometry
approximately constant by adjusting the mismatched
pressures in tandem.

The luminal diameters and outer diameters of extruded
tubes were found to be generally consistent along the lengths
of the tubes. The variations in these dimensions of two
different F127-BUM tubes produced using the same (medium-
size; 1.25 mm outer conduit diameter) nozzle with different
sets of extrusion pressures were evaluated at five different
points (approximately 10 mm apart) along the length of each
tube (detailed in the supplementary material). For the tube
with the smaller lumen, the luminal diameter averaged 0.20 +
0.01 mm (SD), and the outer diameter averaged 0.74 £ 0.01
mm (SD) (Figure S8a; i). For the larger-lumen tube, luminal
diameter averaged 0.43 = 0.01 mm (SD), and the overall
diameter averaged 0.70 £ 0.01 mm (SD) (Figure S8a; ii).

Extruded tubes or coaxial filaments with more complex
cross-sectional profiles may also be fabricated as Seen..in
Figure 2c. A “tube” with a S5-point star cross-sectional
geometry was generated analogously to other tubes usingra
coaxial nozzle with a star geometry athits end. This
demonstrated that more complex orifice geometries could be
modeled at the ends of these nozzles; changing the everall
nozzle structure or internal geometry was not necessary.

F127-BUM-based hydrogels can be derivatized with other
chemical functionalities via co-polymefization with aqueous-
soluble (meth)acrylate monomers. While ,this approach for
introducing chemical species into the hydrogel metwork has
been demonstrated for a range of, monomers,'*?! here we
examined the incorporation of 2-acrylamido-2-methyl-1-
propanesulfonic acid sodium salt (AMPS) to alter the swelling
behavior of the extruded hydrogel tube. A hydrogel
formulation with 30 wt% F127-BUM and 10 wt% AMPS was
prepared, and its rheological behaviors were evaluated (Figure
S5). Following fabrication, tubeswith and without the AMPS
additive were allowed to’ swell /to equilibrium in deionized
water. The average water mass fraction of the tubes with
AMPS (n = 4) was 92.3 £0.3% (SD) (Figure S8b; i) and the
average water mass. fraction of the tube without AMPS (n=4)
was 82.9 £1.3% (SD)(Figure S8bj; ii).

3.3 Cell seeding experiments

Endothelial cells, which line the luminal surfaces of blood
vessels, are one of the principal cellular components of the
vascular system, wherein, in addition to fulfilling.a variety of
other roles, they make up the vascular barrier. (endothelium)
and control the extravasation of blood proteins and cells.
Typical two-dimensional cultures of vascular endothelial cells
on glass or poly(styrene) cell cultureware doynot recapitulate
physiology related to 3D geometrysConsequently, there is
considerable interest in widely practicable platforms that
enable more representative cultures of vascular endothelial
cells. 451

Prior to seeding HUVECs on the luminal surfaces of our
hydrogel tubes, we first screened our materials for
biocompatibility and cell-adhesion by producing small (~ 5
mm in diameter) cross-linked hydrogel discs with identical
hydrogel compositions and analogous preparation to our
tubes. In preliminary experiments in which we seeded
HUVECs on the surfaces ofdiscs made from cross-linked
F127-BUM hydrogel without additive, we stained the cells
with calcein AM after 24 h in culture in order to visualize cell
morphology and infer,cell adhesion to the hydrogel surface.
These initial results suggested that this material does not
promote adhesion of HUVECs—i.e., when cells were seeded
directly'onto the surfaces of the hydrogel discs, cells retained
a rounded morphology as a consequence of a lack of adhesion
(Fig 3a; i).| These results were consistent with previous
reports.’?) The high poly(ethylene oxide) (PEO) content of
F127 (~712-75%) affords a cross-linked material that resists
protein adsorption and cell adhesion.P>57) It is also worth
noting that hydrogels based on F127 or its derivatives are
generally not cytocompatible prior to cross-linking, and so
these materials are of limited use when cells are to be
encapsulated within the material.>!

Thus, collagen I was used to promote cell adhesion to the
F127-BUM surface. The thermo-responsive gelation behavior
of F127-BUM facilitated the homogenous incorporation of
soluble collagen into the hydrogel at low temperatures. Bulk
concentrations of collagen I well in excess of 0.2 wt% in the
F127-BUM (30 wt%) hydrogels led to substantial aggregation
of collagen, causing visible inhomogeneity in the gel, which
was detrimental to extrusion quality. The inclusion of collagen
I as an additive at no more than 0.2 wt%, however, was not
substantially detrimental to the desirable rheological
characteristics of the hydrogel (Figure S4) and afforded high-
quality tubes.

The adhesion of HUVECs to the hydrogel surface
improved substantially with the incorporation of collagen into
the hydrogel formulation; however, we observed that the
functionalization of F127-BUM hydrogel with collagen I was
more effective in promoting HUVEC adhesion when collagen
was not only incorporated into the hydrogel formulation prior
to fabrication of discs or tubes but also coated onto the cross-
linked hydrogel surfaces post-fabrication. The latter was
achieved via multiple rounds of rehydration of dehydrated
hydrogel constructs (i.e., tubes and discs) in solutions of
collagen I. After this process was established, HUVEC

Page 8 of 12
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morphology and viability were again evaluated by fabricating
hydrogel discs functionalized in this way and seeding the cells
onto their surfaces. At 24 h in culture, we observed that cells
had adhered to the disc surfaces, as evidenced by the spread
morphology (Fig 3a; ii). Beyond cell adhesion, viability of
cells cultured on collagen-treated discs made from the F127-
BUM hydrogel with collagen I additive was found to be
satisfactory after 72 h in culture (Figure 3a; iii).

Finally, to demonstrate the application of this platform
toward the fabrication of models of vascular endothelium, we
prepared tubes for the luminal-seeding and culture of
HUVECs. Tubes were prepared with the F127-BUM hydrogel
with collagen I additive and were treated with collagen [ in a

manner analogous to the discs discussed above
(dehydration/rehydration). To characterize morphology of the
HUVECs on the luminal surfaces of tubes, we visualized the
interendothelial junction marker CD31 (also, referred to as
platelet endothelial cell adhesion molecule, PECAM-1) via
indirect immunofluorescence after 72 h of culture. The
expression and localization of CD31 indicates appropriate
general endothelial phenotype.!® Figures 3b and 3¢ show the
presence of interendothelial jumctions between HUVECs
seeded on the luminal surfaces ofscollagen-functionalized
tubes. Cells were found to exhibit characteristic endothelial
cobblestone morphology. Figure 3b provides ‘top-down’
views of lumens in the XY plane, showing the coverage of the

: 200 pm

Figure 3. Fluorescence and confocalmicrographs of endothelial cell-seeded, cross-linked hydrogel constructs. a i) HUVECs seeded
on cross-linked unmodified F127-BUM hydrogel (disc) after 24 h in culture. Cells stained with calcein AM (green) for visualization
show aggregation and rounded morphology, indicating lack of adhesion. Percent coverage was determined to be 20 £ 9% (SD; n =
3). This image/is representative of the three replicates. a ii) HUVECs seeded on cross-linked, collagen I-treated F127-BUM
hydrogel with'collagen I additive(disc) after 24 h in culture. Cells stained with calcein AM for visualization show spreading,
indicating adhesionsPercent/coverage was determined to be 52 + 8% (SD; n = 3). This image is representative of the three replicates.
a iii) Viability,assay (calcein AM, green/ethidium homodimer-1, red) of HUVECs seeded on cross-linked, collagen I-treated F127-
BUM hydrogel with collagen I additive (disc) after 72 h in culture. Green indicates live cells and red indicates dead cells; cell
viability is high. This image is representative of three replicates. b i, ii) Confocal micrographs of HUVECs seeded on the luminal
surfaces of tubes composed of cross-linked, collagen I-treated F127-BUM hydrogel with collagen I additive. Cells stained with
DAPI(blues nuclei) and labelled via indirect immunofluorescence (green: CD31, interendothelial junction marker) exhibit
characteristic cobblestone morphology. These images are representative of six replicates. b iii) Identical treatment to b i, ii. Entire
width of tube section is visualized, showing good cell coverage. This image is representative of six replicates. ¢ i, ii, iii) Identical
treatment to/b i, ii, iii. Luminal surface of tube is visualized via confocal microscopy showing good cell coverage. These images

are represefitative of six replicates.
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lumens with HUVECs expressing CD31. Figure 3c shows re-
constructed z-stacks of a tube lumen that has been seeded with
HUVECs. Taken together, these results demonstrate that our
coaxial extrusion platform comprised of the coaxial nozzle
and F127-BUM-based hydrogels is effective in fabricating
collagen-functionalized tubes, and these tubes are suitable for
the culture of tubular monolayers of contiguous endothelial
cells.

4. Conclusion

In summary, we report a platform for the extrusion-based
fabrication of tubular hydrogel constructs using customized,
3D printed coaxial nozzles. These nozzles can be fabricated
using commercially available desktop SLA 3D printers and
are amenable to use with existing DIW setups. We
demonstrate that hydrogels based on a methacrylated
Pluronic® F-127 derivative can be extruded through these
nozzles to yield multi-material coaxial filaments and tubes
with geometries which are tunable either via alteration of
nozzle orifice geometry or extrusion pressures. For example,
we were able to fabricate tubes with luminal diameters or wall
thicknesses as small as ~ 150 pm, as well as tubes with star-
shaped cross-sectional geometries. Additionally, we
demonstrate that tubes produced using our method can be used
for 3D culture of HUVECs; this is enabled by
functionalization of the F127 derivative hydrogel using
collagen I. Our approach ultimately enables the facile
fabrication of biofunctional hydrogel conduits which may/be
useful for engineering in vitro models of tubular biological
structures.
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