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Abstract

Bioprinting is a recent development in tissue engineering, which applies rapid prototyping techniques to generate
complex living tissues. Typically, cell-containing hydrogels are dispensed layer-by-layer according to a computer-
generated three-dimensional model. The lack of mechanical stability of printed hydrogels hinders the fabrication
of high aspect ratio constructs. Here we present submerged bioprinting, a novel technique for freeform fabrication
of hydrogels in liquid fluorocarbon. The high buoyant density of fluorocarbons supports soft hydrogels by float-
ing. Hydrogel constructs of up to 30-mm height were generated. Using 3% (w/v) agarose as the hydrogel and
disposable syringe needles as nozzles, the printer produced features down to 570-um diameter with a lateral dis-
pensing accuracy of 89 um. We printed thin-walled hydrogel cylinders measuring 4.8 mm in height, with an inner
diameter of ~2.9 mm and a minimal wall thickness of ~ 650 um. The technique was successfully applied in print-
ing a model of an arterial bifurcation. We extruded under fluorocarbon, cellularized alginate tubes with 5-mm
outer diameter and 3-cm length. Cells grew vigorously and formed clonal colonies within the 7-day culture pe-
riod. Submerged bioprinting thus seems particularly suited to fabricate hollow structures with a high aspect ratio
like vascular grafts for cardiovascular tissue engineering as well as branching or cantilever-like structures, obvi-
ating the need for a solid support beneath the overhanging protrusions.
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Introduction

CLASSICAL TISSUE ENGINEERING combines three elements:
cells, biomaterial scaffolds, and molecular signals.1 Cells
are seeded on or within a biomaterial scaffold and are cultured
in complex media containing with biological and chemical
cues. ™ Until now, primarily thin and avascular tissues like car-
tilage or skin could be generated with this approach.*® Two
major obstacles prevent the engineering of high aspect ratio,
complex tissue constructs. First, the limited diffusion capabilities
of oxygen, carbon dioxide, and nutrients limit the potential
thickness of tissue-engineered constructs. Tissues thicker than
~1mm require vascularization for cell survival”® Another
shortcoming of conventional tissue engineering is the lack of
precision in cell placement, which prevents the direct fabrication
of complex, multicellular tissues.”

Bioprinting is an emerging technique, which may over-
come these limitations by generating three-dimensional
(3D) living tissues using fabrication technology originally de-
veloped for rapid prototyping.'®"? In a typical bioprinting
approach, cell-containing hydrogels are dispensed layer-by-
layer to form cellular constructs of predefined morpholo-
gy.lg"14 Ideally, scaffold materials used for bioprinting should
mimic the extracellular matrix of living tissue and should pro-
vide mechanical as well as biological cues.'>** Hydrogels are
particularly suitable as bioprinting materials, because their
elasticity and polymerization time can be controlled by vary-
ing the amount of cross-linking agent, pH value, or tempera-
ture.'®?*22 However, the weak mechanical properties of
hydrogels used in bioprinting impede fabrication of macro-
scopic scaffolds on a centimeter or decimeter scale.'”**** Tis-
sue constructs with a high aspect ratio usually collapse under
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their own weight. Small hollow structures (e.g., tubes with a
small inner diameter) cannot be built without a supporting
core. Various strategies to support large hydrogel constructs
have been presented.”>*>*” Shim and co-workers™ plotted
synthetic polymer blends composed of polycaprolactone
(PCL) and poly(lactic-co-glycolic acid) (PLGA) to produce a
scaffold, which provided mechanical support for the cell-
hydrogel mixture that was subsequently injected. Landers
and colleagues™ stabilized a hydrogel structure by dispens-
ing hydrogels or pastes into a bath of a liquid with matching
density. Fibrinogen—thrombin and alginate—calcium chloride
mixtures have been used to print cell containing constructs
layer-by-layer.”® Immersing the printing platform into algi-
nate solution, for example, stabilized the printed construct
by hydrostatic pressure.

Here we employ high buoyant density perfluorocarbons
(PECs) to support less buoyant, soft, and fragile hydrogel con-
structs, even at very high aspect ratio.”® PFCs are nontoxic,
chemically inert fluids immiscible with water or with oil.
Their high oxygen and carbon-dioxide transport ability ren-
ders them well suited for submerged cell culture.”** We
present a proof-of-concept study demonstrating submerged
bioprinting of high aspect ratio, cell-seeded hydrogel struc-
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tures. In addition, we examined how printing into a high
buoyant density liquid impacts precision and size of individu-
ally dispensed hydrogel drops compared to printing in air.
From a technical point of view, the lowest dispensable drop
volume and the correlating drop size as well as the
positioning accuracy define the quality of a bioprinter. These
parameters determine feature size, shape, and reproducibility
that can be achieved. For instance, to print an artificial vein
substitute, the minimal drop size and the minimal pattern
width, respectively, have to be smaller than the average wall
thickness of a naturally occurring human vein (i.e., 50 pm—
3mm).*> Numerous studies report high-precision printing in
air.** This study describes the printing of soft high-aspect
ratio structures in a high buoyant density liquid with respect
to positioning precision, drop size, and shape.

Materials and Methods
Hydrogel rod and tube extrusion

Figures 1 and 2 illustrate the supporting effect of sub-
merged bioprinting on hydrogel constructs with a high aspect
ratio. Gel rods made of 3% (w/v) agarose were extruded
in air and in fluorocarbon (Fluorinert™ Electronic Liquids

FIG. 1. Submerged hydro-
gel extrusion in fluorocarbon
support fluid. The experi-
ments were conducted with
3% (w/v) agarose stained
with methylene blue. (A) The
extrusion of an agarose rod in
fluorocarbon. (B) The col-
lapsing of the gel rod upon
removal of the support liquid.
(C) A hydrogel rod extruded
in air. (D) The rod detaches
from the extrusion needle and
collapses when a critical
height is exceeded.
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FIG. 2. General concept of
submerged bioprinting. (A)
Single drops of cell laden
hydrogel are dispensed layer-
by-layer according to a pre-
defined model to form a
three-dimensional tissue con-
struct. The printing is per-
formed submerged in a high-
density fluorocarbon sup-
porting liquid. (B) Hydrogel
drops can be appended either
vertically or laterally to an
existing structure. Due to the
buoyant support of the fluo-
rocarbon, branching hydrogel
structures or cantilever like
constructs can be build
without the need for a solid
support.

First gel layer

Layer-by-layer printing

FC-43, 3M Deutschland, Neuss, Germany). The printing pro-
cess was recorded with a digital video camera attached to a
SVM Compact Video Microscope (EO Elektro-Optik Service,
Dortmund, Germany). Single frames extracted from the vid-
eos are shown.

In addition, we studied cell survival and proliferation in
submerged biofabricated, high aspect ratio tubular constructs.
Tubes composed of Dulbecco’s modified Eagle’s medium
(DMEM) containing alginate (3%) and L929 mouse fibroblasts
(2x10°/mL) were extruded using a motor-driven syringe with
a 5-mm-diameter ring orifice. The solution was extruded verti-
cally against a solid support covered by a thin layer (5 mm) of
CaCl; (50 mg/mL). Upon contact with the CaCl,, the alginate
gelled immediately. During alginate extrusion the syringe was
retracted while a matching volume of fluorocarbon was simul-
taneously added to the surrounding container to ensure con-
tinuous contact of the retracting orifice with the CaCl,
solution. The lumen of the extruded tube was kept open by
injecting fluorocarbon through the inner opening of the ring
orifice, thus inflating the tube. The test constructs were com-
pleted in <30sec with an inner diameter of 5mm, a wall thick-
ness of ~0.1mm, and a length of up to 3cm.

Submerged printing platform

The printer used throughout this work was custom built
and consisted of a print head mounted on a tri-axially move-
able robotic platform. The print head was designed for drop-
on-demand printing of cells and hydrogels. The print head
comprised a disposable syringe (1 or 5mL, Terumo® Syringe
SS5*05SE1 without needle, Terumo, Tokyo, Japan), which was
used as gel cartridge, a motor driven plunger, and a dispens-
ing needle (BD Microlance™ 3, 23 Gx1.25 inches, no. 14,
0.6 mm x 30 mm; Becton, Dickinson and Company, Franklin
Lakes, NJ). The syringe had a copper sheet jacket, which
was heated by two peltier elements (Standard Peltier-Element
3504, Conrad Electronic SE, Hirschau, Germany), and a digi-
tal temperature controller (ENDA ET 1411, Suran Industrie-
elektronik, Horb, Germany). The printer had four linear

Hydrogel droplet
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drives, a moveable printing platform, and supporting ele-
ments from Fischertechnik® (Waldachtal, Germany). Three
identical stepper motors with (7.5° rotation per step) were
used to move the printer head in X, Y, and Z direction, respec-
tively (no. 82920001 Zwei Phasen Schrittmotor, Crouzet, Hil-
den, Germany). A fourth linear drive comprising a stepper
motor with 1.8° rotation per step controlled the plunger
movement (Schrittmotor E547-52500, Emis-Gesellschaft fiir
Electronic und Microprozessorsysteme, Weiden, Germany).
The plunger motor was connected to two gears resulting in
a 4:1 gear ratio. All linear drives were connected to M4-
threaded rods with a slope of 0.7mm per turn (360°). The
printer is shown in Figure 3. The spatial resolution of each
of the linear drives is listed in Table 1. The printing platform
could be moved 12.4 cm in X- and 7.6 cm in Y-direction. In Z-
direction the print head could be moved 5.7 cm. Thus the
maximum working volume was 535 cm”.

Printer control

The stepper motors driving the printing platform and the
print head were controlled by two electronic boards (Schritt-
motorsteuerkarte SMC800, Emis-Gesellschaft fiir Electronic
und Microprozessorsysteme) powered by a 24-V power supply
and connected to a personal computer. Control software was
programmed with Visual Basic (Visual Basic 6, Microsoft,
Redmond, WA). To implement feedback control of drop de-
position, a contact sensor was integrated into the printing sys-
tem (Fig. 4). The sensor determined whether the needle of the
print head touched ground. One electrode serving as ground
was connected to the base of the printing platform and cov-
ered with an electro-conductive layer of hydrogel (e.g.,
agarose). The dispenser needle tip served as the second elec-
trode. Both electrodes were connected to an analog-to-digital
(A /D) converter (RedLab 1408FS, Meilhaus Electronic, Puch-
heim, Germany). During printing the voltage between the
two electrodes was continuously recorded. When the dis-
pensing needle tip touched the ground electrode or any con-
ductive material that was connected to ground, the electric
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circuit was closed resulting in a current of ~1.25uA. Con-
comitantly, a voltage drop of 5 V was recorded by the A/D
converter. Thus, continuous drop deposition with high accu-
racy was possible due to the fact that the hydrogel was con-
ductive, but the surrounding fluorocarbon support liquid
was not. In summary, the drop deposition process comprised
three steps. First, the needle was lowered toward the ground
until it touched the substrate or a previously printed layer.
Next a drop was expelled at the needle tip. The drop adhered
and the needle was retracted.

Lateral drop apposition

To enable the lateral apposition of hydrogel drops and thus
the fabrication of delicate overhanging structures, we modi-
fied the printing cycle to five steps: print head lowering,
drop generation, horizontal drop attachment, print head ele-
vation, and stage repositioning. During printing the printer

TABLE 1. TECHNICAL DETAILS OF XYZ LINEAR DRIVES

X-, Y-, Z-linear drives Plunger-drive

Rotation per step 7.5° 1.8°
Transformation 1:1 1:4
Slope, mm/360° 0.7 0.7
Step width, um 14.6 0.875

Three identical stepper motors were applied to move the printing
platform in the XY-plane, and to lower or lift the print head in Z-
direction. The plunger was controlled by a more precise stepper motor.

4]

FIG. 3. Bioprinter prototype

8 and its main components. The
printer support structure was
built from Fischertechnik®

9 components (Waldachtal,
Germany). The close-up

10  shows the print head con-
struction in detail. Legend: 1,
linear drive; 2, print head; 3,
temperature controller; 4,
printing platform; 5, plunger
mounting; 6, print head elec-
trode; 7, temperature sensor;
8, peltier element; 9, printing
needle; 10, base electrode.

software stored the position of each drop of the previous
layer and calculated its average height. For lateral apposition
of hydrogel drops the needle was lowered to align vertically
with the stored position of a previously deposited drop. Next
a drop was expelled, and the printing stage moved laterally
towards the hydrogel structure until the feedback circuit
closed and the drop adhered to the bulk structure.

Hydrogel preparation

We used 3% (w/v) low melting agarose (Biozym Sieve 3:1
Agarose, Biozym Scientific, Oldendorf, Germany) and 3%
(w/v) low viscosity alginate (Alginic acid sodium salt, Alfa
Aesar, Ward Hill, MA). Agarose and alginate stock solutions
were dissolved in water and autoclaved at 121°C for 20 min.
The agarose gel was stored at 40°C and was kept at 39°C in
the print head. The alginate was stored at 4°C and heated
to 36°C before mixing with cells.

Fluorocarbon support liquid (FC-43)

Perfluorotributylamine was purchased from 3M (Fluori-
nert™ Electronic Liquids FC-43, 3M Deutschland). FC-43 is
a colorless and odorless liquid with a density of 1.9g/ cm®,
At 20°C it has a kinematic viscosity of 2.8 mm?/sec. Its sur-
face tension measures 16 mN/m.

Drop volume range

One step of the plunger motor advanced the plunger by
0.875 um. Use of a disposable 5-mL syringe with a plunger
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diameter of 12.5mm resulted in a theoretical minimum dis-
pensed volume of 116 nL. To experimentally verify the drop vol-
ume, 500 drops of water at 39°C were dispensed and weighed.

Printer performance

The technical performance of the printer was validated by
examining drop volume range, dispensing accuracy, and
printing speed. The dispensing process was recorded by
video microscopy at a magnification of 50x (SVM Compact
Video Microscope, EO Elektro-Optik Service). The camera
was mounted in an angle of 90° relative to the print head.
Recorded images were analyzed using Image] software
(http://rsb.info.nih.gov/ij/). All experiments were con-
ducted with 3% (w/v) agarose at 39+0.7°C.

Dispensing accuracy

To measure the dispensing accuracy, the lateral offset of a
drop relative to the nozzle was measured both after dispensing
in air and in FC-43. Four lines of 20 drops each with volumes
varying between 116 and 465 nL were printed. The distance be-
tween the center of the drops and the nozzle center was mea-
sured (Fig. 5A). The positioning deviation A was calculated
according to Equation 1, where dy and dp correspond to the
distance between the left border of the evaluation image and
the needle or the drop, respectively, and wy as well as wp, cor-
respond to the needle and drop width, respectively.

1 1
A=dn+ sz— (dD+ EwD) (1)

Drop size and shape

To quantify the influence of the supporting liquid on the
drop size and shape, we measured the contact angle and
the height-to-width ratio of drops printed in air and in FC-
43. For each measurement, 20 drops were printed in a row.

Visualization and analysis of printed 3D hydrogel
constructs

Printed constructs were photographed using a CCD cam-
era. In addition, the printed constructs were analyzed by
computed tomography using a microCT instrument (Tomo-
scope DUO, CT Imaging, Erlangen, Germany). The instru-
ment was set to 65kV and 0.38 mA in both X-ray tubes;
each flat panel detector acquired 720 projections containing
516 x 506 pixels in 1.1 full rotations within 29 sec; the images
were reconstructed with an isotropic voxel size of 52 um. The
images were further processed and viewed with Mimics soft-
ware (Mimics 14.0, Materialise, Leuven, Belgium).

Cell culture and preparation of cell-hydrogel suspension

For the cell patterning experiments human MG-63 osteo-
sarcoma cells (CRL-1427, American Type Culture Collection,
Manassas, VA) were cultured in low glucose DMEM supple-
mented with 10% fetal calf serum (FCS), 2mM L-glutamine,
100 U/mL penicillin, and 0.1 mg/mL streptomycin. For print-
ing, 0.5mL of cell suspension (5Xx 10° cells/mL) was mixed
with 0.5mL of melted agarose gel kept at 36°C (£0.7°C).

For extrusion of cell-laden hydrogel tubes, L929 mouse fi-
broblasts (CCL-1, American Type Culture Collection) cul-
tured in low glucose DMEM supplemented with 10% FCS
and 0.4% gentamycin (10 mg/mL) were mixed with 3% (w/
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FIG. 4. Function of the electronic drop deposition feedback
sensor. The print head needle and the agarose layer at the bot-
tom of the printing vessel were connected to two electrodes.
The voltage drop across those electrodes was measured con-
tinuously. The sensor exploits the fact that the hydrogel (aga-
rose) is conductive, while the supporting liquid (FC-43) inside
the printing vessel is nonconductive. (A) As long as the nee-
dle or the drop at the needle tip does not touch the agarose
ground layer or the preformed hydrogel structure connected
to ground, the circuit is open. (B) When the needle or the drop
at the needle tip touches the preformed structure, the elec-
tronic circuit is closed and a voltage drop is recorded. This
touch sensor ensures correct drop apposition both in the ver-
tical axis and lateral axis.

v) alginate. After extrusion the hydrogel tubes were removed
from the fluorocarbon container and cultured for up to 7 days
in a six-well plate filled with cell culture medium. To prevent
the tubes from collapsing, the lumen remained filled with
fluorocarbon throughout the culture period.

Cell viability assay

Cell viability was assessed by live-dead staining using
0.083 mg/mL propidium iodide (P4170-10116, Sigma, Tauf-
kirchen, Germany) and 0.083mg/mL fluorescein diacetate
(F7378-10G Sigma) in Ringer solution. Fluorescence micro-
graphs were recorded using a Leica DMI6000B inverted mi-
croscope (Leica Microsystems, Wetzlar, Germany).

Statistical analysis

The data presented in this work represent the mean * stan-
dard deviation. The replicate number 1 is listed in the respec-
tive figure caption. Statistical significance was calculated by
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FIG. 5. Dispensing accuracy. (A)
To assess the accuracy of the dis-
pensing process the offset delta (A)
from the needle center of a printed
drop was measured. Drop diameter
was also measured. The dispensing
deviation was calculated according
to Equation 1. Printing accuracy is
given for printing in air (B) and for
* printing in FC-43 (C). Printing ac-
curacy improved in submerged
printing. The results are presented
in boxplot diagrams, n=20.
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one-tailed t-tests. Significance levels were p<0.05, p<0.01,
and p <0.005).

Results
Hydrogel rod extrusion

Figure 1 demonstrates that high aspect ratio hydrogel rods
could be readily extruded in high-density FC-43 fluorocarbon
liquid. Using a syringe and manual deposition of melted aga-
rose, a hydrogel rod of 28-mm length and 1.6-mm thickness
with an aspect ratio of 17.5 was made (Fig. 1A). The rod
stood stable and upright. The gel rod collapsed immediately
when the supporting liquid was removed (Fig. 1B). Hydrogel
rods extruded in air were less uniform, bended (Fig. 1C), and
likewise collapsed when the rod exceeded 30 mm in length
(Fig. 1D).

This simple extrusion experiment demonstrated the major
advantage of submerged bioprinting, namely mechanical sta-
bilization of long hydrogel structures with a high aspect ratio.
These results prompted us to apply the concept of submerged
gel deposition on a 3D freeform fabrication technique, the
basic outline of which is shown in Figure 2. Using a dispens-
ing needle, drops of hydrogel were printed into a vessel filled
with perfluorocarbon of high buoyant density. 3D hydrogel
constructs were printed, layer-by-layer, according to a prede-
fined CAD model. Drops of hydrogel were added on top or
lateral to an existing structure (Fig. 2B). Thus, overhanging
or branching structures could be printed without a solid sup-
port of the protruding edges.

116 232

348 464

Submerged printing platform

The printer assembly used throughout this study is shown
in Figure 3. The spatial resolutions of each of the linear drives
are listed in Table 1. The maximum printing platform deflec-
tion was 12.4 cm in the X-direction and 7.6 cm in the Y-direc-
tion. Z-axis range of the print head was 5.7 cm. The maximum
work space was 535cm®. Figure 4 illustrates the electrical
feedback control of the Z-axis drive. The assembly takes ad-
vantage of the fact that unlike aqueous support fluids, per-
fluorocarbons allow electric feedback control, because they
are nonconductive. The printer dispensed volumes between
14.5 and 460nL. A comparison of calculated and measured
drop volume with the respective strokes ranging from 0.9
to 3.5 um is listed in Table 2. The printing platform could be

TaBLE 2. DROPLET VOLUMES DISPENSED
AT VARIOUS PLUNGER STROKES

Plunger Weight Calculated
stroke (um) measured (nL) volume (nL)
1 88+1 116

2 2327 232

3 343+11 348

4 458+4 465

Theoretically calculated and experimentally derived values are
compared (mean*SD, n=3).
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TABLE 3. DIAMETER OF DROPLETS DISPENSED
oN CerLL CULTURE PLAsTIC IN AIR AND IN FC-43

Drop Diameter in Diameter in
volume (nL) air (mm) FC-43 (mm)
116 0.77£0.03 0.57+0.04
232 0.85+0.02 0.80+0.06
348 0.94+0.03 0.86+0.02
464 1.18£0.01 0.89+0.03

The droplet diameters are listed for four different dispensing vol-
umes (mean*SD, n=>5).

moved with a velocity of 2.75mm/sec and with an average
positioning deviation of 15.43 um/mm in the X-direction
and 17.89 yum/mm in the Y-direction.

Figure 5 illustrates that single drops could be deposited with
a lateral accuracy of 11.37 yum in air and 88.74 um in fluorocar-
bon. In air, the lateral deposition accuracy was independent of
the drop volumes (Fig. 5B). In FC-43 fluorocarbon, droplet de-
position accuracy gain at all droplet volumes tested (Fig. 5C).

Submerged single drop deposition

The drop size, the contact angle and the height-to-width
ratio of hydrogel drops printed in air and drops printed in
FC-43 were analyzed for four different volumes ranging
from 116 to 464 nL (Table 3 and Fig. 6). In FC-43 the contact
angle and the aspect ratio increased with drop volumes.

Printing complex structures

Using submerged printing and drop deposition we printed
hydrogel constructs of complex geometry. We started print-
ing hollow cylinders and overhanging tree structures that
would collapse when printed in air. The printing material
was agarose. Diameter and height of the hydrogel cylinders
could be freely determined. Minimum wall thickness of the
constructs was ~0.7mm achieved by depositing 60-nL
drops (Fig. 7A, B). To demonstrate the versatility of sub-
merged printing we printed delicate trees with a trunk thick-
ness of ~1.3mm (Fig. 7C-F). At a height of 5mm the trunk
branched into five horizontal arms with lengths of ~2.5-
4.0 mm, measuring ~0.7 mm in diameter.

Printing vascular bifurcations

Submerged bioprinting was further used to fabricate a 3D
model of a vascular bifurcation with a diameter ratio of 1:1 in

>

FIG. 6. Drop shape in submerged printing
versus air printing. (A) Contact angle and (B)
height-to-width ratio measurements of drops
printed in air as well as in fluorocarbon (FC-
43). The graphs illustrate mean+SD, n=5.
**p<0.001, **p<0.01.
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the common trunk and the two branches, respectively (Fig. 8).
The diameter of the trunk was 6.3 mm and the branches mea-
sured 6.1 mm, corresponding to the expected a 1:1 ratio. The
wall thickness was ~ 1 mm throughout and the total height of
the construct was 10 mm. The bifurcation at 10-mm height
was 14 mm wide corresponding to an 80° bifurcation angle.
Despite the fact that the construct was fabricated from aga-
rose gel, no solid support was required beneath the branching
part of the construct or within its lumen.

Cell patterning

To demonstrate the ability to print living cells, we depos-
ited in agarose MG-63 osteosarcoma cells (Fig. 9). The cells
were printed in two layers of 300-um thickness each, with a
lateral resolution of 570 um. Live-dead staining was per-
formed immediately after printing. The results indicate high
cell viability and homogeneous cell distribution. We also
showed that cells survived submerged bioprinting for at
least 21 days.”®

Viability of cells cultured in extruded alginate tubes

Viability of cell-laden alginate tubes was analyzed by live-
dead staining immediately after printing, and after 1, 4, and 7
days in culture. Figure 10 shows typical micrographs of the
tube walls taken with a x5 lens. The number of cells/colonies
present in each photograph is indicated in the lower right in-
sert. The number of cells in a given cell cluster was derived
from the cluster volume and the volume of a single cell,
which was calculated from the average single-cell diameter.
The average diameter d of single cells imaged immediately
after extrusion (27+1 um) was used to calculate the average
single-cell volume using the volume function (4°z/6). The
cluster volume was calculated accordingly, and divided by
the single cell volume. Three parts of the tube wall, each rep-
resenting a volume slice of 0.1 uL (1x1x0.1 mm?) were eval-
uated. Immediately after fabrication of the gel tubes, 292 +12
viable and 13+5 dead cells were counted in a typical 0.1-uL
wall segment (96% viability). One day after fabrication the
number of viable cells increased to 452 + 38, while the number
of dead cells rose to 17+3 cells (96% viability). At day four,
210 cell clusters with an average of 4.42 cells per cluster
were counted resulting in 928+213 viable and 12+3 dead
cells (99% viability). At day seven, 153 cell clusters were
counted, comprising 7.8 cells on average. Hence, the final
number of viable cells increased to 1196+53. At the same
time 37+13 dead cells were counted (97% viability).
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Figure 10 thus shows that cells grew vigorously and
formed clonal colonies within the 7-day culture. At day 1,
the cells underwent crisis, as would be expected from a start-
ing cell culture, in that slightly elevated numbers of dead cells
were observed. At day 4, clonal growth was most vigorous
with almost no dead cells. At day 7, the cells had formed
large clusters with an average diameter of 54+ 3 um. The larg-
est clusters of ~90-um diameter had a necrotic core suggest-
ing nutrient depletion. In summary this experiment showed
that submerged extrusion of alginate under fluorocarbon sus-
tained vigorous cell growth up to 1 week even without perfu-
sion/percolation of the hollow structures, which should
further improve the culture success.
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FIG. 7. Submerged printing
of hollow and delicate over-
hanging structures. (A) Photo-
graph and (B) computed
tomography (CT) image of an
agarose cylinder. The CT data
were used to determine the di-
mensions of the printed objects.
The photographs illustrate
their visual appearance. (C)
Photograph and (D) CT image
of a delicate tree structure
(scale bar, 2mm).

Discussion
Perfluorocarbons as liquid support

We demonstrate the printing of hydrogels submerged in
high-density perfluorocarbon support fluid. Large, high as-
pect ratio structures could be readily manufactured by simple
extrusion of hydrogels. Branching structures with overhang
were likewise produced with the aid of liquid support of
PEC (e.g. FC-43). Besides its function in supporting high as-
pect ratio structures, printing in high-density PFC affected
drop size and shape, too. The agarose drops printed in FC-
43 had a higher contact angle, were less flattened, and thus
had a smaller diameter than drops with equal volume printed

FIG. 8. Submerged printing of an arterial bifurcation. (A) Photograph of the bifurcation model. (B) and (C) CT images of the

construct in full and in sectional view (scale bar, 5 mm).
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FIG. 9. Submerged bio-
printing of live cells. MG-63
osteoblastic cells encapsu-
lated in agarose were printed
onto a solid support sub-
merged in PFC. Live-dead
staining was performed after
printing demonstrating that
all cells survived the printing
process (scale bar, 1 mm).

in air (Table 3 and Fig. 6). Hence, submerged printing inher-
ently improved the spatial resolution of the printer. The in-
creased contact angle and reduced flattening of the drops
were probably caused by a combination of three factors: the
hydrophobicity of the supporting fluid, a reduced adhesion
between hydrogel-needle tip and hydrogel-print surface,
and the increased buoyant lift of the drop in PFC versus air.
Minimum drop size in this work was ~100nL. Much smaller
drops and thus increased lateral resolution should become
possible by connecting commercial nanoliter dispensing sys-
tems to the printer.

Overhanging structures without solid support

Current drop-on-demand bioprinters usually dispense
drops of hydrogel by ink-jet technology, microvalves, or

FIG. 10. Cell viability and
proliferation in submerged
biofabricated alginate tubes.
Micrographs of 1929 cells and
cell clusters in extruded algi-
nate tubes 1hr (A), 1 day (B), 4
days (C), and 7 days (D) after
extrusion. Each panel shows
an overview taken with a x5
lens, an insert with magnified
cells and a bar graph showing
the number of viable and dead
cells or cell clusters. Cell-laden
alginate tubes were extruded
using a syringe with a 5-mm-
diameter ring orifice. Cell
concentration was adjusted to
2%10°/mL in 3% alginate so-
lution. Tubes with a length of
up to 3 cm, 5-mm outer di-
ameter, and ~0.1-mm wall
thickness were manufactured.
The extruded hollow tubes
were supported by per-
fluorocarbon both inside and
outside the lumen. Cells were
grown for up to 1 week. For
image recording the cell-laden
tubes were re-oriented along
their long axis in a petri dish
and live-dead staining was
performed.
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drop ejection attaining high precision drop volumes in the
picoliter to nanoliter range.******® Overhanging structures
may be produced by printing into an absorptive, solidifying
support and removing the unreacted support material after
completion of the printing process. With the drop-dispensing
process described in this work, drops in the nano- to microli-
ter range were generated and precisely deposited using a sim-
ple disposable needle. Precise control of the drop positioning
was achieved by integrating a contact sensor at the needle tip.
This technique allowed drops to be deposited with high pre-
cision both vertically and laterally.

Fabrication of high aspect ratio gel structures

Bioprinting studies commonly report fabrication of microscopic
hydrogel structures or planar single layer constructs.?***3*363”
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Several authors specifically mentioned the difficulty in build-
ing high aspect structures made of hydrogel.”**”*° For in-
stance, Lee and colleagues®™ printed collagen hydrogel
scaffolds with fluidic channels up to 1.45 mm thick. Accord-
ing to the authors, thicker structures would have required ad-
ditional mechanical support.>> Shim and colleagues®
concluded that maintaining the 3D shape of a printed struc-
ture consisting of pure hydrogel is difficult due to weak me-
chanical stability. The authors therefore designed hybrid
scaffolds composed of synthetic biomaterials (e.g., PCL/
PLGA blends), which served as an integral support structure,
and natural hydrogel (e.g., collagen), which added function-
ality. Other studies fabricated large hydrogel structures
using alginate hydrogels either pre-mixed with CaCl,,*® plot-
ted into a bath of CaCl,,* or by printing CaCl, solution into
an alginate solution.® Through use of these techniques,
hydrogel constructs of similar size and shape to the ones
shown here were created. Submerged bioprinting differs,
however, in that the supporting liquid has higher density
than the printed material. The density difference supports
long and tubular structures of even very high aspect ratio.
In addition, the PFC support liquid is biocompatible and
has high oxygen and carbon-dioxide transport capacity ren-
dering it ideal for use with living cells.* Thus submerged bio-
printing in PFC should also allow time-consuming printing
tasks, when oxygen supply and removal of CO, during the
printing process might become limiting.

Prospective improvements

Throughout this pilot study we used agarose hydrogels.
Compared to other hydrogels this is a rather stiff material.
In addition, unlike biomimetic hydrogels such as peptide am-
phiphiles or protein-based hydrogels such as collagen, fibrin-
ogen, or elastin, agarose does not promote cell adhesion.***°
Even though agarose gels can be modified to better promote
cell development, further experiments must prove that sub-
merged printing is suitable for other types of hydrogels as
well. Besides material-related challenges, the printing system
requires further refinement. Printing resolution, accuracy,
and the speed should, however, be readily enhanced by
switching from the low-cost components used in this study
to high performance commercial components.

Possible application of submerged bioprinting
for printing vascular grafts

We foresee first applications of submerged bioprinting in vas-
cular tissue engineering. Here, we extruded into liquid support
PFC, high aspect ratio cylindrical structures measuring 3 cm in
length that are very difficult to produce otherwise. Cylinders
with an inner diameter of 29mm and a wall thickness of
0.65 mm were likewise printed using a drop-on-demand syringe
print head. Taken together, these constructs are similar in size to
small-bore vascular grafts that are routinely used to replace ste-
notic arteries in vascular surgery.”> Furthermore, submerged
bioprinting may be even suitable to produce branching struc-
tures typical of vascular bifurcations (Figs. 7 and 8).
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