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Bioprinting is an emerging technology that has its origins in the rapid prototyping industry. The different printing processes can be divided into
contact bioprinting1'4 (extrusion, dip pen and soft Iithographg/), contactless bioprintings'7 (laser forward transfer, ink-jet deposition) and laser
based techniques such as two photon photopolymerization®. It can be used for many applications such as tissue engineeringg'13, biosensor
microfabrication'*"® and as a tool to answer basic biological questions such as influences of co-culturing of different cell types”. Unlike common
photolithographic or soft-lithographic methods, extrusion bioprinting has the advantage that it does not require a separate mask or stamp. Using
CAD software, the design of the structure can quickly be changed and adjusted according to the requirements of the operator. This makes
bioprinting more flexible than lithography-based approaches.

Here we demonstrate the printing of a sacrificial mold to create a multi-material 3D structure using an array of pillars within a hydrogel as

an example. These pillars could represent hollow structures for a vascular network or the tubes within a nerve guide conduit. The material
chosen for the sacrificial mold was poloxamer 407, a thermoresponsive polymer with excellent printing properties which is liquid at 4 °C and a
solid above its gelation temperature ~20 °C for 24.5% w/v solutions'. This property allows the poloxamer-based sacrificial mold to be eluted

on demand and has advantages over the slow dissolution of a solid material especially for narrow geometries. Poloxamer was printed on
microscope glass slides to create the sacrificial mold. Agarose was pipetted into the mold and cooled until gelation. After elution of the poloxamer
in ice cold water, the voids in the agarose mold were filled with alginate methacrylate spiked with FITC labeled fibrinogen. The filled voids were
then cross-linked with UV and the construct was imaged with an epi-fluorescence microscope.

Video Link

The video component of this article can be found at https://www.jove.com/video/50632/

Introduction

Tissue engineering approaches have made much progress over the last years with respect to regeneration of human tissues and organs19'2°.

However, until now, the focus of tissue engineering has been often limited to tissues that have a simple structure or small dimensions such as the
bladder?"?? or the skin®?. The human body, however, contains many complex three-dimensional tissues where cells and extracellular matrix
are arranged in a spatially defined manner. To manufacture these tissues, a technique is required that can place cells and extracellular matrix
scaffolding within a three-dimensional construct at specified positions. Biosprinting has the potential to be such a technique where the vision of
manufacturing complex three-dimensional tissues can be realized®""26-28

Bioprinting is defined as "the use of material transfer processes for patterning and assembling biologically relevant materials - molecules, cells,
tissues, and biodegradable biomaterials - with a prescribed organization to accomplish one or more biological functions™. It encompasses
several different techniques that work at different resolutions and length scales, ranging from the sub-micron resolution of two-photon
polymerization29 to a resolution of 150 ym to 420 um for extrusion printing1’12’3°. Not a single material or material combination will satisfy the
requirements of each method®'. For extrusion printing, the key parameters are viscosity and gelation time32, where high viscosity and rapid
gelation are desirable.

3D printing is a technique which allows the easy creation of sacrificial molds for creating complex geometries3°'33'34. This process is based

on the construction of a mold using a rapid prototyping technique such as an extrusion bioprinter. The created sacrificial mold is used to form
complex structures from materials which are difficult to print due to their low viscosity and slow gelation time. The method presented here
involves the creation of a sacrificial mold consisting of a material that dissolves quickly at low temperature and can be extruded accurately. The
block copolymer poly(ethylene glycol)qg-poly(propylene glycol)s7-poly(ethylene glycol)gg (also known as Pluronic F127 or poloxamer 407) fulfills
these requirements. It has already been used in a modified version in extrusion printing1 but, to our knowledge, has never been used for printing
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in its unmodified version due to its instability in liquid environments. Poloxamer 407 also shows an inverse thermal responsive behavior'® i.e.

it changes from a gel to a sol upon cooling. Most importantly, it can be printed into complex arbitrarily curved structures with very high fidelity.
This allows the creation of a structured hydrogel from a low viscosity material, in this case slow gelling agarose, by pipetting the solution into

the printed sacrificial mold. The combination of printing the sacrificial mold with high fidelity and its quick elution from the casted structured
hydrogel makes it a fast and flexible method to create molds with different geometries without the use of a mask or a stamp as it is often required
in lithographic methods. The casted structured hydrogel can be further filled with another material that is not suitable for extrusion printing due

to its low viscosity. This is in our case a low viscosity alginate methacrylate solution. Here we present the method of thermoresponsive reverse
sacrificial molds for hydrogel patterning using the example of a pillar array.

1. Preparation of the Poloxamer 407 Solution

If available, perform the preparation of the poloxamer solution in a cold room (4 °C). If not available, place a glass bottle in a beaker filled with
ice-cold water. At higher temperatures the poloxamer will be above the gel point and will not dissolve properly.

1. Add 60 ml of ice cold PBS solution into a glass bottle and stir vigorously using a magnetic stirrer.

Weigh 24.5 grams of poloxamer and add it in small amounts to the cold PBS. Wait until the poloxamer has partially dissolved before adding

more.

Stir the solution until all poloxamer has dissolved.

Add cold PBS until a final volume of 100 ml is reached. The final concentration will be 24.5% wiv.

Stop stirring the solution and let it rest at 4 °C until bubbles and foam in the solution have disappeared. Bubbles that are trapped within the

gel will be transferred to the printer cartridge and will lead to defects in the printed sacrificial molds.

6. Filter (0.22 um filter) the solution directly into the printing cartridge to remove any unwanted particles that could clog the needle. The filtering
step should be performed in a cold room (or if not available with cooled tips, filter efc.) to avoid gelling of the poloxamer in the filter. Keep the
loaded cartridge at 4 °C until 30 min before the experiment.

ok w

2. Preparation of the 3D Printer

The 3D printer used in this work was the "BioFactory" from regenHU. The extrusion part of the system consists of several parts. A cartridge
under pressure at the top is attached to a connector via a luer-lock adapter. The connector bridges the spaces between the outlet of the cartridge
and the inlet of a solenoid valve. At the outlet of the solenoid valve, needles with different diameters can be used. The material is extruded onto a
substrate that is held to a moving stage by vacuum. The major parts of the system are depicted in Figure 1. Other extrusion based systems can
be used for the printing process, and the optimization process needs to be done for each system.

1. Place the solenoid valve (nozzle diameter 0.3 mm) and the needle (inner diameter 0.15 mm) in separate 1.5 ml test tubes filled with ultrapure
water and place them in a heated ultrasonic bath to clean for 30 min. Rinse the cleaned valves with ethanol and dry them with a nitrogen gun.

2. Install the valve and needle in the printer as well as an empty, clean cartridge.

3. Apply 3 bar pressure to the system and blow out any residual liquids from the installed valve and needle with compressed air. For small
needle diameters, it is recommended to have a filter (common syringe filter, 0.45 pm pore size) installed at the exit of the compressed air to
avoid entry of small particles that could clog the needle.

4. Turn the pressure off and install the cartridge loaded with the poloxamer. The cartridge should be taken out of the refrigerator approximately
30 min before mounting the cartridge so the poloxamer can reach room temperature and gel.

5. Apply 3 bar pressure to the system and dispense poloxamer until it reaches the needle tip and is extruded in a continuous strand.

3. Optimization of the Printing Parameters

To create accurate 3D structures, the printing process has to be optimized for the chosen material and concentration. Depending on the viscosity
and the 3D printing system each material will yield a specific dispensing volume and line thickness for a fixed set of parameters.

1. With a suitable CAD software (able to create ISO files from the drawings), draw a single line about the same length as the structure that you
intend to print.

Place a microscope glass slide 25 mm x 75 mm x 1 mm or any other substrate in the printer and secure it by turning on the vacuum.

In the printer software, set the solenoid valve to a high frequency of 50 Hz and set a high pressure of 3 bar.

Print one layer of a single line with a stage speed of 300 mm/min.

Reduce the pressure until the desired line width is reached. You can also control the volume that is extruded via the opening time of the
valve.

6. Reduce the frequency of the valve until no continuous line can be printed anymore. Choose a frequency above this value.

a koD

Note: Once the desired line width and continuous lines are achieved, determine the optimal stage speed and layer thickness i.e. the lift of the
needle after one printed layer.

7. Print several layers on top of each other and see if the needle is in the right position above the previous layer after several printed layers.
Adjust the layer thickness (needle lift) so that each layer is printed on top of the next one (Figure 3).

8. Decrease the stage speed of the stage from 300 mm/min step-wise so that extruded layers start and end at the same positions as the
previous ones (Figure 4). Too high stage speeds cause the stage to be moving before the extruded material has touched the previous layer.
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9. For printing the pillar structures follow steps 3.1.-3.8., but instead of drawing a single line draw a single point. The parameters to focus on
when printing the pillars are the pressure (regulates layer thickness and pillar diameter of poloxamer), the opening time of the valve (extruded
volume) and the residence time of the print head at the position where the pillar should be deposited.

10. When the parameters are optimized, printing several layers of a line should result in a solid wall, or in case of the points, a pillar. Save the
parameters for later use.

4. Printing and Elution of the Reverse Mold

Use the parameters found during the optimization procedure from this point on.

1. Print the inner structure (here it is a pillar array) on a glass microscope slide and let it dry overnight. This a) reduces the size and thickness of
the structures and b) provides better adhesion between the structure and the substrate, so lift-off during the backfilling can be avoided.

2. With the CAD software, draw a structure that consists of an outer wall surrounding the structure you intend to have eluted away and filled.
Print the structure with poloxamer. The printing of the wall will take 6 min.

Attention: The wall has to be printed at least 3.5 mm away from the inner structure because of the dimensions of the needle. Otherwise the
printing of the outer wall will destroy the inner structure

3. Prepare the solution you want to backfill your sacrificial mold with (here 1% agarose in deionized water). The agarose solution should have
a temperature between 35 °C and 45 °C. Beneath this temperature, the agarose will solidify too quickly; above this temperature, it might
destroy the printed pillars because the poloxamer structure will soften.

4. Slowly fill the sacrificial mold with the backfilling solution using a pipette. This should be done slowly to avoid destruction of the structure
inside the wall.

5. Let the backfilled solution gel or crosslink it depending on the polymer used. In the case of agarose the solidification took place at 4 °C for 10
min.

6. Place the backfilled sacrificial mold in an ice bath for 10 min to elute the poloxamer structure.

7. Blot the backfilled structure with a paper tissue and place it on a new glass microscope slide. Press the structure carefully onto the
glass microscope slide to avoid leakage of the third hydrogel from the void into the space between the backfilled structure and the glass
microscope slide.

5. Filling of the Voids

1. To fill the voids left by the eluted poloxamer, fill the intended polymer solution into a syringe equipped with a 30 G needle. In this example,
we used a 1% alginate methacrylate in 0.15 M NaCl solution with the addition of 0.05% w/v lithium phenyl-2,4,6-trimethylbenzoylphosphinate
(LAP) and 2.5% v/v of Alexa-488 conjugated fibrinogen. The Alexa-488 conjugated fibrinogen was added for visualization purposes.

2. Photopolymerize the polymer with a high intensity UV lamp (100 Watt, 365 nm, distance from substrate was 3.5 cm) for 5 min and image the
construct using an epi-fluorescence or confocal microscope.

Representative Results

The representative results show that the reverse mold technique (depicted in Figure 2) will create a structured gel that can be filled with a
second material. At the beginning of every printing process the printing parameters are first optimized. Step-wise adjustments of the parameters
will result in printed multilayered constructs depicted in Figure 3 and Figure 4 when single lines are printed. If the layer thickness (the needle

lift after one printed layer) is too low, one will observe that the needle will touch the preceding layers. If the needle is too high, a wave pattern

on the surface of the printed construct will appear. This can be seen in Figures 3A-3D, where all tested layer thicknesses were too large for the
given stage speed. Because a high stage speed reduces the layer thickness, small differences between the set and the actual layer thickness
accumulate and the wave pattern starts to appear as the height of the construct increases. By lowering the layer thickness, the differences
become smaller and the wave pattern appears at a higher position than before (indicated by the dotted lines in Figure 3C and Figure 3D). For a
fixed layer thickness, if the stage speed is too fast this will result either in a wave pattern or in constructs that narrow towards the top and have a
bulge at the beginning of the construct (right edge of the printed structure) as shown in Figures 4A-4C. Optimized parameters for the poloxamer
were an opening time of 0.2 msec, a frequency of 31.14 Hz, a layer thickness of 0.15 mm, a pressure of 1.5 bar and a speed of 75 mm/min.
Printing with these parameters resulted in smooth solid walls as in Figure 4D. However, a higher stage speed of 100 mm/min was chosen for the
process to reduce the production time of the walls.

With optimized parameters for pillar printing (opening time 0.2 msec, frequency 31.14 Hz, layer thickness 0.08 mm, pressure 1.5 bar, stage
speed 200 mm/min, residency time 0.3 sec) we created an array of pillars as shown in Figure 5A. Drying effects of the pillar array resulted in
bending of the pillars towards the center. This effect can be reduced, but not avoided, by placing the pillars further apart from each other. A wall
is then printed around the pillars as shown in Figure 5B.

After the elution of the sacrificial poloxamer mold in cold water, structured agarose hydrogels like the one shown in Figure 5C were created.
After filling the voids with the fluorescent alginate methacrylate solution and subsequent crosslinking, a novel hydrogel-in-hydrogel pillar array
such as the one shown in Figure 6 can be made. The 3D z-stack reconstruction clearly illustrates the fluorescent pillars that were created.
Figure 7 illustrates the possibility of this technique to also create arbitrarily curved molds.
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Figure 1. Depiction of the bioprinter. A) A picture of the bioprinter "BioFactory". The needle and the valve are not visible in this image, but are
depicted in B). Up to 8 print heads are mounted on a turning turret which allows one to quickly change between materials. The printing is done
onto a moving stage that can be moved in x-, y- and z-direction. Click here to view larger figure.

1. Sacrificial mold made of poloxamer

2. Backfilling of the sacrificial mold

3, Removal of the sacrificial mald

4, Filling of the voids
e

Figure 2. Scheme of the process of the production of sacrificial molds for the fabrication of structured hydrogels.
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Figure 3. Layer thickness optimization. Poloxamer layers printed at a fixed stage speed (250 mm/min) with decreasing layer thickness.
When the layer thickness is too high, a wave pattern emerges. This gradually disappears with decreasing layer thickness. The red solid lines
indicate the bottom of the printed construct whereas the red dotted lines indicate the height of the defect free part of the printed construct. Layer
thicknesses are A) 0.18 mm, B) 0.16 mm C) 0.15 mm and D) 0.13 mm. The red bar indicates 2 mm.

Figure 4. Stage speed optimization. Poloxamer layers printed with a layer thickness of 0.15 mm with different speeds of the stage A) 250 mm/
min, B) 200 mm/min, C) 150 mm/min and D) 75 mm/min. By lowering the stage speed, the starting point of the printing process is for all layers
the same and a solid wall can be printed. The red bar indicates 2 mm.

P L] 0 . - ¥ el L B8 4 2.3 § i s -
Figure 5. Production of patterned hydrogels. A) Pillar array of dried poloxamer with pillars separated 1.75 mm from each other. The bending
of the pillars is caused by drying effects. B) Pillar array enclosed by a wall made of poloxamer before pipetting the agarose. C) Structured
agarose hydrogel after removal of the sacrificial mold.
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Figure 6. 3D z-stack reconstruction of fluorescently labeled pillars embedded in an aarose scaffold.

o [

Figure 7. Concentric cirles printed from poloxamer. Single layers are visible. The red bar indicates 2 mm.

Design criteria

Printing parameter

Finer layer thickness

Pressure |
Stage speed 1
Opening time|
Frequency |

Smaller line thickness

.

.

.

Pressure |
Stage speed 1
Opening time |
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* Frequency |

Continuous extrusion e Pressure 1

» Stage speed |
* Opening time 1
* Frequency 1

Faster construction speed ¢ Pressure 1

« Stage speed
«  Opening time 1
«  Frequencyt

Table 1. Four design parameters for the extrusion of poloxamer lines and how they can be influenced by different printing parameters.

Here we present, for the first time, the use of a thermoresponsive polymer for a sacrificial mold that can be quickly eluted in cold water due to
the gel-sol transition of poloxamer of ~20 °C. The speed of the entire process makes poloxamer interesting for the rapid creation of biopolymer
structures which cannot be printed with adequate resolution. The technique described here can be used for patterning one hydrogel within
another hydrogel or for the creation of microfluidic channels as has been previously reported for other materials®. The advantage of the
poloxamer as a sacrificial mold is that it can be printed in arbitrary geometries into solid layer-by-layer constructs that can be filled and eluted
afterwards.

We describe here the process of creating a sacrificial mold with poloxamer with subsequent backfilling of a second hydrogel to create structured
hydrogels. The material for the structured hydrogel can be chosen with restrictions in regards to viscosity and temperature at the point of

filling. Low viscous precursor solutions of commonly used polymers such as polyethylene glycol diacrylate36'37, alginate38'39, agarose40 and
methacrylated biopolymers‘”'43 are just a few examples for suitable filling materials. High viscous materials however may not fill narrow
geometries or could destroy the sacrificial mold in case of thin fragile structures such as the pillars printed here. A low percentage agarose
solution was therefore chosen for the backfilling. Another advantage of using agarose in combination with poloxamer is that it gels by cooling.
Therefore, when submersed in cold water, agarose retains its gelled state, a state which accurately reflects the inverse printed poloxamer
pattern.

The important steps in this procedure involve the optimization of the printing parameters, the filling of the sacrificial mold and the filling of the
voids. The printing parameters that were optimized were the frequency and opening time of the valve, the pressure, stage speed and the layer
thickness. The layer thickness is defined as the lift of the needle after every printed layer. In case of the pillars, the residency time, i.e. the time
material is extruded onto a point without moving the stage, also had to be adjusted. The optimization process can be time consuming because
changes in one parameter can have effects on several design parameters of the extruded lines. The key parameters for different design criteria
are described in Table 1.

The second important step in the process is the filling of the sacrificial mold. The filling of the sacrificial mold is a delicate step. Small and narrow
structures need to be filled carefully, often manually, and simple casting of solutions might not always be possible.

Careful filling of the sacrificial mold with agarose was therefore performed using a 100 pl pipette to avoid destruction of the pillars. The last step,
the filling of the voids, required the use of a syringe equipped with a 30 G needle. Care should be taken to avoid bubble formation during the
filling.

The different gels in the construct presented here can also contain cells. By placing one cell type in the hydrogels within the voids and another
cell type inside the structured hydrogel, a spatially defined co-culture setup can be created. Interconnected 3D network as in the publication from
Miller et al.30, vascular or neural networks are also possible. A possible approach to such networks would be to print lines within a surrounding
wall and fill the voids with the second hydrogel, crosslink the second hydrogel and continue with printing the next layer rotated by 90°. The
advantage of printing poloxamer as a sacrificial mold is that it neither requires a master mold or a mask. It also does not require a heated print
head to extrude the material and clogging of the system has not been observed in our experiments.

Constructs such as the ones presented here might be used in the future as spatially organized 3D co-cultures to study diffusion-based cell-
cell interactions or for drug discovery. However, a fully automated version of the procedure presented here needs to be developed to become
successful in the field of drug screening.

To summarize, we have presented a method that allows the printing of arbitrary geometries that can be filled with hydrogels and eluted
afterwards. That way, structured hydrogel-in-hydrogel architectures can be created in a straightforward and cost-effective manner.

The authors have nothing to declare.
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