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Abstract

Embedded extrusion bioprinting allows for the generation of complex structures that otherwise
cannot be achieved with conventional layer-by-layer deposition from the bottom, by overcoming
the limits imposed by gravitational force. By taking advantage of a hydrogel bath, serving as a
sacrificial printing environment, it is feasible to extrude a bioink in freeform until the entire
structure is deposited and crosslinked. The bioprinted structure can be subsequently released from
the supporting hydrogel and used for further applications. Combining this advanced three-
dimensional (3D) bioprinting technique with a multimaterial extrusion printhead setup enables the
fabrication of complex volumetric structures built from multiple bioinks. The work described in
this paper focuses on the optimization of the experimental setup and proposes a workflow to
automate the bioprinting process, resulting in a fast and efficient conversion of a virtual 3D model
into a physical, extruded structure in freeform using the multimaterial embedded bioprinting
system. It is anticipated that further development of this technology will likely lead to widespread
applications in areas such as tissue engineering, pharmaceutical testing, and organs-on-chips.

Keywords
bioprinting; multimaterial; extrusion; embedded; freeform

Introduction

Bioprinting is an advanced biofabrication technology that allows for the generation of
customized tissues and cell-laden structures aimed at improving current medical treatments.
1-3 S0 far, bioprinting has found two main applications. The first one intends to improve our
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capability in the fabrication of human tissue and organ models, which provide structures and
functionalities simulating their in vivo counterparts for use in drug screening.~’
Alternatively, bioprinted artificial tissues and organs can also be used for transplantation and

regenerative medicine purposes to heal those that are injured or diseased in the human body.
8-11

Bioprinting can be generally regarded as the computer-aided material patterning process for
creating three-dimensional (3D) cell-laden structures with predefined shapes and
compositions.1:212.13 |t ysually involves programmed pattern generation using a hydrogel-
based biomaterial, termed the bioink, which serves as the mimic of the extracellular matrix
(ECM), to provide a suitable microenvironment for the cells to respond to.1:2:14 Due to its
strong potential in biomedical applications, this versatile technology has undergone rapid
evolvement in the past decade, with many variations of the techniques developed, including
laser-induced forward transfer (LIFT),15-18 stereolithography,1%20 inkjet bioprinting,21-2
and extrusion bioprinting.126-30 Among these, extrusion-based bioprinting is advantageous
by enabling accurate, continuous, and fast deposition of the bioink at relatively low cost and
system complexity.31 Nonetheless, current extrusion bioprinting strategies still present
limitations, in particular the generation of complex freeform 3D structures composed of
multiple bioinks capable of self-supporting without deformation, at high fidelity.12

Here, we propose a solution that focuses on solving such technical limitations by developing
a multimaterial embedded extrusion bioprinting process (Fig. 1).12:32-35 The supporting
hydrogel matrix relied on a thermoresponsive and biocompatible material, Pluronic F127
(PF-127), which presents a reversible sol-gel phase transition property at different
temperatures due to the formation of micelle structures beyond the critical micelle
temperature.36:37 The literature has reported the use of a gelatin slurry, as well as a Carbopol
granular medium, as the supporting bath, but PF-127, which is commonly utilized as a
fugitive bioink,38:39 has not been adopted for this purpose.32:33

On the other hand, alginate was used as the bioink due to its good biocompatibility, fast
physical gelation, and low cost.*0 When extruded inside the PF-127 bath, the alginate bioink
could be shaped into a freeform structure. To improve the mechanical stability of the
extruded alginate structures, CaCl, was further mixed with the PF-127 bath to foster the
ionic crosslinking of the bioink postbioprinting.*! Upon complete solidification of alginate,
PF-127 could be liquefied by cooling it down to 4°C, enabling the release and retrieval of
the bioprinted freeform structure. The bioprinting apparatus, that is, the customized 3D
bioprinter equipped with a multichannel, single-printhead pneumatic system, was previously
described in our recent publication.#2 This article further describes the materials, hardware,
and software developed to adapt the customized multimaterial setup to embedded
bioprinting. For this purpose, an automated approach that allowed for rapid design, G-code
generation, and bioprinting, along with specially designed printheads, was implemented and
optimized to achieve multimaterial embedded extrusion bioprinting.
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Materials and Methods

Bioprinter Software Interface

A standard commercially available 3D printer (Lulzbot TAZ 5 Lulzbot; Aleph Objects,
Loveland, CO) was customized and used to carry out the experiments. Hardware and
firmware modifications to achieve multimaterial extrusion bioprinting have been described
in our previous report and will not be further elaborated.#2 Here, we present a fully
automated 3D printing workflow for the generation of multimaterial structures by means of
a CAD software, a G-code generator, and R programming (https://www.r-project.org). The
software used to create the 3D models was SolidWorks (Concord, MA). Objects constituted
by different materials were exported in the Additive Manufacturing File Format (AMF),
which contained information not only of the model geometry, but also about the material.*3
The generated file was imported in Slic3r (https://www.slicer.org), a G-code generator
software, to convert 3D multimaterial models into a sequence of specific commands
readable by the 3D printer, that is, the G-code. The G-code is a text file containing
instructions for the 3D printer, specifying the movements of the extruder in the x-)~z
direction, together with its speed and the material to be extruded. However, the G-code
generated by Slic3r is meant for a standard plastic extrusion printer. Therefore, a custom-
written R script was used to further process the G-code to add and remove commands in a
programmatic way, according to the needs of our customized bioprinting setup. In particular,
changes were implemented to control the array of pneumatic valves, which were responsible
for extrusion and switching among different bioinks. The additional functionalities were
carefully synchronized with the movements of the printhead, taking into account the
switching delay introduced by the actuation of the valves.

Extrusion Nozzle Design

Single-Nozzle Design—To fabricate the printhead, the parameters to be considered were
(1) the inner diameter of the extruding needle to guarantee a fine resolution of the bioprinted
structure without clogging the needle; (2) the stiffness of the needle, essential in providing a
high resolution while preventing its bending caused by the friction against the hydrogel bath;
and (3) the outer diameter of the nozzle, since if the nozzle shifts a large amount of hydrogel
in the bath when moving, the recovery of PF-127 allowed by its thixotropic properties?4
would fail and air bubbles could be easily introduced, causing possible damage to the
bioprinted structures.

Traditional printheads based on commercially sourced needles used for extrusion bioprinting
cannot satisfy the challenges introduced by embedded bioprinting, and therefore to achieve
an optimal trade-off between these parameters, a novel design of the extrusion printhead was
developed. This new extrusion printhead was based on a telescopic structure, in which metal
tubes with different diameters were combined to support the thin inner extrusion needle,
keeping a high resolution, together with a good stiffness of the overall structure (Fig. 2A).
The extrusion nozzle used in this case was composed of a 30G needle tip with an inner
diameter of 159 um and an outer diameter of 311 pm. The first-level supporting needle to
provide more robustness to the tip needle had an inner diameter of 330 um and an outer
diameter of 635 um. The supporting tube, which held the supporting needle, had an inner
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diameter of 828 um and an outer diameter of 1066 um. Finally, the anchor tube used to fix
the nozzle structure to the bioprinter had an inner diameter of 1194 um and an outer
diameter of 1651 pm. The bioink was delivered to the needle tip by means of a Teflon tube,
with an outer diameter of 770 pm and an inner diameter of 300 pum.

Multinozzle Design—Previous cases of embedded bioprinting have led to long extrusion
times due to the physical alternation of individual printheads during the deposition processes
to achieve multimaterial embedded bioprinting.#>47 In contrast, our novel multinozzle
design could potentially allow for rapid multimaterial embedded extrusion.*2 To extrude
different bioinks from the same printhead, the main issue that should be addressed is to
avoid different materials coming into contact with each other prior to extrusion and to
prevent the intermixing of different materials. This prerequisite leads to the necessity of
having multiple nozzle tips in a single printhead, one for each material (Fig. 2B, C). To
design this structure, three needles were attached together to form a stiff but small tip. To
maintain a robust needle structure, an approach similar to that of the telescopic single-nozzle
design was applied, resizing the encasing tubes accordingly. The multinozzle printhead
consisted of three 27G needles with an inner diameter of 210 um and an outer diameter of
413 pm packed against each other sideways. The first-level supporting needle, which
contained all three inner needles, had an inner diameter of 965 um and an outer diameter of
1270 um. The supporting tube had an inner diameter of 1321 um and an outer diameter of
1575 pm. Finally, the anchor tube possessed an inner diameter of 1600 pm and an outer
diameter of 2108 pm. The Teflon tubes used to deliver the bioink to the anchor tube were the
same as those for the single-nozzle printheads and had an outer diameter of 770 um and an
inner diameter of 300 pm.

Chemical Optimization for Embedded Bioprinting

Preparation of the Bioink—A stock of 4% alginate (w/v; Sigma-Aldrich, St. Louis, MO)
in deionized (DI) water was prepared and stored at 4°C. The ideal concentration of alginate
to allow for an optimal extrusion had been measured experimentally to be between 1.5% and
2.5%. Therefore, for all the experiments performed in this work, 2% alginate was used.
From the stock of 4% alginate, a solution of 2% was prepared by diluting the stock with DI
water. When necessary, fluorescent beads (AmeriColor, Placentia, CA) were added to the
2% alginate solution to enhance the visibility of the bioprinted structure under UV light.

Preparation of the Supporting Bath—The supporting hydrogel bath was prepared by
dissolving PF-127 (Sigma-Aldrich) in DI water. Since PF-127 undergoes sol-gel transition at
room temperature, the solution was initially maintained at 4°C to avoid gelation. Next,
CaCl, was added to the PF-127 solution from a previously prepared stock at 2% (w/v) to
obtain a final concentration of 0.05% CaCl, in the PF-127 solution. CaCl, is the
crosslinking agent for alginate, and its presence is essential in the optimized bioprinting
conditions.

The supporting hydrogel with a total volume of 300 mL was placed in a glass container (10
x 10 x 5 cm? in size), and studies were performed to optimize the PF-127 concentration
(Fig. 3). PF-127 solutions at different concentrations (21%—-30% [w/v]) could all

SLAS Technol. Author manuscript; available in PMC 2019 April 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Rocca et al.

Results

Page 5

successfully gel when placed at 37°C for varying time periods (Fig. 3A). The curing
temperature of 37°C was chosen as such to provide a suitable environment for future studies
involving cells. Liquefaction of the PF-127 baths (10%-30% [w/Vv]) was then measured,
where all gelled samples (1 h at 37°C) were placed back at room temperature (23°C) and the
transition time from gel to liquid was measured (Fig. 3B). It was observed that only the
samples at concentrations of <20% were liquefied at room temperature; on the contrary, all
the other samples at concentrations of >20% were still in the hydrogel state, and hence they
were not included in the graph, as we did not observe any liquefaction for those PF-127
hydrogels. Since our bioprinting times rarely exceeded 200 min, PF-127 at concentrations of
>20% would have provided sufficient mechanical stability over the time periods required for
bioprinting, and hence they could be safely used as supporting hydrogel without the need for
altering the ambient environment.

Therefore, PF-127 at the concentration of 23% was chosen, as it provided a good trade-off to
allow relatively fast gelation time and stability at room temperature, avoiding phase
transition of the supporting bath during the bioprinting process. We then fine-tuned its
optimal curing time via iterative qualitative assessment, and a gelation time of 27 min for
PF-127 at this concentration was determined. We generally observed that for shorter times,
the alginate spread into the supporting hydrogel, while for longer times the printhead was
constantly bent when moving inside the hydrogel bath due to the high viscosity of the
hydrogel.

After the structure was bioprinted, a resting period of 30 min was measured to further allow
the alginate to fully crosslink in the PF-127-CaCl, hydrogel bath. The extraction of the
structure from the PF-127 hydrogel could be achieved upon its liquefaction at 4°C for
varying periods.

Single-Material Embedded Extrusion Bioprinting

The initial experiments were carried out using the designed coaxial single-material printhead
to optimize our 3D bioprinting system prior to proceeding to the multimaterial extrusion
processes. The bioprinting conditions for single-material extrusion were first optimized
against parameters such as the pressure applied to extrude the bioink, the speed of motion of
the printhead, and the interline spacing. The resulting structures were characterized and
assessed to extract the optimal bioprinting conditions. The pattern used for this purpose was
an array of 10 lines, each extruded in the PF-127 hydrogel bath at a different speed. The
same analysis was repeated at varying extrusion pressures. The samples were analyzed with
fluorescence microscopy, and the average diameters of the lines were calculated and plotted
depending on the extrusion pressure (Fig. 4). The results showed that a resolution of 50-100
pum was potentially achievable with different extrusion pressures.

Next, we tested the mechanical properties of bioprinted cylindrical objects with different
interline spacing (Fig. 5). Different columns compared the Young’s moduli, extracted from
the slopes in the linear parts of the stress—strain curves obtained from the mechanical testing
data, of cylinders bioprinted with an equally varying interline spacing in the x-)~z direction.
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A high Young’s modulus was found for bioprinted constructs with interline spacing of 250
and 300 um. This observation could be related to the amount of bioink extruded per unit
volume. If the interline spacing is too large, there would be gaps between the alginate lines,
which could then be filled by PF-127 in the hydrogel bath. During the extraction process,
PF-127 is removed and therefore the gaps will collapse, leading to a less compact structure.
On the other hand, if the interline spacing is too small, there would be more alginate
extruded in the available volume. This could lead to the spreading of the alginate outside of
the bioprinted contours, which in turn lowers the resolution and creates inhomogeneity in the
structure with compromised mechanics. Optimal values for pressure, speed, and interline
spacing were accordingly set to 20 psi, 10 mm/s, and 300 um, respectively, to obtain
satisfactory bioprinting of single-material structures.

Subsequently, 3D models characterized by increasing geometrical complexity were designed
using SolidWorks and bioprinted with a single-material printhead. A UV lamp was
employed to visualize the bioprinted structures, and photographs were taken with a digital
single-lens reflex camera. Initially, objects such as a cube and a cartoon of the heart were
generated (Fig. 6A,B). During the deposition, issues related to alginate spreading were
encountered when changing the location of extrusion, leading to diffusion of alginate inside
the PF-127 bath into the surroundings of the point of interest, hence limiting the structural
fidelity of the final objects. This was mainly due to the fact that the continuous extrusion
process caused overdispensing of the bioink.#2 To compensate for this limitation, the G-code
was processed by the custom-written R script. As such, the improved system allowed us to
suspend the flow when the printhead was relocated from one point to another, avoiding
unnecessary dispensing during this process. Having this full control over the actuation of the
valves enabled us to further fabricate more complex freeform alginate constructs. In
particular, freestanding objects, such as the MIT letters, a Mobius strip, and a Klein bottle,
were readily bioprinted (Fig. 6C-1).

Ultimately, bioprinting aims at creating organ-mimetic cell-laden constructs.! Therefore, the
capability of our bioprinting system to reproduce biologically relevant organlike structures
was further demonstrated. 3D human heart- and kidney-like objects composed of several
tens of layers of alginate could be successfully produced by employing optimized embedded
extrusion conditions (Fig. 6J-L). Each structure was bioprinted individually within a time
span ranging from tens of minutes to a couple hours, depending on its size and complexity.
For example, to bioprint a mimic of the human heart with an estimated volume of ~1.5 cm3,
it took 2 h 15 min using the bioprinting settings at a relatively high resolution (300 um in the
Xx-)-z directions).

Multimaterial Embedded Extrusion Bioprinting

After optimizing the parameters for single-material embedded extrusion bioprinting, we
subsequently investigated the possibility of achieving the deposition of multiple bioinks in
freeform during the same bioprinting process in an effective manner.#>46 This technique
will potentially pave the avenue to the fabrication of 3D tissues laden with different cell
types, which is a critical step toward the improvement of tissue biofabrication in regenerative
medicine and organ model generation. So far, advanced 3D bioprinters have allowed the
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extrusion of different bioinks using systems consisting of multiple printheads, each of them
allowing for the extrusion of only one single material.*” Our goal is to develop a single
printhead containing several printheads, each connected to its own bioink reservoir. This
could allow for a faster, more accessible, and lower-cost approach to multimaterial
extrusion, which is more advantageous than the multiprinthead extrusion setup. While a
similar design of such a single-printhead multimaterial system was recently reported by us,
42 here we further optimized it specifically for embedded bioprinting.

Multimaterial bioprinting was achieved through optimizations in the software/hardware
setup, as well as in chemical conditions. A continuous switching between the materials
based on the needle position in the 3D space could be achieved (Fig. 7A-C). The transition
between the materials could be completed within a few hundred micrometers. This spatial
resolution could potentially be further lowered to below 300 pm through the manipulation of
the pneumatic pressure to ensure a sharp transition and separation between the consecutively
extruded materials. It should be noted that our studies on the multimaterial setup have been
conducted using only one single material, that is, 2% alginate, colored with different dyes.
The main reason for this was to keep the bioink properties constant to detect and isolate
errors during our optimization processes. The extrusion of several materials with different
rheological properties, as well as crosslinking processes in this case, would inevitably
introduce further complications, and thus has not been pursued in the current work. As such,
a multimaterial pattern was successfully bioprinted on a glass slide, highlighting the
improvements at the software and hardware levels to manage the extrusion of different
materials (Fig. 7D). In our software design, the 3D model was created by retaining each
material to be extruded as an individual entity, indicating that the G-code generator was
programmed to recognize the different colors (i.e., subparts with different materials) in the
model and assign them to specific nozzles in an automated manner, contrary to the manual
adjustments needed in our original report.#2 A modification of the G-code generator was
also implemented to adapt the G-code to the extrusion of hydrogel bioinks, instead of the
plastics used in the original 3D printer. We were able to prove our ability to further bioprint
complex multimaterial structures in freeform (Fig. 7E-H), using the optimized hardware/
software combinations with the extrusion system. The injection of air bubbles into the
structures during the bioprinting process could be a major issue affecting the integrity of the
extruded objects, which was controlled by the use of an optimized supporting PF-127
hydrogel bath and by properly tuning the movement speed of the printhead.

Discussions

We have demonstrated the ability to achieve the fabrication of multimaterial structures using
an automated 3D embedded extrusion bioprinting technique. So far, fabrication of freeform
structures constituting several materials has been largely prohibitive. For example, in a
previous report by us, while the concept of single-printhead design to achieve continuous
multimaterial extrusion bioprinting was proposed, it was mainly used to deposit planar or
simple 3D shapes and was not optimized for the generation of freeform structures.#? Recent
efforts have succeeded in the development of embedded bioprinting to create freeform
objects using a supporting hydrogel bath that can be selectively removed postbioprinting.
33.42 \We have provided here a proof-of-concept demonstration, showing that the
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combination of embedded bioprinting with single-printhead multimaterial extrusion
bioprinting was possible to fabricate various complex 3D structures in freeform, using an
automation process involving both hardware and software optimizations. Our results proved
that freeform macroscopic objects with biologically relevant conformations could be
realized with micrometric accuracy.

We further emphasize the accessibility and efficiency of our technique, based on
commercially available software and hardware, customized and automated for our purpose.
We estimated a deposition speed that is 4-15 times faster than that of other multimaterial
setups based on separate printheads to achieve embedded bioprinting,3542:45.47 while
maintaining a low cost of the total system without significantly increased complexity in the
printhead fabrication. Nevertheless, issues concerning the damage of the structure during
extraction from the liquefied PF-127 bath could still affect the mechanical stability of the
retrieved objects. Particular attention also has to be paid at critical locations during
extrusion, such as the interfaces between different materials and the turns of sharp corners.
Moreover, the possibility of independently tuning the flow rates of the different bioinks, not
implemented in the current setup, would help to distribute them more evenly. This strategy
could mitigate the effect of the difference in viscosity of the bioinks and eliminate over- or
underdispensing, which might cause the final structure to present inhomogeneity and
mechanical instability. Further studies will explore the possibility of using other bioinks
besides alginate to improve the biocompatibility without affecting the mechanical properties
of the outcoming structure. A mixture of alginate and GelMA is a promising candidate to
achieve this goal.#2 Lastly, PF-127 supporting hydrogels constituted in more physiologically
relevant media (e.g., saline and serum) will also be explored and optimized to eventually
achieve multimaterial cell bioprinting.

Conclusions

We have reported on the development of a multimaterial embedded bioprinting process
based on optimizations in the software, hardware, and materials. It is believed that further
improvements of this technology will contribute to our enhanced capability to fabricate
complex viable cell-laden structures to reproduce tissue and organ functionality, potentially
leading to widespread applications ranging from biomedicine and bioelectronics to smart
materials for use in home, energy, and the environment.
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3D bioprinting process at 23°C

Gel-to-liquid transition of the hydrogel bath
at 4°C and extraction

Figure 1.
Concept of the embedded multimaterial 3D bioprinting. Top: A custom-designed

multinozzle printhead is used to deposit different bioinks into the supporting hydrogel bath,
PF-127. The bioprinting process occurs at room temperature (23°C), after the PF-127 bath
has formed a stable hydrogel bath. Bottom: To release the bioprinted structure, the
supporting PF-127 hydrogel bath is cooled down to 4°C, hence inducing its gel-to-liquid
transition and subsequent retrieval of the structure.
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Figure 2.
(A) Design of the single-nozzle printhead. A thin tip (30G) with an inner diameter of 159

um was encased in increasingly larger metal tubes to maintain a small nozzle size at the tip
while at the same time keeping a stiff and rigid overall structure. (B) Exploded view of the
design of a multinozzle printhead. Three thin tips (30G) were fixed together to form the
extrusion nozzle. This allowed for different materials to be extruded simultaneously or
sequentially, while avoiding intermixing of the hydrogels prior to extrusion. Similar to the
single-nozzle approach, a sequence of three metal tubes with increasing diameters were used
to make the structure stiffer and avoid its bending. (C) Front view of the multinozzle
printhead.
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Figure 3.

Plgts showing (A) gelation time and (B) liquefaction time vs. PF-127 concentration. (A)
Gelation of PF-127 solutions at different concentrations of 21%-30%. The liquid solutions
initially at 4°C were placed at 37°C until gelation was observed. (B) Liquefaction of PF-127
hydrogels at different concentrations of 10%-30%. The gelled samples were maintained at
room temperature (23°C) for 12 h to observe if they could reach the liquid phase. All
samples at concentrations of >20% did not show any liquefaction and hence were not
included in the graph.
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Figure 4.

Characterization of the filament diameter vs. nozzle speed and pressure. (A) Patterns
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consisting of 10 straight lines each with a different nozzle moving speed ranging from 1 to
30 mm/s were bioprinted inside the PF-127 supporting hydrogel bath. The same patterns
were bioprinted again for different pressures, from 10 to 70 psi. (B) Top view of the alginate

lines bioprinted inside the PF-127 bath at a speed of 1 up to 30 mm/s at 50 psi. (C)

Fluorescence micrograph showing a line bioprinted at 70 psi and 5 mm/s.
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Young’s moduli of a series of bioprinted cylindrical structures at different interline spacing,
equally varied along the x, y; and zdirections.
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Figure 6.
Embedded bioprinting of single-material constructs. (A—C) Photographs showing (A) a

cube, (B) a heart cartoon, and (C) MIT letters, indicating that the structures were sufficiently
stiff to be extracted from the supporting bath and were able to self-support their weights.
(D-1) Models and photographs showing (D-F) a Mobius strip and (G-I) a Klein bottle,
proving that complex shapes that would conventionally require supporting pillars in normal
extrusion 3D bioprinting methods could be readily achieved using embedded bioprinting.
(J-L) Photographs showing (J,K) a heart-like structure and (L) a kidney-like structure,
demonstrating that more complex macroscopic structures mimicking human organs could be
bioprinted and have their shapes maintained after extraction from the sacrificial hydrogel
bath.
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Figure 7.
Embedded bioprinting of multimaterial constructs. (A-C) Photographs showing the

switching test for the multinozzle printhead. Alginate doped with three different dyes was
used to visualize the switch between the different extrusion nozzles in a single printhead.
(D) Photograph showing a structure with three alternating materials bioprinted on a glass
slide. (E-H) Photographs showing embedded bioprinting of complex patterns containing
multiple materials, including (E) a star, (F) MIT letters, (G) a Klein bottle, and (H) a
Mobius strip.
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