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Abstract

Traditional three-dimensional (3D) bioprinting techniques of reactive materials usually include a
mixing step of reactive agents prior to deposition, leading to potential changes in the rheological
and biocompatibility properties of the resulting ink. During intersecting jets printing, reactive
materials are dispensed separately, colliding and mixing with each other in air before landing on

a previously deposited layer. While this enables reactive material printing using a printing-then-



mixing approach, the resulting excess fluid may compromise the printing quality and accuracy.
This study aims to improve the performance of intersecting jets—based reactive material printing
by introducing a stainless-steel wire mesh and fibrous tissue paper—based liquid-absorbing
system, which functions as a method to remove the excess resultant liquid from the printing
zone. The proposed stainless-steel wire mesh and tissue paper-based liquid absorbing system
effectively absorbs the excess liquid resulted during the printing process which enables higher-
resolution and denser depositions of soft structures. By selecting a proper wire mesh, the
proposed liquid-absorbing system can absorb up to 65-90% of the excess liquid (water herein)
resulting from printing aqueous reactive sodium alginate and calcium chloride inks, which are
selected as model materials in this study. By controlling the tilt angles of intersecting jets, the
incident angle of post-collision droplets is desirable to be less than 14° to avoid droplet bouncing
on the top of a previously deposited layer during 3D bioprinting. Using the liquid-absorbing
system, different 3D structures have been successfully printed using intersecting jets printing.
For tubular alginate constructs printed in air from sodium alginate and calcium chloride inks, a
2.5 height-diameter ratio can be achieved. The proposed printing technology does not influence
the post-printing cell viability while printing 3T3 cells, demonstrating its promising potential for

bioprinting applications.
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1. Introduction

The use of three-dimensional (3D) printing, a layer-by-layer additive or deposition
manufacturing process, has been growing for the past several decades and has now extended to
fabricating prototypes as well as final products [1,2,3,4]. 3D printing technology has been used
to fabricate complex structures, which are difficult or time consuming when produced by
traditional manufacturing processes such as molding, machining, and so on. More and more
applications for the fabrication of small quantity, functionalized, customized, and/or hybrid
products beyond their geometrical complexity are being developed. Recently, 3D bioprinting has
been increasingly utilized in various applications for tissue engineering [5], which has been
advanced by recent progress in cell sources and biomaterials. With 3D bioprinting as a bottom-
up fabrication approach, it is now possible to build 3D biological patterns with specific
functionalities [5,6,7]. During 3D bioprinting, different kinds of cells and/or biomaterials can be
precisely deposited onto different positions, resulting in heterogeneous structures such as

scaffolds, multi-layered constructs, and vascular-like features.

Various fabrication technologies have been utilized towards the goal of 3D bioprinting, mainly
including micro-extrusion [8,9,10], laser-induced forward transfer [11,12], and inkjet printing
[13,14,15,16,17,18]. Among all these printing methods, inkjet printing, a typical material jetting
process, is advantageous in fabricating accurate 3D patterns with precision on the order of 10
micrometers since it can precisely dispense a repetitively controlled volume of ink voxel-by-
voxel in a drop-on-demand fashion. However, the range of permissible viscosity of inks has been
widely recognized as the main limitation on inkjet technology [19,20,21]. Generally, inks with a

viscosity higher than 25 mPa's (cP) may negatively impact the printing quality as optimum



jetting conditions will not be achieved due to unstable jetting or clogging. During bioprinting,
some biomaterials may be reactive to each other, and after mixing, their resulting viscosity can
be too high for inkjetting due to chemical reactions and/or gelation. For the printing of reactive
materials, it is preferable to mix after printing, which can be accomplished by simultaneous

printing or printing-then-mixing as described in [22].

Simultaneous printing can be implemented using the concept of droplet/jet collision in air via
different droplet/jet formation mechanisms such as microdispensers [23], inkjet printheads [22],
and in-air microfluidics [18]. In particular, Christensen et al. [22] developed an intersecting jets-
based bioprinting approach to print 3D structures from reactive materials as colliding droplets.
Similarly, Visser et al. [18], produced encapsulated droplets using an in-air microfluidics
technology, which were further utilized to fabricate freeforms from different materials by
colliding droplet/jet onto a continuous liquid jet in air. If gelling reactive materials are used, they
react in the form of a gelation process that results in the formation of building blocks, either as
collided droplets [22] or as encapsulated droplets [18], for 3D structure printing. Reactive
materials used for bioprinting are usually aqueous and may produce gelation-induced excess
liquid (such as water). This excess liquid not only deteriorates the printing performance but may
also jeopardize the functional quality of printed structures. Therefore, there is a need to remove

this resulting excess liquid during the deposition process.

The objective of this research is to improve the performance of intersecting jets—based reactive
material printing by introducing a stainless-steel wire mesh (SSWM) and fibrous tissue paper—

based liquid-absorbing system, which functions as a method to remove the excess resultant liquid



from the printing zone. The effects this liquid removal system has on the printing process and its
printing results are investigated. In particular, the effects on the printing process are investigated
regarding the incident angle, droplet bouncing and part fidelity, whereas the bioprinting
performance is characterized in terms of the printed cell viability and cell proliferation. The
proposed intersecting jets-based printing capabilities can be utilized for direct biofabrication in
air such as wound dressing printing for patients in need. For example, Skardal et al. [24] showed
how direct printing of stem cells (i.e. amniotic delivered stem cells and bone marrow-derived
mesenchymal stem cells) onto skin defects can lead to faster recovery times, and Lee et al. [25]
showed the importance played by the cell position (keratinocytes and fibroblasts) on regenerating
dermal and epidermal structures. It is envisioned that cellular patterns and constructs can be
directly fabricated in air from reactive materials using intersecting jets printing, satisfying the
bioprinting need for certain tissue engineering and regenerative medicine applications. While
sodium alginate (NaAlg) and calcium chloride (CaCl;) solutions are utilized as reactive materials

in this study, the resulting knowledge applies to inks based on (aqueous) reactive materials.

2. Materials and Methods

2.1. Materials

Alginate, extracted from seaweed, is a common material for bioinks due to its wide applicability
as a versatile biomaterial [16,26.27]. While alginate is an unideal material for living tissue
construction, it is a good hydrogel material for proof-of-concept bioprinting studies. For the
basic 3D printing experiment in this study, two alginate inks were utilized: aqueous 0.5% and
0.8% (w/v) sodium alginate (Acros, NJ, USA) inks, which were cross-linked by using two

aqueous 5.0% and 20.0% (w/v) calcium chloride dehydrate (Sigma-Aldrich, St. Louis, MO,



USA) inks. Sodium alginate and calcium chloride solutions are reactive and form an alginate gel
once mixed. Alginate primarily consists of a family of unbranched binary copolymers of a-L-
guluronic acid (G blocks) and 1,4 linked B-D-mannuronic acid (M blocks). Two G blocks of
adjacent alginate polymer chains can be cross-linked with multivalent cations such as calcium
cations herein through interactions with carboxylic groups. It is noted that calcium chloride was
successfully printed into a sodium alginate bath to print 3D constructs [28] and sodium alginate
was successfully printed into a calcium chloride bath to print 3D constructs [16]. For this study,
both sodium alginate and calcium chloride are dispersed from two different nozzles, collide and

mix in air, and further build up 3D features.

For cell printing studies, NIH 3T3 mouse fibroblasts (ATCC, Rockville, MD) were used to
prepare the bioink. The bioink was prepared by mixing a Dulbecco's modified Eagle's medium
(DMEM)-based 0.5% (w/v) sodium alginate solution with 3T3 cells, which were obtained as
previously reported [16]. The resulting cell density was 5x10° cells/mL. Using this bioink, 5.0

mm diameter tubular structures were printed.

2.2. Printing process

2.2.1. Setup of intersecting jets-based printing system

Herein 3D inkjet printing using intersecting jets is implemented by simultaneously ejecting two
(or more) droplets using inkjetting that collide, mix, and react in situ over a receiving substrate to
build 3D structures as previously reported [22]. Figure 1(a) shows an overview of the
intersecting jets-based inkjet printing system. The setup can be divided into three main functions:

droplet generation, droplet orientation control, and receiving substrate adjustment. Droplets were



generated using two 120 um diameter ABL piezoelectric inkjet printheads (MicroFab, Plano,
TX) with frequencies of 20—60 Hz, rise and fall times of 6 us, dwell/echo times of 35-65 s, and
driving voltage between +/- 80V and +/- 85V, respectively. To maintain a desired meniscus level
of inks, back pressure was applied by using a multichannel pneumatic controller (MicroFab,
Plano, TX). Both jet trajectories were aligned to intersect by orienting the printheads to the
corresponding tilt angles a and g (typically 0 - 30°), corresponding to Printheads 1 and 2,
respectively, by using a customized goniometer (Thorlabs, Newton, NJ)-based apparatus.
Specifically, Printhead 1 was used for alginate while Printhead 2 was used for calcium chloride

printing.

The receiving substrate consisted of a liquid-absorbing system composed by a stainless-steel
wire mesh/filter (McMaster-Carr, Douglasville, GA) and Kimwipes® tissue paper (Kimberly-
Clark Professional, Roswell, GA) underneath as shown in Figure 1. The liquid-absorbing system
was designed to absorb the excess liquid, such as water, that passed through the wire mesh due to
gravity and was drained away via tissue paper. The wire mesh had a mesh size of 80, 100 and
200, corresponding to a nominal sieve opening of 177, 149, and 74 um (0.0070”, 0.0055” and
0.0029”), respectively. Printhead motions were regulated by xy translational motion stages
(Aerotech, Pittsburgh, PA) and the height of the receiving substrate was controlled by a z
translational motion stage (Aerotech, Pittsburgh, PA) based on a computer aided design (CAD)
model of printed structures as shown in Figure 1 (b). Printhead traveling speed operated from 1

to 10 mm/s.
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Figure 1. (a) Intersecting jets printing process and (b) printing setup

2.2.2. Design of printing experiments

Table 1 details the structures, materials, printing conditions, and dimensions adopted in this
study. The maximum printable sodium alginate content was determined as 0.8% (w/v) as higher
concentration alginate solutions clog the nozzle due to their higher viscosities. As such, 0.5%
and 0.8% (w/v) sodium alginate solutions were used. Large 3D structure printing requires each
structure to hold its own shape and weight, so adequate mechanical strength is required. For
given materials, this can be achieved via fast gelation, which is obtained using calcium chloride
content as high as 20.0 % (w/v) and/or tuning the printhead printing frequency of both
printheads. Nevertheless, a high gelation speed might result in dried structures when exposed at
room temperature for long times, leading to low cell viability. As such, calcium chloride was
used in a lower concentration (5.0 % (w/v)) and ejected at a lower frequency (20 Hz) to retain
more water in printed structures. It should be pointed out that the printing frequencies also

determine the ratio between the quantities of deposited reactive materials and influence the



reaction speed, therefore the printing quality of resulting constructs. Either high or low reaction
speed should be avoided, and the ratio of the sodium alginate droplets over the calcium chloride
droplets herein was determined as 3:1 (that is, 60 Hz vs. 20 Hz) for the best printing
performance. Different stainless-steel wire meshes were tested to identify the optimal wire
opening based on the amount of drained liquid while printing 3 mm diameter circular tubular

structures of variable heights.

Table 1. Design of intersecting jets printing experiments (with Printhead 1 printing frequency at

60 Hz)
Reactive materials (w/v%) Printhead 2 Structure dimensions
Liquid-
Printhead 1 Printhead 2 printing
Structure type absorbing Diameter
(Sodium (Calcium frequency Height (mm)
system (mm)
alginate) chloride)
Liquid- With (using
absorbing 0.8 20.0 different mesh 60 Hz 3.0 mm variable
Acellular performance sizes)
structures Annular/
0.8 20.0 With 0.6 mm
(for hexagonal
validation Without 20 Hz 1.5 mm
0.5 5.0 5.0 mm
and With 60 Hz 0.5 mm
Tube
comparison) Without 60 Hz
0.8 20.0 3.0 mm 10.0 mm
With 60 Hz
Cone 0.5 5.0 With 60 Hz 5.0 mm 5.4 mm
0.5 (alginate- Without 20 Hz 5.0 mm 1.5 mm
Cellular based
Tube 5.0
constructs fibroblast With 60 Hz 5.0 mm 1.5 mm
suspension)




To ensure the droplet collision, each drop formation process (mainly, in terms of the droplet
speed) was adjusted by changing the dwell/echo times and excitation voltages. As illustrated in
Figure 2(a), both reactive material droplets are ejected with different speeds (v, and v, in Figure
2(al)) whose difference in magnitude determines not only the collided droplet speed (v. in
Figure 2(a2)) but also the moving direction of the resulted droplet in terms of the incident angle
. Ejection velocities were determined to be 2.5-5 m/s in this study, and the resulting droplet
directly landed on the previously deposited layer directly. Using a time-resolved imaging system
(MicroFab, Plano, TX), the collision of two droplets (Figure 2(b)-(e)) can be observed and
verified. The z displacement of the receiving substrate can also be adjusted accordingly in order
to ensure that the collision location is atop of the previously printed layer as seen in Figure 2(d)
and (e). The time gap between two consecutive depositions at 60 Hz is 16.7 ms, which is much
shorter than the typical alginate layer gelation time (on the order of 1 second [12,29]) for a
typical layer thickness (on the order of 10 um) during bioprinting. This short time gap promotes
effective collision, landing, and mixing of two colliding droplets before any gelation or
encapsulation takes place. As reported, two materials can mix well during and after
collision/landing [30]. After collision, landing, and mixing, deposited materials have enough
time to cross-link and build up a homogeneously gelled structure instead of a stack of

encapsulated droplets.
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Figure 2. (a) Printing schematic and printing sequence illustrating the intersecting jets printing
approach (insets: (al) before and (a2) after collision), and images of droplets (b) before and (c)

after collision, and (d) and (e) voxel-by-voxel printing process

2.3. Quantification of the incident angle effect
During the droplet landing process, there may be droplet bouncing instead of coalescing [31,32]

due to a high landing velocity, which may affect the collision of intersecting jets-produced
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droplets. Since there might be some time difference between intersecting jets-produced landing
droplets, droplet bouncing should be minimized in order to have complete collision and mixing
among droplets. As shown in Figure 3, the bouncing of droplets depends on the velocity and
trajectory (or incident angle y) of landing droplets, and the latter is determined based on the
position of the printhead, which is configured to generate post-collision droplets to simulate the
intersecting jets printing process. In order to experimentally identify the threshold of bouncing
phenomena, printing was simulated as follows: deposition of a low concentration sodium
alginate ink (0.5% (w/v)) onto a low concentration calcium chloride solution (5.0% (w/v)) to

represent an alginate-based post-collision droplet landing onto a calcium chloride dominated

2

pvl
o

receiving substrate. The Weber number was calculated as follows: W, = , where We is the

Weber number, p is the density (kg/m?), which is 1005 kg/m?, v is the landing velocity (m/s) as
measured based on the averaged distance over travel time, / is the characteristic length (m),
which is the nozzle diameter (120 x10°° m), and o is the surface tension (mN/m), which is 71.2
mN/m as measured by the pendant drop method using a tensiometer (Attension ThetaLite 101,
Biolin Scientific, Sweden). The velocity vector was decomposed to vx and v, to consider each

influence on the Weber number.
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2.4. Cell viability and morphology

All constructs were transferred into a 24 well plate filled with 2 mL Dulbecco’s modified Eagles
medium (DMEM) (Corning Cellgro, Manassas, VA) after printing, which was supplemented
with 10% FBS (GE Healthcare Life Science, Logan, UT). These printed samples were cultured
for ten days at 37°C and 5 % COa, and the culture medium was changed on the fourth and
seventh days after the cellular constructs were printed. Cell-laden constructs were washed with
PBS (Fisher Scientific, Hanover Park, IL) once and then liquefied using sterile 1.62% sodium
citrate (Sigma-Aldrich, St. Louis, MO). After centrifuge, the supernatant were pipetted out, and
the pellets were stained with a final concentration of 10 pg/mL Hoechst 33342 (Sigma-Aldrich,
St. Louis, MO) to stain nuclei blue, a final concentration of 10 pug/mL fluorescein diacetate
(FDA) (Sigma-Aldrich, St. Louis, MO) to stain live cells green, and a final concentration of 2
pg/mL propidium iodide (PI) (Sigma-Aldrich, St. Louis, MO) to stain dead cells red in 50 uL
PBS. The images were captured using an EVOS FL inverted fluorescence microscope (EVOS

FL, ThermoFisher Scientific, Waltham, MA). For the observation of cell morphology, after

13



washing twice by PBS, the printed samples were stained by PBS with an FDA concentration of
10 pg/mL. Then, the cell morphology was observed using fluorescence microscopy after

squashing the printed constructs between two microscope cover glasses.

2.5. Characterization of the absorbing performance of the liquid-absorbing system

Liquid absorption performance by the liquid-absorbing system was measured based on the
weight difference of tissue paper before and after printing since the tissue paper absorbs all
resulting excess water during printing and after gelation. In this study, the tissue paper was not
changed during each printing process since the absorbed water was effectively drained away and

distributed through the fibrous paper body due to the capillary effect.

3. Results and discussion

3.1. Effects of the Liquid-absorbing System on the Printing Process

3.1.1. Liquid-absorbing performance of stainless-steel wire mesh

In order to determine the liquid absorption performance of the proposed system, stainless-steel
wire meshes with different opening sizes were tested along with tissue paper for different
durations during tube printing as seen from Figure 4. The opening between wire mesh wires
allows the excess water to pass through and be directly absorbed by the fibrous tissue paper

beneath.

14
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Figure 4. Example of tubular structure printing

Figure 5 shows the performance of the proposed liquid absorbing system in terms of the amount
of absorbed liquid (Figure 5(a)), absorbing speed of the liquid (Figure 5(b)), and absorbing ratio
of liquid (Figure 5(c)). It can be seen that the bigger the mesh opening area, the greater the
amount of absorbed liquid, absorbing speed, and absorbing ratio by the system. For the mesh size
80 system, the amount of absorbed liquid (water herein) is approximately 0.20, 0.40 and 0.45 g
after printing for 500, 1000, and 1500 seconds, correspondingly. A smaller mesh opening size
system, such as the mesh size 100 system, results in a 15-20% lower amount of absorbed liquid
at 500 and 1000 s. The absorption speed of the mesh size 80 and 100 systems decreases with
printing time. The mesh size 80 system shows an absorbing speed of approximately 0.41, 0.38
and 0.31 mg/s (25, 23, and 19 mg/min) at 500, 1000 and 1500 s, respectively, whereas the 100
mesh size system absorbs 0.36, 0.31 and 0.30 mg/s (22, 19, and 18 mg/min) for printing times of
500, 1000 and 1500 s respectively. However, there is no significant difference of the absorption

performance at 1500 s between these two systems. This may be attributed to the fact that a
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decreased amount of the resulting water during printing reaches the absorbing zone, which is
located at the bottom of structure/construct being printed, due to some evaporation when the
resulting water flows down along a tall structure. As a result, the available water for absorption is
limited and falls within the absorbing capacity of both systems at 1500 s. It is noted that even
though a smaller wire mesh filter (mesh size 200, 74 pum) is able to absorb liquid at
approximately 9 mg/min at the beginning of printing, its opening size is not large enough to
effectively avoid the accumulation of excess liquid because the mesh opening does not allow
most of the excess liquid to go through quickly after 500 s of printing, and no further testing for
longer printing times has been carried out. Conversely, wire meshes with a bigger opening size
larger than 177 um (mesh size of 80) are not evaluated since an entire droplet may easily pass

through the wire mesh instead of building up any structure on the top of the wire mesh.

Since both alginate and calcium chloride inks are aqueous and the excess liquid is also water, the
absorption ratio is approximated based on the amount of absorbed liquid over the amount of
deposited material, which can be estimated using the droplet diameter as obtained using the time-
resolved imaging system. The mesh size 80 system can absorb approximately 8§9%, 82%, and
67% of the deposited material in form resulting in the form of excess liquid at 500, 1000, and

1500 s respectively, while the mesh 100 system can absorb 79%, 68% and 66%, respectively.

As observed, wire meshes with a wire opening between 149 and 177 um (mesh size 100 and 80)
are sufficient to allow 65-90% of the resulting excess liquid to drain through and be absorbed by
the tissue paper under the printing zone. Given its higher absorption ratio for all printing times,

the mesh size 80 system is identified as the best wire mesh for freeform printing since the

16



stainless-steel wire mesh and tissue paper underneath are capable of absorbing excess liquid

during a typical 3D bioprinting duration (30 mins herein), enabling 3D printing of reactive

materials.
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Figure 5. Absorbing performance of the liquid absorbing system in terms of (a) amount of

absorbed liquid, (b) absorbing speed, and (c) absorbing ratio (error bar: +/- standard deviation)

3.1.2. Effect on incident angle on bouncing of droplets at the landing spot

To study droplets bouncing on the top of the surface of printed structures, a dark colored
substrate was immersed 5 mm below the surface of a 5% (w/v) calcium chloride solution (Figure
6(a)) to easily observe the bouncing of incident alginate droplets to simulate the post-collision

droplets. Examples of bouncing trajectories are outlined in black for visualization as seen from

17



Figure 6(a). As previously discussed, the Weber number along the x and y directions can be
calculated based on the decomposed velocity vectors along the x-axis and y-axis, respectively as
seen in Figure 3(b). As illustrated in Figure 6(b), increasing incident angle results in a higher
Weber number and a lower Weber number in the x-axis and y-axis, respectively. Similar We
number values were reported (=12 - 22) [33] in the normal direction with respect to the surface
when water droplets bounced on the top of a water flat surface. Since bouncing phenomena was
observed at incident angles above 14°, the calculated We threshold numbers are 1.3 and 20.7 in
the x and y directions. While coalescence conditions are desirable herein, it should be noted that

bouncing phenomena may still appear under some coalescence conditions [34].

Since wetting conditions at the nozzle outlet may compromise the creation of stable jetting
conditions due to printhead inclination, tilt angles a and f were set to 0 and 30° respectively,
which resulted in an incident angle y of approximately 5° for post-collision droplet deposition.
This tilt angle configuration effectively prevents droplets from bouncing on the surface of the

printed structure, leading to a more accurate deposition and therefore, a better printing resolution.
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Figure 6. (a) Bouncing droplets on the surface of a 5.0% calcium chloride solution and (b) the

relationship between the incident angle and Weber number

3.2. Effect on printing results

Figure 7(a) presents a printing result when using intersecting jets without the liquid-absorbing
system in place [22]. By comparing the printing performance as seen from Figure 7(a) and (b),
the liquid-absorbing system can effectively remove the excess liquid around the landing and
deposition spot. Excess liquid, if present, around the printing zone may compromise not only the
landing spot but also the structure integrity and material homogeneity of structures as seen from
Figure 7(c). The excess liquid around a 3D structure interrupts direct landing of the intersected
droplet onto a previous layer, preventing their merge. Under some circumstances it can also
result in the formation of isolated alginate gel beads. Figure 7(d) depicts the liquid removal effect
of the liquid-absorbing system when compared to regular intersecting jets printing on a non-
porous substrate. An additional effect of using the liquid-absorbing liquid system is that the
resulting structures are denser since some water is wicked away by the liquid-absorbing system,

and the layer thickness of the 0.5% alginate ink decreases from 50 um to 15 pum in this study.

19



Some representative printed results are shown in the following sections to demonstrate the

effectiveness of the proposed liquid-absorbing system for intersecting jets printing.
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Figure 7. Time-resolved images of printing (a) without [22] (Reprinted (adapted) with
permission from ACS Biomater. Sci. Eng. Copyright 2017 American Chemical Society) and (b)
with the liquid-absorbing system. Comparison of a printed tubular construct with 3T3 cells

without (c) and with (d) the liquid-absorbing system

By using the identified printing conditions (mesh size 80, printing speed of 1mm/s, and tilt
angles a and f of 0° and 30°, respectively), different structures were printed by draining away the
excess liquid resulting from the reaction of sodium alginate and calcium chloride solutions.
Specifically, in order to demonstrate the improvement of printing performance, higher height-
diameter ratio tubular structures with a diameter of 5.0 mm were fabricated with the liquid-

absorbing system. The maximum tube height obtained when using the liquid-absorbing system is
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approximately 10.0 mm. Tubular cellular constructs with 5.0 mm diameter and 1.5 mm height
were printed with and without the liquid-absorbing system. Layer thickness is determined as 15

pm and 50 um when the liquid-absorbing system is and is not used, respectively.

3.2.1. Annular/hexagonal structure

Alginate structures have been successfully printed using intersecting jets without any liquid-
absorbing system [22], but the presence of water in the printing zone has affected the sharpness
of the edges, resulting in uniform cross sections along the circumferential direction as seen from
Figure 8(a). By using the liquid-absorbing system, annular/hexagonal honeycomb structures with
sharper and well-defined edges can be obtained as seen from Figure 8(b) since the excess liquid
is effectively removed during printing, demonstrating the effectiveness of the liquid-absorbing

system in improving the printing resolution.

Figure 8. Comparison of printed (a) annular shape [22] (Reprinted (adapted) with permission
from ACS Biomater. Sci. Eng. Copyright 2017 American Chemical Society) and (b) honeycomb

structures
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3.2.2. Tubular structure

Printing tubular structures with a high aspect (height-diameter) ratio is of great interest due to the
necessity of such tubular structures for various biomedical needs such as vasculature-like
applications. The liquid-absorbing system helps successfully remove the excess liquid along the
entire printing process. During the printing of the first few layers that become the base of a
structure, it is important that the material is deposited not only at a controlled manner without
excess liquid interfering with the deposition location, but also ensuring a homogeneous and
smooth surface for future layers to be built upon. Additionally, during the printing of successive
layers excess liquid flows towards the structure base and is drained away by the liquid-absorbing
system. As such, tubular structures with a 3 or 5 mm diameter were printed with a higher height-
diameter ratio than that previously obtained without the liquid-absorbing system. As seen from
Figure 9, the achievable height-diameter ratio during intersecting jets printing of alginate in air
can be increased from 0.5 to 2.5, a five-time increase when compared to a previous study [22]. It
demonstrates the promising fabrication capability of intersecting jets printing in air, which can be

utilized for direct biofabrication in air for patients in need.
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Figure 9. Comparison of printed tubular structures without [22] (Reprinted (adapted) with
permission from ACS Biomater. Sci. Eng. Copyright 2017 American Chemical Society) and

with the liquid-absorbing system

3.2.3. Conical structure

Furthermore, 5.0 mm diameter hollow conical structures were designed and printed to prove that
small overhang and hollow features can be also printed using the proposed technology. In this
study, slope angles smaller than 30° were adopted to avoid potential structure collapse. Figure
10(a) shows the computer-aided design (CAD) model of the design, whereas Figure 10(al) and
(a2) shows different views of a printed structure. In order to confirm the structural integrity of
the printed structure, blue dye was filled into the hollow cavity of the conical structure and no
dye leaking is observed as seen from Figure 10(a3). These results show how structures with

lumens and hollows can be printed on liquid-absorbing substrates. Higher aspect ratio conical
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structures (such as 2:1) can also be printed as seen from Figure 10(e), demonstrating the self-

supporting printing potential of the proposed technology.

Fixture holding
upside-down
printed structure

Blue dye ink
contained in the
hollow volume

Figure 10. Printed conical structure (a) design, (al) side view, (a2) top view, (a3) upside down
structure containing blue dye ink to demonstrate its structural integrity, and (b) a higher aspect

ratio construct

3.3. Effect on cell viability and morphology

For bioprinting of living cells, the post-printing cell viability is of great concern for the adoption
of a printing technology. Figure 7(c) and (d) shows some printed 3T3 cellular tubes with a 5.0
mm diameter and a 1.5 mm height without and with the liquid-absorbing system. To have the

same tube height, an additional 70 layers were printed when using the absorption system.
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The printing process took approximately 10 minutes when not using the liquid-absorbing system
and 30 minutes when using the liquid-absorbing system, respectively, and then the printed
cellular constructs were cultured accordingly. As seen from Figure 11(a), the 3T3 cells can
survive the printing process without and with the liquid-absorbing system, and the resulting cell
viability is around 80% or higher during the culturing duration. For a better comparison, Fig. 11
(b1) and (b2) present live-dead staining of the post-printing 3T3 cells, with and without the
liquid-absorbing system was used, respectively, after 3 days of culturing. Most of the stained
cells show green fluorescence in both cases, indicating living cells, while only a few cells show
red fluorescence as an indication of being dead. There is no statistical difference when the liquid-
absorbing system 1is or is not used, meaning that even with printing using the liquid-absorbing
system removing excess water during the process, there is enough supply of oxygen and
nutrients to the printed cells. The excess liquid flows down toward the liquid-absorbing layer due
to wetting and gravity, and this liquid flow might also contribute to the re-distribution of water

with oxygen and nutrients to the already built layers, preventing dryness from happening.
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Figure 11. (a) Cell viability results (Insets: fluorescent cell images for (bl) with and (b2) without

liquid-absorbing system)

The morphology of post-printing cells can be seen in Figure 12. More spindle-shaped living cells
in a greater concentration are observed with the presence of a liquid-absorbing system (Fig. 12
(a)) after ten days of culturing. This might be attributed to the enhanced cell-cell interaction
when the liquid-absorbing system is used, which wicks away excessive water during printing and
results in a condensed construct. The proximity of cells might increase the interaction of
communication materials such as cytokines and chemokines within the cells, promoting their

positive morphological changes.
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Figure 12. Living cells (shown in green) printed (a) with and (b) without a liquid-absorbing
system after ten-day post-printing culturing

3.4 Discussion

The presented technology can facilitate the printing of reactive materials, which are not printable
using other conventional additive manufacturing technologies because of the unfavorable
rheological properties of reactive materials after mixing. Since the objective of this study is to
improve the performance of intersecting jets—based reactive material printing, the general
printing performance and capabilities are not compared with those of other processes including
extrusion-based processes such as co-extrusion. While co-extrusion may be used to print reactive
materials, the mixing performance is limited due to its passive mixing nature even though a
stirrer is included as part of an extruder. For the presented intersecting jets technologies, the
mixing is voxel-by-voxel based, guaranteeing a satisfactory mixing performance as reported
[30]. Compared with extrusion, material jetting-based technologies such as intersecting jets
printing have some advantages in terms of large direct writing height (meaning a large

workspace) and high printing resolution (voxel-by-voxel vs. filament-by-filament).
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Sodium alginate is a common material for bioinks due to its wide applicability as a versatile
biomaterial, so sodium alginate and calcium chloride are selected as examples of reactive
materials for feasibility demonstration of the presented technology. Apart from these examples,
the presented technology can be applied to print any other reactive materials, which may not be
readily printable by other additive manufacturing technologies. More complicated constructs will

be printed using additional support structures as needed in a future study.

4. Conclusions and future work

This study demonstrates the improved fabrication capability that a liquid-absorbing system
brings to intersecting jets printing. The liquid-absorbing system is comprised of a stainless-steel
wire mesh and fibrous tissue paper. By selecting a wire mesh with a proper size, 80 and 100, the
proposed liquid-absorbing system can absorb up to 65-90% of the excess liquid (water) resulting
from printing aqueous reactive sodium alginate and calcium chloride inks. The absorption speed
decreases with printing time since the tissue paper is not replaced in the proposed system and
may start saturating over time. By controlling the tilt angles of intersecting jets, the incident
angle of post-collision droplets is desirable to be less than 14° to avoid droplet bouncing on the
top of the previously deposited layer during 3D bioprinting. Using the liquid-absorbing system,
different 3D structures have been successfully printed using intersecting jets printing since
excess fluid is effectively removed during the printing process. For tubular alginate constructs
printed in air from sodium alginate and calcium chloride inks, a 2.5 height-diameter ratio can be
achieved. The proposed printing technology does not influence the post-printing cell viability

during printing 3T3 cells, demonstrating its promising potential for bioprinting applications.
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Future work may include as follows: 1) the analytical investigation of the effects of ink
composition and rheological properties on the printing performance when using the liquid-
absorbing system during intersecting jets printing, 2) modeling and optimization of the
performance of the liquid-absorbing system, 3) additional process innovation in order to
fabricate higher complexity structures, and 4) tissue engineering applications of the proposed
bioprinting technology. It is noted that direct printing of cellular constructs in air has promising
clinical applications, which may be enabled using the proposed liquid-absorbing system for

processes based on intersecting jets printing technologies.
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