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ABSTRACT: During 3D bioprinting, when the gravitational force exceeds the
buoyant force, cell sedimentation will be induced, resulting in local cell
concentration change and cell aggregation which affect the printing performance.
This paper aims at studying and quantifying cell aggregation and its effects on the
droplet formation process during inkjet-based bioprinting and cell distribution after
inkjet-based bioprinting. The major conclusions of this study are as follows: (1)
Cell aggregation is a significant challenge during inkjet-based bioprinting by
observing the percentage of individual cells after different printing times. In
addition, as polymer concentration increases, the cell aggregation is suppressed. (2)
As printing time and cell aggregation increase, the ligament length and droplet
velocity generally decrease first and then increase due to the initial increase and
subsequent decrease of the viscous effect. (3) As the printing time increases, both
the maximum number of cells within one microsphere and the mean cell number
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have a significant increase, especially for low polymer concentrations such as 0.5% (w/v). In addition, the increased rate is the
highest using the lowest polymer concentration of 0.5% (w/v) because of its highest cell sedimentation velocity.

1. INTRODUCTION AND BACKGROUND

Recently, 3D bioprinting has been broadly recognized as a
promising solution for the fabrication of native-like tissues and
organs based on depositing the cell-laden bioink layer-by-
layer."” Typically, bioprinting techniques can be classified into
inkjet-based bioprinting, microextrusion-based bioprinting,
laser-assisted bioprinting, and stereolithography-based bio-
printing.” During inkjet-based bioprinting, with the imple-
mentation of either a heating element or a piezoelectric
actuator, cell-laden droplets are ejected out of the nozzle and
deposited onto a substrate.” Inkjet-based bioprinting is favored
for its high deposition accuracy, printing resolution, and cell
viability.” However, high polymer and cell concentrations are
not applicable due to high viscosity.” Microextrusion-based
bioprinting enables the %eneration of a continuous filament
through a microextruder.” Despite its large allowance on the
polymer and cell concentrations,® low cell viability and printing
speed hinder its wide applications.” Benefiting from the nozzle-
free mechanism, laser-assisted bioprinting is capable of
precisely ejecting the bioink with high polymer and cell
concentrations'® through laser-induced bubble expansion.''
However, the applications of laser-assisted bioprinting is
limited by its high cost* and probable metallic contamina-
tion."” Stereolithography-based bioprinting uses either visible
light or ultraviolet (UV) light to polymerize photosensitive
materials into 3D structures layer by layer."”” One significant
limitation is that the materials used in stereolithography are
restricted to photopolymers.'”'> Inkjet-based bioprinting
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holds attributes such as high precision and accurate
controllability of the deposition of the bioink.'® Thus, inkjet-
based bioprinting is selected in this study. Typically, inkjet-
based bioprinting has been selected to print a variety of
biomaterials (e.g., alginate'” and polyethylene glycol (PEG)"®)
and living cells (e.g, endothelial cells (ECs)"” and human
umbilical vein endothelial cells (HUVECs)>®). Inkjet-based
bioprinting has already artificially created several tissues/
organs, such as bone,*' skin,** and cartilage.23 For example,
Gao et al. selected inkjet-based bioprinting to create bone and
cartilage scaffolds composed of polyethylene glycol diacrylate
(PEGDA), gelatin methacrylate (GelMA), and bone marrow
derived human mesenchymal stem cells (hMSCs).”' Xu et al.
selected inkjet-based bioprinting to successfully fabricate
vascular-like constructs with both vertical and horizontal
configurations.”* Jiao et al. inkjet-printed the bioink with a
dual-step cross-linking mechanism into soft tissues with
enhanced mechanical properties demonstrating the feasibility
of inkjet-based bioprinting for the fabrication of native
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tissues.
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Figure 1. Schematic diagram of inkjet-based bioprinting.
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As a key element in 3D bioprinting, bioink typically contains
biological materials whose function is to mimic natural
extracellular matrix (ECM) promoting cellular activities such
as cell proliferation and differentiation®**” and living cells.
Suitable biomaterials should possess good printability,
biocompatibility, and biodegradability.”*™>° A variety of
biomaterials including naturally derived polymers (e.g.,
collagen®® and alginate32) and synthetic polymers (e.g,
hyaluronic acid methacrylate (HAMA)®>® and polylactide
(PLA)**) have been broadly selected for 3D bioprinting.
Meanwhile, a variety of cells have also been printed, such as
mesenchymal stem cells (MSCs)* and human pluripotent
stem cells (hiPSCs).® One significant challenge in inkjet
printing is to maintain the uniformity of the cell distribution
within the low-viscosity bioink, which is of great significance to
the printing reliability of artificial functional tissues/organs.’’
‘When the gravitational force dominates the buoyant force, cells
continuously sediment. The cell sedimentation results in
nonuniformity of the cell distribution with a lower cell
concentration on the top and a higher cell concentration at
the bottom of the bioink reservoir. When adjacent cells
become close to each other, cell aggregates are facilitated to
form due to the cell—cell interaction force. The nonuniformity
of the cell concentration and cell aggregates significantly
influence the rheological properties (e.g., viscosity and
viscoelasticity) of the bioink™ as well as the corresponding
printing reliability. In this paper, the printing reliability is
quantified using the droplet formation process, and the
printing quality focuses on the postprinting cell distribution
representing the cell number within the formed microspheres.

In the literature, several papers reported the cell
sedimentation and aggregation as well as the associated
adverse effects on the printing performance during 3D
bioprinting of the low-viscosity bioink.”” For example,
Saunders et al.** inkjet-printed human fibroblast (HT1080
fibrosarcoma). A significant reduction of the cell concentration
in the bioink reservoir was reported after 20 min of printin$
due to the cell sedimentation and aggregation. Parsa et al.*
reported inconsistent printing results in inkjet bioprinting of
the bioink with Hep G2 hepatocytes. Despite a frequent
stirring (S s for every 2 min printing) within the bioink
reservoir, cell sedimentation and the resulting cell aggregation
still resulted in a large variation in the printed cell number. In a
recent study presented by Chahal et al,*” the sedimentation
velocity of MCF-7 breast cancer cells in the bioink containing
cell culture medium was measured to be 7.5 pm/s. Cell
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aggregation resulted in a highly nonuniform cell number per
well from around 300—5000 cells per well. Graham et al.”’
reported a significant increase in the suspended ovine
mesenchymal stem cells (oMSCs) concentration within the
bioink due to cell sedimentation. The highest cell concen-
tration was reported to be around 3 X 107 cells/mL, which was
nearly three times that of the initial cell centration. In a recent
study, Xu et al.** analyzed the force imposed on a single cell
during cell sedimentation and presented a comprehensive
study on the cell sedimentation velocity and the resulting cell
concentration change using different polymer concentrations
and at different printing times. It was reported that the cell
sedimentation velocity was between 0 and 1.5 ym/s, and the
bottom cell concentration within the bioink reservoir could be
4 times higher after 2 h of printing. Moreover, cell aggregation
was observed using 0.5% (w/v) sodium alginate at 120 min
printing time. Recently, Xu et al.** investigated the effect of cell
sedimentation on the cell concentration and cell aggregation
within the bioink reservoir. It was reported that only within 40
min of printing time, almost all of the cells within the bioink
containing 0.5% (w/v) sodium alginate have sedimented to the
bottom, significantly increasing the cell concentration and
facilitating cell aggregation. Later, the same group presented a
study characterizing cell aggregation both during and after the
inkjet-based bioprinting process.*® It was observed that the
percentage of cells forming cell aggregates at the bottom of the
bioink reservoir increased significantly from 3.6% to 54.5%
within 60 min of printing time. In addition, a huge percentage
of cells have been found to adhere to form cell aggregates both
within the inkjet nozzle during printing and formed micro-
spheres after printing. In summary, the cell aggregation due to
the cell sedimentation is a crucial problem in inkjet-based
bioprinting. Therefore, it is critical to understand the physics
behind the cell aggregation and its effect on the printing
performance in the inkjet-based bioprinting,

Although the cell aggregation phenomenon due to the cell
sedimentation has been reported in the literature, there is no
published work regarding the physical understanding of the cell
aggregation and the associated effects on the printing
performance during inkjet-based bioprinting. This paper is
the first study to answer two fundamental questions regarding
the physics of the cell aggregation phenomenon: (1) how to
quantify the cell aggregation in inkjet-based bioprinting and
(2) how the cell aggregation affects the printing performance
relating to the droplet formation process and postprinting cell
distribution. The organization of the remaining sections is as
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Figure 2. Cell aggregation phenomenon with the printing time and its significant consequences on the printing reliability and postprinting quality

in inkjet-based bioprinting.

follows: section 2 presents the bioink preparation, experimental
conditions, and cell aggregation characterization; section 3
characterizes the cell aggregation within the nozzle at different
printing times and further investigates how the cell
sedimentation-induced cell aggregation affects the droplet
formation process during inkjet printing and the postprinting
cell distribution; and section 4 draws the major conclusions
and proposes future work.

2. MATERIALS AND METHODS

2.1. Bioink Preparation. As a key element in 3D bioprinting,
bioink mainly contains biomaterials and living cells.*” Sodium alginate
which is a hydrogel with exceptional biocompatibility*® was used in
this study to mimic natural ECM allowing cell attachment,
proliferation, and differentiation. NIH 3T3 mouse fibroblasts as a
common cell type in connective tissues*”*" were selected in this
study. The bioink was prepared as follows: (1) Mix sodium alginate
powder (Sigma-Aldrich, St. Louis, MO) within Dulbecco’s Modified
Eagles Medium (DMEM; Sigma-Aldrich, St. Louis, MO) to prepare
0.5%, 1%, and 1.5% (w/v) DMEM-based sodium alginate solutions;
(2) collect the cell pellet from the culturing flask (Fisher Scientific,
Pittsburgh, PA) after S min of centrifuging; and (3) resuspend the
collected cell pellet into the prepared sodium alginate solutions for a
1.5 X 10° cells/mL cell concentration. More details can refer to our
previous papers.”' >

2.2. Experimental Setup. Figure 1 schematically shows our
inkjet-based bioprinting system. Typically, the system is composed of
a piezoactuator-based inkjet nozzle, a small reservoir containing the
bioink, a pneumatic controller, a waveform generator, a horizontal
imaging system (jetXpert, Nashua, NH), and a substrate containing
2% (w/v) calcium chloride to receive and cross-link the cell-laden
droplets in this study. The function of the pneumatic controller was to
maintain the back pressure between —14 and —12 kPa to ensure a flat
meniscus at the nozzle tip during the droplet formation process. The
horizontal imaging system captured the real-time images of the cell
movement inside the nozzle and the droplet formation process. A
bipolar waveform was imposed on the piezoelectric actuator to
deform the inkjet nozzle and eject cell-laden droplets. The bioink
inside the inkjet nozzle was ejected out from the nozzle orifice to form
a ligament which broke up into one or several cell-laden droplets. The
droplet formation process is dependent on not only the process-
related parameters (e.g., the excitation voltage) but also the materials-
related parameters (e.g., the polymer and cell concentration). And
postprinting cell distribution varies and depends on the operating
conditions in the droplet formation process.

Figure 2 representatively shows the cell aggregation phenomenon
due to the cell sedimentation and the corresponding consequences on
the printing performance of inkjet-based bioprinting. Initially, the cells

are uniformly suspended in the bioink, and the individual cells are
separate from each other, indicating a uniform cell distribution within
the bioink reservoir. The droplet formation process is reliable,
resulting in relatively uniform postprinting cell distribution within the
microspheres.so'51 However, due to cell sedimentation, the bottom
cell concentration is significantly increased. Once the cells are closer,
the formation of cell aggregates is facilitated due to the cell—cell
interaction force. The cell aggregation is critical to the rheological
properties of the bioink (e.g, viscoelasticity), which significantly
influences the subsequent droplet formation process and postprinting
cell distribution. Specifically, the droplet formation process becomes
unstable in terms of the ligament length, breakup time, droplet size,
and velocity. The postprinting cell distribution becomes highly
nonuniform. Most microspheres formed contain no cells. At long
printing times, the cell aggregation problem is more severe. More and
more cells aggregate with each other, and the formed cell aggregates
become larger and larger. When the size of the cell aggregates is
comparable to the size of the inkjet dispenser orifice (e.g,120 ym in
this study), a nozzle clogging phenomenon is observed, and no
droplets or microspheres are formed. Figure 2 summarizes the cell
aggregation phenomenon with the printing time and its significant
consequences in the printing reliability and postprinting quality.

2.3. Characterization and Conditions. Inkjet-based bioprintin§
has been intensively utilized in various biomedical applications.®
Recently, the droplet formation process and postprinting quality
during inkjet bioprinting have been studied.””** However, the study
focusing on the cell aggregation in inkjet-based bioprinting is still
missing. The cell aggregation phenomenon is a significant challenge in
inkjet-based bioprinting because of its critical effects on the printing
reliability as well as postprinting quality. Hence, it is critical to
understand the cell aggregation phenomenon in inkjet-based
bioprinting. Our paper is the first study to tackle this problem. In
this section, we elaborate how to quantify the cell aggregation in
inkjet-based bioprinting. During inkjet-based bioprinting, the cells
have three existing forms, including individual cells without
aggregation, small cell aggregates composed of two to four cells,
and large cell aggregates composed of at least five cells. The
percentage of individual cells, small cell aggregates, and large cell
aggregates was characterized as

2a:1 ab

Totl number of cells

4
ab
= Lo x 100%, and la %
Total number of cells

¢ _ab
= Loy X 100%
Total number of cells

ic %

X 100%, sa %

respectively, where a refers to the number of cells forming cell
aggregates (a is 1 for individual cells), b refers to the appearance
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frequency of individual cells and cell aggregates, and c¢ refers to the
number of cells constituting the largest cell aggregates. The droplet
formation process was characterized in terms of the ligament length,
breakup time, and droplet velocity.’® The ligament length refers to the
distance between the nozzle orifice and the first pinch-off location; the
breakup time is defined as the needed time for the first pinch-off, and
the droplet velocity is calculated by dividing the ligament length by
the breakup time. In addition, the postprinting quality was
characterized using the cell distribution within the microspheres. A
total of 1000 random microspheres were chosen under each
condition, and the average number of cells within one microsphere
was calculated using 4 = ) n_oxy, where x represents the cell number
within one microsphere, y represents the associated appearance
percentage, and n represents the largest number of cells within one
microsphere. In this study, three commonly used sodium alginate
concentrations, 0.5%, 1%, and 1.5% (w/v), were selected to avoid
nozzle clogging and ensure continuous jetting.’* *® The cell
concentration was 1.5 X 10° cells/mL. The printing was controlled
within a 1S min printing time, and the printing quality was checked
every S min.

3. RESULTS AND DISCUSSIONS

During the printing process, the buoyant force is always unable
to balance the gravitational force, resulting in cell sedimenta-
tion.”” As reported by Xu et al., the bottom cell concentration
within the bioink reservoir increases continuously and
significantly because of cell sedimentation.** Once the cells
become close enough, the cell—cell interaction force becomes
significant and drives the cells to adhere and form different
sizes of cell aggregates.”” The formation of cell aggregates
induced by the cell sedimentation has a significant effect on the
printing reliability. This study mainly studies the cell
aggregation and its effects on the droplet formation process
during inkjet bioprinting and postprinting cell distribution.
Specifically, section 3.1 investigates how the cell aggregates
within the nozzle are gradually formed with the printing time
during the droplet formation process. The percentages of
individual cells, small cell aggregates, and large cell aggregates
as previously mentioned are quantified at different printing
times. Section 3.2 focuses on how cell aggregation affects the
droplet formation process by studying the changes in ligament
length, breakup time, and droplet velocity at different printing
times. Section 3.3 investigates how the cell aggregation affects
the postprinting cell distribution at different printing times.
3.1. Effect of Printing Time on Cell Aggregation
inside the Nozzle. Figure 3 shows the formation process of
the cell aggregates with printing time during inkjet printing of
the bioink containing 0.5% (w/v) sodium alginate and 1.5 X
10° cells/mL cell concentration. It was reported that the cell
sedimentation velocity with this polymer concentration is
around 1.45 pm/s.** At 0 min printing time, the cells are
uniformly suspended in the bioink. The cells are separate from
each other, and the cell concentration is uniform. At 5 min
printing time, the cell sediments to the bottom, and the local
cell concentration increases significantly. It is observed that the
cells start to form small aggregates containing two or three
cells. At 15 min printing time, the distance between the cells
becomes very close, facilitating the further aggregation. It was
observed that the cells formed large aggregates containing even
more than 10 cells. And this number increases to around 30
cells at 30 min printing time. At 45 min printing time, the cell
aggregate size is comparable to the nozzle orifice size, and the
nozzle is blocked with no jetting and droplets generated. It is
noted that Figure 3 is a representative figure of the cell
aggregate formation during inkjet-based bioprinting using 0.5%
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Figure 3. Formation process of cell aggregates with the printing time.
The bioink contains 0.5% (w/v) sodium alginate and a cell
concentration of 1.5 X 10° cells/mL.

(w/v) sodium alginate-based bioink. Adjustment of the
operating conditions may accelerate or delay the cell
aggregation formation process. For instance, for the bioink
containing 1% (w/v) sodium alginate, the nozzle blockage was
not observed within a 60 min printing time due to the slower
cell sedimentation process.

Figure 4 shows the change in the cell aggregation percentage
with the printing time at different sodium alginate concen-
trations. At 0 min, the bioink is uniform without cell
aggregation with 100% individual cells and 0% cell aggregates.
During printing, the suspended cells continuously sediment to
increase the bottom cell concentration, resulting in formation
of the cell aggregates. The cell concentration within the nozzle
is not uniform. Due to the cell sedimentation, the cell
concentration is low at the top and high at the bottom. At a
short printing time, the majority of the cells form small
aggregates inside the nozzle, and the large aggregates are
formed at the very bottom of the nozzle due to relatively high
cell concentration. With the printing time, the percentage of
the individual cells and cell aggregates decreases and increases
significantly, respectively. For example, as the printing time
increases from 0 to 5 to 10 to 15 min, the percentage of
individual cells decreases significantly from 100% to 36.3% to
24.5% to 17.3% for 0.5% (w/v) sodium alginate, while the
percentage of the cells forming small aggregates increases
significantly from 0% to 51.7% to 54.4% to 54.5% and the
percentage of cells forming large aggregates also increases from
0% to 12% to 21.1% to 28.3%. It is noted that at the 15 min
printing time, only 17.2% of cells still exist as individual cells
without aggregation with other cells, leaving 82.8% of the cells
to form cell aggregates. This observation indicates the
significant challenge of the cell aggregation in inkjet-based
bioprinting. Between S and 15 min of printing time, the
percentage of individual cells continues to decrease while the
percentage of the cells forming cell aggregates continues to
increase. However, the percentage of the cells forming small
aggregates only increases from 49.7% to 54.5%, while the
percentage of the cells forming large aggregates increases
significantly from 12% to 28.3%. This indicates that more cells
tend to form large aggregates instead of small aggregates,
which is mainly due to a significant increase of the cell
concentration at the long printing time. More and more cells
form large cell aggregates at the bottom resulting in a
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Figure 4. Effect of printing time on cell aggregation percentage using
bioink containing different sodium alginate concentrations: (a) 0.5%,
(b) 1%, and (c) 1.5% (w/v).

significant increase of bottom cell concentration. In other
areas, the local cell concentration only increases a little, since
most cells adhere to form large aggregates. In addition, as
polymer concentration increases, the cell aggregation is
suppressed. For example, at 15 min printing time, the
percentages of the individual cells are 17.3%, 27.1%, and
37.7% for 0.5%, 1%, and 1.5% (w/v) sodium alginate,
respectively. The percentages of the cells forming small
aggregates are 54.5%, 50.5%, and 48.3%, and the percentages
of the cells forming large aggregates are 28.3%, 22.3%, and
13.9% for 0.5%, 1%, and 1.5% (w/v) sodium alginate,
respectively. This is mainly due to different cell sedimentation
velocities for different sodium alginate concentrations. As
sodium alginate concentration increases, the buoyant force
provided by the bioink is enhanced causing the decrease of the
cell sedimentation velocity. Slow cell sedimentation velocity
results in a lower increase rate of the cell concentration.
Therefore, it requires more time for the cells to be close
enough to form cell aggregates through cell—cell interaction.
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Cell aggregation is a crucial problem in inkjet-based
bioprinting, especially for bioink with a low polymer
concentration. For 0.5% (w/v) sodium alginate, the maximum
cell aggregate observed contains 18 cells at 1S min printing
time, and this number increases to around 30 cells at 30 min
printing time. It is noted that when the cell aggregates are
larger and larger, it becomes more and more difficult to
precisely count the cell number. It is almost impossible to
count how many cells are in the huge cell aggregate blocking
the nozzle shown in Figure 3.

3.2. Effect of Cell Aggregation on Droplet Formation
Process. It is critical to maintain a stable droplet formation
process to ensure the printing performance during inkjet-based
bioprinting. In inkjet-based bioprinting, the bioink is ejected
out from the inkjet nozzle orifice to form a ligament that
subsequently breaks up into one or several cell-laden droplets.
As printing proceeds, the cells suspended within the bioink
sediment result in nonuniform local cell concentration. The
cell aggregates are formed due to a significant increase of the
bottom cell concentration, which significantly affects the
reliability of the printing process. Therefore, it is critical to
understand how the cell aggregation affects the droplet
formation process during inkjet-based bioprinting. Specifically,
three key parameters are selected to quantify the droplet
formation process, including the ligament length, breakup time,
and droplet velocity.

The cell sedimentation and aggregation process are
separated into two steps depending on the printing time. At
a short printing time, the cells suspended within the bioink
sediment, because the buoyant force is smaller than the
gravitational force. The local cell concentration increases,
which significantly affects the bioink properties. Specifically,
with the increase of cell concentration, the storage modulus G’
representing the elastic effect increases mainly due to
interparticle contact and interaction.”’’ The increase of the
storage modulus is not pronounced, because the bioink has a
relatively low volume fraction, and the interparticle contact and
interaction are not signiﬁcant. Moreover, as cell concentration
increases, the loss modulus G” increases, demonstrating an
increase in hydrodynamic energy dissipation due to the
distortion of velocity field in the vicinity of each particle.”
In addition, the surface tension decreases slightly as cell
concentration increases. The suspended cells tend to be
adsorbed to the interface, which is the most energy-favorable
position. The internal energy decreases and the entropy
increases, resulting in a decrease in the interfacial tension.” At
a long printing time, the cells become close enough, and the
cell—cell interaction force drives the cells to adhere and form
different sizes of cell aggregates. Since cell aggregates are not
easily adsorbed to the interface, the surface tension increases.
Furthermore, cell aggregation results in a decrease of the
bioink viscosity mainly due to high polydispersity.”’ To
summarize, at the short printing time, the cell concentration
increase is dominant, resulting in an increase of the viscous and
elastic effects and decrease of the surface tension. At a long
printing time, the cell aggregation is dominant, resulting in a
decrease of the viscous effect and increase of the surface
tension. During droplet formation, the total energy is
transformed into several energy forms including surface energy,
viscous dissipation energy, elastic energy, and kinetic energy
used to generate the cell-laden droplets.”® The bioink
properties significantly affect the ligament length, breakup
time, and droplet velocity. Generally speaking, at a short
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Figure S. Effect of the printing time/cell aggregation on the ligament length during inkjet-based bioprinting of bioink with different polymer

concentrations.

printing time, both the viscous and elastic effects are
strengthened, and more energies are consumed for the viscous
dissipation and elastic energy. The remaining kinetic energy is
smaller, which causes a shorter ligament length at pinch-oft and
a smaller droplet velocity.”>*® In addition, the enhanced elastic
and viscous effects delay the ligament thinning and pinch-off,
and the breakup time increases.”* At a long printing time, the
bioink viscosity decreases, resulting in reduced energy
dissipation. The remaining kinetic energy used for generating
the cell-laden droplets is larger, resulting in a greater volume of
the ejected bioink, elongation of the ligament length, and an
increase of droplet velocity. Moreover, the bioink surface
tension increases due to the cell aggregation. The ligament
thinning and pinch-off process is faster, and the breakup time is
shorter, since the ligament thinning and pinch-off process is
mainly controlled by the surface tension and capillary stress.
Figure S representatively compares the ligament lengths
using different sodium alginate concentration-based bioink and
at different printing times. The top inserted figures illustrate
the change in the ligament length while ejecting the bioink
containing 0.5% (w/v) sodium alginate at different printing
times, and the side inserted figures compare the different
pinch-oft behaviors using different polymer concentrations.
The viscosities of the bioink containing different concen-
trations of sodium alginate are measured at high shear rates at
different printing times using a viscometer (Anton Paar
MCR92, Anton Paar, USA). As the printing time increases
from 0 to S to 10 to 15 min, the viscosity of the bioink
containing 0.5% (w/v) sodium alginate changes from 3.8 + 0.1
to 4.5 + 0.2 to 44 + 0.1 to 4 £+ 0.2 cP, while those values
change from 7.5 + 0.3 to 8 + 0.3 to 8.2 + 0.1 to 7.6 + 0.4 cP
and from 15.5 + 0.4 to 15.9 + 0.2 to 16.1 & 0.3 to 16.1 + 0.2
cP for 1% (w/v) and 1.5% (w/v) sodium alginate, respectively.
At short printing times, both the cell concentration and bioink
viscosity increase, which is mainly caused by the cell
sedimentation. The viscous dissipation increases, resulting in
a shorter ligament length at S min printing time compared to 0
min. At long printing times, the cells accumulate at the
reservoir bottom, facilitating cell aggregates due to the
interaction of cells. The decrease of the viscosity of the bioink
decreases causes the increase of the ligament length at a
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printing time of 5—15 min. Figure S also shows how the
printing time and cell aggregation affect the ligament length
during inkjet-based bioprinting of the bioink with different
polymer concentrations. The cell aggregation effect is achieved
through adjusting the printing time. It clearly shows that the
ligament lengths of 0.5% and 1% (w/v) sodium alginate
decrease first and then increase with the printing time and cell
aggregation, while that slightly decreases for 1.5% (w/v)
sodium alginate. Specifically, for 0.5% (w/v) sodium alginate,
the ligament length decreases from 833 to 754 pum with the
printing time increasing from O to 5 min. Then, it increases
from 754 to 763 to 793 pm with a printing time increase from
S to 10 to 15 min. For 1% (w/v) sodium alginate, the ligament
length decreases from 747 to 728 to 722 um with a printing
time increase from 0 to S to 10 min. Then it increases from
722 to 761 ym with a printing time increase from 10 to 15
min. For 1.5% (w/v) sodium alginate, the ligament length
monotonically decreases from 693 to 661 to 654 to 653 um
with a printing time increase from 0 to S to 10 to 1S min.
Figure 6a demonstrates the effect of printing time and cell
aggregation on the ligament breakup time during inkjet-based
bioprinting. Obviously, the ligament breakup time increases
first and then decreases. Specifically, for 0.5% (w/v) sodium
alginate-based bioink, the ligament breakup time increases
from 160 to 187 us with a printing time increase from 0 to 5
min. Then it decreases from 187 to 173 to 143 um with a
printing time increase from S to 10 to 15 min. For 1% (w/v)
sodium alginate, the ligament breakup time increases from 187
to 193 to 200 us with a printing time increase from 0 to S to 10
min. Then, it increases from 200 to 183 us with a printing time
increase from 10 to 15 min. For 1.5% (w/v) sodium alginate-
based bioink, the ligament breakup time increases from 200 to
210 to 220 us with a printing time increase from 0 to 5 to 10
min. Then it decreases from 220 to 217 ys with a printing time
increase from 10 to 15 min. It is noted that the maximum
breakup time of 0.5% (w/v) sodium alginate appears at S min
printing time and 10 min printing time for the other two
sodium alginate concentrations. Figure 5 demonstrates that the
pinch-off location for 0.5% (w/v) sodium alginate is close to
the forming droplet considered as front pinching.’® The
mechanism of front pinching is mediated by the balance of
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(a) bioink sediment, significantly affecting the local cell concen-
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Figure 6. Changes in (a) breakup time and (b) droplet velocity versus
printing time.

inertial force and capillary force. At S min printing time, the
effect of the local cell concentration increase is dominant
compared to the cell aggregation effect. When the local cell
concentration increases, more cells are adsorbed to the
interface, resulting in a reduced total free energy.50 The
surface tension decreases, and the ligament thinning driven by
the surface tension becomes slower, resulting in an increase of
the breakup time. At 5 min printing time, the cell aggregation
effect is dominant compared to the effect of local cell
concentration increase. Most cells adhere to form cell
aggregates which are not easily adsorbed to the interface.
The surface tension increases and drives the jet breakup faster.
However, for 1% and 1.5% (w/v) sodium alginate, the pinch-
off location is close to the nozzle orifice considered as exit
pinching.*” The mechanism of the exit pinch is mediated by
the balance of elastic force and capillary force. For the bioink
containing 1% (w/v) and 1.5% (w/v) sodium alginate, the
maximum breakup time occurs at 10 min printing time,
indicating the dominant effect of the local cell concentration
increase before 10 min and the dominant effect of the cell
aggregation after 10 min. Figure 6b demonstrates the effect of
the printing time and cell aggregation on the droplet velocity
during inkjet-based bioprinting. It is seen that the droplet
velocity follows a similar trend like the ligament length. For
0.5% (w/v) sodium alginate, the droplet velocity decreases
from 5.2 to 4 m/within the first S min of printing time. Then, it
increases from 4 to 4.3 to 5.5 m/s with a printing time increase
from S to 10 to 1S min. For 1% (w/v) sodium alginate, the
droplet velocity decreases from 4 to 3.8 to 3.6 m/s with a
printing time increase from 0 to S to 10 min. Then it increases
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Figure 7. Microsphere diameters formed with different sodium
alginate concentrations and after different printing times.

different sodium alginate concentration-based bioinks. A total
of 50 microspheres are randomly chosen to characterize the
average diameter of the microspheres under each condition.
The inserted figures in Figure 7 compare the formed ligament
during ejection using the bioink containing 0.5%, 1%, and 1.5%
(w/v) sodium alginate. Figure 7 clearly shows that the
microsphere diameter decreases first and then increases with
the printing time and cell aggregation. Specifically, for 0.5%
(w/v) sodium alginate, the microsphere diameter decreases
from 65 to 63 um with a printing time increase from 0 to S
min. Then, it increases from 63 to 65 to 68 ym with a printing
time increase from S to 10 to 15 min. For 1% (w/v) sodium
alginate, the microsphere diameter decreases from 67 to 66 ym
with a printing time increase from 0 to S min. Then, it
increases from 66 to 67 to 69 ym with a printing time increase
from S to 10 to 15 min. For 1.5% (w/v) sodium alginate, the
microsphere diameter decreases from 75 to 74 to 73 ym with a
printing time increase from 0 to S to 10 min. Then it increases
from 73 to 75 pm with a printing time increase from 10 to 15
min. This observation is similar to the effect of the printing
time and cell aggregation on the ligament length. At a short
printing time, the local cell concentration increases due to the
cell sedimentation, causing an increase of the bioink viscosity
and decrease of the microsphere size. At long printing times,
the cells adhere to form cell aggregates and the local viscosity
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Figure 8. Representative images of microspheres with cells encapsulated using 1% (w/v) sodium alginate at a printing time of (a) 0 min, (b) S min,

(c) 10 min, and (d) 15 min. All four figures share the same scale bar.

of the bioink decreases, which makes the ligament longer and
the microsphere larger.

Figure 8 shows representative images of microspheres with
cells encapsulated during inkjet-based bioprinting of the bioink
containing 1% (w/v) sodium alginate at different printing
times. At a printing time of O min, some microspheres have no
cells encapsulated, and some have one or two or three cells
capsulated. The encapsulated cells are separate from each other
without cell aggregation. At S min printing time, more cells are
encapsulated, and one microsphere has three cells, including
one individual cell and one aggregate with two cells. At 10 min
printing time, the majority of the microspheres have cells
encapsulated, and more cell aggregates are observed. One
microsphere has a small aggregate containing four cells. At a
printing time of 15 min, many microspheres have no cells
encapsulated, indicating nonuniform cell distribution due to
cell aggregation. Large cell aggregates are observed, and one
microsphere has a large aggregate containing six cells. During
the experiments, it is observed that the cell aggregation
phenomenon is more significant for the bioink composed of
lower concentrations of sodium alginate, because the cell
sedimentation velocity and the accumulation rate of the cells
are faster. For example, the maximum cell aggregate observed
using 0.5% (w/v) sodium alginate contains 10 cells, while that
for 1.5% (w/v) sodium alginate is 6.

Figure 9 shows the distribution of cells within the formed
microspheres with different sodium alginate concentrations
and at different printing times. Specifically, Figure 9a,b,c
demonstrate the cell distribution using the bioink containing
0.5%, 1%, and 1.5% (w/v) sodium alginate, respectively. Under
each condition, 1000 random microspheres are chosen to
quantify the cell distribution within the microspheres.
Obviously, for 0.5% (w/v) sodium alginate shown in Figure
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9a, the maximum number of cells within one microsphere
increases significantly 3 to 4 to 6 to 10 as the printing time
increases from 0 to S to 10 to 15 min, which is mainly due to
the continuous increase in the cell concentration and the
formation of cell aggregates. Typically, one microsphere
containing at least five cells is mainly due to the formation
of large cell aggregates. At 10 min of printing time, the large
cell aggregates are observed containing at least five cells. With a
printing time increase from 10 to 15 min, the percentage of the
large cell aggregates increases significantly from 0.9% to 4.7%.
In addition, the percentage of the microspheres without cells
decreases from 68.7% to 57.5% to 45.6% with a printing time
increase from 0 to S to 10 min. This is mainly due to the
increase of the local cell concentration caused by the cell
sedimentation. However, from the printing time of 10 to 15
min, the percentage of the microspheres with no cells
encapsulated increases from 45.6% to 48.4%. The main reason
is the decrease of the local individual cell concentration due to
the cell aggregation. For 1% and 1.5% (w/v) sodium alginate
shown in Figure 9b and c, with a printing time increase from 0
to S to 10 to 15 min, the maximum number of cells within one
microsphere increases from S to 7 to 8 to 9 using 1% (w/v)
sodium alginate, while that only changes from 5 to S to 6 to 6
for 1.5% (w/v) sodium alginate. This is because a higher
polymer concentration reduces the cell sedimentation velocity
and restricts the formation of cell aggregates. In addition, for
1% (w/v) sodium alginate, the percentage of the microspheres
without cells decreases from 68.3% to 46.9% to 43.3% with a
printing time increase from 0 to S to 10 min due to the
increase in local cell concentration caused by the cell
sedimentation. With the printing time further increasing
from 10 to 15 min, the percentage of the microspheres
without cells increases from 43.3% to 48.7% due to the
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Figure 9. Cell distribution within the microspheres using the bioink
containing (a) 0.5% (w/v), (b) 1% (w/v), and (c) 1.5% (w/v)

sodium alginate at different printing times.
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dominant effect of the cell aggregation. This observation is
analogous to 0.5% (w/v) sodium alginate. However, for 1.5%
(w/v) sodium alginate, the percentage of the microspheres
without cells decreases monotonically from 57.1% to 53.4% to
50% to 45.5% with a printing time increase from 0 to S to 10 to
15 min due to the dominant cell concentration increase caused
by the cell sedimentation. The percentage of the microspheres
containing large cell aggregates at the 15 min printing time is
4.7%, 3.6%, and 0.8% for 0.5%, 1%, and 1.5% (w/v) sodium
alginate, respectively. This indicates that high polymer
concentrations significantly restrict the formation of large cell
aggregates.

Figure 10 compares the mean cell number within the
microspheres using the bioink containing different sodium
alginate concentrations and at different printing time. Clearly,
for all three selected sodium alginate concentrations, the mean
cell number increases nearly linearly with the printing time for
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Figure 10. Mean cell number within one microsphere.

the bioink. Specifically, for 0.5% (w/v) sodium alginate, the
mean cell number within the microspheres increases
significantly from 0.38 to 0.64 to 0.85 to 1.05 as the printing
time increases from 0 to S to 10 to 15 min, while those values
increase significantly from 0.51 to 0.73 to 0.9 to 1.03 and from
0.61 to 0.7 to 0.77 to 0.86 for 1% (w/v) and 1.5% (w/v)
sodium alginate, respectively. The observations indicate
continuous and stable increase of the local cell concentration
due to the cell sedimentation with the printing time. It is also
noted that the increased rate of the mean cell number is
highest using the bioink containing the lowest polymer
concentration of 0.5% (w/v), which is mainly because of the
fastest cell sedimentation velocity.

4. CONCLUSIONS

3D bioprinting has been intensively utilized in various
biomedical applications. As a key element in 3D bioprinting,
the bioink contains biological materials and living cells. When
the buoyant is unable to counteract the gravitational force, cell
sedimentation occurs, resulting in the accumulation of cells at
the bioink reservoir bottom. Once the cells are close, the
formation of cell aggregates are facilitated under the interaction
of cells, which has a significant effect on the printing reliability.
In this study, a typical cell concentration of 1.5 X 10° cells/mL
is selected, and a severe cell aggregation phenomenon has been
observed only within 15 min of printing time. Higher cell
concentrations will facilitate the formation of cell aggregates
significantly affecting the printing performance. In addition,
cell aggregates, especially large sized cell aggregates composed
of multiple individual cells, may have an adverse effect on cell
viability since the exterior cells may block the nutrient and
oxygen exchange of the interior cells reducing cell viability.
This paper mainly studies cell aggregation and its effects on the
droplet formation process during inkjet bioprinting and
postprinting cell distribution. The major conclusions of this
study are as follows:

(1) With the printing time increase from 0 to 15 min, the
percentage of individual cells decreases significantly from 100%
to 17.3% for 0.5% (w/v) sodium alginate. On the contrary, the
percentage of the cells forming small aggregates and large
aggregates increases significantly from 0% to 54.5% and from
0% to 28.3%, respectively. This observation indicates the
significant challenge of the cell aggregation during inkjet-based
bioprinting. In addition, as the polymer concentration
increases, the cell aggregation is suppressed mainly due to
reduced cell sedimentation velocity.
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(2) As the printing time and cell aggregation increase, the
ligament length and droplet velocity generally decrease first
and then increase. At a short printing time, the bioink viscous
effect increases due to the local cell concentration increase
caused by the cell sedimentation, while at a long printing time,
the bioink’s viscous effect decreases due to the dominant cell
aggregation. The maximum breakup time of front pinching is
at S min printing time for 0.5% (w/v) sodium alginate, while
the maximum breakup time of exit pinching is at 10 min
printing time for 1% and 1.5% (w/v) sodium alginate. For
1.5% (w/v) sodium alginate, the maximum breakup time at 10
min printing time indicates the dominant effect of the local cell
concentration increase before 10 min and decrease of the
elastic force due to cell aggregation after 10 min. With a longer
printing time and more severe cell aggregation, the droplet
formation process will be continuously affected until the nozzle
is clogged by a large cell aggregate whose size is comparable to
the nozzle.

(3) As the printing time increases from 0 to S to 10 to 15
min, the maximum number of cells encapsulated within one
microsphere increases significantly from 3 to 10, from S to 9,
and from S to 6 for 0.5%, 1%, and 1.5% (w/v) sodium alginate-
based bioink, respectively. The mean cell number increases
nearly linearly with the printing time. The increased rate of the
mean cell number is the highest using the bioink containing
the lowest polymer concentration of 0.5% (w/v), because the
lower polymer concentration results in a higher cell
sedimentation velocity promoting the cell sedimentation and
aggregation.

Future work may include the development of an effective
approach to mitigate cell sedimentation and aggregation to
improve the printing performance in 3D bioprinting.
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