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Recently, 3D bioprinting techniques have been broadly recognized
as a promising tool to fabricate functional tissues and organs. The
bioink used for 3D bioprinting consists of biological materials and
cells. Because of the dominant gravitational force, the suspended
cells in the bioink sediment resulting in the accumulation and
aggregation of cells. This study primarily focuses on the quantifi-
cation of cell sedimentation-induced cell aggregation during and
after inkjet-based bioprinting. The major conclusions are summa-
rized as follows: (1) as the printing time increases from 0 min to
60 min, the percentage of the cells forming cell aggregates at the
bottom of the bioink reservoir increases significantly from 3.6%
to 54.5%, indicating a severe cell aggregation challenge in 3D bio-
printing, (2) during inkjet-based bioprinting, at the printing time of
only 15 min, more than 80% of the cells within the nozzle have
formed cell aggregates. Both the individual cells and cell aggre-
gates tend to migrate to the vicinity of the nozzle centerline
mainly due to the weak shear-thinning properties of the bioink,
and (3) after the bioprinting process, the mean cell number per
microsphere increases significantly from 0.38 to 1.05 as printing
time increases from 0 min to 15 min. The maximum number of
cells encapsulated within one microsphere is ten, and 29.8% of
the microspheres with cells encapsulated have contained small or
large cell aggregates at the printing time of 15 min.
[DOI: 10.1115/1.4054640]
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1 Introduction and Background
Benefiting from the technical innovations in cell biology and

materials science, 3D bioprinting, originating from 3D printing tech-
nologies, has brought a revolution to tissue engineering [1,2]. Typi-
cally, 3D bioprinting techniques for depositing the bioink into the 3D
desired structures [3] can be classified into inkjet-based bioprinting,
microextrusion-based bioprinting, laser-assisted bioprinting, and
stereolithography-based bioprinting [4]. Inkjet-based bioprinting,
which accurately delivers small size and volume of cell-laden drop-
lets at predefined locations onto a substrate relying on either thermal
expansion or piezoelectric actuation, has been favored for various
applications due to its unique non-contact delivery mechanism [5–
7]. Bioink, as an essential element of 3D bioprinting, is usually com-
posed of biological materials and living cells [8]. Holding the advan-
tages of high water content and the similarity to natural extracellular
matrix, hydrogels have beenwidely recognized as suitable biological
materials for 3D bioprinting [9]. Briefly, the currently available
hydrogels can be mainly divided into natural hydrogels (e.g., colla-
gen [10] and fibrin [11]), synthetic hydrogels (e.g., poly(ethylene
glycol) [12], poly(ethylene glycol) diacrylate [13], gelatin methacry-
loyl [14], and methacrylated hyaluronic acid [15]), and a mixture of
natural and synthetic hydrogels [16]. As the other key component of
the bioink, various types of living cells including but not limited to
bone-marrow-derived human mesenchymal stem cells [17] and
fibroblasts [18] have been incorporated into the fabrication of artifi-
cial tissues/organs such as liver [19] and heart [20].
The printing performance of 3D bioprinting is critical for the func-

tionality of the 3D artificial tissues/organs. There are several factors
affecting the printing performance through the uniformity of the
living cells. Cell sedimentation and its induced cell aggregation
are the two typical factors. For the bioink with a low viscosity, the
fluid is always unable to provide enough buoyant force to counteract
the gravitational force. Therefore, driven by the gravitational force,
the suspended cells sediment resulting in the non-uniformity of the
cell distribution within the bioink. Several studies have reported
the significance of cell sedimentation on the printing performance.
For example, Saunders et al. have reported an unstable printing
process after 20 min printing due to the cell sedimentation [21].
Saunders and Derby reported an uneven number of cells per drop
caused by the cell sedimentation [22]. Recently, there have been
several studies focusing on the study of the sedimentation behaviors
of cells. For instance, Wang and Belovich [23] presented a simple
approach to measure the cell sedimentation velocity and derived a
formula to analytically characterize the cell sedimentation velocity
based on Stokes’s law. Xu et al. [24] analyzed the force balance of
a single cell in inkjet printing of the bioink containing 0.5–4%
(w/v) sodium alginate and 5 × 105 fibroblasts/ml. The effects of the
polymer concentration and printing time on the cell sedimentation
velocity and the cell concentration were investigated systematically.
It was reported that the cell sedimentation velocity was in the range
of 0–1.5 µm/s, and the cell concentration at the bottom of the bioink
reservoir could be four times higher after 2 h printing.
The cell sedimentation results in a significant increase in the local

cell concentration at the bottom of the bioink. When the distance
between adjacent cells becomes sufficiently small, the cells
adhere to each other to form cell aggregates through cell-cell inter-
action. Parsa et al. observed cell aggregates with a size of more than
200 µm after 10 min printing time [25]. Meanwhile, severe cell
aggregation was still observed within a 3 h printing period although
continuous stirring was applied to the bioink reservoir. In addition,
it has been well documented that the cell aggregation negatively
affected the printing performance [26]. For example, Zhang et al.
reported that the cell aggregation due to the interaction of living
cells changed the rheological properties such as the viscosity of

1Corresponding author.
Manuscript received March 24, 2022; final manuscript received May 18, 2022;

published online June 22, 2022. Assoc. Editor: Robert Chang.

Journal of Manufacturing Science and Engineering OCTOBER 2022, Vol. 144 / 104501-1
Copyright © 2022 by ASME

mailto:heqi.xu@ttu.edu
mailto:dulmarti@ttu.edu
mailto:md.shahriar@ttu.edu
mailto:changxue.xu@ttu.edu


the bioink, which resulted in non-ideal jetting behaviors and non-
uniformity of cell distribution during laser-assisted bioprinting
[27]. In addition, when the size of the cell aggregate became com-
parable to the nozzle orifice size, nozzle clogging occurred and
jetting was discontinued [28]. In summary, the cell aggregation
due to the cell sedimentation significantly affects the printing reli-
ability and performance in terms of the jetting behaviors, the non-
uniformity of cell distribution, and even nozzle clogging [29].
The earlier studies have focused on the quantification of the cell

sedimentation behaviors (e.g., cell sedimentation velocity and local
cell concentration change due to the cell sedimentation) and brief
observation of the cell aggregation phenomena. Even though the cell
aggregation phenomenon has been broadly reported as a significant
challenge in the existing literature, none of the studies have specifically
focused on the investigation of the cell aggregationmechanism and the
characterization of cell aggregation both during and after inkjet-based
bioprinting. This is the first study focusing on the investigation and
characterization of the cell aggregation during and after the printing
process. Specifically, during the printing process, the cell aggregation
is quantifiedwithin the bioink reservoir and inside the nozzle, and after
the printing process, the cell aggregation is quantified within the
formed microspheres. The following sections of this paper are listed
as follows: Sec. 2 clearly lists the experimental conditions for this
study and presents the characterization of the cell aggregation, Sec. 3
presents the detailed results of the cell aggregation during and after
the printing process, and Sec. 4 draws the major conclusions for this
study and proposes the future research directions.

2 Materials and Methods
2.1 Experimental Setup. The illustration of the inkjet-based

bioprinting system used in this study is shown in Fig. 1. Briefly,
there are several major components including an inkjet nozzle con-
trolled by a piezo actuator, a bioink reservoir providing the bioink to
the inkjet nozzle, a waveform generator, a high-resolution horizon-
tal imaging system, a pneumatic controller, and a substrate receiv-
ing the cell-laden droplets. Specifically, in this study, sodium
alginate with high water content and excellent biocompatibility

was selected to provide the microenvironment for cell attachment,
proliferation, and differentiation [30]. The 3T3 fibroblasts were
selected to be suspended within 0.5% (w/v) sodium alginate solu-
tion with a cell concentration of 1.5 × 106 cells/ml. For more
details regarding the experimental setup and materials refer to our
earlier studies [18,31]. In this study, during the printing process,
the cell aggregation is quantified within the bioink reservoir and
inside the nozzle, and after the printing process, the cell aggregation
is quantified within the formed microspheres.

2.2 Cell Aggregation Characterization. The cell aggregates
are classified into three types: individual cells without aggregation,
small aggregates with 2–4 cells, and large aggregates with at least
five cells. The percentage of individual cells without aggregation
was characterized using the following equation

ic% =

∑

a=1

ab

∑c

a=1

ab
× 100% (1)

where ic% represents the percentage of individual cells without
aggregation, a represents the number of the cells in the individual
cells or cell aggregates, b represents the associated counting fre-
quency of individual cells or cell aggregates, and c represents the
largest cell aggregate with the maximum number of individual
cells. The percentage of the cells forming small aggregates was
characterized using the following equation:

sa% =

∑4

a=2

ab

∑c

a=1

ab
× 100% (2)

where sa% represents the percentage of the cells forming small cell
aggregates. The percentage of the cells forming large aggregates
was characterized using the following equation:

la% =

∑c

a=5

ab

∑c

a=1

ab
× 100% (3)

Fig. 1 Schematic diagram of the experimental setup. Cell aggregation is characterized during and after the printing
process.
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where la% is the percentage of the cells forming large cell
aggregates.
During the printing process, the cell aggregation is quantified

within the bioink reservoir and inside the nozzle. Within the
bioink reservoir, a small amount of bioink was collected and
observed using a hemocytometer at a printing time of 0–60 min
with an interval of 20 min. Experiments were repeated three times
at each condition. Within the transparent inkjet nozzle (MicroFab
Technologies, Plano, TX), a time-resolved imaging system
(ImageXpert, Nashua, NH) was utilized to capture the images and
characterize cell aggregation and spatial distribution within the
nozzle at the printing time of 0 min and 15 min. The reason for
selecting different printing times for the characterization of cell
aggregation within the bioink reservoir and inkjet nozzle is the dif-
ferent severity of cell aggregation. Cell aggregation is more severe
within the inkjet nozzle. With a longer printing time, larger sizes of
the three-dimensional cell aggregates are formed within the nozzle
which increase the difficulty of accurately differentiating and count-
ing the number of individual cells composing the cell aggregates.
The nozzle was divided into six regions and marked as 1–6
shown in Fig. 1. At each condition, 100 images were captured to
measure the cell aggregation percentage in each region. Inside the
nozzle, the bioink flow is driven by the complex pressure wave.
The suspended individual cells or cell aggregates are affected by
the flow and may migrate in different directions. Hence, the
nozzle inside space was divided into six regions. Regions 1 and 3
are on the top close to the nozzle inner wall, regions 4 and 6 are
at the bottom close to the nozzle inner wall, and regions 2 and 5
are in the vicinity of the nozzle centerline on the top and at the
bottom, respectively. In addition, after the printing process, the
cell aggregation is quantified within the formed microspheres at
the printing time of 0 min and 15 min. A thousand microspheres
were randomly selected to quantify the mean cell number within
the microspheres, and the percentages of microspheres containing
individual cells, small aggregates, and large aggregates were char-
acterized, respectively [32]. For the cell aggregation within the
bioink reservoir, a one-way analysis of variance was performed to
check the significance of printing time on cell aggregation where
P< 0.05 indicated a statistically significant effect. For the cell
aggregation within the inkjet nozzle and microspheres, a t-test
was performed to check the significance of printing time on cell
aggregation where P < 0.05 indicated a statistically significant
effect.

3 Results and Discussions
Using the bioink with a low polymer concentration in inkjet-

based bioprinting, the cells are driven by the dominant gravitational
force to sediment resulting in the accumulation of cells at the
bottom of the bioink reservoir. Therefore, the cell-cell distance is
reduced resulting in the enhancement of cell-cell interaction force
and facilitation of cell aggregation [33]. Specifically, Sec. 3.1 inves-
tigates the cell aggregation at the bottom of the bioink reservoir
during the bioprinting process. The percentage of the cells
forming individual cells and cell aggregates are characterized
after 0 min, 20 min, 40 min, and 60 min printing time, respectively.
Section 3.2 focuses on the formation and distribution of individual
cells and cell aggregates within the inkjet nozzle during the bio-
printing process. Section 3.3 investigates the distribution of individ-
ual cells and cell aggregates within the formed microspheres after
the bioprinting process.

3.1 Investigation of Cell Aggregation Within the Bioink
Reservoir During Printing. At the beginning of the printing
process, the cells in the bioink are suspended uniformly within
the bioink reservoir. With the increase of the printing time, the
cells sediment to the bottom of the bioink reservoir, resulting in
the cell aggregation. Figure 2 representatively shows the effect of
the printing time on the cell aggregation at the bottom of the

bioink reservoir. It is seen that with the increase of the printing
time, the percentage of the individual cells decreases significantly
while the percentage of the cells forming small and large aggregates
increases significantly. As the printing time increases from 0 min to
20 min to 40 min to 60 min, the percentage of the individual cells
decreases significantly from 96.4% to 77% to 70% to 45.5%, and
the percentage of the cells forming small aggregates increases sig-
nificantly from 3.6% to 23% to 30% to 42.7%. Large cell aggregates
are only observed at 60 min printing time with an 11.8% percentage
of the cells forming large aggregates. At the printing time of 0 min,
96.4% cells are individual cells without aggregation. However, at
the printing time of 60 min, only 45.5% cells are individual cells,
and small aggregates are 42.7%, and large aggregates are 11.8%.
This indicates a severe cell aggregation phenomenon within the
bioink reservoir during the bioprinting process. The P-value is
less than 0.05 indicating the printing time has a significant effect
on the cell aggregation.

3.2 Investigation of Cell Aggregation and Distribution
Within the Inkjet Nozzle During Printing. During the bioprint-
ing process, the bioink at the bottom of the bioink reservoir is trans-
ferred to the inkjet nozzle for the droplet formation process. The cell
aggregation inside the nozzle is compared at the printing time of
0 min and 15 min as shown in Fig. 3. It is seen that at 0 min printing
time, most of the cells within the inkjet nozzle are individual cells
without aggregation. There are only 3.5% of the cells forming
small cell aggregates, and no large cell aggregates are observed.
However, at the printing time of 15 min, the percentage of the
individual cells without aggregation dramatically decreases to
17.3%. There are 54.5% of the cells forming small cell aggregates
composed of 2–4 cells, and 28.2% of the cells forming large cell
aggregates composed of at least five cells. At the printing time of
0 min, only 3.5% cells form cell aggregates, while 82.7% cells
form either small or large cell aggregates after 15 min indicating
severe cell sedimentation and cell aggregation inside the nozzle
during the printing process. The P-value is less than 0.05 indicating
the printing time has a significant effect on the cell aggregation.
Inside the nozzle, the bioink flow is driven by the complex pres-

sure wave. The suspended cells or cell aggregates are affected by
the flow and may migrate in different directions. Hence, the
nozzle inside space was divided into six regions. This is the first
study investigating the spatial distributions of the cell aggregates
in different regions within the nozzle shown in Fig. 4. At the print-
ing time of 0 min, 96.5% cells are individual cells without aggrega-
tion. 55% of the individual cells are located in regions 2 and 5
shown in Fig. 4(a) indicating the cells tend to migrate to the vicinity
of the nozzle centerline instead of the regions near the nozzle wall.
At the printing time of 15 min, 17.3% cells are individual cells
without aggregation. 64.4% of the individual cells shown in Fig.
4(b) are located in regions 2 and 5 which are the center regions
of the nozzle inside space. In addition, in Fig. 4(b), 70.7% of the
small aggregates and 99% of the large aggregates appear in
regions 2 and 5. The observation of the cell aggregate distribution
is similar to that of the individual cells. Compared to the individual
cells, the cell aggregates seem to even more prefer the vicinity of the
nozzle centerline. Almost all large cell aggregates are observed in
the center region of the nozzle inside space. During the printing
process, the bioink inside the nozzle is mainly subject to a shear
flow driven by the complex pressure wave. The motion of the
cells suspended in the bioink is significantly affected by the shear
flow and bioink rheological properties [34]. The bioink has
typical non-Newtonian shear-thinning properties. The measure of
the viscosity under different shear rates is shown in Fig. 4(a) indi-
cating weak shear-thinning properties. When the cells are subject to
a shear flow at the weak shear-thinning effect of the bioink, the sus-
pended cells tend to migrate towards the centerline of the nozzle
where the shear is smaller [35]. In addition, the lift force induced
by the wall also drives the particles to be away from the wall [36].
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3.3 Investigation of Cell Aggregation and Distribution
Within the Formed Microspheres After Printing. Initially,
with a low cell concentration, most of the formed microspheres
only contain zero or a few cells inside. And there are a few micro-
spheres containing cell aggregates inside. However, as the cell con-
centration of the bioink is increased and the cell aggregation is

facilitated due to the cell sedimentation, the number of the cells
encapsulated within one microsphere generally increases, and the
probability of one microsphere containing cell aggregates signifi-
cantly increases. In this section, 1000 microspheres are selected
to quantify the post-printing cell distribution demonstrating the dis-
tribution of cells within the formed microspheres. And the number

Fig. 3 Comparison of individual cells and cell aggregates within the inkjet
nozzle at 0 min and 15 min printing time. The inserted images are representative
images of the cells within the inkjet nozzle at different printing times.

Fig. 2 Effect of the printing time on the cell aggregation at the bottom of the
bioink reservoir. The inserted images representatively show the individual cells
and cell aggregates at 0 min and 60 min printing time.
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of microspheres only containing individual cells and small and large
sizes of cell aggregates at different printing times is characterized
and shown in Fig. 5.
The cell-laden droplets are deposited onto the substrate contain-

ing the crosslinking agent (2% (w/v) calcium chloride in this study).
The cell-laden droplets are crosslinked to form microspheres with
the living cells encapsulated. In this section, 1000 microspheres
are randomly selected to quantify the post-printing cell distribution
within the formed microspheres. Figure 5 shows the post-printing
percentages of microspheres containing individual cells, small cell
aggregates, and large cell aggregates at different printing times.
At 0 min printing time, the maximum number of cells encapsulated

within one microsphere is three. There are 68.7%, 25.5%, 4.1%, and
1.4% of the microspheres containing no cells, one single cell, two
cells, and three cells, respectively. Among the microspheres with
cell encapsulation, 95.5% microspheres contain individual cells
without cell aggregation, 4.5% microspheres contain small aggre-
gates with 2–4 cells, and 0% microspheres contain large aggregates
with at least five cells. The mean cell number per microsphere is
0.38. At 15 min printing time, the maximum number of cells encap-
sulated within one microsphere is ten. There are 48.4%, 27.7%,
19.2%, and 4.7% of the microspheres containing no cells, one
single cell, two to four cells, and at least five cells, respectively.
Among the microspheres with cell encapsulation, 70.2%

Fig. 4 (a) Cell spatial distribution within the inkjet nozzle at 0 min printing time, and bioink viscosity measurement showing
weak shear-thinning properties and (b) spatial distribution of individual cells, small cell aggregates, and large cell aggregates
within the inkjet nozzle at 15 min printing time
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microspheres contain individual cells without cell aggregation,
20.7% microspheres contain small aggregates with 2–4 cells, and
9.1% microspheres contain large aggregates with at least five
cells. The mean cell number per microsphere is 1.05 indicating
the increase in the local cell concentration due to the cell sedimen-
tation. The P-value is less than 0.05 indicating the printing time has
a significant effect on the cell aggregation.

4 Conclusions and Future Prospective
Recently, 3D bioprinting techniques have been broadly recog-

nized as a promising tool to fabricate functional tissues and
organs. The bioink used for 3D bioprinting consists of biological
materials and cells. Because of the dominant gravitational force,
the suspended cells in the bioink sediment result in the significant
increase in the local cell concentration, which facilitates the cell
aggregation. As reported in a recent study [37], higher viscosity
of sodium alginate could help to mitigate cell sedimentation and
aggregation. However, it is not wise to mitigate the cell sedimenta-
tion and aggregation simply by increasing the viscosity of the
polymer solution since high-viscosity sodium alginate solution
may easily cause nozzle clogging and reduce the printing perfor-
mance. Cell aggregation is widely recognized as a critical challenge
in 3D bioprinting, significantly affecting the printing reliability and
quality. This paper is the first study focusing on the investigation of
cell sedimentation-induced cell aggregation during and after inkjet-
based bioprinting. The major conclusions are summarized as
follows: (1) as the printing time increases from 0 min to 60 min,
the percentage of the cells forming cell aggregates at the bottom
of the bioink reservoir increases significantly from 3.6% to
54.5%, indicating a severe cell aggregation challenge in 3D bio-
printing, (2) during inkjet-based bioprinting, at the printing time
of only 15 min, more than 80% of the cells within the nozzle
have formed cell aggregates. Both the individual cells and cell
aggregates tend to migrate to the vicinity of the nozzle centerline
mainly due to the weak shear-thinning properties of the bioink,
and (3) after the bioprinting process, the mean cell number per
microsphere increases significantly from 0.38 to 1.05 as printing
time increases from 0 min to 15 min. The maximum number of
cells encapsulated within one microsphere is ten, and 29.8% of
the microspheres with cells encapsulated have contained small or
large cell aggregates at the printing time of 15 min.

Future work may include a more comprehensive study on the cell
aggregation and its effect on the printing performance during inkjet-
based bioprinting of cell-laden bioink, and the development of an
effective method to mitigate cell sedimentation and aggregation.

Acknowledgment
This work was partially supported by the National Science Foun-

dation (NSF) (Grant No. CMMI-1762282).

Conflict of Interest
There are no conflicts of interest.

Data Availability Statement
The authors attest that all data for this study are included in the

paper.

Nomenclature
a = the number of the cells in the individual cells or cell

aggregates
b = the associated counting frequency of individual cells or cell

aggregates
c = the largest cell aggregate with the maximum number of

individual cells
ic% = the percentage of individual cells without aggregation
la% = the percentage of the cells forming large cell aggregates
sa% = the percentage of the cells forming small cell aggregates
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