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Introduction

In the past decade, three-dimensional (3D) bioprinting,
which precisely deposits bioink composed of the biologi-
cal materials and the living cells into delicate structures with
the living cells encapsulated, has made numerous important
advances in tissue engineering and regenerative medicine
[1, 2]. Depending on the printing mechanism, 3D bioprint-
ing technologies are generally categorized into four types:
inkjet-based bioprinting, microextrusion-based bioprinting,
laser-assisted bioprinting, and stereolithography-based bio-
printing [3]. Each of these techniques has its benefits and
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drawbacks. For instance, inkjet-based bioprinting has a high
printing resolution and good controllability of the deposi-
tion of the bioink. However, its tolerance for bioink viscosity
is quite limited [4, 5] with only bioinks with the viscosity
range of 3-30 mPa-s suitable for this method [6]. More-
over, the cell concentration is limited to the order of 10°
cells/mL to avoid nozzle clogging and ensure continuous jet-
ting [7]. Meanwhile, microextrusion-based bioprinting, as a
low-cost technique, can print bioink with a wide range of vis-
cosities and cell concentrations [8] despite its relatively low
post-printing cell viability due to high shear stress [9]. Laser-
assisted bioprinting, originating from laser-induced forward
transfer (LIFT), can accurately control the resolution of the
printed constructs and improve the printing quality. Its dis-
advantages include high cost and time requirement limiting
its wider applications in biomedical engineering [10, 11].
Stereolithography-based bioprinting is capable of fabricat-
ing 3D constructs with a high resolution. However, due to the
photo-cross-linking mechanism during bioprinting, the mate-
rial choices for stereolithography are generally restricted to
photopolymers [12].

Benefiting from the recent advances in 3D bioprint-
ing techniques and broader choices of biomaterials, 3D
bioprinting has been widely performed in a variety of appli-
cations including tissue engineering [13, 14], drug screening
[15], and regenerative medicine [16]. The biomaterials suit-
able for 3D bioprinting should bear certain advantages
such as shear-thinning properties, good printability, bio-
compatibility, satisfactory mechanical properties, and easy
cross-linking mechanism [17-19]. Naturally derived poly-
mers (such as alginate [20], fibrin [21], and collagen [22]) and
synthetic polymers (such as polyethylene glycol (PEG) [23]
and gelatin methacrylate (GelMA) [24]) have been widely
utilized in 3D bioprinting to mimic the natural extracellular
matrix (ECM). A variety of cells (such as NIH/3T3 fibrob-
lasts [25], human mesenchymal stem cells (hMSCs) [26],
and human umbilical vein endothelial cells (HUVECsS) [27])
have been selected as the model cells for various biomedi-
cal applications. Different 3D bioprinting techniques have
been implemented to successfully fabricate artificial tis-
sues/organs, such as cartilage [28], skin [29], heart [30], and
vascular-like constructs [31], indicating the potential and fea-
sibility to replicate the complex shapes and functions of the
3D native tissues/organs [32]. With the rapid development of
technologies and materials, 3D bioprinting is currently envi-
sioned as a promising approach to fabricate 3D functional
tissues and organs used for transplantation [33].

3D bioprinting requires a reliable and accurate printing
process using cell-laden bioink, which is vital to realize the
functionality of printed tissues/organs [34]. Cell sedimenta-
tion in the bioink reservoir is a significant challenge during
3D bioprinting, because cell sedimentation facilitates cell
aggregation resulting in an unstable printing process and noz-
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zle clogging. Bioink used in 3D bioprinting is a suspension
of living cells in a biomaterial solution. Since the gravita-
tional force acting on cells is greater than the buoyant force,
the suspended cells in the bioink will sediment with time
to the bottom of the bioink reservoir resulting in inhomoge-
neous cell concentration. The local cell concentration at the
reservoir bottom significantly increases, resulting in severe
cell adhesion and aggregation. Consequently, the droplet for-
mation process during printing is highly unstable, and cell
distribution within the formed microspheres is extremely
non-uniform. The overall printing reliability and quality are
thus very poor. Notably, cell sedimentation is significant
during inkjet-based bioprinting and stereolithography-based
bioprinting when low-viscosity bioink is utilized [35]. On
the other hand, during microextrusion-based bioprinting and
laser-assisted bioprinting, cell sedimentation is usually not
significant, because high-viscosity bioink is typically used
and cell sedimentation is thus suppressed. However, the
bioink used in microextrusion may also have a low viscos-
ity. In that case, cell sedimentation and aggregation become
significant due to low viscosity of bioink.

The cell sedimentation phenomenon in the bioink reser-
voir, as well as its resulting cell aggregation and poor printing
reliability and quality during inkjet-based bioprinting, is
schematized in Fig. 1. At the beginning of the bioprinting
process, the bioink is mixed using a pipette, and the cell
spatial distribution within the bioink reservoir is relatively
uniform. With the increase in the printing time, the sus-
pended cells sediment to the bioink reservoir bottom, and the
local cell concentration at the bottom significantly increases.
When the distance between adjacent cells is small enough,
the cells adhere to each other to form cell aggregates. These
cell aggregates may contain different numbers of cells and
their sizes can reach hundreds of micrometers (larger than
the nozzle diameter, e.g., 120 wm). Owing to these cell
aggregates, the printing process becomes highly unstable
and undesirable satellite droplets are formed. Moreover, the
cell distribution within the formed microspheres becomes
highly non-uniform. Several researchers have reported the
negative effects of cell sedimentation on the printing per-
formance during the printing process. For example, Graham
et al. studied the effect of cell sedimentation on the cell con-
centration and reported an increase in cell concentration from
the initial 1-1.5 x 107 cells/mL to 3 x 107 cells/mL [36].
Bhattacharyya et al. reported that the different properties
of the bioink at different heights within the bioink reser-
voir were due to cell sedimentation [37]. Saunders et al.
reported poor printing performance due to cell sedimenta-
tion after 20-min printing time using inkjet-based bioprinting
[38]. The current review is the first of its kind to summarize
the phenomena of cell sedimentation, discuss the relevant
theories, and explore the strategies to mitigate cell sedimen-
tation during 3D bioprinting. The sections of this paper are
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Fig. 1 Consequences of cell sedimentation on the printing quality during inkjet-based bioprinting of bioink containing living cells

organized as follows: The Theory and quantification sec-
tion summarizes the force analysis during cell sedimentation
and the governing equations to quantify osmosis-based mass
transfer through the cell membrane; the Mitigation section
classifies and discusses different approaches to mitigate the
effect of cell sedimentation; the Conclusions and outlook
section draws the conclusions based on the current findings
and presents some future directions toward better strategies
to mitigate cell sedimentation to significantly improve the
printing reliability and quality.

Theory and quantification

Theories are important to understand the mechanism of the
cell sedimentation phenomenon. Xu et al. systematically
studied the cell sedimentation mechanism by conducting
a force analysis on a single cell during inkjet-based bio-
printing [5]. In general, the cell sedimentation process is
determined by four forces including gravitational force, drag
force, buoyant force, and force due to cell-cell interaction.
The gravitational force can be characterized using the for-
mula

G=npVg 6]

where p. represents the cell mass density, V represents the
cell volume, and g is the gravitational coefficient. The buoy-
ant force can be estimated using the formula

Fy=pVg (2)

where p denotes the fluid density. The drag force can be
quantified by the formula

1
Fq = E,OUZCDA 3)

where v represents the cell sedimentation velocity, Cp repre-
sents the drag coefficient that is related to Reynolds number
(Re), and A is the cross-sectional area of a single cell. The
adhesion of cells is mediated by the reservable bonds formed
between different cells [39], and the force due to cell—cell
interaction F'¢ can be characterized using the bond model

Fe = Npk(xm — x3) 4

where Ny represents the bond density, k represents a constant
which controls the formation or dissociation of the bonds, and
xm and x;, are, respectively, the current and the equilibrium
lengths of a bond [40, 41]. When a bioink with a low cell
concentration is selected for 3D bioprinting, the cells are rel-
atively far away from each other and the force due to cell—cell
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Fig.2 Force analysis on a single cell during sedimentation when a low
cell concentration is selected for 3D bioprinting

interaction is negligible. Since the cell gravitational force is
greater than the cell buoyant force, the cells start to sediment
and the drag force comes into play. In the steady-state equi-
librium, the cell gravitational force is balanced by the cell
buoyant force and drag force, as shown in Fig. 2.

With the printing time, cells increasingly sediment to
the bottom of the bioink reservoir, resulting in a significant
increase in the local cell concentration. The distance between
adjacent cells becomes smaller and smaller. When it reaches
acritical value (e.g., 4 pm for red blood cells [42]), the force
due to cell-cell interaction comes into play; cells start to
adhere to each other to form cell aggregates through cell-cell
interaction.

Importantly, the cell gravitational force may change dur-
ing the cell sedimentation process. The cell membrane is
selectively permeable. There is water transport due to the
osmosis mechanism and ion transport due to the facili-
tated diffusion mechanism [43, 44]. As shown in Fig. 3, the
movement of water into and out of the cells across the per-
meable membrane occurs through osmosis until equilibrium
is reached. This is caused by the concentration gradient of
solute inside and outside the cells; water generally moves
from a lower solute concentration to a higher solute concen-
tration. Depending on the solute concentration gradient, there
are three types of solutions: hypotonic solutions, hypertonic
solutions, and isotonic solutions [45]. In hypotonic solutions,
the solute concentration is lower than that inside the cells.
Water moves into the cells to cause cell swelling, which
reduces the cell mass density [46]. In hypertonic solutions,
the solute concentration is higher than that inside the cells.
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Water moves out of the cells to cause cell shrinking, which
increases the cell mass density [46]. In isotonic solutions,
the solute concentration is equal to that inside the cells. The
cells retain their original shape, and cell mass density does
not change. However, the size and shape of the cells may
change depending on the osmotic water movement [47]. The
osmotic pressure is caused by different concentrations of
solutes between the two sides of the cell membrane. The
magnitude of the osmotic pressure is characterized by the
formula

7 =MRT (5)

where 7 represents the osmotic pressure, M represents the
molar concentration difference of all solutes on two sides of
the membrane, R is the ideal gas constant, and T indicates
the absolute temperature. The water diffusion through the
cell membrane satisfies Fick’s law:

J=-_Dac ©)
)

where J denotes the diffusion flux, D is the diffusion coeffi-

cient, AC represents the solute concentration difference on

two sides of the membrane, and § is the thickness of the mem-

brane. For diffusion of a spherical shape with low Reynolds

number, the diffusion coefficient D can be calculated as

kgT

D = 7
67T @

where kg denotes Boltzmann’s constant, i represents the
dynamic viscosity, and r is the sphere radius. Besides the
water transport across the membrane, certain ions (such as
K*, Na*, and CI™) are also selectively permeable to the
cell membrane. The ion transport across the cell membrane
is realized through facilitated diffusion by specific proteins
termed transmembrane proteins present on the membrane
surface [48]. The governing equation is

dn VM AX

i ®)

- K
1+ 5073

where n is the number of ions in the cell, ¢ represents the
time, Vyvax 1S the maximum rate of diffusion when all the
transmembrane proteins are saturated, and K denotes the con-
centration gradient of the proteins at the rate of diffusion
0.5VMmax. Both K and V\ax are physical properties depend-
ing on the permeability and surface area of the cells. Finally,
with the water diffusion and ion transport across the mem-
brane, the concentration gradient across the cell membrane
diminishes and a local concentration equilibrium is achieved.

The cell sedimentation phenomenon has been character-
ized mainly by measuring the cell sedimentation velocity and
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Fig.4 Cell sedimentation quantification: (a) effect of Ficoll PM400 con-
centration on the sedimentation velocity of MCF-7 breast cancer cells
(Reprinted from [49], Copyright 2012, with permission from Wiley);
(b) effects of sodium alginate concentration and printing time on cell

the resulting cell concentration change. The cell sedimenta-
tion velocity is in the order of pm/s. The specific value of
cell sedimentation velocity depends on different types of cells
with different mass and composition of the bioink (e.g., poly-
mer concentration, biomaterials, etc.). The major findings are
displayed in Fig. 4. Chahal et al. utilized a bioink containing
MCEF-7 breast cancer cells and Ficoll PM400 with different
Ficoll concentrations [49]. Without Ficoll PM400, the aver-
age cell sedimentation velocity was 7.5 wm/s, which resulted
in severe cell sedimentation and clusters of cells. However,
this average velocity decreased to 2.3, 0.8, and — 0.15 pm/s
when the concentration of Ficoll PM400 increased to 5%,
10%, and 15% (w/v), respectively. This indicated that neu-
tral buoyancy was achieved at 10—15% (w/v) Ficoll PM400.
It was observed that larger cell aggregates sedimented faster
and a single cell sedimented with a lower velocity. Xu et al.
systematically quantified the cell sedimentation velocity and
the resultant cell concentration at the bottom of a bioink reser-
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sedimentation velocity and the resultant cell concentration at the bot-
tom of the bioink reservoir (Reprinted from [5], Copyright 2019, with
permission from The American Institute of Physics)

voir using a bioink containing NIH 3T3 mouse fibroblasts
and sodium alginate [5]. It was found that the cell sedimen-
tation velocity decreased from 1.45 to 0.65 wm/s when the
sodium alginate concentration increased from 0.5% to 1.0%
(w/v). The local cell concentration at the bioink reservoir
bottom increased with the printing time. Within two hours,
the local cell concentration increased by four times from 5 x
107 cells/mL to 2 x 10° cells/mL for the 0.5% (w/v) sodium
alginate solution. It was also reported that the cells accumu-
lated at the bioink reservoir bottom and large cell aggregates
were observed. Pepper et al. reported a significant change in
the uniformity of the bioink due to cell sedimentation dur-
ing inkjet bioprinting and presented a mathematical model
to predict the local cell concentration at the bottom of the
bioink reservoir [50]. Both the model and the experimental
data showed a linear increase in cell concentration with the
printing time as a result of cell sedimentation.
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Mitigation

Cell sedimentation results in cell adhesion and aggregation,
significantly affecting the bioprinting performance. Various
approaches have been proposed to mitigate cell sedimen-
tation, as shown in Fig. 5. These can be mainly classified
into two categories: active stirring of the cell-laden bioink
and addition of functional biocompatible materials. For the
former method, Parsa et al. implemented intermittent stir-
ring in the bioink reservoir using a 3-mm externally actuated
magnetic stirrer bar [51]. They found that the sedimentation
of Hep G2 hepatoma cells was mitigated, and the relia-
bility of inkjet-based bioprinting process was improved as
shown in Fig. 5a. Similarly, Chen et al. applied a magnetic
stirring device in the bioink with eight different types of
cells (such as 3T3 cells, HepG2, and HUVECsS), as shown
in Fig. 5b [52]. The results showed that the cell distribu-
tion within the bioink was almost homogeneous, and the
formed droplets with one single cell were improved by
43.8%. Other researchers utilized neutral buoyancy to mit-
igate cell sedimentation. The polymer concentration was
elevated to increase the buoyant force until the cell grav-
itational force was balanced. Parsa et al. also added the
biocompatible surfactant Pluronic with 0.05% concentration
into the bioink containing Hep G2 hepatocytes [51]. It was
found that the cell viability remained above 95% after two-
day incubation. Chahal et al. added Ficoll PM400 into the
bioink containing MCF-7 breast cancer cells to mitigate cell
sedimentation, as shown in Fig. 5c¢ [49]. It was found that
the neutral buoyancy occurred between 10 and 15% Ficoll
PM400, and the cell viability was not affected. The experi-
mental results also demonstrated that, through the addition
of Ficoll PM400, the chance of nozzle clogging was signifi-
cantly reduced, and the cell distribution after the piezoelectric
inkjet printing process became more consistent. Ng et al.
incorporated different concentrations of polyvinylpyrroli-
done (PVP) macromolecules in the bioink to mitigate cell
sedimentation during the drop-on-demand microvalve-based
bioprinting process, as shown in Fig. 5d [53]. The addi-
tion of PVP macromolecules up to 3% (w/v) proved to
significantly mitigate cell sedimentation and improve the
printing consistency. Na et al. mixed biocompatible silk
fibroin (SF) particles within GelMA-based bioink contain-
ing NIH 3T3 cells in projection-based stereolithography, as
shown in Fig. 5e [54]. It was found that the addition of
up to 1% SF particles improved the uniformity of cells in
each layer, and the cells maintained good metabolic activ-
ity. Lindsay et al. added a small amount of calcium cations
to the alginate-based bioink containing neural progenitor
cells in microextrusion bioprinting [55]. The alginate-based
bioink was lightly cross-linked to form a weak gel dur-
ing first-stage cross-linking, which effectively prevented cell
sedimentation. Then, a follow-up second-stage cross-linking
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was performed by using a larger volume of calcium after the
printing process.

Although the aforementioned approaches have proved
as effective to mitigate cell sedimentation, some important
concerns remain. Parsa et al. reported that the cell viabil-
ity was significantly decreased from 100% to around 75%
within 50-min stirring time, indicating the cell damage during
the stirring process [51]. Moreover, the addition of func-
tional particles and biomaterials may increase the viscosity
of the cell-laden bioink, which may affect wide applications
of the bioink in inkjet-based and stereolithography-based
bioprinting. The selections of the functional particles and bio-
materials are also limited. Finally, some of the approaches
may not be applicable for bioink with multiple cell types,
because different cells have different mass densities. For
example, the mass density of mouse lymphocytic leukemia
cells (L1210) is in the range of 1.05-1.12 g/mL [56]; that
of human lung carcinoma cells (H1650) is in the range of
1.04-1.06 g/mL [57]; and that of yeast cells is in the range
of 1.1-1.11 g/mL [58]. Active stirring implements magnetic
stirrer bars to consistently mix the cell-laden bioink. This
approach is mechanical mixing-based and is applicable for
bioink containing different types of cells. However, mechan-
ical mixing may result in cell damage, especially for some
types of cells that are sensitive to mechanical stresses. Other
approaches to mitigate cell sedimentation comprise adding
functional materials to reduce the difference between the cell
mass density and the bioink mass density. It is known that
different types of cells have different cell mass densities. For
different types of cells, the bioink should be carefully for-
mulated. Moreover, it is extremely difficult to accommodate
multiple cell types in the bioink to achieve neutral buoyancy.
In summary, cell sedimentation is a significant challenge in
3D bioprinting, playing a pivotal role in cell aggregation as
well as the overall printing reliability and quality. Therefore,
it is critical to investigate new effective and efficient mitiga-
tion approaches.

Conclusions and outlook

This review, as the first of its kind specifically focusing on
the cell sedimentation phenomenon in 3D bioprinting, helps
to draw more attention to this phenomenon and its effects
on printing reliability and quality. The summary of this mini
review is provided in Table 1. During cell culture, cells may
have different attachment levels exhibiting different aspect
ratios depending on the culture conditions, which further
affects cell gravity, as well as the corresponding cell sedi-
mentation during the bioprinting process. The bioink used
for 3D bioprinting contains suspended living cells. With the
printing time, the suspended cells sediment to the bottom
of the bioink reservoir, which is recognized as an important
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Table 1 Summary of this mini review

Consequence Reduced printing reliability
Theory Force analysis

Osmosis-based mass transfer
Quantification Sedimentation-related parameters
Mitigation Active stirring

Functional biocompatible materials

Non-uniform cell distribution [37, 49]
Cell aggregation [5, 49, 50]

Force equilibrium [5]

Mass transfer [46-48]

Cell sedimentation velocity [5, 49]
Cell concentration [5, 36]
Magnetic stirring [51, 52]

Ficoll PM400 [49]

PVP macromolecules [53]

SF particles [54]

challenge in 3D bioprinting, as it is directly related to cell
adhesion and aggregation, significantly affecting the printing
performance during 3D bioprinting. The cell sedimentation
phenomenon is governed by four forces, including gravi-
tational force, buoyant force, drag force, and force due to
cell—cell interaction. The mass density of cells may change
through water transport due to osmosis and ion transport due
to facilitated diffusion mechanism. The physics-based model
proposed in this study helps to tackle the complex dynamics
in cell sedimentation. However, there are some significant
challenges to fully understand this complex process, includ-
ing the precise quantification of cell gravity and mass transfer
through the cell membrane. Several research groups have
measured the cell sedimentation velocity and investigated
the effects of polymer concentration and printing time on cell
sedimentation velocity and local cell concentration at the bot-
tom of the bioink reservoir. Some approaches have targeted
the mitigation of cell sedimentation, which can be mainly
classified into two categories: active stirring of the cell-laden
bioink and addition of functional biocompatible materials.
Although the proposed approaches proved as effective, there
are some important concerns including decreased cell viabil-
ity, limited selection of the functional materials, and inability
to accommodate multiple cell types. In addition to bioink
concentration and viscosity, there are other parameters that
may affect cell sedimentation and aggregation in 3D bio-
printing, such as the binding between biochemical ligands
and the receptors on the cell membrane. Hence, it is crit-
ical to investigate new effective and efficient mitigation
approaches. The future directions comprise the utilization
of functional nanoparticles attached to cell membranes to
enable the manipulation of cell motions through electric
fields or magnetic fields [59, 60]. Cell sedimentation is a
multidisciplinary topic involving material sciences, mechan-
ical engineering, and biomedical engineering. Approaches
integrating these fields to mitigate cell sedimentation should
be developed to ensure printing reliability and quality as well
as the functionality of the fabricated tissues and organs using
3D bioprinting.
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