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Coaxial nozzle-assisted electrohydrodynamic printing
for microscale 3D cell-laden constructs
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Abstract: Cell printing has found wide applications in biomedical fields due to its unique capability in fabricating living
tissue constructs with precise control over cell arrangements. However, it is still challenging to print cell-laden 3D structures
simultaneously with high resolution and high cell viability. Here a coaxial nozzle-assisted electrohydrodynamic cell printing
strategy was developed to fabricate living 3D cell-laden constructs. Critical process parameters such as feeding rate and
stage moving speed were evaluated to achieve smaller hydrogel filaments. The effect of CaCl, feeding rate on the printing
of 3D alginate hydrogel constructs was also investigated. The results indicated that the presented strategy can print 3D
hydrogel structures with relatively uniform filament dimension (about 80 um) and cell distribution. The viability of the
encapsulated cells was over 90%. We envision that the coaxial nozzle-assisted electrohydrodynamic printing will become a

promising cell printing strategy to advance biomedical innovations.
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1. Introduction

In the past decades, cell printing has been extensively
studied in biomedical fields due to its unique capability
in precise patterning of biological components such
as living cells in a controlled manner™™. Several
bioprinting techniques have been developed mainly
including microextrusion-based printing, inkjet printing
and laser-assisted printing'®. However, there are some
drawbacks of these existing strategies in fabricating
complex three-dimensional (3D) structures with
relatively high resolution and high cell viability in a
costly effective way. For example, inkjet cell printing
employs thermal or piezoelectric effect to print cell-
hydrogel droplets, which affects cell viability and
limits low cell concentration™”. Laser-assisted printing
commonly requires costly equipment and cannot
fabricate 3D constructs’®®. Microextrusion-based cell
printing has the drawbacks of low printing resolution as
well as the side effect of flow-induced shear stress on
cell viability®™ ™,

Electrohydrodynamic jetting or printing recently
attracts extensive attentions in fabricating high-
resolution features based on the principle of electrohy-

drodynamically induced material flows™ %, Several
process parameters had been investigated to achieve
stable electrohydrodynamic printing process, such as
applied voltage, moving speed, feeding rate of materials
and inter diameter of nozzle™ . Recent explorations
indicate that biomaterials like living cells and hydrogels
can be electrohydrodynamically printed and maintained
their viability® ", For example, Gasperini et al. further
fabricated hollow cylindrical cell-laden structures
using an electrohydrodynamic bioprinter®. Yao et al.
fabricated 3D cell-laden alginate structures with the
help of aerosol crosslinking mechanism by combining
electrohydrodynamic printing and traditional extrusion-
based cell printing®®”. However, the size of these
electrohydrodynamically printed hydrogel filaments was
commonly larger than 200 um.

We previously developed a novel electrohydrodynamic
cell printing strategy that can fabricate cell-laden
constructs with microscale resolution (<100 um) and
high cell viability (>95%)". However, alginate filaments
were mainly crosslinked by the calcium ions diffused
from the collecting substrate of agarose hydrogel, which
limited the layer number of the electrohydrodynamically
printed hydrogel smaller than 20. Here a coaxial nozzle-
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assisted electrohydrodynamic cell printing process was
further presented aiming to fabricate 3D cell-laden
constructs with high resolution and high cell viability.
The printed alginate filament can be instantly crosslinked
by the calcium chloride solution flowed from the coaxial
nozzle during the 3D electrohydrodynamic printing
process.

2. Materials and Methods

2.1 Materials

Alginate with medium viscosity (2000 mPa-s) was
purchased from Sigma (United Kingdom). Calcium
chloride powder was bought from Aladdin (Shanghai,
China). Agarose powder with low melting temperature
(87-89 °C) was bought from Biowest (Spain). 3% (w/
v) alginate solution was prepared by dissolving alginate
powder into phosphate buffer saline (PBS). 2% (w/v)
agarose solution with 3% (w/v) calcium chloride was
prepared by dissolving agarose and calcium chloride
powders in tris-buffered saline (TBS) at 100 °C. 1% (w/
v) calcium chloride solution was prepared by dissolving
calcium chloride powder into TBS at room temperature.
Flat agarose hydrogel with a thickness of 3 mm was
prepared by casting agarose solution in a petri dish. For
electrohydrodynamic cell printing, rat myocardial cell
lines (H9C2, ATCC) were added into alginate solution
with a density of 1x10° cells mL™.

2.2 Coaxial Nozzle-Assisted Electrohydrody-
namic Cell Printing Platform

A house-made electrohydrodynamic printing platform
was used which mainly consists of three components: a
high-voltage generator (ZGF-30/5, Welldone, Shanghai,
China), a multi-channel syringe pump system (TJ-2A,
Longer Pump, Baoding, China) and a high-resolution
X-y-z movement stage (Xiamen Heidelstar Co., China).
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Alginate solution and calcium chloride solution were
loaded into two 1 mL syringes which were separately
controlled by the syringe pump. A coaxial printing
nozzle was mounted onto the z-axis and connected with
the positive terminal of a high-voltage generator. The
core inlet of the nozzle was connected with the syringe
loaded with alginate solution while the sheath inlet of
the nozzle was connected with the syringe loaded with
calcium chloride solution respectively via soft tubes
as shown in Figure 1. Insulating petri dish and agarose
hydrogel with calcium ions were sequentially placed
on the grounded x-y moving stage as the collecting
substrate. The distance between the coaxial nozzle and
the collecting substrate was fixed at 200 um.

To initialize the electrohydrodynamic printing process,
high voltage was applied and the syringe pump was
opened to simultaneously feed alginate solution and
calcium chloride solution into the coaxial nozzle. The
electrohydrodynamically printed alginate solution was
instantly crosslinked in contact with calcium chloride
solution to form hydrogel filaments and deposit onto the
collecting substrate. The deposition of alginate hydrogel
filaments could be flexibly controlled to fabricate
complex patterns by directing the movement of x-y
stage according to a user-specific design. A 3D hydrogel
structure can be further electrohydrodynamically printed
by precisely stacking the alginate filaments in a layer-by-
layer manner.

2.3 Effect of Applied Voltage on the Width of
the Printed Filaments

To tightly attach the printed hydrogel filament to the
collecting substrate, calcium chloride solution was not
supplied in the printing of the first three layers. The
electrohydrodynamically printed alginate filament was
crosslinked by the calcium ions in agarose hydrogel.
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Figure 1. Schematic of coaxial nozzle-assisted electrohydrodynamic printing for microscale cell-laden constructs
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We firstly compared the width of the printed filaments
with or without applied voltage under different nozzle
diameter when alginate feeing rate and stage moving
speed were fixed at 600 puL/h and 15 mm/s, respectively.
Three kinds of coaxial nozzles were used with the core/
sheath diameter of 160/500 um (30G/21G), 260/840
um (25G/18G) and 410/1010 um (22G/17G). The
morphology and width of the printed filaments were
characterized with an inverted fluorescence microscope
(ECLIPSE Ti, Nikon, Japan). For each condition, three
samples were separately printed with nine locations
totally measured.

2.4 Effect of Process Parameters on the Width
of Electrohydrodynamically Printed Filaments

The effect of alginate feeding rate and stage moving
speeding on the width of the electrohydrodynamically
printed filaments was studied when the applied voltage
and nozzle-to-substrate distance were fixed at 4.5 kV
and 200 um. Alginate feeding rate of gradually increased
from 200 pL/h to 1000 pL/h when the stage moving
speed was fixed at 30 mm/s. The moving speed changed
from 15 mm/s to 35 mm/s when alginate feeding rate
was fixed at 400 puL/h. The morphology of the printed
filaments was characterized and the filament width was
expressed as mean + standard deviation.

2.5 Effect of CaCl, Feeding Rate on the
Electrohydrodynamic Printing of 3D Constructs

To fabricate 3D hydrogel constructs using the presented
electrohydrodynamic printing method, it is necessary to
simultaneously feed alginate and CacCl, solutions using
the coaxial nozzle to ensure instant crosslinking when
the layer number is over 3. The effect of CaCl, feeding
rate on the maximum layer number of the printed
constructs was investigated. CaCl, feeding rate varied in
the range of 0—300 pL/h and the maximum layer number
was recorded when the electrohydrodynamic printing
process became unstable.

2.6 Characterization of the Electrohydrody-
namically Printed 3D Hydrogel Constructs

3D hydrogel constructs with different layer number
of 10, 30, 50 and 70 were electrohydrodynamically
printed. The macro/microscopic images of the resultant
constructs were viewed with a digital camera (Nikon,
Japan) or optical microscope. The 3D profiles of the
printed constructs were reconstructed using a confocal
laser scanning microscope (OLS4000, Olympus, USA),
based on which the construct height was quantified.
The electrohydrodynamically printed constructs with
50 layers were further freeze-dried in a lyophilizer (FD-
1A-50, Biocool, Beijing, China) for three days. The

microstructures were observed with scanning electron
microscope (SEM, SU8010, Hitachi, Japan).

2.7 Electrohydrodynamic Printing of 3D Cell-
Laden Constructs

To demonstrate the capability of the presented strategy
for cell printing, 3D cell-laden constructs with a layer
number of 30 were electrohydrodynamically printed.
To evaluate cell viability, Live/Dead assay (Thermo
Fisher Scientific, USA) was performed according to the
manufacture’s specifications. The 3D fluorescent images
of the constructs were reconstructed with a confocal
microscopy (Nikon, Japan). Cell number and cell
viability at specific layer of 5, 15 and 25 were quantified.
The quantified data is expressed as mean + standard
deviation. Statistical analysis was performed using
analysis of variance in Microsoft Excel software. Values
of p < 0.05 was considered to be statistically significant.

3. Results and Discussion

Figure 2A-F show the morphology of alginate filaments
electrohydrodynamically printed by different nozzle
diameter without/with applied voltage. When the voltage
was not applied, the width of the printed filaments
gradually increased from 166.15 £ 2.67 um to 196.78
+ 4.87 um as the core nozzle diameter changed from
160 um to 410 pm. When the voltage of 4.5 kV was
applied, the width of the electrohydrodynamically
printed filaments increased from 144.24 + 4.82 um to
167.33 = 7.40 um as the nozzle diameter increased.
In all cases, the width of the electrohydrodynamically
printed filaments was obviously smaller than that of
extrusion-based printing filaments as shown in Figure
2G. This indicated that applied voltage could decrease
the width of the printed filaments. Previous studies also
indicated that a thinner Taylor cone could be achieved
under a higher voltage, which can decrease line width
during the printing process™® !, Therefore, in the
following experiment, applied voltage of 4.5 kV and the
coaxial nozzle with core diameter of 160 pm and sheath
diameter of 500 um were used to achieve relatively
smaller filaments.

Figure 3A shows the filament morphology as well
as the measured width of the electrohydrodynamically
printed filaments under fixed stage moving speed of
30 mm/s and different alginate feeding rate. When the
alginate feeding rate was lower than 400 pL/h, the
printed filaments were discontinuous. As the alginate
feeding rate increased from 400 pL/h to 1000 pL/h, the
filament width significantly increased from 92.53 + 2.75
um to 137.70 = 2.99 um. When alginate feeding rate
was fixed at 400 pL/h, the printed filament was straight
and continuous and the filament width significantly
decreased from 122.24 £ 4.42 ym to 92.53 £2.75 ym as
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Figure 2. Effect of high voltage on width of electrohydrody-
namically printed filament. (A—C) Morphology of the extruded
filaments as the core nozzle diameter changed from 160 um to 410
um. (D-E) Morphology of the electrohydrodynamically printed
filaments with the voltage of 4.5 kV as the core nozzle diameter
changed from 160 pm to 410 um. (G) Quantification of the width
of the printed filament.

stage moving speed changed from 10 mm/s to 30 mm/
s in Figure 3B. When the moving speed was over 30
mmy/s, the printing filaments became discontinuous. The
smallest filament (<100 um) was achieved when the
feeding rate of alginate and stage moving speed were
fixed at 400 puL/h and 30 mm/s, respectively.

To test the feasibility of using coaxial nozzle-
assisted electrohydrodynamic printing to fabricate
3D hydrogel constructs, multilayer structures were
further printed with CaCl, feeding rate of 300 uL/h

after the first three layers were completed. However,
it was found that the electrohydrodynamic printing
process became unstable with discontinuous alginate
filaments when the stage moving speed was 30 mm/
s (Supplementary Movie 1). Continuous alginate
filaments can be achieved when the stage moving speed
decreased to 15 mm/s (Supplementary Movie 2). This
was mainly caused by the flow of CaCl, solution during
the electrohydrodynamic printing process. Therefore, a
lower stage moving speed of 15 mm/s was used to print
the 3D constructs.

The effect of CaCl, feeding rate on the electrohydro-
dynamic printing of 3D constructs was investigated.
Figure 4A shows the microscopic images of the printed
constructs with a layer number of 13 when CacCl,
feeding rate is zero. It was obviously observed that the
printed alginate solution was not instantly crosslinked at
the top layer due to diffusion-based limitation of calcium
ions and was prone to form aggregates at the crossed
sites. When CaCl, feeding rate increased from 100 pL/
h to 300 uL/h, more layers of alginate filaments could be
electrohydrodynamically printed as shown in Figure 4B—
D. The printing layer number was mainly determined
by CaCl, feeding rate. Figure 4E shows the relationship
between the maximum printing layer and CaCl, feeding
rate. Alginate hydrogel constructs with the maximum
printing layer number of 73 can be fabricated when
CaCl, feeding rate was fixed at 300 uL/h. In addition,
calcium chloride solution could fill in the pore of the 3D
constructs as the layer number increased. Therefore, the
printed cell-laden filaments were always immersed into
the liquid environment during the electrohydrodynamic
printing process, which might reduce the side effect of
water evaporation on the cell viability.

3D alginate hydrogel constructs with different layer
number were electrohydrodynamically printed when
alginate feeding rate, stage moving speed and CacCl,
feeding rate were fixed at 400 uL/h, 15 mm/s and 300
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Figure 3. Effect of process parameters on the width of the electrohydrodynamically printed filaments. (A) Quantification of filament width
as alginate feeding rate changed from 200 pl/h to 1000 pL/h. (B) Quantification of filament width as stage moving speed changed from

15 mm/s to 35 mm/s.
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Figure 4. Effect of CaClz feeding rate on the maximum printing layer number of the 3D constructs. (A—D) Microscopic images of the
printed constructs with a layer number of 13, 25, 45 and 75 in corresponding to CaClz feeding rate of zero, 100 uL/h, 200 uL/h and 300 pL/h.
(E) The relationship between maximum printing layer number and CaCl- feeding rate.

uL/h, respectively. Figure 5A-D show the printed
structures with the layer number of 10, 30, 50 and 70.
The thickness of the printed constructs significantly
increased as the layer number increased. This indicated
that the electrohydrodynamically printed alginate from
the core nozzle can be instantly crosslinked by calcium
ions from the sheath nozzle to form tiny filaments with
a relatively uniform diameter of 80 um. In addition, the
calcium chloride solution around the hydrogel filaments
can significantly decrease the evaporation of water
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inside printed constructs, which might be important for
cell viability. Figure 5E-H show the 3D profiles of the
electrohydrodynamically printed constructs with the
layer number of 10, 30, 50 and 70. The printed filaments
were successfully stacked up to form 3D constructs in
a layer-by-layer manner. The measured height for the
printed constructs increased from 172.73 + 9.93 pm
to 1464.53 + 14.46 um as the layer number increased
from 10 to 70 (Figure 51). In all cases, the average
height for each layer was about 18.53 + 1.32 um, which
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Figure 5. Electrohydrodynamic printing of 3D constructs with different layer number. (A-D) Photos and microscopic images of the
constructs with the layer number of 10, 30, 50 and 70. (E-H) 3D profiles of the printed constructs with the layer number of 10, 30, 50 and
70. (1) Quantification of the construct height with different layer number.
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further verified that the printed alginate solution could
be instantly crosslinked to form hydrogel filament with
uniform dimension. Since the height of each layer was
close to the size of living cells, it might enable to print
the filaments with single layer of cells in the vertical
direction for high-resolution cell printing.

Figure 6 shows the SME images of the electrohy-
drodynamically printed hydrogel construct with a
layer number of 50. The printed filaments at neighbor
layers were tightly merged together, which maintained
structural integrity after freeze drying. The diameter
of the freeze-dried filaments was about 70 pum, slightly
smaller than that of the freshly printed hydrogel filaments
due to shrinking during the freeze-drying process.
Together, these results indicated that the introduction
of coaxial nozzle in the electrohydrodynamic printing
process significantly enhance the capability to fabricate
3D hydrogel constructs.

Cell-laden hydrogel constructs with a layer number
of 30 were finally electrohydrodynamically printed as
shown in Figure 7A. Figure 7B shows fluorescent images
of the cell-laden constructs (top view) stained with Live/
Dead assay. The cells were completely confined inside
the hydrogel filaments and most cells kept alive (green).

Figure 6. SEM images of the electrohydrodynamically printed construct
with a layer number of 50 after freeze drying

Figure 7C illustrates the 3D profile of the printed cell-
laden constructs. The height of the obtained structure
was about 500 um. Figure 7D—F show cell distribution
at specific layer of 5, 15 and 25, respectively. The
electrohydrodynamically printed cells were uniformly
distributed among layers (p = 0.26) and the average cell
number for each layer was about 70 (Figure 7G). There
is no significant difference in cell viability among layers
as shown in Figure 7H (p = 0.20). The cell viability was
higher than 90%. These results indicated that the coaxial

nozzle-assisted electrohydrodynamic printing strategy
could effectively fabricate the 3D cell-laden constructs
with high resolution, uniform cell distribution and high
cell viability.

4. Conclusion

In summary, coaxial nozzle-assisted electrohydrody-
namic printing technique was successfully developed to
fabricate microscale 3D cell-laden alginate constructs.
Process parameters such as applied voltage, alginate
feeding rate, stage moving speed and CaCl, feeding rate
were systematically studied to stably print microscale
hydrogel filaments with 2D/3D organizations. 3D
hydrogel constructs with the maximum layer number of
73 can be electrohydrodynamically printed in a layer-
by-layer manner. The height of the printed constructs
was approximately 1464.53 + 14.46 pm and the filament
dimension maintained relatively uniform (80 pum in
width and 18.5 um in height). Cell-laden constructs with
uniform cell distribution and high cell viability (>90%)
was finally achieved. However, it is still challenging
to fabricate higher complex heterogeneous 3D living
constructs with multiple cell types and hydrogel
compositions. In addition, the presented coaxial nozzle-
assisted electrohydrodynamic printing should be further
explored to solve these problems.
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