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Abstract: Three-dimensional (3D) bioprinting systems serve as advanced manufacturing platform for the precise deposition
of cells and biomaterials at pre-defined positions. Among the various bioprinting techniques, the drop-on-demand jetting
approach facilitates deposition of pico/nanoliter droplets of cells and materials for study of cell-cell and cell-matrix interactions.
Despite advances in the bioprinting systems, there is a poor understanding of how the viability of primary human cells within
sub-nanoliter droplets is affected during the printing process. In this work, a thermal inkjet system is utilized to dispense
sub-nanoliter cell-laden droplets, and two key factors — droplet impact velocity and droplet volume — are identified to have
significant effect on the viability and proliferation of printed cells. An increase in the cell concentration results in slower
impact velocity, which leads to higher viability of the printed cells and improves the printing outcome by mitigating droplet
splashing. Furthermore, a minimum droplet volume of 20 nL per spot helps to mitigate evaporation-induced cell damage and
maintain high viability of the printed cells within a printing duration of 2 min. Hence, controlling the droplet impact velocity
and droplet volume in sub-nanoliter bioprinting is critical for viability and proliferation of printed human primary cells.
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1. Introduction

The advances in three-dimensional (3D) bioprinting
techniques enable the fabrication of highly-complex 3D
patient-specific tissue-engineered constructs; the highly-
automated manufacturing platform facilitates the precise
patterning of living cells and biomaterials in a layer-by-
layer approach to control the spatial arrangement of these
functional components within the complex 3D tissue-
engineered constructs!'*. The extracellular matrix (ECM)
provides a suitable microenvironment for the living

cells and plays important role in regulating cell-cell and
cell-biomaterial interactions™®), and the 3D bioprinting
techniques facilitates the fabrication of complex micro-
architecture that closely resembles the ECM components
within the 3D bioprinted constructs®!¥. The 3D
bioprinting techniques can be categorized into 3 distinct
processes: material jetting'>2, material extrusion!?!-],
and vat polymerization-*, Although the extrusion-based
bioprinting approach is a commonly used technique for
fabrication of 3D complex tissue constructs due to its wide
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range of printable materials and rapid fabrication speed,
the drop-on-demand (DOD) material jetting approach
is attractive for contactless deposition and patterning of
different types of living cells and biomaterials within
each layer to achieve improved cell-cell and cell-matrix
interactionsB*-3.

Despite the advances in DOD material jetting-based
bioprinting techniques, there is limited understanding of
how the viability of the printed cells are affected. Droplet
impact of cell-laden bio-inks during DOD bioprinting
process affects the quality of the printing outcome
(through droplet splashing) and the cell viability.
Although the droplet splashing phenomenon has been
studied extensively for more than 140 years®, in-depth
and high-resolution studies were only conducted in the
last 2 decades due to the advancement in the high-speed
video technology®™. The outcome of the droplet impact
can be categorized into 6 different scenarios — deposition,
prompt splash, corona splash, receding breakup, rebound,
and partial rebound. To date, there are only limited studies
that investigated the influence of droplet impact on the
cell viability of the printed cells?*¢*1. Several models
have been proposed to simulate the cell viability post
droplet impact, such as the Newtonian model where the
cells and the droplets are assumed as Newtonian®"), or
a compound droplet model with both the cells and the
droplets modelled as viscoelastic fluids with different
properties, and the ambient fluid modelled as Newtonian
fluid®¥), Although these models provide some insights
into how the cell viability might be affected by the fluid
properties of the bio-ink, experimental results have not
been collected to verify the accuracy of the models. The
influence of droplet impact velocity on cell viability is a
highly-complex phenomenon; an in-depth understanding
of the droplet impact velocity on cell viability would be
useful for DOD cell printing applications.

Another important consideration during DOD
bioprinting of cell-laden bio-inks is the influence of
droplet evaporation on the viability of the printed cells
within the encapsulated droplets. This is a critical aspect
of DOD bioprinting that has been overlooked, and there
is a poor understanding of how the droplet evaporation
influences the printed cell viability over time. The droplet
evaporation mechanism is a highly-complex process,
which is dependent on various parameters such as the
evaporation mode of the deposited fluids, the physical
parameters such as temperature and pressure, the property
of the solvent, and the interactions between solvent,
particles, and substrate™"!,

In this study, we demonstrated using a DOD thermal
inkjet bioprinting system that an increase in the cell
concentration resulted in slower droplet impact velocity
during jetting of sub-nanoliter cell-laden droplets. The
decrease in the droplet impact velocity leads to higher

viability of the printed cells and improves the printing
outcome by mitigating droplet splashing. Furthermore, it
is important to limit the printing duration for each printed
layer within 2 min to prevent excessive droplet evaporation
to maintain high cell viability. The cells were printed using
the recommended printing parameters — cell concentration
of 4 million cells/mL within printing duration of 2 min; the
cells became elongated on day 1 and proliferated well over
a period of 7 days to reach almost 90% cell confluency
on day 7. The study has highlighted that controlling the
droplet impact velocity and droplet evaporation is critical
for achieving improved short-term cell viability and long-
term cell proliferation of printed cells. The ability to
maintain high cell viability and proliferation rate of the
printed cells is useful for various bioprinting applications,
such as fundamental studies of cell-cell or cell-matrix
interactions, and fabrication of in-vitro tissue models.

2. Experimental section

2.1. Cell culture

Primary human dermal fibroblasts (HDF) were purchased
from CellnTec Advanced Cell Systems and used in
this study. The fibroblasts were cultured in CnT-Prime
Fibroblast Proliferation Medium (CnT-PR-F, 1% serum
medium supplemented with fully defined growth factors
and co-factors) at a temperature of 37°C. The culture
medium was changed once every 3 days. The cells were
routinely passaged in tissue culture flasks (passages 3
—5), and the adherent cells were harvested using CnT
Accutase cell detachment solution (CnT-Accutase 100)
at 90% confluency. Different concentrations of cell-
laden bio-inks were prepared; the detached fibroblast
cells were suspended in 1x phosphate-buffered saline
(PBS) solution — HyClone™, 0.0067 M without calcium
(Ca*) and magnesium (Mg*) to get the desired cell
concentration (0 — 5 million cells/mL). The PBS solution
was selected in this experiment for the following reasons:
(1) it is a biocompatible medium to deposit cell-laden
droplets for fundamental studies of cell-cell and cell-
matrix interactions (whereby cell encapsulation in
hydrogel matrix may not be desirable); and (ii) various
hydrogels may be printed at low concentrations using the
inkjet bioprinting approach; hence, the PBS solution was
used to serve as a baseline to understand the influence of
different printing conditions on cell viability.

2.2. Characterization of bio-inks

The printability of the bio-inks can be evaluated by
determining the dimensionless Z value — the inverse of the
Ohnesorge number (Oh), which can be defined as the ratio
between the Reynolds number and the square root of the
Weber number and is independent of the bio-ink velocity.
To investigate the influence of cell concentration on the
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properties (Z values) of the cell-laden bio-inks, cell-laden
bio-inks of varying cell concentrations (0 — 5 million
cells/mL) were prepared. Measurements were performed
on the different cell-laden bio-inks to investigate the
influence of cell concentration on viscosity, surface
tension, and density of the bio-inks and their respective
Z values. The rheological properties of the cell-laden
bio-inks were evaluated using the Discovery hybrid
rheometer (TA instruments, New Castle, DE, USA). The
values of the strain amplitude were first verified to ensure
that all measurements were performed within the linear
viscoelastic region. Next, the viscosities of different cell-
laden bio-inks were evaluated for shear rates ranging
from 10% to 10* s at a constant temperature of 25°C.
The surface tension of the bio-inks was measured using
Optical contact angle system (OCA 15 EC, Data Physics
Instrument), and a weighing balance was used to measure
the density of the bio-inks (weight per mL of bio-ink).
A sample size of 5 was used for all the measurements.

2.3. Evaluation of bio-inks

A thermal inkjet printer (HP D300e Digital Dispenser)
was utilized for cell printing; cell-printing cassettes
(specially-designed C-8 cassettes with 8 embedded
thermal inkjet print-heads with nozzle orifice of 80 wm
diameter were used in this study) with a high printing
frequency of 1 kHz were used in this study. The thermal
inkjet print-head dispensed a constant droplet volume
of ~0.345 nL, and multiple droplets were printed at the
same spot to achieve the desired droplet volume. The
nozzle to substrate distance is approximately 15 mm.
Different cell-laden bio-inks (1 — 5 million cells/mL)
were printed directly onto dry tissue-treated 12 well
plates at varying total dispensed volume of 20 nL, 40 nL,
and 60 nL to evaluate its printability and printed cell
output. Furthermore, the cell-laden bio-inks (1 — 5 million
cells/mL) were also printed directly into tissue-treated
12-well plates that were filled close to the brim with 1x
PBS solution to analyze the influence of thermal inkjet
printing process on the viability of printed cells at varying
cell concentrations.

2.4. High-speed imaging of droplet dispensing

A high-speed camera (Photron Nova S12 —up to 200,000
frames per second [fps]) was used to capture high-speed
images of cell-laden droplets travelling from the nozzle
orifice until it hits the substrate surface (~ 15 mm apart).
As the number of recorded fps increases, it would lead
to a smaller area of interest being captured. Hence, the
number of recorded fps is selected based on the highest
possible fps for the area of interest. To evaluate the droplet
velocity profile, the high-speed images were captured at
100,000 fps, 1x zoom and 1/950,000 shutter speed to
obtain the full profile of the droplets travelling along

the nozzle-substrate distance of ~ 15 mm. The average
droplet velocity profile can be obtained by calculating
the distance travelled by the droplets (n = 15) between
subsequent frames (10 s apart). Furthermore, the camera
is also focused on the substrate surface to capture high-
speed images of the droplet impact on substrate surface
at varying cell concentration (0 — 4 million cells per mL)
using 144,000 fps, 5% zoom and 1/950,000 shutter speed.

2.5. Influence of droplet impact on printed cell
viability

The thermal inkjet printer (HP D300e Digital
Dispenser) was utilized to dispense cell-laden droplets
(1 — 4 million cells/mL) directly onto dry tissue-treated
culture plate across a nozzle-substrate distance of ~
15 mm to investigate the influence of droplet impact
on printed cell viability at varying cell concentrations.
The cell-laden droplets were printed at 1 kHz frequency
into tissue-treated 12-well plates to obtain 8 x 8 array
of droplets (20 nL per spot) in each of the 12-well plate
(both dry well-plates — original well-plates and the filled
well-plates — original well-plates filled close to the brim
with PBS solution). The total printing time for each cell-
laden bio-inks (1 — 4 million cells/mL) is <2 min per
well plate. The printed arrays of cell-laden droplets were
immediately evaluated for its cell viability by adding
Live/Dead Viability/Cytotoxicity kits (Invitrogen™
L3224, Thermo Fisher Scientific) directly and incubating
for 10 min before fluorescence imaging. The stained green
cells represent viable printed cells, whereas the stained red
cells represent dead printed cells. The average printed cell
viability (%) is obtained by calculating the ratio of viable
green cells to dead red cells inside each printed droplet.
The droplet impact velocity of each cell-laden bio-inks (1
—4 million cells/mL) is then obtained from the high-speed
images in earlier study to analyze the influence of droplet
impact velocity on the viability of printed cells.

2.6. Influence of droplet evaporation on printed
cell viability

The thermal inkjet printer (HP D300e Digital Dispenser)
was utilized to dispense varying volume of cell-laden
droplets (4 million cells/ml at 20, 30, and 40 nL per
droplet position — the volume of each dispensed droplet
is ~0.345 nL) directly onto dry tissue-treated culture
plate to investigate the influence of droplet evaporation
on printed cell viability. One of the key advantages of the
inkjet bioprinting system is its high printing resolution
through deposition of nanoliter droplets. However, there
is limited studies that investigate the influence of droplet
evaporation on printed cell viability in nanoliter droplets.
The understanding of this phenomenon would help to
implement a suitable printing duration for deposition of
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cell-laden droplets at nanoliter droplets with high cell
viability. The cell-laden droplets were printed at 1 kHz
frequency into tissue-treated 12-well plates to obtain 8
x 8 array of droplets (varying total dispensed volume of
20, 30, and 40 nL per droplet position). The total printing
time for each study was limited to <1 min, and the time
taken for this evaporation study was measured at the
start of printing. The viability of printed arrays of cell-
laden droplets (20 nL, 30 nL and 40 nL per spot) was
evaluated by adding the Live/Dead Viability/Cytotoxicity
kits (Invitrogen™ 13224, Thermo Fisher Scientific)
at different time intervals (2, 4, 6, 8 and 10 min) post-
printing and incubating the staining solution for 10 min
before fluorescence imaging. The stained green cells
represent viable printed cells, whereas the stained red
cells represent dead printed cells. The average printed cell
viability (%) is obtained by calculating the ratio of viable
green cells to dead red cells inside each printed droplet for
varying droplet volumes (20, 30, and 40 nL) at different
time intervals (2, 4, 6, 8, and 10 min) post-printing.

2.7. Long-term printed cell proliferation study

The next important step was to demonstrate the long-term
proliferation profile of the printed cells. The primary HDF
cells were printed using optimal printing cell concentration
and printing duration and cultured over a period of 7 days
inside an incubator. For the long-term proliferation study,
the PrestoBlue® assay was used to measure the proliferation
profile of printed cells based on the normalized relative
fluorescence units (RFUs) over a period of 7 days (day 1,
3 and 7) post-printing. Fresh culture medium was added to
cells before the addition of the PrestoBlue® assay (10% of
the total volume) in the ratio of 9:1, followed by incubation
at 37°C for 2 h. A micro-plate reader was then used to excite
the PrestoBlue® assay at 560 nm wavelength and measure
its fluorescence emission at 590 nm wavelength. The
measured fluorescence units for the different fluorescence
measurements were then normalized to the control group on
day 1 to obtain the normalized RFUs for easy comparison.

2.8. Statistical analysis

All experimental results were presented as mean + standard
deviation. Statistical comparisons were performed using
Student’s #-test. Values are significantly different when
P < 0.01. Significance levels are as follows: P < 0.001
(***) as the most significant and P < 0.01 (*) as the least
significant.

3. Results and discussion

3.1. Characterization of bio-inks

The cell-laden bio-inks were prepared by mixing the
primary HDFs directly with 1x PBS solution to obtain
cell-laden bio-inks of varying cell concentrations

(0 — 5 million cells/mL). In general, the cell-laden bio-
inks can be categorized into 3 distinct classifications
based on the cell volume fraction ¢*!: dilute bio-inks (¢
< 2%), semi-dilute bio-inks (¢ < 25%), and concentrated
bio-inks (¢ > 25%). The cell diameter of the HDFs is
~18.2 £ 1.6 um, and the cell volume fractions of the
cell-laden bio-inks (1 — 5 million cells/mL) used in
this study were 0.337%, 0.674%, 1.011%, 1.348%, and
1.685%, respectively. Hence, the cell-laden bio-inks
used in this study are considered dilute bio-inks. The
rheological measurement demonstrates an increasing
shear rate that results in lower average viscosity, and the
decrease in bio-ink viscosities for all the cell-laden bio-
inks (0 — 5 million cells/mL) becomes less significant
at higher shear rates (> 10° s™') (Figure 1). Hence, the
measured average viscosity values at shear rate of 10* s™!
would be representative of the shear rate experienced by
the cells during the printing process which is estimated
to be > 10* s7'. An increase in cell concentration of the
bio-inks resulted in higher average viscosity values
from 0.687 mPa.s (0 million cells/mL) to 0.868 mPa.s
(5 million cells/mL). The presence of suspended cells led
to higher energy dissipation due to increased frictional
force and distorted flow field experienced at the ink-cell
interface during the printing process. Hence, an increase in
cell concentration results in higher bio-ink viscosities and
this observation is corroborated by earlier studies**]. The
measured surface tension of cell-laden bio-inks generally
decreases with increasing cell concentration; the surface
tension decreases from 72.12 + 0.47 for 0 million cells/
mL to 62.86 + 1.00 for 5 million cells/mL. The increase in
cell concentration leads to lower total free energy due to
higher cell adsorption at the liquid-gas interface. Hence,
the overall surface tension decreases with increasing cell
concentration and this phenomenon is consistent with
other prior works on particle-laden suspension*>*!, The
density of the 1x PBS solution is 1006.6 + 2.2 kg/m®and
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Figure 1. Influence of cell concentration on bio-ink properties.
Characterization includes measurement of viscosity, surface
tension, and density with a sample size of 5. Rheological
characterization of cell-laden bio-inks ranging from 0 to 5 million
cells/mL from shear rate of 100 to 10,000 s™'.
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the overall density of the bio-inks generally increases with
increasing cell concentration. The density of the cell-laden
bio-inks increases from 1007.3 + 2.6 kg/m® at 1 million
cells/mL to 1012. + 2.2 kg/m? at 5 million cells/mL.

The physical properties (viscosity, surface tension and
density) of the different cell-laden bio-inks were used to
calculate the dimensionless Z value which helps to predict
the printability of a bio-ink (Table 1). The dimensionless Z
value is an inverse of the Ohnesorge number (Oh), which can
be defined as the ratio between the Reynolds number and the
square root of the Weber number, and is independent of the
bio-ink velocity!'>. The viscous dissipation prevents droplet
formation at low Z values (Z < 2), while undesirable satellite
droplets form at high Z values (Z > 14)], An increasing
cell concentration generally leads to a lower Z value and the
measured Z values of the cell-laden bio-inks in this study
were within the range of 58.11 (5 million cells/mL) < Z <
72.92 (1 million cells/mL). The high Z values implied that
all the cell-laden bio-inks (1 — 5 million cells/mL) were
printable with formation of satellite droplets. Nevertheless,
it is important to consider potential clogging of the cell-
laden bio-inks (average cell diameter of ~18.2 = 1.6 um)
in the 80 um nozzle diameter used in this inkjet printing
system.

3.2. Evaluation of bio-inks

The different cell-laden bio-inks (1 — 5 million cells/mL)
were evaluated for the jettability - the ability to eject
a primary droplet out from the nozzle orifice. The cell
volume fractions of the cell-laden bio-inks (1 — 5 million
cells/mL) used in this study were 0.337%, 0.674%,
1.011%, 1.348%, and 1.685%, respectively. The clogging
mechanism during the flow through narrow channels is
an extremely complex phenomenon; clogging can occur
even if the particles are an order of magnitude smaller
than the nozzle diameter'®!, The maximum particle size
that can be printed is limited by the nozzle diameter
because of the potential agglomeration of particles inside
the ink, which may lead to clogging of the nozzle. It has
been reported that the printer nozzle diameter should be
at least 100 times greater than the particle size to prevent
potential clogging!*”. Other important considerations

include the complexity of print-head design such as
inner chamber height and the various types of coating
within the firing chamber. The average cell diameter was
~18.2 £ 1.6 um, and the ratio of nozzle diameter to cell
diameter was ~4.396. It was observed that the cell-laden
bio-ink containing 5 million cells/ml could not be ejected
from the nozzle orifice possibly due to clogging issue.
Hence, the subsequent experiments were conducted using
printable cell-laden bio-inks (1 — 4 million cells/mL).

Next, the printed cell output per droplet volume was
evaluated for all the cell-laden bio-inks (1 — 4 million
cells/mL) at varying droplet volumes (20 nL, 40 nL and
60 nL). In general, the measured cell output per droplet
volume is less than theoretical number of cells based
on the cell concentration for all the cell-laden bio-inks
(1 — 4 million cells/mL) at all droplet volumes (20 nL,
40 nL and 60 nL). It is likely that the cells adhere to the
inner surface of the microchannel wall and accumulate
over time, leading to lower-than-expected cell output.
The printed cell output of all the cell-laden bio-inks at
varying droplet volume was summarized in Figure 2A
and Table 2. Furthermore, the cell-laden bio-inks
(1 — 5 million cells/mL) were also printed directly into
filled tissue-treated 12-well plates and compared against
the non-printed cells to analyze the influence of thermal
inkjet printing process on the viability of printed cells at
varying cell concentrations. The viability of non-printed
cells was determined to be at 97.4 + 1.89%, and the cell
suspension was adjusted to obtain various cell-laden bio-
inks (1 — 5 million cells/mL) for printing experiments.
Direct printing of cell-laden bio-inks into filled well plate
helps to mitigate the damage from droplet impact to the
encapsulated cellsP”). Although the printed cell viability
decreases slightly with increasing cell concentration
from 95.3 £ 3.80 % (1 million cells/mL) to 92.8 + 2.82 %
(4 million cells/mL), the influence of cell concentration
on printed cell viability is not significant (Figure 2B).

3.3. High-speed imaging of droplet dispensing

A high-speed camera, Photron Nova S12 — up to 200,000
fps, was used to capture high-speed images of cell-
laden droplets travelling between the nozzle orifice and

Table 1. Properties of cell-laden bio-inks ranging from 0 to 5 million cells/mL.

Cell concentration Viscosity (mPa.s) Surface tension (nN/m) Density (kg/m®) Nozzle radius (um) Z value

(mil cells/mL)

0 0.687 72.12+0.47 1006.6+2.2 40 78.41
1.0 0.736 71.51+0.66 1007.3+£2.6 40 72.92
2.0 0.776 66.52+0.90 1008.4£2.2 40 66.74
3.0 0.794 65.33+0.21 1009.2+2.5 40 64.67
4.0 0.828 63.48+0.82 1010.1£2.8 40 61.16
5.0 0.868 62.86+1.00 1012.0+£2.2 40 58.11

Average viscosity at shear rate of 10,000 s™!, surface tension and density of the cell-laden bio-inks.
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Table 2. Printed cell output, cell viability and printability of cell-laden bio-inks.

Cell concentration  No. of cells/ No. of cells/ No. of cells/  Control:Non- Printing Printability
(mil cells/mL) droplet (20 nL) droplet (40 nL) droplet (60 nL) printed cell process on
viability (%) cell viability
()
0 0 0 0 - - Yes
1.0 6.83+£2.75 12.6+5.42 19.76+7.50 97.4+1.89 95.3+£2.78 Yes
2.0 10.71£2.49 22.76+4.42 33.71£7.23 97.4+1.89 94.3+2.02 Yes
3.0 21.56+3.24 44.6+£6.43 80.7+14.54 97.4+1.89 93.1+2.63 Yes
4.0 28.68+7.36 58.89+13.51 108.2+13.95 97.4+1.89 92.7+2.38 Yes
5.0 - - - 97.4+1.89 - No
A Cell output
140

- = #=Number of printed cells (1 mil cells per mL)

% 120 | _,- Number of printed cells (2 mil cells per mL)
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Figure 2. Evaluation of cell-laden bioinks in terms of printability, cell output and cell viability. (A) Printed cell output of cell-laden bio-
inks ranging from 1 — 5 million cells/mL at varying droplet volume — 20, 40, and 60 nL on dry tissue-treated well plate. (B) Representative

fluorescence images of printed cells stained using Live/Dead cell vi

ability assay (green — viable cells, red — dead cells) to investigate the

influence of shear stress in nozzle orifice on cell viability; the cell-laden bio-inks ranging from 1 — 5 million cells/mL are printed directly

into a pool of PBS solution filled to the brim; scale bar =200 wm.

substrate surface (~ 15 mm apart) to mimic printing
of cell-laden droplets into standard tissue culture well
plates. The high-speed images were captured at 100,000
fps to investigate the influence of cell concentration
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on droplet velocity before droplet impact. The average
droplet velocity profile can be obtained by calculating
the distance travelled by the droplets (n = 15) between
subsequent frames (10 us apart).
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Representative images of the dispensed droplets
travelling between the nozzle orifice and substrate surface
at varying cell concentration (0 — 5 million cells/mL)
are shown in Figure 3A. In general, an increase in cell
concentration leads to slower initial droplet velocity
from 23.43 m/s (0 million cells/mL), 16.95 m/s
(1 million cells/mL), 14.76 m/s (2 million cells/mL),
13.25m/s(3millioncells/mL)to7.84m/s(4millioncells/mL)
and similar observations have been reported for printing
of particle-laden suspensions®**!,  An increase in
cell concentration leads to higher viscous dissipation
during droplet formation process; hence, it results

in a lower overall droplet velocity at higher cell
concentration. Furthermore, it was observed that
the dispensed droplets for all cell concentrations
decelerated at relatively similar rates over the nozzle-
substrate distance of 15 mm (Figure 3B). The final
droplet velocities just before droplet impact were
20.20 m/s (0 million cells/mL), 14.07 m/s (1 million
cells/mL), 11.81 m/s (2 million cells/mL), 10.52 m/s
(3 million cells/mL) to 5.77 m/s (4 million cells/mL).
The thermal inkjet print-head was used to dispense
multiple droplets (constant droplet volume of ~0.345 nL)
at the same spot to achieve the desired droplet volume

A 0 mil cells per mL 1 mil cells per mL 2 mil cells per mL
FO F20 F40 F60 FO F20 F40 F60 F80 F100 FO F20 F40 F60 F80 F100 F120

D -l
15mm 3 15mm @
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FO F20 F40 F60 F80 F100 F120 F140

o L | O

O 9
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9
} (O
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FO F20 F40 Fe60 F80 F100 F120 F140 F160
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Figure 3. (A) Representative high-speed images of cell-laden droplets (highlighted by red cirle) under different cell concentrations ranging
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across a nozzle-substrate distance of ~15 mm. The
repeated droplet impacts quickly wet the substrate
surface to form a layer of liquid film and transform
the dynamics to droplet impacts on thin liquid films.
The outcome of the droplet impact can be classified as
(1) deposition, (ii) prompt splash, and (iii) corona splash.
Droplet deposition is characterized by the absence of
splashing (without any break-up) on droplet impact! -1,
In contrast, prompt splash releases small droplets during
the advancement of lamella immediately after impact>%3!
while the intact lamella forms a corona shape (bowl-like
structure) ejecting multiple small droplets during corona
splash3%11,

The droplet impact on a dry substrate surface
(0 — 4 million cells/mL) will always entrap a small air
bubble under its center under atmospheric conditions;
our observation was corroborated by a previous study
that highlighted the lubrication pressure in the thin air
layer becomes strong enough to facilitate deposition
of sub-nanoliter droplets on non-wetted surfacel!.
Subsequently, it was observed that the droplet impacts of
all cell-laden bio-inks (1 — 4 million cells/mL) resulted in
droplet deposition for droplet impact on wetted substrate
surface, whereas droplet splashing was observed for
0 million cells/mL.

Repeated ejection of droplets on the pre-defined
spot quickly wets the substrate surface to form a thin
and continuous liquid film and this transforms the
dynamics to droplet impacts on thin liquid films. Hence,
high-speed images of the droplet impact on pre-wetted
substrate surface were captured. Droplet splashing
will occur when the ink properties and the process
parameters exceed a threshold value, which is known as
the splashing parameter, K3, The splashing parameter
is related with several dimensionless numbers, such as
the Reynolds number, R =pV, D /u, the Weber number,
R=pV?D,,, and the Ohnesorge number, Oh = We"“Re,
where D is the initial droplet diameter before impact, V,
is the droplet’s impact velocity, and p, i, and y, , are the
density, viscosity, and surface tension of the droplet’s
liquid. There are many variants to this splashing
parameter for different boundary conditions®™, and the
splashing parameter for this study can be expressed in
the form of

A-Oh* We" =K (1)

where 4, a, and b is a constant which is dependent on

the boundary condition, and K is the splashing parameter,

which the droplet will splash when K is exceeded. In

these variants, the condition for droplet impact on thin

liquid film is similar to our printing condition, the a and

b constants were obtained from the best fit-line using
experimental data to obtain equation (3)1%%:

W=0Oh> Re? 2)
Oh Re'''"= 63 3)
It is to be noted that the above equation does not
provide insight on the magnitude of splashing, but
rather just qualitative information on whether splashing
would occur. The calculated Oh Re''" value for different
bio-inks in this study were 97.3 (0 million cells/mL),
63.2 (1 million cells/ml), 52.3 (2 million cells/mL),
46.4 (3 millioncells/mL),and 23.1 (4 million cells/mL),
respectively (Figure 4A). The high-speed images
of droplet impact just above the substrate surface
(0 — 4 million cells/mL) concurred with the above
equation; droplet splashing was observed for only
0 — 1 million cells/mL (Oh Re''7 > 63) and droplet
deposition was observed for 2 — 4 million cells/mL
(Oh Re''7 < 63) (Figure 4B). The increase in cell
concentration resulted in significantly slower droplet
impact velocity (from 20.20 m/s for 0 million cells/mL
to 5.77 m/s for 4 million cells/mL) which helped to
mitigate droplet splashing and improve the printing
accuracy.

3.4. Influence of droplet impact on printed cell
viability
Besides being subjected to the shear stress within the
printing nozzle, the droplet impact during the printing
process led to cell deformation, and this droplet
deformation process has a significant effect on the
viability of printed cells. The Live/Dead cell viability
assay (green — viable cells, red — dead cells) was used to
obtain fluorescence images of printed cells on dry well
plates and analyze the influence of droplet impact velocity
on cell viability during DOD cell printing applications.
We estimate the shear stress on the cells during
droplet impact via the droplet spreading model
(Table 3)B7. This scaling model is based on the balance
between the initial kinetic energy of the droplet,

E, ~p DSVi2 capillary energy, E, ~Y LVDg and viscous

dissipation, E.. ~ «<¥;D;. Here, D, is the initial droplet

diameter prior to impact, V, is the droplet’s impact
velocity, and p, u, and y, , are the density, viscosity, and
surface tension of the droplet’s liquid. This model has
been experimentally verified to correctly predict droplet
spreading diameters as a function of impact velocity and
fluid properties for impact Reynolds numbers (Re=p/V’
D /u) between 40 and 6300 and Weber numbers (We=p Vi
D,/y,,) between 1.1 and 414 for impacts on both hard and
soft, as well as smooth and rough surfaces®”. This model
predicts that the maximum spreading ratio g, =D /D,
as transcendental equation:
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b 2 5/2 1
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Cp i OBmax \/R_e ( )

where ¢ = 2 is a geometric parameter, I'= y ,
(1-cos 6) and 4 is the dynamic contact angle at maximum
spreading. To estimate characteristic shear stress, we
approximate the shear stress 7 based on the ratio of the
characteristic spreading velocity scale and characteristic
droplet height, 4. We estimate the spreading velocity to
scale as D/t ., where ¢ @ is the time from impact to
maximum spread, expressed as t =bD  /VI7. Here, b
is the ratio of surface tension of drop liquid to that of
water®”). We estimate /2 from simple volume conservation,
where we consider the spread droplet as a cylinder with

2
height /2 and diameter D . We obtain 7 = (ngg /D2,

Thus, we obtain a scaling for the characteristic shear

stress as
3ul), s
T ~ — 5
(MDOJBW (5)

Substituting this into equation (4), we obtain a
transcendental equation for shear stress,

1/2
20D, +1(zu_ViJ
2 bD,

wi

5/4
b 5 2bD, 1
+3,[—pV; Dyl T
Yy \/:pl 0[ 3HVij Jre (6)

We plot shear stress as a function of impact velocity,
initial droplet diameter, and droplet viscosity (Figure 5).
This model predicts that shear stress increases strongly
with droplet velocity, predicting lower cell viability

pVizDO +12y,) =1
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Figure 5. Theoretical results for droplet spreading model using
the properties of 4 million cells/mL cell-laden bio-ink. (A) Droplet
spreading shear stress as a function of impact velocity and droplet
viscosity using 1x PBS solution with 4 million cells/mL with an
initial droplet diameter of 80 um. (B) Droplet spreading shear stress
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droplet viscosity of 0.868 mPa.s. (B) For this plot p = 1010 kg/m?,
7, = 63.48 mN/m, b=0.868, c =2, 0 =93°.

at higher droplet velocities due to increased droplet
spreading shear stress.

This agrees with our observations that decreasing
dropletimpact velocity resulted in improved cell viability
(Figure 6A). It was also observed that the decrease in
average cell viability (%) increases exponentially with
increasing droplet impact velocity (Figure 6B). The
measured average cell viability (%) from the Live/
Dead cell viability assay showed a reduction of 0.44%
average cell viability for droplet impact velocity of
5.77 m/s to a reduction of 27.9 % average cell viability
for droplet impact velocity of 14.07 m/s (Table 4).
The experimental data from this study showed that the
droplet impact velocity has a significant effect on the
average cell viability of the printed sub-nanoliter cell-
laden droplets when the bio-ink viscosity is low (in
the order of 1 mPa.s). Hence, controlling the droplet

Table 3. Summary of relevant splashing threshold.

Splashing Discussion Reference

threshold

K =Oh""Re This is the first existed [52]
splashing threshold model.
However, this model is only
appropriate for droplets on dry
surface. Therefore, it is not
suitable for our experiment.

K ,=OhRe'?, This splashing threshold [53]
K, is 57.7 model is a variant for droplet
on wetted rough surface
(average roughness of 78
pum) and smooth surface

(average roughness of 2.8
um). However, this variant
does not correlate well with
our experiment as our glass
slide substrate with average
roughness in terms of nm.
K =Oh"*We, This splashing threshold is [54]
K is 10396  valid for droplets on wetted
surface when the film
thickness is thick enough such
that the substrate roughness
is negligible. However, the
surface roughness of their
substrate is 1 pm.
K,=OhRe'", This variant of splashing [55]
K, is 63 threshold is used for droplets
on thin film. The substrate of
their experiment has an average
roughness of 10 nm. Besides,
the author had experimented
with different liquids with a
wide range of viscosity and
surface tension, as opposed
to the previous splashing
threshold variants which is
experimented on a single
type of liquid. Therefore, this
variant of splashing threshold
model is more suitable for our
application.

impact velocity (< 5.77 m/s) of low-viscosity cell-laden
droplets is critical in achieving high cell viability of
more than 90 %.

Our model also predicts that shear stress decreases
with increasing droplet diameter, suggesting that it
is prudent to dispense cells using a small number of
larger drops rather than a large number of small drops
to improve cell viability. Finally, shear stress increases
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Figure 6. Increasing cell concentration leads to slower average droplet impact velocity. Cell-laden bio-inks of varying cell concentration
(1 — 4 million cells per mL) were used to investigate the influence of droplet impact velocity on printed cell viability. (A) Representative
fluorescence images of printed cells (20 nL per spot) on dry well-plates stained using Live/Dead cell viability assay (green — viable cells, red
— dead cells); scale bar =200 um. (B) The influence of droplet impact velocity on printed cell viability before and after hitting the substrate
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Table 4. Average droplet impact and printed cell viability of different cell-laden bio-inks (1 —4 million cells per mL) before and after hitting
the substrate surface.

Cell concentration Average droplet Influence of printing Influence of Change in cell

(mil cells/mL) impact velocity (m/s) process on cell viability (%) droplet impact on viability (%)
cell viability (%)

1.0 14.07 95.3£2.78 67.4+3.86 —27.9%

2.0 11.81 94.342.02 82.5+1.74 -11.8

3.0 10.52 93.142.63 87.3£1.97 -5.92

4.0 5.77 92.74+2.38 92.2+1.99 —0.44

only moderately with droplet viscosity in the relevant bio-inks might result in moderately lower cell viability,
viscosity range, predicting that higher cell concentration due to increase in viscosity causing an increase in droplet
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spreading shear stress. However, we believe the effect of
viscosity in decreasing droplet impact velocity dominates
in practice; and hence, we observed higher cell viability
when a cell-laden bio-inks of higher cell concentration
are used.

3.5. Influence of droplet evaporation on printed
cell viability

In general, the different variants of droplet evaporation
mode are constant contact radius (CCR) evaporation
mode, stick-slide (SS) evaporation mode, or a mixed
mode of both CCR and SS evaporation modesP®.
The pinning (CCR evaporation mode) and depinning
(SS evaporation mode) of the droplet’s contact line
depends on the Young’s unbalance force. A low
Young’s unbalanced force leads to CCR evaporation
mode, whereas a high Young’s unbalanced force leads
to SS evaporation mode. In the SS evaporation mode,
the contact line remains pinned for a period and then
slides to form a smaller radius repeatedly. The sliding of
contact line is triggered when the unbalanced Young’s
force is too high, and a new equilibrium is reached with
a smaller drop radius due to the less deviation from
the equilibrium contact angle™. The contact angle of
the liquid drop reduces as the evaporation progress,
resulting in the increase in the unbalanced Young’s
force. CCR evaporation mode experiences a constant
evaporation flux over time, whereas SS evaporation
mode experiences decreasing evaporation flux over
timel®®!. Hence, droplets of the same volume would
evaporate faster under CCR evaporation mode as
compared to SS evaporation mode.

Although different hydrogels may be printed
together with the cells in the thermal inkjet print-head,
the printable polymer concentration is typically low at
1% w/v or lower. Hence, the PBS solution used in this
study serves as a baseline to understand the influence of
droplet evaporation on cell viability. It was observed that
the cell-laden droplets experienced CCR evaporation
mode as the contact line remained pinned during the
evaporation of the cell-laden droplets. As a result, the
evaporation flux remained constant throughout the
evaporation mode as there is no change in the droplet
diameter. The evaporation flux for CCR evaporation
mode in this study can be expressed asf!l:

U
—-m(t)=4D(1- H)c,R (7)

where D is the diffusivity of the vapor in the air,
H is the relative humidity of the ambient air, ¢ is the
vapor concentration and R is the contact-line radius.
The 10 nL droplets evaporate rapidly within 2 min,
hence only larger droplets are used for the droplet
evaporation study. Although a larger droplet volume

would experience a larger evaporation flux, an increase
in the droplet volume from 20 nL to 40 nL (2%) only
resulted in a ~1.3x change in diameter from 594.2 +
4.6 um to 772.4 = 5.3 um. Hence, the 40 nL droplets
would take ~ 50% more time to reach complete dryness
as compared to the 20 nL droplets. All the printed cell-
laden droplets maintained a cell viability of > 92%
during the first 2 min of droplet evaporation. After
which, there is a significant influence of droplet volume
on the viability of printed cells and the viability of
printed cells decreased significantly from 88.3 + 2.45%
for 40 nL droplets to 48.2 + 3.54% for 20 nL droplets at
4-min interval (Figure 7A). Low cell viability of <50%
was observed for all cell-laden droplets (20 — 40 nL) at
6-min interval and beyond (Figure 7B). The constant
droplet evaporation led to a more hypertonic, i.e., “high
salt” environment and thus resulted in higher cell
apoptosis over timel®?. Hence, it is important to strike
a balance between achieving high printing resolution
and maintaining high cell viability. A higher printing
resolution (smaller droplet volume) would lead to lower
cell viability due to the droplet evaporation process
that leads to an unfavorable hypertonic environment
for the encapsulated cells. Hence, it is recommended to
deposit a minimum droplet volume of 20 nL and limit
the printing time of cell-laden droplets for each printed
layer within 2 min for 20 — 30 nL droplets and within
4 min for 40 nL droplets to achieve a high cell viability
of > 85%.

3.6. Long-term printed cell proliferation study

Two critical steps (droplet impact velocity and
droplet volume) within the DOD bioprinting process
have been identified in this study that play important
role in influencing the viability of the printed cells.
A cell-laden bio-ink with higher cell concentration
(4 million cells/mL) leads to an overall slower droplet
impact velocity (5.77 m/s); this helps to mitigate
the degree of droplet impact-induced damage to the
encapsulated cells. Next, the droplet evaporation
study in this work has shown that droplet evaporation
over time leads to an unfavorable hypertonic
environment which causes potential cell death that is
apoptosis process (Figure 8A). Hence, the following
parameters were selected to evaluate the long-term cell
proliferation profile of the printed cells: a cell-laden
bio-ink with a concentration of 4 million cells/mL
(to achieve the lowest droplet impact velocity) and a
printing duration of <2 min (to mitigate the dehydration
of printed cells). The cell-laden droplets were printed
as 8 x 8 array of droplets (30 nL droplet volume per
spot) and cultured over a period of 7 days to evaluate
its proliferation profile. There is no negative control
(non-printed cells) for this study as the manual hand-
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Figure 7. Influence of time on evaporation and viability of nanoliter cell-laden droplets (4 million cells/mL at varying total dispensed volumes
of 20, 30, and 40 nL) over a period of 10 min. (A) Representative fluorescence images of printed cells on dry well-plates stained using Live/
Dead cell viability assay (green — viable cells, red — dead cells) at different time points (2, 4, 6, 8 and 10-min interval); scale bar = 200 wm.

(B) A graph showing the change in cell viability (%) for different total dispensed volumes at different droplet evaporation duration.

held micropipettes dispense cell-laden droplets in the
range of microliter (UL) volume and hence, no fair
comparison can be obtained between the printed and
non-printed cells. The representative fluorescence
images showed that most of the printed HDFs showed
normal cell morphology and became elongated on
day 1 and they proliferated well to reach almost
~90% confluency on day 7 (Figure 8B). Quantitative
analysis was performed using the PrestoBlue® assay;

the measured RFUs are directly proportional to the
number of living cells and all the measured values
are normalized to day 1 for easy comparison. The
measured normalized RFUs over a period of 7 days
have confirmed that the printed HDFs are continually
proliferating (Figure 8C). The study has confirmed
that controlling the droplet impact velocity and droplet
volume leads to high short-term cell viability and long-
term cell proliferation of printed HDFs.
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Figure 8. Cell proliferation profile over time. (A) Schematic drawing of the various steps that influence the cell viability during the DOD
bioprinting process. (B) Representative fluorescence images of the printed primary HDFs (30 nL droplet volume per spot) printed using the
optimal parameters of 4 million cells/mL cell-laden bio-inks printed within 2-min printing duration over a period of 7 days; scale bar =200 um.
(C) Analysis of the cell proliferation profile using normalized RFUs from the PrestoBlue® assay at different time intervals (day 1, 3 and 7).

4. Conclusions

This work pioneers the investigation of droplet impact
velocity and droplet evaporation on viability of printed
primary human cells during the DOD thermal inkjet
bioprinting process. It provides a better understanding on
the different factors that affect the viability of printed cells
in sub-nanoliter droplets. A systematic approach was used
to first determine the influence of cell concentration on the
bio-ink’s physical properties (viscosity, surface tension,
and density) and printability. The printability range of
cell concentration using a thermal inkjet printer (HP
D300e Digital Dispenser) and its cell-printing cassettes
(specially-designed C-8 cassettes with 8 embedded

thermal inkjet print-heads) with nozzle diameter of 80 um
is between 1 —4 million cells/mL, and a change in the cell
concentration (1 — 4 million cells/mL) has no significant
effect on the viability of printed cells during the printing
process. Next, the evaluation of droplet velocity profile
using the high-speed camera revealed that an increase in
the cell concentration leads to significantly slower droplet
impact velocity. A slower droplet impact velocity helps to
mitigate droplet splashing, improve the printing accuracy
and significantly enhance the viability of printed cells
within the sub-nanoliter droplets. Furthermore, the PBS
solution serves as a baseline to understand the influence
of droplet evaporation on cell viability and a minimum
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droplet volume of 20 nL per spot and total printing duration
of 2 min for each printed layer are recommended for
maintaining a high cell viability of > 90%. The generated
results from this work using cell-laden PBS droplets serve
as a baseline for other droplet-based bioprinting techniques
that involve contactless jetting of nano-liter cell-laden
droplets across a nozzle-substrate distance. The ability to
maintain high cell viability and proliferation rate of the
printed cells by controlling the droplet impact velocity
and droplet evaporation is useful for various bioprinting
applications, such as fundamental studies of cell-cell or
cell-matrix interactions and fabrication of in-vitro tissue
models through precise patterning of cell-laden droplets
at the pre-defined positions within the 3D tissue models.
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