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ABSTRACT

In this paper, the effects of increasing the viscosity of density
matching bio-inks on the reliability of printing MCF-7 breast
cancer cells using piezoelectric inkjet nozzles are investigated. The
cell printing reliability was characterized by the frequency of
occurrence of cell reflection in the nozzle: in cell reflection cells
moved further away from the orifice after an ejection cycle. To
decouple the effects of fluid density and viscosity on cell
trajectory, three solutions were used: 1) phosphate-buffered saline
(PBS) which has low viscosity and has lower density than cells;
2) low viscosity, density-matching sodium polytungstate (SPT)
solution; and 3) high viscosity, density-matching Ficoll sucrose
polymer solution. While cell reflection was observed for PBS and
SPT solutions, it was not observed for high viscosity Ficoll
solution. Propagation of pressure waves induces the transient
motion of cells, and higher viscosity of solution causes increased
viscous forces on the cells and prevents cell reflection.

INTRODUCTION

Inkjet cell printing has received considerable interest due to
its capability to engineer tissues and organs in intricate three
dimensional orientations [1, 2]. This technology has potential for
applications in tissue engineering [3], cell based assays [4], stem
cell research [5] or therapeutics [2]. In particular, the drop on
demand (DOD) printing technology enables to precisely and
accurately place biological materials (i.e., cells, extracellular
matrix) onto substrates. Piezoelectric inkjet systems generate
mechanical pulses to squeeze liquids out of the nozzle orifice with
high speed, resulting in the formation of well controlled droplets
[6]. However, the commercialization of such systems for cell
dispensing remains challenging due to less controlled cell
behavior.

A particle (e.g., a cell) suspended in a fluid is subjected to
hydrodynamic forces. For low Reynolds number (Re), viscous
force dominates over inertial force such that the Stokes drag force
is the dominant force in dynamics of particle motion. However,
during droplet ejection the Reynolds number in an inkjet system is
high (Re > 10 [7]) and during this transient event the inertial force
could be no longer neglected [8]. Both inertia and viscosity act on
a cell and makes the cell dispensing more complex, resulting in
low reliability [9]. For example, cells sometimes move far away
from the orifice (termed as cell reflection) after a droplet ejection
[8].

Our previous work indicates that the use of high viscosity,
density-matching Ficoll sucrose polymer solution improves cell
printing reliability [7][8] by reducing cell sedimentation within the
suspension, giving a good match to the expected Poisson
distribution of cells within printed droplets [7]. However, this
previous work did not separate the effects of fluid viscosity and
fluid density. In addition, high viscosity solutions may fall outside
the window of operability of some inkjet nozzles. In this paper, we
decoupled the effects of fluid density and fluid viscosity on cell
printing by wusing low viscosity, density-matching sodium
polytungstate (SPT) solution and respectively investigated their
effects on cell motion in a piezoelectric inkjet nozzle.
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MATERIAL AND METHODS
Piezoelectric Inkjet Nozzle

A piezoelectrically actuated inkjet (Microfab Technologies
Inc., Suite, MJ-ABP-0) was used to dispense cells within droplets.
The inkjet consists of a 21.7 mm long glass cylindrical tube with
an inner diameter of 0.475 mm which tapered to the orifice with a
diameter of 80 um. The middle of the glass tube was surrounded
by a piezoelectric element, which consists of a sandwich structure
of inner electrode/piezoelectric material/outer electrode. When
applying a voltage difference, the electrical field is generated
between the inner and outer electrodes, resulting in the
deformation of piezoelectric (PZT) actuator. In this way the
piezoelectric element enables to produce pressure wave and
squeezing fluid through the orifice to generate droplets. The
piezoelectric element was actuated by a bipolar waveform (Fig. 1).
An arbitrary waveform generator (Agilent 33220A) was used to
provide the command signal input to a high-voltage amplifier
(Trek Model 603) with a DC voltage gain of 50 V/V. The
amplitude and frequency of the electrical waveform depend on the
rheological properties. The SPT printing used a bipolar waveform
with a peak-to-peak voltage of £30 V and a frequency of 60 Hz.

The piezoelectric actuator generates pressure waves using the
deformation of PZT under the change of electrical voltage.
Notethat the deformation only occurs during the transition period
(rise and fall) and ceases during the constant voltage (dwell)
period. On the rising (or falling) edge of the waveform, the annular
PZT expands (or contracts) its circumference, resulting in an
outwards (or inwards) motion of the inner glass material and
consequently a negative (or positive) pressure (with respect to the
equilibrium). The pressures travels in fluid as an acoustic wave at a
certain speed. Bogy and Talke examined the one-dimensional
wave propagation along the glass tube (vertical to the motion of
the glass) [11]. For the longitudinal acoustic wave, the
displacement of the liquid is in the same direction as (or the
opposite direction to) the direction of travel of the wave. The wave
travels to the orifice and the supply end, where the wave was
reflected and moves back towards the orifice. The backwards wave
reinforces the positive pressure wave [12]. In this case the pressure
wave makes fluid overcome the liquid-air interface, resulting in the
ejection of droplets [13]. The motion of the cells and the
surrounding fluid as well as the droplets dispensing were recorded
by using a high speed camera (Phantom® Miro 4 or Phantom
v611).

The back end of the nozzle was connected to a syringe
reservoir through tubing (Tygon® AAC00001; OD: 2.38 mm, ID:
0.79 mm; Saint-Gobain). The pressure at the back end was
continuously measured by a differential pressure sensor (PX139,
Omega) and read by a microcontroller (Uno R3, Arduino). The
back pressure was maintained at -500 Pa by adjusting the relative
height of the external reservoir to the inkjet nozzle during the
printing.
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Figure 1: Schematics of a piezoelectric inkjet cell printing system
in which a piezoelectric nozzle (MicroFab) is actuated by a
function generator (Agilent 332204) in series with a high-voltage
amplifier. The motion of cells and droplets dispensing are
visualized using a high speed camera (Phantom® v611).

Cell suspension preparation

MCF-7 breast cancer cells were cultured in an incubator
(37°C, 5% CO2) until confluency in RPMI 1640 culture media.
The cells have an average diameter of 15 + 3.8 um and a density of
1.068 g-ml! [7, 8]. Firstly, the MCF-7 cells were detached from
the flask with 0.25% trypsin-EDTA and then treated with bovine
serum albumin (BSA). BSA is able to prevent non-specific binding
of cells and cell aggregation to efficiently prevent the clogging of
nozzle during printing. Afterwards, the cells were stained with
0.1% Toluidine Blue, which stains the nucleic acid of the
inherently transparent cells to dark blue and the polysaccharides
purple in color, resulting in a higher contrast of the cells for
brightfield imaging. Secondly, the sodium polytungstate (SPT,
Sigma-Aldrich) was added to phosphate-buffered saline (PBS) to
prepare a solution with a density of 1.068 g-mL! that is equal to
the density of MCF-7 cells [7], resulting in a neutral buoyancy
suspension. The viscosity of the as-prepared SPT solution was
measured to be 1.00 mPa-s using a rheometer (Physica MCR301).
Finally, the MCF-7 cells were re-suspended in the SPT solution
with a concentration of 1,500,000 cells-mL"! that was determined
using a hemocytometer. The viscosity of SPT cell suspensions was
measured to be 1.1 mPa-s, which is not significantly different from
the solution without cells. Similar cell suspensions were prepared
in PBS (Sigma-Aldrich) and in 10% Ficoll PM400 (GE
Healthcare) [8].

Imaging setup

An inverted microscope (Nikon Eclipse TE2000-U) was used to
capture brightfield images of the inkjet nozzles (see Fig. 1). The
microscopy used an objective lens (Nikon CFI LU Plan Fluor 5x)
with a numerical aperture (NA) of 0.15. A high speed camera
(Phantom® v611) was used to record the cell motion and jet
formation with a temporal resolutions of 7.7 microseconds (ps).
Note that the objective lens has a depth of field of approximately
30 um which was comparable to the diameter of the cells in the
inkjet nozzle. In this case, it focused on the middle plane of the
inkjet nozzle. This ensured that only cells within a 15 pum thick
volume around the middle plane of the nozzle were in focus and
captured through high speed imaging. Therefore, considering the
size of the cells, only cells within this in-focus region were
analyzed for the cell tracking and mapping. The videos captured
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for out of focused cells were not processed to ensure that any
optical distortion due to defocusing was minimized. The high
speed camera captured at the rate of 130,232 frames per second
(fps) and recorded as an 8-bit greyscale video with a resolution of
256 x 128 pixels (0.65 pm/pixel). Each video has a size of 5.3
gigabits with 171,178 frames containing around 90 droplet
ejections on average. Such that we are able to record the
continuous cell motion.

Cell tracking algorithm

The presence of a cell within the inkjet nozzle was identified
through an image processing and cell segmentation algorithm
using Matlab® (MathWorks). For each frame in the captured high
speed video, an image segmentation routine was implemented to
highlight the features of the cell present within the nozzle. The
grayscale image was first filtered with a Gaussian low pass filter to
remove any high frequency noise from the high speed camera. The
image was then inverted and filtered with a spatial bandpass filter.
The filter performed background subtraction and highlighted the
round cell within the images which appeared as a bright spot on a
dark background. The cell was then identified as the local
maximum value within the filtered image.

Cell mapping

The inkjet printer enables to eject cells with droplets. The
printing process is characterized by using the motion of a cell
between two droplets. We recorded the coordinates of a cell
immediately before droplet ejection was initiated. The coordinates
of a large quantity of cells were mapped. Each point on the map
was categorized according to the cell behavior exhibited during the
droplet ejection. The map shows the distribution of cell behavior.

The map permitted the identification of localized two
dimensional regions within the nozzle which exhibited a high
probability of certain cell behaviors. Due to the axis-symmetric
geometry of the nozzle and small depth of imaging field, the
mapped regions can provide insight for the entire three-
dimensional volume of the inkjet nozzle.

RESULTS AND DISCUSSION
Droplet formation

Figure 2 shows a sequence of high-speed images during DOD
droplet formation. For the droplet formation process, the initial
state (frame = 0, 7 = 0, Fig. 2a) was defined as the equilibrium state
immediately before the meniscus oscillation. Note that one printing
period contained 2170 frames (0.0167 s) that exactly equals one
period of the waveform (60 Hz). At this moment the rising edge of
the waveform had activated the piezoelectric material and
consequently generate the negative acoustic wave (the waveform is
at the dwell period), but the wave has not traveled to the orifice. At
the equilibrium state, the liquid-air interface exactly coincides with
the boundary of the orifice. Afterwards, the expansion wave
arrived at the orifice such that the liquid is withdrawn from the
equilibrium position (see Fig. 2b, t = 15.4 us). Then the arrival of
the compression wave caused the emerging of liquid (see Fig. 2c, ¢
= 77.0 ps), which would be pulled back into the nozzle by the
expansion wave. In this case, the meniscus oscillation took 60 us
for several frames. Given the speed of sound in salt water free of
bubbles or suspended sediments (~1500 m/s), the round trip
between orifice and the back end is calculated to take 30 pus, when
taking into account the length of the glass tube of 21.7 mm. The
suspended cells (and cell aggregations) may induce the scattering
of acoustic waves and slow down the sound propagation [14]. To
be brief, the acoustic wave caused the liquid-air interface to



oscillate about the equilibrium position at the orifice. This
oscillation process took about 1617 ps and then the liquid-air
interface returned back to the equilibrium (see Fig. 2d). After
3080 ps, the oscillation of the liquid-air interface occurred again.

On the falling edge (from 30 V to -30 V), the piezoelectric
material contracted and resulted in a positive pressure (t = 0.01 s).
The positive pressure squeezed liquid out of the orifice and make
the formation of droplets. The formation of SPT droplets could be
categorized as four phases, i.e., () liquid extrusion; (f) thread
thinning, and consequently (g) break-off; and (h) primary and
satellite droplets formation and meniscus damping. Afterwards, the
meniscus damping takes around 160 ps and subsequently the
liquid-air oscillation would occur twice during the dwell period as
same as at the constant negative voltage. The volume of the
primary droplet was measured to be 82 pL and the satellite droplet
was measured to be 15 pL. The volume of the primary (or satellite)
droplet was determined by detecting the droplet edges and fitting
to a sphere (or cylinder). Note that the satellite droplets did not
merge with the primary droplets and that is undesirable. An
actuation profile with lower peak to peak voltage would probably
enable optimization to avoid forming satellites.

15 us 77 ps d 4620 ps
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Figure 2: High speed images of a meniscus oscillation (a-d) and
Jjet formation including (e) liquid extrusion, (f) thread thinning and
(g) break off, and (h) breakup of liquid thread into primary drop
and satellites and meniscus damping. The images were captured
with a lateral magnification of 5% objective and a numerical
aperture of 0.15 at 130,232 frames per second with a pixel
resolution of 256 x 128 pixels. This imaging system has an
interframe resolution of 7.7 us and a spatial resolution of
0.65 um/pixel.

Cell behavior

The positive pressure waves squeezed fluid out of the orifice,
resulting in the formation of droplets (see Fig. 2e-h). During the
droplet formation, liquid moved within the nozzle such that cells
moved. Fig. 3 shows the high speed images and the corresponding
cell trajectory for various cell behaviors. In Fig. 3a, a cell
(indicated by the black arrow) with a diameter around 12 um
approached the nozzle orifice with a distance around 40 um.
During liquid extrusion, the cell moved towards the orifice. After
the arrival to the orifice, the cell merged with the meniscus
(Fig. 3b) and subsequently the droplet containing the cell was
dispensed out of the orifice (termed as cell ejection, see Fig. 3c).
Fig. 3d recorded the cell’s vertical position (along Y-axis) away
from the orifice (y=0) as a function of time. Fig. 3e-g visualized
the travel process of a cell. In this case, the cell (with a diameter
around 12 pm) moved closer to the orifice (Ay=-18 pm, Fig. 3h)
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during a droplet ejection, but the cell was not dispensed. This cell
behavior is termed as cell travel. In Fig. 3i-k, a cell with a diameter
around 20 pm moved far away from the orifice (Ay=34 pum,
Fig. 31) and this behavior is termed as cell reflection. During the
droplet ejection, liquid moved towards orifice, however the cell
was reflected towards the opposite direction. In this case, cell
reflection indicated that the fluid is unable to control the motion of
cells well, making the cell printing less reliable.
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Figure 3: High speed images and cell tracking of cell ejection (a-
d), cell travel (e-h) and cell reflection (i-1) in SPT cell suspension.
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Furthermore, the coordinates of cells immediately before the
liquid extrusion were recorded for more than 300 printed droplets
(Fig. 4). For low viscosity, non-density-matched saline (PBS)
solution (Fig. 4a), we observed three cell behaviors: cell travel, cell
ejection and cell reflection. For low viscosity, high density SPT
solution the cell reflection was also observed (Fig. 4b) which was
completely avoided for high viscosity, high density Ficoll solution
(Fig. 4c). Note that Fig. 4a (for PBS) and Fig. 4c (for Ficoll) were
captured using Phantom Miro 4 high speed camera with an
objective lens (Nikon CFI LU Plan Fluor 5%, 0.3 NA). The
Phantom v611 camera allows us to record around 100 droplet
ejection events in one single video whereas Miro 4 is normally 4
ejection events. In this case, we recorded the continuous motion of
cells towards the orifice step by step (see Fig. 4b). At the region
where the nozzle has a diameter of 180 um (with a distance of
150 um to the orifice), the step is 4 wm on average. In this case, the
volume of the liquid is around 100 pL, which roughly equals that
of a droplet (see Fig. 2).

+ Eject: 34
O Reflect: 30

+ Eject: 36
0O Reflect: 0

+ Eject; 14
O Reflect: 10

Figure 4. Cell mapping for (a) PBS, (b) SPT and (c) Ficoll within
the inkjet nozzle indicating cell travel, ejection and reflection.



Cheng et al. experimentally determined the fluid velocity
within the same Microfab nozzle (MJ-ABP-0) using the micro
particle image velocimetry [8]. The velocity of liquid could be up
to 1 m-s! during droplet ejection and induce a large Reynolds
number (>10). For this high Re regime, both inertia and viscosity
may act on cells. The Stokes number (St) correlates a particle

response time with the fluid flow characteristic time, and it is given
by
oy
St= r_lo-ux

tr )

with 7 the time constant of a cell (s), # the fluid flow timescale (s),
pp the cell density (kg/m?), d the cell diameter (m). The time scale
(t) of SPT solution was determined as the half of the meniscus
oscillation period (T, see Fig. 5). The # of PBS and Ficoll were
obtained from our previous work [8]. The corresponding Stokes
numbers (St) were calculated according to eq. (1) (see Table. 1).
The relatively large St values were found for PBS (0.67) and SPT
(0.38). For St > 0.1, particles slip with respect to the fluid
streamline is expected [15]. In this case some cells probably
moved from a high velocity region (close to the nozzle) to a lower
velocity region, that is, these cells slip with respect to the
surrounding fluids. The slip behavior results in the motion of the
cells to a position further away from the nozzle (compared to its
position at the onset of droplet ejection), which is the so-called cell
reflection behavior. On the other hand, Ficoll solution has a
smaller St value (i.e., 0.09), indicating a shorter response time that
a cell moves with fluid at an equivalent velocity, contributing to
the elimination of cell reflection. Ongoing work will evaluate the
statistical distribution of cells in SPT within printed grids.

Table 1: Rheological properties of the inks, i.e., PBS, 10% w/v
Ficoll PM400, 0.02M Sodium polytungstate (SPT) and the
corresponding response time of cells.

Ink | p(g/mL) | p(cP) | T(us) | mr(us) | St
PBS 1000 | 1.00 [ 134 | 20 [ 0.67
SPT 1068 | 1.00 [ 134 | 35 [ 038

Ficoll | 1.050 | 486 | 28 30 | 0.09
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Figure 5: Meniscus oscillation: (a) Meniscus position away from
the orifice as a function of time after droplet break-off (t = 0) as
determined in (b). Fluid flow timescale (t) equals the half of
meniscus oscillation period.

CONCLUSION
In this work, we compared the effects of solution density and
solution viscosity on the trajectory of cells during inkjet printing.
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The use of a neutral buoyancy salt solution did not prevent the
occurrence of cell reflection, while the use of a neutrally buoyant,
high viscosity solution did suppress incidents of cell reflection.
Future work will examine the effect of cell diameter on cell
reflection in the PBS suspensions. Future work will also examine
the effect of nozzle geometry on cell reflection.

REFERENCES

[1] B. Derby, “Printing and Prototyping of Tissues and
Scaffolds,” Science, 338, 921 (2012).

[2] B. Lorber, W. Hsiao, I. M. Hutchings, and K. R. Martin,
“Adult rat retinal ganglion cells and glia can be printed by
piezoelectric inkjet printing,” Biofabrication, 6, 015001
(2014).

[3] T. Boland, T. Xu, B. Damon, and X. Cui, “Application of
inkjet printing to tissue engineering,” J. Biotechnol., 1, 910
(2006).

[4] E. A.Roth, T. Xu, M. Das, C. Gregory, J. J. Hickman, and T.
Boland, “Inkjet printing for high-throughput cell patterning,”
Biomaterials, 25, 3707 (2004).

[51 S. Tasoglu, and U. Demirci, “Bioprinting for stem cell
research,” Trends Biotechnol., 31, 10 (2013).

[6] G. D. Martin, S. D. Hoath, and I. M. Hutchings, “Inkjet
printing-the physics of manipulating liquid jets and drops,” J.
Phys. Conf. Ser., 105,012001 (2008).

[71 D. Chahal, A. Ahmadi, and K. C. Cheung, “Improving
Piezoelectric Cell Printing Accuracy and Reliability Through
Neutral Buoyancy of Suspensions,” Biotechnol. Bioeng, 209,
2932 (2012).

[8] E. Cheng, H. Yu, A. Ahmadi, and K. C. Cheung,
“Investigation of the Hydrodynamic Response of Cells in
Drop on Demand Piezoelectric Inkjet Nozzles,”
Biofabrication, 8, 015008 (2016).

[9] C.]J. Ferris, K. J. Gilmore, S. Beirne, D. McCallum, and G. G.
Wallace, “Bio-ink for on-demand printing of living cells,”
Biomater. Sci., 1 224 (2013).

[10] H. Dong, W. W. Carr, and J. F. Morris, “An experimental
study of drop-on-demand drop formation,” Phys. Fluids, 18, 1
(2006).

[11] D. B. Bogy, and F. E. Talke, “Experimental and Theoretical
Study of Wave Propagation Phenomena in Drop-on-Demand
Ink Jet Devices,” IBM J. Res. Develop. 28, 314 (1984).

[12] H. Wijshoft, “The dynamics of the piezo inkjet printhead
operation,” Phys. Rep., 491, 77 (2010).

[13] A. Famili, S. A. Palkar, and W. J. Baldy, “First drop
dissimilarity in drop-on-demand inkjet devices,” Phys. Fluids,
23,012109 (2011).

[14] G. T. Silva, and H. Bruus, “Acoustic interaction forces
between small particles in an ideal fluid,” Phys. Rev. E, 90,
063007 (2014).

[15] T. Cameron, L. Y. Alexander, and F. F. John, “Springer
Handbook of Experimental Fluid Mechanics,” (Berlin:
Springer)

CONTACT
*K. C. Cheung, tel: +1-604-827-4114; kcheung@ ece.ubc.ca



	MAIN MENU
	Help
	Search
	Print
	Author Index
	Keyword Index
	Table of Contents


 
 
    
   HistoryItem_V1
   TrimAndShift
        
     Range: all pages
     Trim: fix size 8.500 x 11.000 inches / 215.9 x 279.4 mm
     Shift: none
     Normalise (advanced option): 'original'
      

        
     32
            
       D:20120516081844
       792.0000
       US Letter
       Blank
       612.0000
          

     Tall
     1
     0
     No
     675
     320
     None
     Up
     0.0000
     0.0000
            
                
         Both
         AllDoc
              

      
       PDDoc
          

     Uniform
     0.0000
     Top
      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.9
     Quite Imposing Plus 2
     1
      

        
     4
     3
     4
      

   1
  

 HistoryList_V1
 qi2base



