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ABSTRACT: We have investigated the effect of piezoelectric
actuating voltage on cell behavior after drop on demand inkjet
printing using mouse 3T3 cells as a model cell line. Cell
viability after printing was assessed using a live/dead assay,
Alamar Blue as an assay for cell proliferation, and propidium
iodide (PI) and Texas Red labeled dextran molecular probes
to assess cell membrane integrity. No significant difference
was found for the cell death rate compared between an
unprinted control population and after printing at 80, 90, and
100 V, respectively. However, cell proliferation was lower than

laden bioink meant for biofabrication

Microfab inkjet

*
Pl

Acoustic-porated cells in  Hierarchical lar probes to determine
printed droplet pore size, distribution and dynamic healing

Piezoelectric inkjet printing of cell

that of the control population at all time points postprinting. Cell membrane integrity was quantified using PI and dextran
probes of mean molecular weight of 3, 10, 40, and 70 kDa. Total membrane damage (assessed by PI) increased with increasing
piezoelectric actuator driving voltage, and this was always greater than the unprinted control cells. The uptake of the labeled
dextran only occurs after inkjet printing and was never observed with the control cells. The largest dextran molecular probe of
70 kDa was only taken up by cells after printing using the lower printing voltages of 80 and 90 V and was absent after printing at
100 V. At the two lower printing voltages, the membrane damage is recovered, and no dextran molecule penetrated the cells 2 h
after printing. However, printing at 100 V leads to an increased uptake of 3 and 10 kDa dextran molecules, the retention of
membrane porosity, and continued uptake of these 3 and 10 kDa dextran for greater than 2 h postprinting. We hypothesize that
the change in membrane porosity with increasing actuation voltage can be explained by distinct nucleation and growth stages

for pore formation in response to printing stress.
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B INTRODUCTION

During the past decade, the biomedical engineering
community has explored the bioprinting of cells or cell laden
biomaterials to manufacture high spatial resolution functional
tissue constructs, using a range of printing methods based on
nozzle microextrusion (direct writing), laser deposition (laser-
induced forward transfer—LIFT), and inkjet printing.'”’
More recently, a number of research groups have developed
these high definition printing methods for the patterning and
placement of cells and biological molecules (proteins, ECM,
growth factors, etc.) for lab-on-a-chip or organ-on-a-chip
applications.”™ ' However, the mechanical action and physical
processes associated with these deposition techniques may lead
to damage to cells or large molecules as has been quantified
through earlier studies of printing or similar forces present in
microfluidic devices."" It is thus apparent that microextrusion,
inkjet printing (both thermal and piezoelectric), and laser
based bioprinting can effectively deliver cells with “high
throughput” and “precision”, which are the prime precursors
for more advanced functional lab-on-a-chip devices. Despite
this, there has been little quantitative assessment of the effect
of printing parameters on the cell damage and recovery,
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postprinting. This study attempts to quantify the relationship
between printing parameters and cell damage during inkjet
printing.

A number of different methods can be used to print or
pattern surfaces with biological materials. Of these, nozzle
based microextrusion is probably the most common technique
used in bioprinting, because of its relative simplicity and the
low cost of equipment. There is also a general belief that the
low fluid shear rates, expected during nozzle extrusion, may
result in a reduced level of cell damage during deposition.
However, previous studies indicate that some damage to cells
occurs using this methodology. Chang et al. investigated the
postprinting viability of HepG2 cells using a proprietary
extrusion based direct writing system and found that, after
“long-term” postprinting culture conditions, viability was
greater with larger nozzle diameters and driving pressure at
the expense of proliferation.'” Similar results were reported by
Nair et al, who studied the effect of driving pressure and
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nozzle diameter on printed cell viability of murine endothelial
cells; they also investigated the cell membrane properties
postprinting and examined DNA degradation."” Cell apoptosis
(<10%) was found to be triggered by a change in
phosphatidylserine detected by Annexin-V and membrane
permeability (necrosis), probed by both propidium iodide (PI)
and Annexin-V. Their results showed a positive correlation of
damage with increasing pressure and reducing nozzle diameter,
which can be interpreted as indication of a sensitivity to fluid
shear rate. Choi et al. carried out a study of cell damage
induced by shear force using an extrusion based bioprinter to
deposit C2C12 myoblasts.'* Cell viability >90% was found 24
h after printing, and any change in viability was insignificant up
to 14 days in culture. Blaeser used a microvalve based
bioprinter to investigate the effect of shear force on the
viability and stemness of human mesenchymal stem cells
(hMSCs) postprinting and reported an inverse correlation
between printing pressure and viability observed immediately
after printing; interestingly, the stem cell phenotype remained
unaltered."

Laser based bioprinting methods, sometimes described as
laser-induced forward transfer (LIFT), transfer material from a
gel layer upon rapid adsorption of optical energy in a thin
region of material immediately beneath the biomaterial to be
transferred.'® This method has the advantage of not requiring a
liquid source material but may cause rapid accelerations and
mechanical stresses during operation. Hopp used LIFT
bioprinting to transfer rat Schwann and astroglial cells'” and
found that around 80—85% cell membranes were remained
intact after transfer. Guillemot et al. explicitly reviewed the
governing aspects of the physical parameters involved in laser
bioprinting'® and showed that surface tension, rheological
characteristics, the initial film thickness of the bioink, and the
laser pulse amplitude control the jetting process, while
hydrodynamics associated with the impact conditions had a
strong influence on cell viability and postprinting cell
functionalities. Baron used human osteosarcoma cells with a
Biological Laser Printing (BioLP) process and demonstrated
the minimal expression of heat shock protein, indicating the
absence of any significant printing-induced cell damage due to
heat or shear stress.

Inkjet printing has a number of advantages as a bioprinting
process, including high spatial resolution and the ability to
print multiple materials in the same process, as reviewed
recently by Saunders and Derby.”’ However, it requires lower
viscosity fluids and operates at significantly higher shear rates
than nozzle microextrusion. Xu et al. studied the inkjet printing
of Chinese hamster ovary (CHO) cells and rat neuronal cells
using a thermal inkjet printer and reported a cell viability of
74% after printing neuronal cells, although the cells retained
their phenotype and saw no further damage after 15 days in
culture.”’ Saunders reported cell survival rates >90% after
piezoelectric inkjet printing, using the human derived cell line
HT1080, but in this case the cell survival rate decreased with
increasing actuation voltage, which is believed to indicate a
sensitivity to the fluid pressure or shear rate during printing.**
Yamaguchi et al. reported similar cell survival rates to Saunders
with around 90% of Sf9 cells surviving 1 h after piezoelectric
inkjet printing.”> Using a piezoelectric drop-on-demand
(DOD) inkjet dispensing system, Park et al. demonstrated
the efficacy of multipatterning of RGB fluorophore stained
NIH3T3 and HEK293A cell laden bioinks in a coculture
condition where they demonstrated an instant as-printed cell
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viability of 98.6%.”" Cui et al. carried out a more sophisticated
study of printing-induced membrane damage in Chinese
hamster ovary (CHO) cells after thermal inkjet printing.”’
Texas red conjugated dextran molecules of different molecular
weight were used as time dependent transmembrane
permeability probes following procedures that had been
successfully used previously to probe pore sizes in the cell
membrane. They found transient permeability, through the
formation of submicron membrane porosity after printing, but
observed complete healing of membrane porosity 2 h after
printing.

In this study we investigate the effect of piezoelectric inkjet
printing on 3T3 mouse fibroblast cells. The 3T3 fibroblast cell
line was selected as a model in this study because of its well-
known resilience and ease of culture. Thus, it provides a
potential upper bound limit to cell damage. Here, we
investigate the effect of some piezoelectric inkjet printing
parameters on 3T3 cell viability, proliferation, printing-induced
cell membrane poration, and associated dynamic healing using
Texas Red conjugated dextran molecular probes of a range of
molecular weights.

B RESULTS AND DISCUSSION

In this study, we have been able to produce a better
understanding of the influence of printing parameters on cell
membrane damage and damage recovery after piezoelectric
inkjet printing. This shows that a major effect of the
mechanical forces experienced during printing is the formation
of pores in the cell membrane. The use of different sizes of
molecular probes to characterize pore dimensions and lifetime
postprinting gives a more complete picture of cell behavior
than can be determined using simple cell death and cell
metabolism assays.

Bioink Rheology and Printability Assessment. Cone—
plate viscometry allows one to study the Newtonian or slightly
shear thinning nature of the cell suspended bioink from the
flow sweep data, where an almost constant static viscosity of
~1.4 mPa s was recorded (Figure 1). On the other hand,
dynamic viscosity was monitored with the variation in angular
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Figure 1. Fluid physics of ink governs the inkjet printability. Static
and dynamic viscosities of the cell suspension were measured using a
cone—plate viscometer. The almost constant static and dynamic
viscosities at higher shear rate and angular frequency, respectively,
implicate the Newtonian and laminar flow characteristics. The
dynamic viscosity was well within the range to allow inkjet printability
(<30 mPa s).
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Figure 2. Optical DIC images of postprinted fibroblast cells reveal the morphological characteristics of the postprinted cells after 72 and 120 h of
incubation. It was interesting to observe that, with increasing voltage, the number of printed cells increased. The cells printed with 100 V driving

waveform exhibited enhanced spreading with time. Scale bar: 100 ym.
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Figure 3. Live—dead assay of cells 2 h postprinting. (a) Fluorescent microscopy image of cells after printing at 80 V (green live, red dead). Scale
bar: 100 um. (b) Cell viability (% live cells) from n = 3 replicates (26 images each) at each printing condition and unprinted control, error bar =

+SD of data.

frequency. An almost constant dynamic viscosity of 14.6 mPas,
separately, was observed, both of which are well within the
prescribed range for printability (<30 mPa s).**° The bioink
interfacial tension was measured at 87.4 mN m™!, which is a
little higher than that of distilled water (72 mN m™).

These rheological measurements are necessary to calculate
the appropriate characteristic dimensionless numbers for
printability assessment,® which essentially depends on the
fluid physical properties (density, viscosity, surface tension,
flight velocity, etc.). The dimensionless constant Z (the inverse
of the Ohnesorge number, Oh) has been used previously in the
literature to define the inkjet printability of inks:

S ) 1

n Oh (1)
where 7, 7, p, and [ are the dynamic viscosity, surface tension,
density, and the characteristic length associated with the
droplet ejection which in most of the cases are considered as
the orifice diameter. The condition for ink printability is
defined by 1 < Z < 10°**7 If Z < 1, viscous dissipation
impedes drop formation, whereas when Z > 10 an extended
ligament forms behind the ejected drop, which breaks into one
or more small satellite drops, the presence of which reduces
resolution and fidelity. Using our experimental values for
viscosity and surface tension results for the 3T3 bioink
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suspension, we find Z ~ S (Oh ~ 0.2), indicating its
printability.

Printed Cells Morphology under DIC Optical Micro-
scope. Cell morphologies at 72 and 120 h postprinting are
shown in Figure 2 for the three actuating voltages and a control
unprinted sample. Under all conditions, the cells adhere and
spread on the bottom of the well and grow toward confluence.
After 120 h postprinting, the unprinted control shows greater
cell multiplication which one can perceive even without any
quantification. Similar behavior of cells after piezoelectric
inkjet printing has been reported previously.”” It can be clearly
seen from the images that, with higher actuation voltage, a
greater number of cells were deposited. We interpret this as
indication a larger number of cells deposited at higher printing
voltages because it is known that the drop volume becomes
larger with increasing printing voltage,”” and that a cell tends
to spread more if its neighborhood is populated with a large
number of similar cells.

Postprinting Cell Viability and Proliferation. A
representative image of one of the printed samples (printed
at 80 V) following the live/dead assay is presented in Figure
3a. The round cell shapes are anticipated as 2 h of incubation is
not sufficient for extensive cytoskeletal spreading on a tissue
culture plate. From the fluorescent image, it can be clearly seen
that the majority of fibroblast cells have survived. Figure 3b
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exhibits the survival statistics for cells printed at the three
voltages compared with an unprinted control where the cell
laden bioink was extruded pneumatically (minimum pressure
to onset the dispensing) through the same nozzle without
printing. In all cases, cell viability is >90%, with the cells
printed at 100 V showing the highest viability at 97.0 + 2.3%.

To better understand the statistical significances of the
differences in the results, if any, an unpaired two-tailed ¢ test
was performed among all possible pairs of the groups. This
showed no significant difference (p > 0.05) in cell viability
between any possible pair comprising 80, 90, and 100 V and
unprinted control samples. It is notable that this behavior is
different from that reported by Saunders et al. for the printing
of the human derived cell line HT1080, where a small but
significant increase in cell death was reported as the printing
voltage increased.'” This confirms our hypothesis that the 3T3
cell line will show a robust response to cell dispensing stresses.

The Alamar Blue assay was performed by monitoring the
printed cells benchmarked against the unprinted control
samples up to 120 h in culture at 24 h intervals. The
proliferation data were normalized with respect to the first time
point (2 h) for each variant (different printing voltages and
unprinted control). Figure 4 represents the proliferation data
for all printing voltages and time points together with the
unprinted control.
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Figure 4. Viability and proliferation are the cell fate assays, which
determine whether the bioprinting parameters induce compromised
cytocompatibility. Postprinting cell proliferation after 24, 48, 72, 96,
and 120 h, normalized (with respect to 2 h proliferation result). While
the greatest proliferation was observed in the case of unprinted
fibroblasts, when compared among the printing results, the cells
printed using 100 V exhibited the best proliferation behavior.

In all cases, the normalized cell count increases with time in
culture, and all printed samples show a slower proliferation rate
when compared with the unprinted control at each time point.
It is also clear that the cell proliferation rate increases with

increasing printing voltage at all time intervals after printing.
ANOVA was carried out to analyze the variation in cell
viability between the three printing voltages and the control,
the results of which are displayed in Table 1. It is clear that for
all time intervals the probability of the null hypothesis (no
significant difference among the mean values of groups of
various printing conditions) to hold true is less than the value
taken to indicate significance (p < 0.05).

To probe the origins of the statistical differences, a post-hoc
Tukey HSD test (Table S1, see the Supporting Information)
was performed. The proliferation data for the unprinted cells at
each time point were found to be significantly higher in
comparison with the cells printed using 80, 90, and 100 V
(0.0S < p). This indicates that the printed cells were never able
to attain the proliferation rate of the unprinted control at any
given experimental time point for all three voltages. The Tukey
test showed that 24 h after printing there was no significant
difference in the proliferation rate for all three printing
voltages, and at all time intervals there was no significant
difference between the proliferation rates of the samples
printed at 90 and 100 V. These observations and analyses
suggest that, possibly counterintuitively, higher driving voltages
induce overall less damage to cells during piezoelectric inkjet
printing, leading to better postprinting proliferation behavior
than observed with the lowest printing voltage. At lower
actuation voltages, it was observed that drop ejection was less
regular. We hypothesize that this may be the result of
intermittent cell aggregation leading to temporary blockages of
the nozzle orifice, which is less likely during the greater fluid
flow amplitude at higher actuation voltages. These irregularities
in drop ejection become more evident as the pulse amplitude is
lowered further. It is thus possible that this drop formation
irregularity may lead to increased stresses on some cells during
drop ejection that do not occur at higher printing voltages. In
order to confirm this hypothesis we would need to image fluid
flow and cell migration within the nozzle immediately prior to
drop ejection, a technically difficult experiment, even if the
nozzle is transparent, which was beyond the technical scope of
the printer set up used in this study.

The cell morphology and live/dead assay results (Figures 2
and 3) suggest that printing has very little effect on cell
survival. Even when the Alamar Blue proliferation assay is used
(Figure 4), the slightly lower proliferation rate seen after
printing converges to that of the control with increasing
printing voltage. The results of the present study therefore
reveal significant differences from that reported by Saunders et
al., who found a difference in cell proliferation at different
printing voltages using the Alamar Blue assay. But they did not
find the “systematic increase” in proliferation with printing
voltage, as observed in the present study. It is not very
straightforward to comment on the influence of printing
conditions on cell behavior and population solely using the
postprinting live/dead and proliferation assay which leads us to

Table 1. ANOVA for Timewise Interpretation of Cell Proliferation Using Different Printing Voltages (80, 90, 100 V)

proliferation time F critical F nonsig./sig. P value critical P inference
24 h 24.8 3.05 sig. p < 0.0001 0.05 H, rejected
48 h 71.1 3.05 sig. p < 0.0001 0.05 H, rejected
72 h 156.15 3.05 sig. p < 0.0001 0.05 H, rejected
96 h 2124 3.05 sig. p < 0.0001 0.0S H, rejected
120 h 41.82 3.05 sig. p < 0.0001 0.05 H, rejected
752 DOI: 10.1021/acsbiomaterials.9b01635
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Recovery plots for several printing voltages for different molecular probes
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Figure S. Transmembrane porosities are induced in the cells once they are exposed to physical stresses, leading to the development of membrane
permeability. Very often, if not acute and severe, cells can repair the membranes over time. Membrane permeabilities of fluorophore tagged
molecular probes with different molecular weights (P, 3, 10, 40, and 70 kDa Texas red conjugated dextran molecules). Different postprinting time
points (0.25—2 h) were chosen to observe the dynamic healing of membranes for (a, d) 80 V, (b, e) 90 V, and (¢, f) 100 V. (g—i) Permeability of
different probes normalized with the first time point (15 min) for each printing voltage (80, 90, and 100 V, respectively) to investigate the relative

rate of healing.

interpret the cell membrane permeability and integrity
studies to corroborate the results.

Cell Membrane Permeability. Cell membrane perme-
ability after printing has been assessed using a hierarchical
range of molecular probes with nominal diameters ranging
from 1.68 to 12.0 nm. The data obtained using the cell
permeability assays for time intervals of 15 min, 30 min, 1 h,
and 2 h after printing are presented in Figure 5. Figure Sa—c
shows the mean number of cells that were stained by each of
the molecular probes after a given time interval to clearly
indicate the different behavior of each probe. Figure Sd—f
shows the data replotted to better identify the temporal change
of probe penetration on a linear scale, and Figure S5g—i
presents the probe concentration normalized by the concen-
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tration measured 15 min after printing to analyze the relative
rate of dynamic healing.

In all cases the printed samples were compared with an
unprinted control; however, only the smallest molecular probe,
PI, was taken up by approximately 5% of the cells in the
control population 15 min after dispensing. This decreases to
about 1% of the unprinted cells 1 h after dispensing
(pneumatically extruded, not printed) and is below the
detection limit after 2 h (Figure 6). Hence, it is only possible
to compare the printed cell behavior with the unprinted cells in
the case of PI, the smallest molecular probe.

Comparing Figure 6 with Figure Sd—f, it is clear that at all
three voltages a significantly greater number of the printed cells
have absorbed PI than the unprinted sample, 15%, 20%, and
25% at 80, 90, and 100 V, respectively, compared with 5% for
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Figure 6. Permeability of propidium iodide (PI), the only probe
having the equivalent stokes diameter of ~16 A (smallest) into the
unprinted 3T3 cells. It was found that the PI invasion is irregular due
to rare pore formation in absence of printing, leading to the scattered
nature of the data. The PI intrusion was found to be diminished after
2 h of pneumatic dispensing. This plot is provided separately as this
cannot serve as control as there are both PI and dextran molecules
invaded in printed cells.

the unprinted. The recovery of the unprinted cells is complete
with no PI observable > 1 h after printing; however, for all
three printing voltages there are a large number of cells that
take up the PI even 2 h after printing. The data for the larger
molecular weight probes showed similar behavior when
comparing the results from cells printed at 80 and 90 V, but
the results after printing at 100 V showed some differences. At
the two lower printing voltages all S probes are present in the
cells 15 min after printing and at a lower concentration after 30
min. After 1 h in culture postprinting none of the dextran
probes are taken up by the cells printed at 80 V (Figure Sa),
and this was also true for the 90 V samples after 2 h (Figure
Sb). The 100 V printed cells (Figure Sc) did not show any
presence of the 70 kDa dextran probe, and although there is
significant take up of the 40 kDa probe 15 min after printing,
this was not detected after 30 min. Conversely, unlike the
samples printed with lower voltages, the dextran probes of 3
and 10 kDa continue to be detected in the printed cells after 2
h in culture.

In order to assess the behavior of the cells printed at 100 V
to the low molecular weight dextran probes, further statistical
analysis was carried out. ANOVA was carried out to determine
whether there is any significant difference between the
concentration of the 3 and 10 kDa probes at all time points
after printing. As can be seen from Table 2 there is no
significant difference among the data for the 10 kDa probe, but
the null hypothesis is rejected for the 3 kDa probe. These data
were further analyzed as a pairwise comparison using a post-
hoc Tukey test, which is displayed in Table 3. This shows that
there is no significant difference in the concentration of this
probe between each pair of time points at 30 min, 1 h, and 2 h.

Our results show similarities with a prior study reported by
Cui et al. for cell behavior after thermal inkjet printing.”> They
also used PI and labeled dextran probes to characterize cell
permeability and pore formation using Chinese hamster ovary
(CHO) cells.”” In their study, it was found that PI penetrates
printed cells up to 1.5 h after printing, but no PI was found 2 h
after printing; however, no quantification of PI uptake was
reported. This is in contrast with our results where PI
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Table 2. ANOVA Table for Probewise (3 and 10 kDa
Dextran) Interpretation of Membrane Permeability Printed
Using 100 V in Different Postprinting Time (15 min, 30
min, 1 h, and 2 h)

printing voltage: 100 V

dextran

probe F statistics P inference

3 kDa F(3, 16): 26.56  1.8821 x 10~¢ H," rejected
(significant)

10 kDa F(3,16): 037  0.77 (insignificant) H, accepted

“Hy: null hypothesis—there is no significant difference in any
permeability data of the 3 and 10 kDa probes printed using 100 V at
different time points.

penetrates a large proportion of the cells even 2 h postprinting
(Figure S). The proportion of cells stained with PI increases
with increasing printing voltage. It is worthwhile to note here
that, with thermal inkjet printing, used by Cui et al, it is
difficult to adjust the printing parameters to change the strain
rate or stress experienced by the cells.

If we consider PI uptake as a generalized indicator of cell
damage, as proposed by Malmgren,”® this suggests that
increasing the actuation pulse voltage increases the damage
to cells during printing. This is commensurate with the
observations of Saunders et al,”> who showed that the drop
velocity increases with increased actuation voltage and
observed a “small increase” in cell death as a result of
increased stress on the cell during either drop generation or
drop impact that occurs with the increased drop velocity as the
actuation pulse amplitude increases. The insignificant depend-
ence of the cell viability with printing voltage observed in this
study may be due to the well-known stability and resilience of
the murine 3T3 cell line and explain the difference in behavior
compared to the HT1080 human fibrosarcoma cell line used
by Saunders et al. Figure Sg—i shows the change in the
proportion of cells that take up PI with time in culture,
normalized by the result from 15 min after printing. We
interpret the change in this parameter as indicating the rate of
recovery (reduction in permeable area on membrane) of the
cells after printing. Although the proportion of cells that are
stained with PI increases with increasing voltage, the
normalized recovery is approximately constant after 2 h for
the lower printing voltages (80 and 90 V). This suggests that,
given sufficient time, the membrane porosity generated during
printing will fully heal after inkjet printing. For the highest
printing voltage studied (100 V), the number of PI permeable
pores is highest (Figure Sf) but despite the level of
permeability continuously decreasing with time after printing,
the 2 h time window is not sufficient enough to achieve the
constant normalized recovery seen with printing at 80 and 90
V. It is not clear whether the reduced uptake of PI after
thermal inkjet printing reported by Cui represents a universally
lower cell stress compared with piezoelectric inkjet printing
because only a single set of thermal printing conditions were
studied.”

The uptake of dextran molecules after printing also shows a
dependency on printing voltage, but a more complex behavior
is seen than was the case with P1. We have taken the uptake of
PI to be a generalized indication of cell membrane damage; the
presence or absence of the labeled dextran of different
molecular weight gives an indication of the size of the
membrane pores. Thus, the behavior of the cells printed at 80
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Table 3. Post-hoc Tukey HSD Test to Probe the Data Pairs (Postprinting Time), Responsible for the Statistically Significant

Differences

probe, 3 kDa dextran; printing voltage, 100 V

treatment pairs critical Q (a = 0.05) Q statistics
1S min vs 30 min 4.04 9.8191
1Sminvs 1 h 4.04 10.0891
1S minvs 2 h 4.04 10.8939
30 minvs 1 h 4.04 0.2700
30 min vs 2 h 4.04 1.0748
lhvs2h 4.04 0.8049

Tukey HSD p value inference
0.001 * p < 0.05 (sig)
0.001 * p < 0.05 (sig)
0.001 *p < 0.0 (sig)
0.900 insignificant
0.861 insignificant
0.900 insignificant

Table 4. Dependence of Different Parameters Related to Printing and Printing-Induced Membrane Porosities with the Driving

Voltage
Printing Ease of droplet Membrane Membrane pore | Membrane
voltage ejection and printing | pore number diameter healing time
T T T 1|8 T
4 0 0 T 4

V (Figure Sa) can be interpreted as the formation of a
population of membrane pores 15 min after printing that allow
all 4 dextran probes to pass through the membrane of about
8% of the cells. The 70 kDa dextran probe has a diameter of
approximately 12 nm; thus, the membrane porosity must be at
least this size, accompanied by a further population of pores <3
nm in diameter that allow only the passage of PIL Printing at 90
V (Figure Sb) shows a smaller population of cells that allow
passage of the 40 and 70 kDa dextran, but the number of cells
permeable to the 3 and 10 kDa dextran after 15 min in culture
has significantly increased compared to 80 V. Finally at 100 V
(Figure Sc) none of the cells are permeable to the 70 kDa
dextran even at the first time point (1S min) of culture
postprinting, but the proportion of the 3 kDa dextran is similar
to that printed at 90 V. Thus, although the total number of
damaged cells (permeable to PI) increases with increasing
voltage, the largest pore sizes are reduced. It should be noted
that in Cui’s study of thermal inkjet printin% no cells were
permeable to the 70 kDa probe after printing.”

With the cells printed at 80 and 90 V the recovery of the cell
membrane reduces the mean size and number of the pores so
that at 30 min the concentration of the larger dextran
molecules decreases more rapidly, and after 2 h in culture the
cells are fully recovered. The cell recovery after printing at 100
V shows different behavior with the membrane remaining
permeable to 3 and 10 kDa dextran after 2 h in culture. On
studying the recovery plot (Figure Si) both of these probes
show little change in concentration between 30 min and 2 h in
culture, and any apparent change with time was shown to be
not statistically significant (Table 3). Thus, although the higher
printing voltage appears to reduce the maximum membrane
pore size, it produces a larger population of smaller pores that
remain open for significantly longer periods after printing than
at the lower printing voltages.

However, the membrane permeability data reveal that as the
printing voltage increases, the permeability of the membrane
increases, and the damage remains present for longer times
postprinting. Curiously, as the printing voltage increases,
“smaller” pores are generated in “higher” numbers that could
not be completely healed during the culture time of 2 h. To
explain the anomalous behavior among cell viability and
membrane porosity results at the highest printing voltage, we
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propose the following two hypotheses. In the first hypothesis,
we explain the “reason” for the “higher number of smaller
pores in higher printing voltage” and vice versa. If we consider
pore formation to be a process of nucleation and growth driven
by a reduction in the elastic energy of a ruptured membrane,
thus, the increase in PI uptake with increasing printing voltage
indicates a greater total number of pores; ie., the pore
nucleation rate is a function of the printing voltage. The
growth of pore area will reduce the elastic energy in the
strained membrane, and thus, we expect the growth rate to
decrease with time. In the case of the cells printed at 100 V, we
propose that the total pore area is such that pore growth is
inhibited at a smaller mean pore area than occurs with the cells
printed at the lower printing voltages (where fewer pores are
nucleated). This explains the absence of the 70 kDa probes and
increased permeability to the lower diameter dextran probes.
In order to confirm this hypothesis it would be necessary to
carry out further independent study of membrane poration,
possibly through transmission electron microscopy (TEM)
study of fixed cells prepared at each time point after printing.
This was outside the scope of the present study and presents a
clear avenue for future work. In the second hypothesis, we try
to “correlate” the membrane permeability with the viability and
proliferation results. For cell survival and proliferation, bigger
membrane pores are deteriorative. As a result, the postprinting
cell viability and proliferation rate might be lower in the case of
printed cells using lower voltages, as the droplet ejection was
not smooth (due to lower waveform amplitude and less
ejection velocity) and stable as compared to those printed
using higher voltage (100 V), during ejection. Therefore, we
anticipate the win of small diameter membrane pores over the
bigger one for better cell survival and functionality
postprinting, even if the smaller pores are higher in number.

B CONCLUSIONS

The general findings of this study are summarized in Table 4
with the two rows showing the trends in behavior at the
highest and lowest printing voltages studied. It is generally
easier to generate stable drops at a higher printing voltage, but
this is accompanied by an increase in the total porosity of the
cell membrane after printing, as characterized by the number
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of cells permeable to PL. As expected, the time taken to recover
from the printing-induced damage also increased with printing
voltage. The maximum pore size in the damaged cell
membrane appears to be reduced at the highest printing
voltage, despite the total pore area increasing. We hypothesize
that this indicates slightly different driving forces for pore
nucleation and growth which needs a separate set of studies
with extensive TEM imaging on fixed cells to directly count
and measure the pore dimensions in individual cells at each
time point after printed in individual driving voltages.

Finally, this study shows that although it is possible to use
inkjet printing to deposit cells and that cell survival and
proliferation are maintained for the vast majority of the printed
cell population, there is significant short-term damage to the
cell membrane that persists for hours after the printing
operation. An interesting feature of our results is the
observation that both the total area of pores and the maximum
pore size are functions of the actuating pulse used to generate
the drops. Thus, it may be possible to use inkjet delivery as a
method to control the pore formation in cells, with potential
applications in gene delivery and other cell modification
procedures providing a useful tool for biotechnology. To assess
and validate this potential will require significant further study.
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