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Abstract. Thermal inkjet technology has long been used in the
printing industry, but little has been studied on the benefits that
it can provide to the drug-screening field. The objective of the
work reported here was a proof of concept of using a modified
inkjet printer to have a more accessible and miniature cellomic
anticancer drug-screening platform. The authors’ previous findings
have shown that inkjet-based screening can reliably create isolated
arrays of spots of living cells and antibiotics at low volume (180
pl) and high throughput (213 spots/sec) [J. |. Rodriguez-Dévora,
B. Zhang, D. Reyna, Z. D. Shi, and T. Xu, “High throughput
miniature drug-screening platform using bioprinting technology,”
Biofabrication 4, 035001 (2012)]. The methodology of the work
reported here included using a modified office inkjet printing device;
the authors studied the inhibitory effects of dichloroacetate sodium
(DCA) over hepatocellular carcinoma (HepG2) and epithelial cells
(EpC). A DCA drug concentration gradient was printed over cell
cultures to evaluate the drug’s cytotoxic effect. Half maximal and
ninety percent inhibitory concentrations (IC50, IC90) were obtained
from the dose—-response curves and compared with concentrations
obtained using the traditional micropipetting technique. The resulting
inhibitory concentration values obtained by both dispensing
techniques fall within the millimolar range. The significance of
these finding is that the proposed screening platform closely mimics
the traditional screening outcome at a miniaturized volume rate, thus
downsizing the screening process from traditional sub-microliter
to nano- or even picoliter range. Inkjet technology shows promise
in miniaturizing and expediting the drug-screening process. This
platform can be used to asses a preliminary dose—response curve in
order to improve the treatment modalities using the patient’s limited
supply of biopsied cells toward personalized medicine. © 2016
Society for Imaging Science and Technology.

INTRODUCTION

The new paradigm of personalized medicine is beginning to
affect clinical practice. In particular, many of the advances
in genomics and proteomics have made personalized screen-
ing and therapeutic inventions translate to the clinic.!*?
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Personalized medicine promises to refine diagnosis, guide
optimum treatment, and avoid unnecessary side effects. In
the envisioned personalized medicine protocol, analysis of a
patient’s own cells is required. In particular, biopsied cancer
cells can be analyzed in vitro to screen them against potential
therapeutic agents, thus defining the appropriate dose and
treatment for the specific patient. To serve this purpose, the
screening process has to develop in three phases: (a) assay
methods and detection, (b) liquid handling and robotics,
and (c) process flow and information management. The
focus of this article relies on the development of the second
phase. This phase is characterized by several requirements,
including the capability of multiple cell dispensing, high
throughput, effective utilization of reagents, and accuracy.
Robotic systems based on extrusion technology had been
set up as the standard process for the liquid handling
phase.>* In the desire to further miniaturize and expedite
the screening process, the authors explored inkjet printing
technology, which has shown promising results for fulfilling
these requirements.” Inkjet technology has been explored for
biological applications for close to a decade with positive
results.®8 Efforts include, but are not limited to, the
fabrication of high-throughput arrays,” tissue engineering
constructs,®10-13 gkin grafting,'* stem cell differentiation,'
and drug screening.>1®

Chemotherapy remains as a standard procedure for
the treatment of most types of cancer. The “maximum
tolerated dose” is used to ensure reduction in tumor
volume and avoid recurrence; in practice, however, the dose
intrinsically damages healthy cells of highly proliferating
nature (i.e., intestinal epithelium, bone marrow, and hair
follicles). To avoid these side effects, scientists search
for new compounds possessing cytotoxic activity against
cancer cells and mitigated or zero cytotoxicity to normal
cells. The study reported here is a proof of concept on
minimizing chemotherapy side effects by better relating the
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most appropriate dosage to a particular tumor treatment
(personalized medicine).

To minimize secondary effects of cancer treatment,
normal cell lines associated with cancer cells must be
screened. Epithelial, endothelial, and stem cells are ideal
candidates for this purpose. Epithelial tissue lines and
covers both organs and the whole body, and among
the four main tissue types existing in the body (muscle,
connective, nervous, and epithelial), the epithelial cells
(EpCs) are the most abundant. This abundance makes
EpCs more susceptible to being affected by cancer growth
and anticancer treatments; therefore, EpCs are ideal for
use as part of the screening to evaluate the expected side
effects of any given anticancer drug regimen. The drug
used in this study was dichloroacetate acid (DCA). DCA
has been shown to reverse the glycolytic phenotype on
numerous cancer cells by depolarizing the hyperpolarized
inner mitochondrial membrane potential to normal levels
and increasing mitochondrial metabolism.!”>!8 Because
DCA targets a change undergone during tumorigenesis, it
has the potential to be effective against cancer cells without a
toxic response to healthy cells. There is, however, an existing
paradox due to contradictory results.!

Cell-based screening platforms are required to improve
the assessment on clinical utility of large panels of novel
chemotherapeutic compounds.?’ Monolayer cancerous cul-
tures do not replicate the complexity of cancer. Development
of technology is necessary to urge the parallel analysis
of cellomic and genomic assays. Screening centers use
commercially available dispensing units that can miniaturize
the agents being screened; however, they represent a large
investment. This creates an interest in exploring more
accessible systems (i.e., inkjet technology) which can signify
that more drug discovery activities will increase.

This article shows the use of a modified office printer
which uses thermal inkjet technology as a potential contrib-
utor to create a better cell-based anticancer drug-screening
process.

MATERIALS AND METHODS

Cell Lines and Culture Conditions

Human hepatocellular carcinoma (HepG2) and human
prostate epithelial (EpC) cell lines were a gift from the
laboratory of Dr. Jianying Zhang (Biology, UTEP). Both cell
lines were cultured with Dulbecco’s Modified Eagle’s Medium
(DMEM; Gibco BRL, Grand Island, NY, USA) supplemented
with 10% fetal bovine serum and 1% penicillin/streptomycin
in a humidified environment in 5% CO; at 37°C. In
order to evaluate the selectivity of DCA, HepG2 and EpC
were selected to evaluate the cytotoxic effect of DCA over
cancerous and non-cancerous cell lines during the screening
process.

Printing Suspensions and Printing Systems

Dichloroacetate acid (DCA) in the form of sodium
dichloroacetate (AC33828, Fisher Scientific) was dissolved
in dimethyl sulfoxide (DMSO) to a stock concentration
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Figure 1. (a) Schematic illustration of the high-throughput inkjet printing
platform dispensing drugs in a 96-well plate. (b] An actual image of the
system accommodating two 96-well plates in different orientations.

of 10 mg/ml. This was further diluted by adding DMEM
prior to adding the solution to the well containing the
cell monolayer for a final concentration of less than 1%
of DMSO. A wide range of concentrations in logarithmic
increments (e.g., 1 uM-10 mM, and the no-drug control)
were used for the first attempt; subsequently, a narrower
range was used based on the results from the first range.
Drug solutions were printed (dispensed) simultaneously
using a modified thermal inkjet printing system (MG2120,
Canon). This Canon system was characterized by nozzles
that dispensed 1, 2, and 5 picoliters per activation time
and speeds of 3.8 and 9.6 million droplets per second for
black and color cartridges, respectively, based on estimated
saturation throughput reported by Canon using the ISO/IEC
24734 standard.?! Previous characterization of the volume
dispensed by inkjet systems has been reported elsewhere.’
The inkjet printing system was modified by overriding
the paper-feeding sensors, removing the printing feeding
mechanisms to allow printing over 96-well plates, and
sterilizing cartridges and the nozzle-cleaning system.
Figure 1(a) illustrates the printing platform, where drugs
were dispensed on top of monolayer cultures. Fig. 1(b) shows
how the modified system accommodates the 96-well plate
in various orientations. One hundred microliters of drug
stock solution was used to fill a sterilized cartridge (CL-241,
Canon). In parallel, a traditional micropipette was used to
run a cytotoxic assay in triplicate using microliter range
solution.
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Figure 2. Proliferation of epithelial and hepatocellular cells at seeding
time, day O, and along drug exposure, day 1, under 3 mM DCA treatment
and without freatment until the recovery period at day 4.

Drug-Screening Experimental Design

After passages 10-15, HepG2 and EpCs were trypsinized
and counted using a hemocytometer (Countess® Automated
Cell Counter, Invitrogen), and trypan blue staining was used
to distinguish live cells prior to seeding. An optimization
study was performed to ensure that cells were exposed
to the drug while still in the exponential growth phase.
Each experimental well was seeded with 20,000 + 2500
cells. Drugs were added to cells after 24 hours in culture.
Cell survival was evaluated via standard titration MTS
cytotoxic assay, which measures the mitochondrial activity
by formazan reduction. Colorimetric (MTS) assay was
performed to determine the amount of viable cells upon 24
hours of drug exposure followed by 48 hours for cell recovery.
In this last period, cells were allowed to proliferate for two
to three population-doubling times (PDTs) to distinguish
between cells that remained viable and were capable of
proliferation and those that remained viable but could not
proliferate. Figure 2 illustrates the proliferative behavior
of mammalian cells with and without treatment. Different
96-well plates were used to compare the traditional method,
micropipetting, with the investigated inkjet printing method.
Half maximal and ninety percent inhibitory concentrations
(IC50, IC90) were obtained from the dose-response curves.
Assays were triplicated per drug concentration and no-drug
control sample group. Drug concentrations were prepared
between 1 and 50 mM for the micropipetting procedure,
while a stock solution containing 10 mg/ml of each drug was
used for the inkjet direct dispensing. The ejected volume was
controlled by the inkjet printing system to print all samples
in the same round, and to avoid the need for multiple subsets
of drug concentrations. Drug control samples were defined
as positive when stock drug concentration (high dosage)
was used, and negative when DMSO was diluted in medium
for a final concentration of less than 1% to ensure that the
cytotoxic effect was due to the drug and not the presence of
the DMSO.
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Statistical Significance

Data were expressed as mean =+ standard deviation (SD).
Statistical significance was identified by Student’s ¢-test. A
p-value greater than 0.05 was considered to be statistically
significant.

RESULTS AND DISCUSSION
Proliferation Studies for Seeding Stage
Following the MTS manufacturer’s recommendation, the
linear relationship between cell number and the absorbance
values from the spectrophotometer was obtained for each
cell type used in the drug-screening experiments. The
plots show the linear relation between the MTS absorbance
reading at 490 nm and the number of cells (data not
reported). The slopes obtained were 27,146 and 37,683
cells/OD-value for EpCs and HepG2 cell lines, respectively.
Higher concentrations were not considered as they did not
fall under the linear phase,?? which can result in misleading
data. The end of the linear relation occurs when the number
of cells is close to fully filling the culture surface, which was
observed to be in the range of 60,000-80,000 cells per well for
both cell lines. As result of this experiment, it was determined
that optimal cell seeding was at 20,000 £ 2500 cells per well.
To determine the optimal time to introduce the drug
treatment, proliferation assay was performed to determine
the exponential growth curves of epithelial and HepG2 cell
lines seeded at 20,000 cells per well. Samples were triplicated
and MTS absorbance readings at 490 nm were obtained
after 0, 24, 72, 120, 168, and 216 hours of culture. The ideal
drug exposure period must start during the midline of the
exponential growth. Thus, drug treatment was performed
after the seeded cells had been in culture for 24 hours.

Inhibitory Effects

The survival fractions using the micropipette and inkjet
techniques were obtained and are plotted in Figure 3. The
dose-response curves show that the drug regimen had a
similar effect on both cell lines. The drugs were dissolved in
DMSO, as the literature indicates that it is more suitable for
the screening process.??*?* The resulting IC50 values were
2.46 and 3.10 mM for HepG2 and EpCs, respectively. The
resulting IC90 values were 4.13 and 3.90 mM for HepG2 and
EpCs, respectively. Fig. 3 shows the inhibitory effect of the
drugs printed at varying concentrations. DCA showed small
differences in IC50 between cell lines. Its IC50 values for
EpCs and HepG2 were 1.89 and 2.05 mM, respectively. The
resulting IC90s were 2.73 and 3.72 mM for HepG2 and EpCs,
respectively.

Using a modified inkjet printer, anticancer drugs were
arrayed on a 96-well plate to evaluate the inhibition of cancer
growth under miniaturized volumes. The proposed platform
was found to be comparable to the standard micropipetting-
based screening process (p-value > 0.05), which suggests
that the current standard process can be further miniaturized
and expedited. Inkjet-based drug-screening results in a good
candidate for screening extensive drug compounds and
their combinations to better define the appropriate dose
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Figure 3. Dose-response curves by micropipetting and the proposed
inkjet technique. Survival fraction of epithelial and HepG2 cell lines under
(DCA) freatment at increasing concentrations when diluted in dimethyl

sulfate oxide (DMSO). n= 3.

for personalized medicine. This strategy shows potential for
improving the accuracy of the treatment dose determination,
deviating from the maximum tolerated dose, and, as a result,
reducing the collateral damage to healthy proliferating cells.
In the effort to achieve the promised benefits of personalized
medicine, inkjet technology offers great potential. It can
provide information to the oncologist prior to defining the
chemotherapeutic treatment, and ultimately increases the
chances of treatment success.

To date, it has been difficult to generalize the efficacy
of DCA against all kinds of cancerous tumors. While
positive responses from DCA against in vitro tumors
have been reported at clinically relevant concentrations of
0.5-1 mM,!7>18:25:26 sthers have not shown cytotoxicity on
particular cell lineages or mutations.”’~2° Thus, the basis
for the limited anticancer effect of DCA in culture is likely
to lie in the complex cellular physiology and the excess of
metabolites present in culture media.”

The half maximal inhibitory coefficients from both
screening techniques, micropipetting and inkjet-based, var-
ied by less than 2 mM. In the resulting inhibition coefficients
it can be observed that micropipetting required a slightly
higher dose, which can be explained by the inherent
variations of the two dispensing systems. It has been
recognized?>3® that the IC90 provides a more reliable
dose that can effectively inhibit a given virus, bacteria, or
disease model. Moreover, it has been identified that when
using MTS, it is difficult to obtain reliable data at the
IC90 or greater.’® This explains the increased differences in
IC90 values across technologies. Thus, future studies will
benefit from using a more sensitive cytotoxic assay (i.e.,
ATP assay). Figure 4 is a histogram of the IC50 and IC90
values, where the resulting coefficients were significantly
similar between traditional screening and the proposed
inkjet method (p < 0.05).

The ideal chemotherapeutic drug candidate is expected
to not have a cytotoxic effect over healthy tissues/cells.
Unfortunately, the drugs in this study did not show selectivity
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Figure 4. Histogram of identified half maximal and ninety percent
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Figure 5. Correlation plot for half maximal inhibitory concentrations. This
plot compares inkjet prining and manual micropipetting techniques.

toward cancerous cell lines, as shown in the dose-response
curves in Fig. 3. This confirms the previously published
cytotoxicity of DCA?’~2% over healthy cell lines.

Inhibitory Concentrations Across Technologies

Fig. 4 shows a summary of the inhibitory concentrations
obtained. It can be observed that the inhibitory concentra-
tion at 50 and 90 percent are statistically and significantly
similar across technologies (Student’s ¢-test, p > 0.05). When
comparing with literature reports, Sun et al.>! reported that
around 5 mM of DCA is sufficient to inhibit 50% of cell
proliferation. Moreover, Figure 5 shows a direct correlation
plot between inkjet-based and micropipetted IC50 and IC90
values. These results indicate that inkjet printing has the
potential to minimize screening processes and result in
similar outcomes to those elicited by higher-volume assays.
A review of standard screening technologies is accessible
elsewhere.>

449



Drug dilution in Centrifugal tubes Drug serial
solvents preparation dilution
Set up l
Mix, shake, spin,
[ —] protect from light
Direct Traditional
inkjet Workflow l
printing Drug serial
dilution in media
!
- Daughter Mix, shake, spin,
repligates protect from light

Figure 6. Schematic comparing the fraditional workflow for the
drug-screening process and the proposed direct inkjet printing platform.

Screening Process Optimization

The traditional screening process consists of many steps for
the preparation of drugs, including drug dilution in solvents
for stock concentration, preparation of centrifugal tubes,
drug serial dilution for desired concentration, secondary
dilution of the culturing medium, later duplicating, tripli-
cating, or quadruplicating samples, and remembering that
throughout the whole process, it is necessary to maintain
homogeneous suspensions to avoid precipitations. While
robotic systems have been designed to help with this biolog-
ical task, there are many disadvantages, such as accumulated
pipetting error, carryover, edge effects, excessive use of dis-
posable materials (tips, centrifugal tubes), and relatively high
volume consumption (in the range of microliters). In order
to solve these issues, inkjet printing systems have emerged
to reduce the preparation time of drug concentrations.
Drug stock concentrations can be loaded into the inkjet-
headed cartridge, and the precise volume control dispenses
the replicates, creating immediate blends to expedite the
screening process. A set-up time is initially required when
implementing direct inkjet printing, but can be used for
further trials. Figure 6 illustrates the optimization process.

CONCLUSIONS
The results obtained show that both cell lines were growth
inhibited under a DCA chemotherapeutic regimen. The IC50
and IC90 values obtained by micropipetting and inkjet-based
screening were significantly similar, suggesting that the
proposed screening platform closely mimics the traditional
screening outcome. The resulting IC50 and IC90 values
indicate that 1.89 and 2.05 mM will be sufficient to inhibit
growth of both cell lines under DCA treatment, respectively.
In comparison to the literature, the IC50 results vary based
on the cell lines used for the screening platform, but are
generally in the range of 0.5-1 mM. Therefore, our results
are consistent with ones that use much larger volumes,
validating that the proposed inkjet-based screening assays
can be further miniaturized.

Inkjet technology shows promise for use in determining
dosages and treatment modalities using a patient’s limited
supply of biopsied cells. Future studies of the screening
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process using other drugs and biopsied cells from cancer
patients will result in valuable data to foresee the efficiency
of potential drug therapies. In its transition toward a clinical
setting, the fabrication of three-dimensional functionalized
microtissues is expected to better mimic the behavior of
targeted tissues in vivo.
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