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Abstract

Testing the sensitivity of patient-derived tumor cells ex vivo can potentially help determining the appropriate treatment
for each patient and spot the development of resistance to a given therapy. The number of cells obtainable from a
biopsy is, however, often insufficient for performing ex vivo tests in conventional microtiter plates. Here, we introduce
a novel Droplet-Microarray platform based on a hydrophilic-superhydrophobic patterned surface that enables screenings
using only 100 cells and 30 picomoles of a drug per individual nanoliter-sized droplet. We demonstrate that the dose—
response of as few as 100 primary patient-derived chronic lymphocytic leukemia (CLL) cells to anticancer compounds
on the Droplet-Microarray platform resembles the dose—response obtained in 384-well plates requiring 20,000 tumor
cells per experiment. The extremely miniaturized Droplet-Microarray platform thus carries great potential for ex vivo
drug sensitivity and resistance tests on patient-derived tumor cells and potentially for implementing such tests in medical
practice of precision medicine.
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Introduction

Cancer is the second leading cause of mortality worldwide
and resulted in 8.8 million deaths worldwide in 2015.!
Today’s common practice is for cancer patients to undergo
therapy without having been examined for individual sensi-
tivities or resistance of tumor cells to certain anticancer
drugs. Drug response assays were shown to be predictive of
patient response in vivo and even though such assay needs
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clinical evaluation before it could be used in practice, it car-
ries a great potential for defining a given patient’s most suit-
able therapy. However, the amount of primary cells isolated
from biopsies available for this test is not always enough.
Therefore, there is a clear need for reducing cell numbers
and increasing throughput per test. Here we introduce a
Droplet-Microarray (DMA) platform based on a hydro-
philic-superhydrophobic patterned surface that enables drug
screenings using only 100 cells in individual 100 nL drop-
lets. In this study, we report on our comparison of the drug
response of primary patient-derived chronic lymphocytic
leukemia (CLL) cells to anticancer compounds performed
on the DMA platform and in microtiter plates.

Common anticancer drug treatment includes chemother-
apeutic and targeted drugs that are often applied together in
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so-called combinatorial drug therapy. Chemotherapeutic
compounds are cytotoxic agents that are not necessarily spe-
cific to cancer cells and may also be toxic to the body’s
healthy cells. Targeted therapy, developed for some types of
cancer, is more specific and blocks the growth of tumor cells
by targeting the specific molecules involved in carcinogenesis
and tumor progression® by delivering toxic agents specifi-
cally to tumor cells® or by stimulating the immune system to
attack cancer cells.* Predicting which therapy a patient will
most likely respond to remains a major challenge. Malignant
tumors are very heterogeneous and possess high levels of
intratumor (occurring in one patient) and intertumor (occur-
ring between patients) heterogeneity. That is a reason why
even the same type of tumor may respond differently to the
same therapy. Methods that could help to define a given
patient’s individual sensitivities to a therapy before treat-
ment include the individual molecular profiling of a tumor
and the drug sensitivity and resistance test (DSRT).
Molecular profiling includes collecting genomic, transcrip-
tomic, and proteomic data from a tumor with the aim of
identifying targets and biomarkers that are specific to an
individual patient and predictive of that patient’s response to
a therapy.”” However, due to the limited number of bio-
markers and incomplete understanding of the mechanism of
tumor progression, it is not always possible to predict the
patient response.'® 12 Therefore, data from molecular profil-
ing can be combined with results obtained in ex vivo DSRT,
in which tumor cells obtained from a biopsy are tested
against a panel of anticancer compounds for their sensitivity
to different types of therapy.®!"1>17 DSRT could enable the
identification of drug dependencies that are not predictable
via molecular profiling alone.!" In addition, DSRT could
allow us to repurpose existing compounds when a drug not
usually prescribed for a particular cancer type is discovered
to be effective against that cancer.®'>!¢ Repeated in vitro
testing of samples obtained from patients during and after
the therapy could help us identify clonal selection in a tumor
during treatment and identify the individual sensitivity and
resistance of cancer clones. This can facilitate the therapy’s
adjustment to ensure the complete removal of cancer cells
from the body."> About 80% of trials and clinical reports on
DSRT have demonstrated that it is predictive of short-term
clinical responses in individual patients,”'3!72* making
DSRT an important potential approach for identifying the
most suitable therapy for individual patients.

DSRT is usually carried out in 96-, 384-, or 1536-well
plates utilizing on average from 500 to 60,000 cells/
well 8132426 There are about 250 approved small-molecule
anticancer compounds, and enormous amount of cells would
be needed to test all the available compounds and especially
their combinations. As fine-needle aspiration biopsies yield
on average fewer than 500,000 cells after cells have been
collected for histopathological analysis,?’ there are no cells
left for additional ex vivo sensitivity testing. In addition, as
compounds and reagents are so expensive, it is critical we

lower the costs of such tests to make them affordable for
each individual patient—a key factor for precision medicine.
Therefore, we need highly miniaturized systems that enable
the ex vivo testing of minute numbers of primary cells in
small culturing volumes with large compound libraries.

We recently developed the DMA platform for cell-based
screenings.?® 3! DMA consists of an array of hydrophilic
spots on superhydrophobic background. Due to the extreme
difference in wettability between hydrophilic spots (water
contact angle [WCA] under 10°) and superhydrophobic
background (both advancing and receding WCAs exceed-
ing 150° and sliding WCA under 5°),* arrays of stable sep-
arated homogeneous droplets are easily formed on the
planar DMA surface spontaneously either by applying
aqueous solutions or by printing via nanoliter dispens-
ers.?>30:33 These individual droplets can serve as miniatur-
ized reservoirs for culturing cells. We have demonstrated
the use of the DMA platform for the screening of cells of
adherent’®3? and suspension®® nature in 2D, as well as in 3D
environments.>*** In this paper, we have extended applica-
tion of our miniaturized platform for the miniaturized DSRT
on suspension primary patient-derived CLL cells. By using
the DMA platform, we were able to reduce the consumption
of cells by a factor of 200 compared with 384-well plates.
We have validated our system with cells obtained from five
different donors and nine anticancer compounds in a man-
ual and automated setup.

Materials and Methods

Preparation of Polymer DMA Slides

Preparation of hydrophilic-superhydrophobic patterned sur-
faces of DMA slides has been described in detail else-
where.?>** Briefly, patterns were prepared as follows. Glass
slides (Schott Nexterion, Jena, Germany) were first acti-
vated with 1 M NaOH (Carl Roth GmbH + Co. KG,
Karsruhe, Germany) for 1 h, followed by neutralization with
1 M HCI (Merck KGaA, Darmstadt, Germany) for 30 min.
Afterward, activated glass slides were modified with 20%
v/v solution of 3-(trimethoxysilyl)propyl methacrylate
(Sigma-Aldrich Chemie, Munich, Germany) in ethanol for
30 min at room temperature. A polymer layer was formed by
applying 25 pL of a polymerization mixture (24 wt%
2-hydroxyethyl methacrylate [HEMA], 16 wt% ethylene
dimethacrylate [EDMA], 12 wt% 1-decanol, 48 wt% cyclo-
hexanol, and 0.4 wt% 2,2-dimethoxy-2-phenylacetophe-
none; all from Sigma-Aldrich Chemie) onto an inert glass
slide, covering it with a modified glass slide and cross-linking
the polymer by UV irradiation with a 12 mW/cm? intensity
and 260 nm wavelength for 15 min. Inert glass slides were
prepared by fluorination in trichloro(1H,1H,2H,2H-
perfluorooctyl)silane (Sigma-Aldrich Chemie) vapor in
desiccators under a 50 mbar vacuum overnight. A polymer
surface was modified with alkyne groups by incubating the
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Table I. Comparison of Workflows and Consumptions of Compounds, Cells, and Reagents of Screening Performed on the DMA
Platform and in 384-Well Plates.

Screening Workflow Consumption per Droplet/Well Droplet-Microarray 384-Well Plate

Dispensing compounds Compounds 0.03 nmol 10 nmol

Seeding cells Cells 100 20,000

Screening initiation Sandwiching (manual setup) During seeding

During seeding (automated setup)

Incubation for 48 h Yes Yes

Readout assay Live/dead staining CellTiter-Glo assay
Reagents 50 nL 25,000 nL

Readout Microscopy Luminescence measurement

Droplets on
> hydrophilic
spots
B Super
588 spots z—=—— hydrophobic
1mm x1mm 7 background
b d 100 mFlask BDMA

Viability %

(o Calcein AM

Donor Donor Donor Donor Donor
1 2 3 4 5

Figure |. The DMA platform. (a) A photograph of a nonpolymer DMA slide containing droplets of water. The photo was taken

by the team from the Crossmedia department of KIT (photo: Amadeus Bramsiepe; head of department: Dipl. Inf. Willi Mueller). (b)
Microscope images of primary CLL cells incubated on polymer DMA for 48 h and stained with calcein AM and PI. Scale bars = 100 pm,
insert 50 um. (c) Microscope images showing cell count using in-house developed algorithm. Scale bars = 100 pum, insert 20 pm. (d)
Graph showing comparison of viability of CLL cells isolated from five different donors and cultured on polymer DMA slides (black

bars) and in cell culture flask (dotted bars) for 48 h.

slides in solution containing 45 mL of dichloromethane
(Merck KGaA), 56 mg of 4-(dimethylamino)pyridine
(Novabiochem, Merck KGaA), 111.6 mg of pentynoic
acid (Sigma-Aldrich Chemie), and 180 pL of NN'-
diisopropylcarbodiimine (Alfa Aesar GmbH & Co KG,
Karlsruhe, Germany) for 4 h under stirring at room tempera-
ture. A superhydrophobic background was created by apply-
ing a 5% v/v solution of 1H,1H,2H,2 H-perfluorodecanethiol
(Sigma-Aldrich Chemie) in acetone onto the polymer sur-
face and irradiating the slide through a photomask (Rose
fotomasken, Bergisch Gladbach, Germany) with 260 nm of
UV light at 12 mW/cm? for 1 min. Afterward, hydrophilic
spots were created by applying 10% v/v B-mercaptoethanol

(Alfa Aesar) solution in 1:1 water—ethanol onto the patterned
surface and irradiating the slide with 260 nm of UV light at
12 mW/cm? for 1 min.

Printing of Compounds

Anticancer compounds in different concentrations and four
repeats per each concentration were printed onto hydropho-
bic glass slides or directly to hydrophilic spots of polymer
or nonpolymer DMA. Hydrophobic glass slides were pre-
pared as follows. Microscope glass slides (Schott Nexterion,
Jena, Germany) were fluorinated by trichloro(1H,1H,2H,2 H-
perfluorooctyl)silane (Sigma-Aldrich, Chemie) under a



Popova et al.

277

50 mbar vacuum in a sealed desiccator containing an open
vial of the silane overnight. Frozen aliquots of antineoplastic
compounds in DMSO were provided by Molecular Therapy
in Hematology and Oncology, and the Department of
Translational Oncology, National Center for Tumor
Diseases and German Cancer Research Centre, Heidelberg,
Germany and are listed in Supplemental Table S1.
Compounds were obtained from Sigma-Aldrich Chemie,
Enzo Life Sciences, Selleck Chemicals, and Merck and
were dissolved in DMSO at 0.1-50 mM (mainly 10 mM)
and stored at —20 °C.} Compounds were diluted in pure
RPMI-1640 medium (Gibco, Life Technologies GmbH,
Darmstadt, Germany) and printed in different amounts
using the sciFLEXARRAYER S11 liquid dispenser
(Scienion, Berlin, Germany) to ensure the following final
concentrations in droplets: 0.041, 0.123, 0.37, 1, 3, 10, 30,
50, 100, and 200 pM. The final concentration of compounds
was calculated for final volumes of 80 and 100 nL for man-
ual and automated seeding, respectively. For the manual
sandwiching method, 4 replicates were used for each con-
centration, and 20 replicates for the control. For automated
setup, four repetitions were used for each concentration and
the control. After printing, slides containing preprinted
compounds were incubated in the Schlenk line (vacuum gas
manifold) for at least 1 h in order to evaporate DMSO con-
tent from preprinted spots. Afterward, preprinted slides
were stored in a dark box containing silica gel (Sigma-
Aldrich Chemie) before use.

Primary CLL Cells

Peripheral blood samples from five leukemia and lym-
phoma patients were obtained from Molecular Therapy in
Hematology and Oncology, and the Department of
Translational Oncology, National Center for Tumor
Diseases and German Cancer Research Centre, Heidelberg,
Germany. Blood was separated by a Ficoll gradient (GE
Healthcare, Munich, Germany), and mononuclear cells
were cryopreserved.® All procedures for obtaining and pre-
serving patient-derived cells were approved by the Ethics
Committee Heidelberg (University of Heidelberg, Germany;
S-356/2013).

Culturing Cells on DMA Platform

Jurkat human T-cell lymphocyte cells were cultured in
RPMI-1640 medium (Gibco, Life Technologies) supple-
mented with 10% heat-inactivated fetal bovine serum (FBS;
Sigma-Aldrich Chemie) and 1% penicillin/streptomycin
(Gibco, Life Technologies). Cells were cultured in T25
flasks and diluted every 2—3 days until a cell density of 2 X
10° cells/mL was achieved.

Primary patient-derived CLL cells were obtained from
National Center for Tumor Diseases, Heidelberg, Germany.
CLL cells were isolated and frozen as described in the

“Isolation of Primary CLL Cells” section. CLL cells were
thawed by placing the vial containing cells in a 37 °C water
bath for a few seconds before most of the liquid was thawed
and only small ice clumps were still left. Cells were resus-
pended in 10 mL of RPMI-1640 medium (Gibco, Life
Technologies) supplemented with 10% heat-inactivated
FBS (Sigma-Aldrich Chemie) and 1% penicillin/streptomy-
cin (Gibco, Life Technologies). Afterward, cells were cen-
trifuged with 1000 rpm for 5 min. Supernatant was removed
and cell pellet was resuspended in 10 mL of RPMI-1640
medium (Gibco, Life Technologies) supplemented with
15% heat-inactivated AB-type human serum (RPMI-HS,
MP Biomedicals), 1% glutamine (Invitrogen), and 1% peni-
cillin/streptomycin (Gibco, Life Technologies). Cells were
counted with the automated cell counter Countess 11 FL
(Thermo Fisher Scientific Inc., Darmstadt, Germany) and
diluted to a desired cell concentration.

Cells were seeded on polymer or nonpolymer DMA
slides. Polymer DMA slides were prepared as described in
the “Preparation of Polymer DMA Slides” section and pre-
conditioned before cell culture as follows. First, DMA
slides were sterilized by immersion in 100% ethanol, fol-
lowed by drying under a sterile bench for at least 20 min
before use. Afterward, DMA slides were coated with 2.2%
bovine gelatin (Sigma-Aldrich Chemie) in RPMI medium
containing 1% heat-inactivated FBS (Sigma-Aldrich
Chemie) and 1% penicillin/streptomycin (Gibco, Life
Technologies). Coating was done manually by rolling the
droplet of gelatin across the array, resulting in spontaneous
droplet formation. Afterward, slides were incubated in a
cell culture incubator for 1 h and dried for 20 min under a
sterile bench before use. Nonpolymer DMA slides were
obtained from Aquarray GmbH (Eggenstein-Leopoldshafen,
Germany). Slides were sterilized by immersion in 100%
ethanol, followed by drying under a sterile bench for at least
20 min before use. Afterward, nonpolymer DMA slides
were either directly used for cell seeding or coated with
gelatin as described above for polymer DMA.

Both CLL and Jurkat cells were seeded on DMA slides
either manually, using the effect of spontaneous droplet for-
mation, or with an [-DOT nanoliter dispenser (Dispendix
GmbH, Stuttgart, Germany). For manual seeding, cells
were diluted to a final concentration of 75 X 10* cells/mL.
A preconditioned DMA slide was placed into a petri dish.
Cells were seeded by applying 1.7 mL of cell suspension
onto one array field containing 14 X 14 spots (total 196)
and a petri dish was closed with a humidifying lid, which
contained a cloth pad wetted with buffer. Cell suspension
was incubated on the DMA slide for 90 s, followed by slight
(~45°) tilting of the petri dish with the DMA slide to allow
for the spontaneous formation of an array of droplets con-
taining cells. Afterward, a petri dish with the DMA slide
was placed in a cell culture incubator. For seeding with
[-DOT nanoliter dispenser cells were diluted to a final con-
centration of 100 X 10* cells/mL and dispensed directly to
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Figure 2. Comparison of dose-dependent effects of compounds on primary patient-derived CLL cells isolated from donor | on the
polymer DMA platform (upper panel) and 384-well plate (lower panel): (a) doxorubicin, (b) AZD7762, (c) Abt-199, (d) CAL-101, (e)
dasatinib, (f) IPI-145, (g) LGX-818, (h) PCI-32765, and (i) MK-2206. In case of the DMA platform, the average was taken from four
repeats; error bars are standard deviations. In the case of the 384-well plate, we did only one repeat per concentration. It should be
noted that the scales for the x axis are different for DMA and 384-well plates.

hydrophilic spots in a 100 nL volume obtaining on average All experimental protocols performed with patient-
100 cells/spot. Afterward, the DMA slide containing cells ~ derived cells were approved by the Ethics Committee

was placed into a petri dish with a humidified lid and placed =~ Heidelberg (University of Heidelberg, Germany;
in a cell culture incubator. S-356/2013).
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Figure 3. Comparison of dose-dependent effects of compounds on primary patient-derived CLL cells isolated from three different
donors on the polymer DMA platform with manual setup (upper panel) and 384-well plate (lower panel): (a) donor 3, (b) donor 4,
and (c) donor 5. In the case of the DMA platform, the average was taken from four repeats; error bars are standard deviations. In the
case of the 384-well plate, we did only one repeat per concentration. It should be noted that the scales for the x axis are different for

DMA and 384-well plates.

Manual DSRT on DMA Platform

The range of compound concentrations (four repeats per
cach concentration) were printed as described in the
“Printing of Compounds” section. Cells were thawed and
seeded manually as described in the “Culturing Cells on
DMA Platform” section. After seeding, cells were incu-
bated in a cell culture incubator for 2 h prior to introduction
to compounds. Compounds were introduced to cells using
the sandwiching method and aligning the frame, as
described previously (Suppl. Fig. S1).° Glass slide con-
taining compounds were fixed in the upper holder of the
aligner. The DMA slide with cells was fixed in the lower
holder of the aligner (Suppl. Fig. S1). The aligner was
closed and the upper glass slide with compounds brought
down gradually in a parallel manner by turning adjusting
screws counterclockwise (Suppl. Fig. S1, red arrows)
before the droplets touched the glass surface, which was
visually observed in the aligner window (Suppl. Fig. S1).
Afterward, the aligner frame was placed in a cell culture
incubator for 15 min. To avoid evaporation during the sand-
wiching step, the aligner was placed in a tray and covered
with sterile paper tissues wetted with sterile buffer. To open
the aligner, four screws controlling the distance between the
slides (Suppl. Fig. S1, red arrows) were turned clockwise
until the droplets were no longer in contact. After opening
that frame, the DMA slide containing cells was returned to
a petri dish with a humidified lid and put in a cell culture
incubator. Cells were incubated for 48 h with compounds
before the readout assay was done. For the readout assay,
cells were stained with calcein AM (Thermo Scientific,

Waltham, MA) and PI (Invitrogene, Merelbeke, Belgium)
via the sandwiching method. For this, solution containing
50 pg/mL calcein AM and 50 pg/mL PI in phosphate-buff-
ered saline (PBS; Gibco, Life Technologies) was spread on
an empty polymer DMA slide by rolling the droplet of solu-
tion across the patterned surface, resulting in the formation
of an array of droplets. A DMA slide with staining solution
was sandwiched with the DMA slide containing cells as
described above. Cells were incubated in a closed aligner
for 15 min in a cell culture incubator in a humid environ-
ment. Afterward, the aligner was opened and the DMA slide
containing stained cells was placed in a four-well dish
(Thermo Scientific Nunc) and imaged using an automated
screening Olympus IX81 microscope (Tokyo, Japan).

Imaging and Image Analysis

Imaging was performed using an automated screening
Olympus IX81 microscope. The grid of the DMA pattern
was defined in the microscope software. The autofocus
function “interpolate AF” was used to minimize defects that
can arise from uneven surface thickness and unparalleled
slide positioning. Z stacks of 10 slices were made to obtain
cells in focus as suspension cells are on slightly different
focal planes. The images of one central field of view per
each SL spot were taken at 10X magnification in three dif-
ferent channels: bright field, GFP (for calcein AM), and
RFP (for PI). For analysis, images obtained from 10 Z
stacks were merged using the “Extended Depth” algorithm
in Imagel software (NIH, Bethesda, MD). Numbers of cal-
cein AM and Pl-positive cells were calculated using a



280

SLAS Technology 26(3)

Viability %
8

= Reverse method
-4 @ Sandwiching method " & u

=)

5 ° 5
Log (Doxorubicin, M)

= 0.1pLDMA
= 0.2pL DMA
« 0.5pLDMA
= 1pLDMA
5 uL DMA
« 10pLDMA
10 L MTP
s 20pLMTP
o 30pLMTP
100 pL MTP

Viabiltty %
3

Log (Doxorubicin, uM)

Viability %
8

= Non-polymer DMA + gelatin
= Non-polymer DMA
04 = PolymerDMA + gelatin

5 0 5
Log (Doxorubicin, M)

Normalzed luminiscence

+ 100 cells Microscopy

= 100 cells ATP assay
4 = 20000 cellsATP assay

o

M 2 ° 2
Log (Doxorubicin, pM)

Figure 4. Comparison of dose-dependent effects of doxorubicin on Jurkat cells on nonpolymer DMA using different experimental
setups: (@) comparison of reverse and sandwiching methods of compound introduction, (b) comparison of different surfaces, (c)
comparison of different culturing volumes ranging from 0.1 to 100 pL, and (d) comparison of different readouts: microscopy based

(red) and fluorescent based (black) with 100 and 20,000 cells/well.

specially developed algorithm for the automated counting
of cells described previously.?

Estimation of Cell Viability in Flask

The viability of cells cultured in flasks was estimated by
two different methods. In the first method, an aliquot of cell
suspension from the flask was stained with Trypan blue and
cells were counted in a Countess II FL cell counting
machine. In the second method, the cells cultured in flask
were seeded on an empty DMA slide and cells were imme-
diately stained with calcein AM/PI using the sandwiching
method, followed by imaging. Both methods to estimate
viability in the control flask yielded similar results.

Automated DSRT on DMA Platform

Nonpolymer DMA slides were purchased from Aquarray.
The range of compound concentrations was printed directly
into hydrophilic spots as described in the “Printing of
Compounds” section. Cells were thawed and seeded using
an I-DOT dispenser (Dispendix) as described in the
“Culturing Cells on DMA Platform” section. Cells were
incubated for 48 h with compounds before doing the read-
out assay. For the readout assay, cells were stained with cal-
cein AM (Thermo Scientific) and PI (Invitrogene) by

dispensing 50 nL of staining solution (1.5 pg/mL calcein
AM and 3 pg/mL PI in PBS) directly into each droplet and
incubating for 15 min in the cell culture incubator. Cell
imaging and image analysis took place as described in the
“Manual DSRT on DMA Platform” section.

Obtaining Dose-Dependent Curves in
Different Volumes

Compound doxorubicin in water was printed with an I-DOT
dispenser (Dispendix) directly in hydrophilic spots of non-
polymer, noncoated DMA slides or in wells of microtiter
plates in different amounts to ensure the following range of
final concentrations in each volume tested: 0.041, 0.123,
0.37, 1, 3, 10, 30, 50, 100, and 200 pM. Afterward, the
Jurkat cells were seeded in 100 cells/spot or cells/well in
volumes ranging from 0.1 to 100 puL using an I-DOT dis-
penser (Dispendix) either on nonpolymer, noncoated DMA
slides or in microtiter plates. To obtain 100 cells in each
volume, several cell dilutions were done to ensure an aver-
age of 100 cells per each volume tested. Volumes 0.1 and
0.2 uL were tested on DMA slides with spot sizes 1 X 1 mm;
volumes 0.5 and 1 uL on DMA slides with spot sizes 1.4 X
1.4 mm; volumes 5 and 10 pL on DMA slides with spot
sizes 3 X 3 mm,; volumes 10, 20, and 30 pL in a 384-well
plate; and volume 100 pL in a 96-well plate (Fig. 4c¢). Cells
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Figure 5. Comparison of dose-dependent effects of compounds on primary patient-derived CLL cells on nonpolymer DMA and in

a 384-well plate using microscopy- and luminescence-based readouts. All experiments were performed on cells isolated from donor
4, except for the dose-dependent effect of Abt199, which was performed on cells from donor 2. In the case of the DMA platform,
the average was taken from four repeats; error bars are standard deviations. In the case of a 384-well plate, the microscopy-based
readout average was taken from three repeats; error bars are standard deviations. In the case of a 384-well plate luminescence-based

readout, only one repeat per concentration was made.

were incubated for 48 h with compounds. For the readout
assay, cells were stained by dispensing staining solution
containing calcein AM (Thermo Scientific) and PI
(Invitrogene) into spots or wells using an I-DOT dispenser.
The staining solution’s amount and concentration were
adjusted to ensure the following final dye concentrations:
0.5 pg/mL calcein AM and 1 pg/mL PI. Cells were incu-
bated for 15 min in the cell culture incubator and subjected
to imaging using an automated screening Olympus [X81
microscope or Keyence BZ-9000 (Osaka, Japan). Images
were taken at 4 X magnification in three different channels:
bright field, GFP (for calcein AM), and RFP (for PI). The
amount of calcein AM and PI positive cells was counted
using ImageJ software.

CellTiter Glo Assay in 384-Well Plate

Cells were seeded in amounts of 100 or 20,000 cells/well in
30 pL of medium in wells preprinted with compounds.
After 48 h of incubation with compounds, 30 uL of CellTiter
Glo reagent (Promega, Madison, WI) was added to each
well, and the plate was shaken for 2 min and incubated for
30 min. Luminescence was then measured using a 1420
Luminescence Counter Victor Light (PerkinElmer,
Waltham, MA) and integration time of 2 s/well.

Statistical Analysis

Error bars on all published graphs represent standard
deviations.



282

SLAS Technology 26(3)

Dose-response curves in Figures 4 and 5 were plotted
in OriginPro using “Nonlinear curve fit,” category
“Growth/Sigmoidal,” function “DoseResp,” iteration algo-
rithm “Levenberg Marquardt,” and multidata fit mode
“Independent fit.” IC50 values were calculated in OriginPro
after curve fitting.

The Z' factor was calculated using DMSO as a negative
control and doxorubicin treatment as a positive control. The
following formula was used: Z' factor = 1 — (3*(c,, + op,,)/
(Mo — Hpoy))s Where G, is the standard deviation of viabilities
of control, oy, is the standard deviation of viabilities of
cells after treatment with doxorubicin at a concentration of
10 uM for nonpolymer and 200 pM for polymer DMAs, p,,
is the average viabilities of the control, and pp_,, is the
average viabilities of cells treated with doxorubicin at a
concentration of 10 uM for nonpolymer and 200 uM for
polymer DMAs.

Results and Discussion

Workflow of DSRT on the DMA Platform
Using a Manual Setup

The workflow of a miniaturized DSRT and its step-by-step
comparison with a workflow used in 384-well plates is pre-
sented in Table 1. For the miniaturized DSRT using the
manual setup, we used DMA slides®—3!333436 with a poly-
mer surface coating, manufactured by coating standard
glass slides (7.5 X 2.5 cm) with a thin layer of rough and
porous methacrylate-based polymer, followed by selec-
tively modified hydrophilic and superhydrophobic areas
with hydrophilic and hydrophobic chemical groups, respec-
tively (see Materials and Methods). The array grid’s design
was defined by a photomask and was precisely controllable.
In the current study, we used DMAs containing 588 square
hydrophilic spots with a side length of 1 mm capable of
trapping about 80 nL of volume (Fig. 1a).2%3*

Primary patient-derived CLL cells were seeded on
DMAs by applying cell suspension onto the polymer sur-
face to cover the whole array of spots followed by tilting the
DMA slide, which resulted in spontaneous formation of an
array of separated droplets containing cells (Fig. 1a).2%33
This technique allowed us to form an array of 588 droplets
with cells simultaneously within seconds without having to
pipette each individual droplet. Anticancer compounds
(Suppl. Table S1) were added to the cells on DMA via the
sandwiching method established by us previously.?-** For
this, we first printed compounds in different concentrations
onto a fluorinated glass slide in a geometric pattern corre-
sponding to the pattern of hydrophilic spots on DMA slides
and then dried them. Afterward, we sandwiched the com-
pound array slide with the DMA slide containing cells
using a manual sandwiching frame (Suppl. Fig. S1), bring-
ing each droplet with cells in contact with the preprinted

compound for 15 min.?> We have demonstrated previously
that the transfer rate for substances dissolved in both water
and DMSO is nearly 100% using this protocol for sand-
wiching.3° After opening the sandwiching frame, the DMA
slide with cells was incubated with anticancer compounds
in an incubator for 48 h. To avoid evaporation, DMAs were
placed into a semiclosed chamber with controlled humidity.
To estimate cell viability, we stained cells with calcein AM
and propidium iodide (PI) by applying the manual sand-
wiching approach. For this, we first spread staining solution
onto an empty DMA slide utilizing the ability of spontane-
ous droplet formation, and then added the staining solution
to the cells by sandwiching the DMA slide containing cells
with that containing staining solution as described before
for compound addition.?” The cells were imaged using an
automated screening fluorescence microscope; our results
are illustrated in Figure 1b.?

The cell screening workflow based on our DMA plat-
form has several advantages over the state-of-the-art
microtiter plates. First, the same screen done in 384-well
plates required 200 times more cells (20,000 vs 100), 300
times more compounds (10 nmol vs 0.03 nmol), and 500
times more reagents (25,000 nL vs 50 nL) per each well
(Table 1). Second, the DMA platform does not necessarily
require expensive equipment and can be used manually,
which requires neither multiple pipetting steps nor liquid
handling automation. When provided with DMAs contain-
ing a compound library, laboratories not equipped with lig-
uid handling robotics can perform cell screenings manually
without a need for additional expensive machinery.

Culturing Primary Patient-Derived CLL Cells
Using the DMA Platform

In the present study, we used primary patient-derived CLL
cells from frozen peripheral blood samples. Blood samples
were obtained from five leukemia and lymphoma patients
and provided by the University Hospital Heidelberg. CCL
cells do not proliferate in vitro or in the blood. We have
stained CLL cells cultured in 384-well plates for Ki-67, a
proliferation marker, which showed that less than 1% of cells
were proliferating (Suppl. Fig. S4). Chemotherapy interferes
with spontaneous DNA repair mechanisms, induces p53, and
thereby induces apoptosis. Previously, we showed that CLL
cell culturedin vitroupregulatedp53after DNA damage,
which finally lead to apoptosis, even though these cells were
nonproliferating. We have also compared cell response after
48 and 72 h of incubation and did not observe a significant
difference.® After 48 h incubation with drugs in vitro, a sig-
nificant spontaneous cell death in response to drugs was
observed, and we chose 48 h as the incubation time.

As a first step, we ensured that CLL cells could be cul-
tured in 80 nL droplets for 48 h, our planned incubation
time. We checked the stability of droplets on DMA for 48 h
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in a cell culture incubator and showed that droplets of cul-
ture medium on DMA are stable for at least 48 h (Suppl.
Fig. S6). The viability of cells cultured in 80 nL droplets
ranged from 60% to 85% and resembled the viability of
cells cultured in T25 cell culture flasks (Fig. 1¢). We have
checked the uniformity of manual plating and viability of
cells in individual droplets (Suppl. Fig. S7). The number of
cells per droplet after 48 h of culture was on average 140 =
60 cells/spot and was comparable to the variability of cell
number per spot (150 = 70 cells/spot) obtained after seed-
ing cells cultured in flask for 48 h onto DMA slides (Suppl.
Fig. S7). This indicates that observed variability in number
of cells per spot reflects distribution of cells across the array
during the manual seeding procedure and not different con-
ditions in each droplet during culturing. The viability of
cells cultured for 48 h was on average 80% = 15% and 87%
* 7% on the DMA and in the flask, respectively (Suppl.
Fig. S7). We observed that numbers of cells and cell viabil-
ity per spot distributed randomly across the tested array
area, indicating that there is no inhomogeneity in plating
and culturing conditions across the slide (Suppl. Fig. S7).
These results are in good agreement with our previous study
on distribution of cell number across larger array areas
using cell lines.?

DSRT on the DMA Platform Using
Manual Setup

As a next step, we carried out the compound treatment of
primary CLL cells on polymer DMA slides using a manual
setup according to the workflow described in Table 1. The
cells from five different donors were previously tested with
a library of anticancer compounds using a previously pub-
lished workflow in 384-well plates (Table 1) at the
University Hospital Heidelberg.® We chose nine anticancer
compounds commonly used to treat this cancer (Suppl.
Table S1) and tested them on the DMA platform.

The compound treatment results are presented in Figures
2 and 3 and Supplemental Figure S2. The dose—responses
to the compounds obtained on the polymer DMA slides
were compared with dose—responses obtained earlier in
384-well plates. We have observed that for all tested com-
pounds the working concentrations were higher on the
polymer DMA slides compared with the 384-well plates: 5
times higher for AZD7762, CAL-101, dasatinib, IPI-145,
LGX-818, PCI-32765, and MK-2206; 50 times for doxoru-
bicin; and 200 times for Abt199 (Figs. 2 and 3, Suppl Fig.
S2). Despite higher working concentrations, we observed
similar dose—response trend for doxorubicin, AZD7762,
Abt-199, CAL-101, IPI-145, and LGX-818 (Fig. 2). In
addition, we could spot the donor-specific response pattern;
for example, cells from donor 4 were sensitive to compound
AZD7762, while donors 3 and 5 revealed no and a partial
response to the same compound, respectively (Fig. 3).

These results indicate that a higher working concentration
of compounds observed on polymer DMA slides might be a
consequence of the partial transfer of compounds into drop-
lets and nonspecific adsorption of compounds on the poly-
mer surface or others, which we have investigated in the
next step. Regardless of observed higher working concen-
trations, calculated the Z' factors for polymer DMA and the
manual setup were 0.56, 0.85, and 0.72 for three indepen-
dent repetitions. As previously defined, a Z factor between
0.5 and 1.0 represents “an excellent assay.”’

Comparison of Cell Responses Using
Different Experimental Setups

We hypothesized that the higher effective concentrations of
compounds on polymer DMA slides could be due to (1) the
partial transfer of compounds into droplets, (2) nonspecific
adsorption of compounds on the polymer surface, (3) a dif-
ferent cell response in extremely small culturing volumes of
80 nL, and (4) different readouts used to estimate viability
on the DMA platform and 384-well plate (Table 1). To test
these hypotheses, we chose a simple experimental model
where we compared the response of a human T-lymphocyte
cell line (Jurkat cells) with a range of concentrations of
doxorubicin under different experimental conditions. To
precisely control the number of cells and culturing volumes
per experiment, we used a noncontact liquid dispenser for
dispensing compounds and cells in these experiments.

To test our first hypothesis, we compared the cell response
to doxorubicin that had been either preprinted directly into
hydrophilic spots prior to cell seeding (reverse method) or
first printed onto a glass slide and then added to DMA con-
taining cells by sandwiching (sandwiching method) (Fig.
4a). We obtained close dose-response curves using the
reverse or sandwiching method (Fig. 4a, Suppl. Table S6).
These results indicate that the transfer rate of compounds
from the glass slide into the droplets was not the reason for
higher working concentrations of drugs in the case of the
polymer DMA slides, at least regarding doxorubicin.

To test the second potential explanation, we compared the
response of Jurkat cells to doxorubicin on a polymer DMA
and on a nonpolymer DMA slide. Doxorubicin’s IC50 value
on polymer DMA slides coated with gelatin was much higher
than that obtained on nonpolymer DMA slides coated with
gelatin (~202.51 uM vs 35.2 uM, respectively) (Fig. 4b,
Suppl. Table S6). Moreover, the IC50 value on nonpolymer
DMA slides without gelatin coating was even lower (~0.19 pM)
and comparable to the IC50 value of doxorubicin in a 384-
well plate (~0.47 £ 0.2 uM) (Fig. 4b, Suppl. Table S6).
Taken together, we conclude that the higher IC50 values
obtained on the polymer DMA slides were caused by nonspe-
cific drug adsorption to the porous polymer and gelatin layer.
Such adsorption led to a significant increase in IC50 values
and can be avoided by employing nonpolymer DMA slides.
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To test our third hypothesis, we compared the response
of 100 cells to different concentrations of doxorubicin in
volumes ranging from 0.1 to 100 pL. To cover this range of
volumes, we used both a nonpolymer DMA platform and
polystyrene microtiter plates (Suppl. Table S5). We
observed close dose—responses in different volumes on the
nonpolymer DMA slides and in microtiter plates, with IC50
values ranging randomly from 0.16 to 0.63 uM (Fig. 4c,
Suppl. Table S6). These results indicate that there is no
effect of small volumes on cell response to drugs, and that
the extremely low culturing volumes we had used were not
the reason for higher working concentrations of compounds
on polymer DMA slides.

To investigate our fourth hypothesis, we compared the
dose—response of Jurkat cells to doxorubicin in 384-well
plates using microscopy and luminescence-based readout,
which resulted in close dose—responses with both methods,
with IC50 values of 0.35 and 0.66 uM for microscopy and
ATP assay, respectively (Fig. 4d, Suppl. Table S6).
Moreover, we observed no difference in cell response when
using 100 or 20,000 cells per well, with IC50 values of 0.66
and 0.53 uM, respectively (Fig. 4d, Suppl. Table S6).

Taken together, the nonspecific adsorption of com-
pounds onto functionalized polymer seems to be the main
reason for the increase in the drugs’ working concentra-
tions on the polymer DMA surface (Fig. 4b), which proved
to be entirely avoidable by substituting polymer DMA
slides with nonpolymer ones in the workflow for a manual
setup (Table 1).

DSRT on DMA Platform Using Automated Setup

As a next step, we tested whether the response of primary
CLL cells to nine previously tested anticancer drugs on
nonpolymer, noncoated DMA slides is indeed comparable
to the cell response in 384-well plates via microcopy and
luminescence-based readouts. CLL cells were dispensed
directly into hydrophilic 1 mm? spots preprinted with vari-
ous concentrations of anticancer drugs, followed by incu-
bating the cells for 48 h. Staining solution containing
calcein AM and PI was then dispensed into the droplets
using a noncontact liquid dispenser. The dose—responses
and IC50 values of eight drugs on the nonpolymer DMA
slides concurred closely with the response observed in a
384-well plate (Fig. 5, Suppl. Table S7). The IC50 value of
MK-2206 was slightly higher on the DMA platform, com-
pared with the 384-well plate (Fig. 5, Suppl. Table S7). We
also compared dose—responses and IC50 values obtained in
the 384-well plate by using different readouts and different
cell numbers. We obtained comparable results by using
microscopy and an ATP assay, as well as by using 100 and
20,000 cells in a 384-well plate (Fig. 5, Suppl. Fig. S3,
Suppl. Tables S2 and S7). We compared the variability of
data obtained from experiments treating the primary cells

on both nonpolymer DMA and 384-well plates using a
microscopy-based readout and observed no difference
between the platforms (Suppl. Fig. S5). The calculated Z’
factors for nonpolymer DMA were 0.79, 0.53, and 0.65 for
three repetitions, compared with a Z' factor of 0.59 for the
384-well plate, indicating a robust experimental setup.
Taking together, our results indicate that we can obtain
comparable and reliable results on the DMA platform. In
other words, by using primary patient-derived cells on the
DMA platform with as few as 100 cells in 100 nL culturing
volume, we obtained dose—responses comparable to those
obtained in a 384-well plate using 20,000 cells in 30 pL of
culturing volume. We have estimated the time and cost of
performing the full protocol for each compound on DMA
and 384-well plate (Suppl. Tables S3 and S4). Considering
that automation for printing compounds and cells on both
DMA and 384-well plate is used, the time needed for the
protocol is similar between the platforms, with approxi-
mately 2 h more in the case of DMA for imaging and image
analysis (Suppl. Table S3). However, cost estimation shows
that the price of experiments for each drug (10 concentra-
tions, 4 replicates) is about 10 euros in the case of DMA and
800 euros in the case of 384-well plate (Suppl. Table S4),
demonstrating clear advantage of miniaturization.

Conclusions

The present work illustrates how we established a workflow
for a highly miniaturized DSRT using the DMA platform.
We have demonstrated the promising potential of culturing
primary CLL cells isolated from patients in 80 to 100 nL
droplets for 48 h with high viability. We showed that by
using the DMA platform and only 100 cells and 300 times
fewer compounds and reagents, we obtained the same
results as if we had employed conventional 384-well plates
and 20,000 cells per each well. We have demonstrated our
system in 2D, however, as we have previously shown that
the DMA platform is compatible with culturing cells in 3D
environments by means of scaffolds**> or by promoting
the self-organization of cells.?® The possibility of culturing
cells in 3D gives rise to even more physiologically relevant
applications using primary patient-derived cells.

We demonstrated the application of manual and auto-
mated operation of DMA slides for DSRT, both of which
can facilitate various applications. The manual setup
requires no liquid handling robotics and can be done in a
laboratory lacking automation for low- to middle-through-
put screenings. On the other hand, our automated setup is
beneficial for experiments requiring higher throughputs or
even smaller volumes and cell numbers. All the components
of the described system for both manual and automated
setup are available commercially, and established protocols
can be adopted in different laboratories. We believe that
highly miniaturized DSRT on our DMA platform has a
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potential to open new opportunities in the field of personal-
ized and precision medicine by enabling tests with minute
amount of primary patient-derived materials and reagents
that were impossible in state-of-the-art microtiter plates.
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