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“Cells-to-cDNA on Chip”: Phenotypic Assessment and Gene
Expression Analysis from Live Cells in Nanoliter Volumes
Using Droplet Microarrays
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Markus Reischl, Margaux Roux, Pavel A. Levkin,* and Anna A. Popova*

In vitro cell-based experiments are particularly important in fundamental
biological research. Microscopy-based readouts to identify cellular changes in
response to various stimuli are a popular choice, but gene expression analysis
is essential to delineate the underlying molecular dynamics in cells. However,
cell-based experiments often suffer from interexperimental variation,
especially while using different readout methods. Therefore, establishment of
platforms that allow for cell screening, along with parallel investigations of
morphological features, as well as gene expression levels, is crucial. The
droplet microarray (DMA) platform enables cell screening in hundreds of
nanoliter droplets. In this study, a “Cells-to-cDNA on Chip” method is
developed enabling on-chip mRNA isolation from live cells and conversion to
cDNA in individual droplets of 200 nL. This novel method works efficiently to
obtain cDNA from different cell numbers, down to single cell per droplet. This
is the first established miniaturized on-chip strategy that enables the entire
course of cell screening, phenotypic microscopy-based assessments along
with mRNA isolation and its conversion to cDNA for gene expression analysis
by real-time PCR on an open DMA platform. The principle demonstrated in
this study sets a beginning for myriad of possible applications to obtain
detailed information about the molecular dynamics in cultured cells.
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1. Introduction

The recent advances in the field of combi-
natorial chemistry and genomics have con-
tributed to the popularity of cell screening
experiments.[1–3] The most important ad-
vantage of in vitro cell culture is ensuring
a controlled physicochemical culture en-
vironment for the cells that is free from
systemic variations,[4,5] thereby serving as
an ideal system to analyze individual bio-
logical response of cells to a broad range
of external stimuli (i.e., temperature[6,7] or
pH change,[8,9] drugs,[10–12] cytokines,[13,14]

nanoparticles,[15,16] small interfering RNAs
(siRNA)[17–19] etc.). Along with evaluation of
phenotypic changes in cells during various
biological experiments, it is important to ob-
tain the information about alternations in
the transcriptome of treated cells.[20–22] This
is because not all stimuli can be reflected
in morphological changes, but still can in-
fluence the expression pattern of a plethora
of genes regulating a number of cellular
pathways.[23,24]
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Usually the workflows for phenotypic cell-based screening and
gene expression analysis of cells are performed using different
platforms and involve a number of steps. Traditional microtiter
plates are suitable for cell culture, incubation with different com-
pounds and subsequent phenotypic analysis in microliter vol-
umes. Thereafter cells are usually taken out of microtiter plates
or lysed for mRNA isolation in microtubes. Finally, the comple-
mentary DNA (cDNA) is synthesized and purified in PCR micro-
tubes, and carried forward for subsequent gene expression anal-
ysis. However, in vitro studies are prone to inter and intraexperi-
mental variation.[25,26] Therefore, a platform that allows to use the
same set of samples for both microscopy-based assays and gene
expression analysis could be very useful to increase the reliability
and reproducibility of a cell-based experiment. Moreover, wells in
microtiter plates and microtubes are surrounded by boundaries
that are believed to hinder efficient isolation of genetic material
from low number of cells by nonspecific adsorption of nucleic
acids to polymer walls.[27,28] Also the multiple-step protocols and
the need for transferring the input material to different wells and
microtubes during the entire experimental procedure further in-
creases the loss of nucleic acids, which is especially critical when
working with low cell numbers or single cells. Miniaturization
and parallelization of experimental steps for sample preparation
starting from live cells are very important in order to increase
the efficiency of nucleic acid isolation and reduce the experimen-
tal budget and time. Hence the combination of high throughput
sample preparation for gene expression analysis with prior incu-
bation of cells in the presence of various stimuli within minia-
turized volumes would be a game-changer, opening numerous
possibilities to analyze the changes in cellular transcriptome.

Impressive advancements have been made in developing the
protocols for miniaturized and high throughput sample prepa-
ration, including solid-phase, droplet-based or nanowell-based
microfluidic systems for direct isolation of nucleic acids from
cell lysates. Nestorova et al. reported an automated technique
for mRNA extraction, purification, and reverse transcription,
based on solid-phase microfluidics.[29] Kim et al. developed a
droplet microfluidics-based single-step chemical lysis approach
for high-throughput single-cell reverse transcription polymerase
chain reaction (RT-PCR), where the cells are lysed in buffer with
high pH and merged with subsequent reagents for gene ex-
pression analysis.[30] As one step further towards assessment of
global transcriptomic landscape, Gierahn et al. have established
a nanowell-based platform “Seq-well”, enabling massively par-
allel single-cell lysis, barcoding of mRNA, and transcriptomic
analysis.[31] Macosko et al. reported the “Drop-seq” protocol that
involves encapsulation of cells within water-in-oil droplets for
parallelized single-cell transcriptomic studies.[32] However, to the
best of our knowledge, till date no platform has been reported that
can support the entire workflow of cell culture, screening, phe-
notypic assessment, mRNA isolation and cDNA preparation for
gene expression analysis, in a miniaturized format. Microfluidic-
based approach is indispensable for high throughput and single-
cell resolution in transcriptome when a bulk cell population has
to be analyzed. However, the use of this approach in combina-
tion with screening of large compound libraries can be cumber-
some, due to the need to introduce multiple channels and/or
complex droplet recognition systems, along with the risk of cross-
contamination of the droplets.[33–35] In addition, droplet microflu-

idic approach is not always compatible with cultivation of adher-
ent cells due to the absence of the surface to attach themselves.

In our laboratory, we have developed a “Droplet Microar-
ray” (DMA) platform, formed by superhydrophobic–hydrophilic
patterning.[36–43]Using this platform, various cell-based exper-
iments are possible in hundreds to thousands of micro- or
nanoliter cell culture reservoirs, separated by superhydropho-
bic borders on a single microscope glass slide. DMAs can be
prepared on various types of substrates, e.g., nanostructured
glass,[37] porous poly(2-hydroxyethyl methacrylate-co-ethylene
dimethacrylate) polymer (HEMA-EDMA),[38,39] poly(thioether)
dendrimers[44] etc.—having a broad range of surface topogra-
phy and roughness. We have demonstrated that HeLa-CCL2 cells
cultured on different biomaterial-coatings used for fabrication
of DMA, and in droplets of as low as 9 nL volumes exhibit no
drastic transcriptomic alternations in comparison to cells grown
in microtiter plates.[45]The DMA platform has enabled cultur-
ing and screening of variety of cells in thousands of separated
nanoliter droplets, making it a versatile, miniaturized, wall-free,
high throughput platform for stem cells,[37] bacterial cells,[41] 2D
and 3D mammalian cell culture,[36,46] single cells,[42] embryoid
bodies[43] and even zebrafish (Danio rerio) embryos.[47]

In this study, we for the first time established and evaluated
“Cells-to-cDNA on Chip” methodology on DMA platform, which
includes culturing cells, microscopy-based evaluation, mRNA
isolation, and conversion to cDNA—all on an array of 200 nL
droplets, followed by gene expression analysis from as low as
a single cell per sample. Parallelization and miniaturization of
the entire workflow of cell culture to cDNA synthesis down to
nanoliter volumes greatly reduces the time of experiment and
reagent consumption, thereby decreasing the experimental cost.
Moreover, DMA platform used in this study does not have any
solid boundary and allows for confinement of miniaturized re-
action volumes within a small surface area. Both these charac-
teristic features of DMA could contribute to reduce the chances
of loss of nucleic acids from low number of cells due to non-
specific adsorption, as observed in PCR microtubes.[27,28] Thus,
we demonstrate the possibility to combine phenotypic screening
with gene expression analysis of treated cells on miniaturized ar-
rays of nanoliter droplets.

2. Results and Discussion

2.1. Concept of “Cells-to-cDNA on Chip” Method

The concept of “Cells-to-cDNA on Chip” method based on the
droplet microarray platform is demonstrated in Figure 1. DMA
platform is based on an array of hydrophilic spots on a superhy-
drophobic background that enables formation of arrays of sep-
arated and stable aqueous droplets of volumes ranging from
microliters to nanoliters on plain wall-less and transparent sur-
face. These droplets can be used as miniaturized wells for cul-
turing and screening of live cells. As a first step of the “Cells-to-
cDNA on Chip” methodology, cells of interest are dispensed onto
hydrophilic spots using a non-contact liquid dispenser, where
they can be introduced to various stimuli of interest, i.e., drugs,
siRNA, nanoparticles, cytokines, biomimetic coatings etc. (Fig-
ure 1). As a second step, cell morphology and phenotypic changes
in response to respective stimuli after incubation with the same
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Figure 1. Schematic representation of “Cells-to-cDNA on Chip” method. 1 = cell culture and screening in micro/nanoliter droplets on DMA, 2 = pheno-
typic analysis of cells by microscopy-based methods, 3 = cell lysis and isolation of mRNA using poly-T magnetic beads, 4 = mRNA to cDNA conversion
within the same droplet, 5 = collection of cDNA for qualitative and quantitative gene expression analysis.

can be assessed using optical microscopy. As a third step, cells
are lysed in the same hydrophilic spots by addition of a suitable
cell lysis buffer and isolation of mRNA from the cell lysate in the
droplets is performed using poly-T magnetic beads. As a fourth
step, mRNA in each spot is converted to cDNA directly onto the
same droplet on DMA. Finally, the so-formed cDNA from indi-
vidual spots is collected and used for gene expression analysis us-
ing PCR and real-time PCR (qPCR) techniques. “Cells-to-cDNA
on Chip” method combines cell screening and gene expression
analysis of cells in individual droplets. It enables parallel high-
throughput sample preparation starting from live cells to cDNA
synthesis in several hundreds of droplets with volumes as low
as 200 nL. It can be applied either for screening applications,
where cells in the droplets could undergo incubation with differ-
ent stimuli followed by gene expression analysis; or as a sample
preparation platform, where cDNA can be synthesized from low
cell number, down to single cell. In this work for the first time,
we have optimized and demonstrated the entire methodology for
“Cells-to-cDNA on Chip”, including the steps of cell culture, cell
lysis, isolation of mRNA and cDNA synthesis—all in single sep-
arated droplets on a DMA chip in volumes ranging from 200 nL
to 5 μL, using cell numbers ranging from 1 to 1000.

2.2. mRNA to cDNA Conversion on Droplet Microarray

As a first step, we have optimized the workflow for conver-
sion of total RNA to cDNA on DMA chip in micro- and nano-
liter volumes. Total RNA was isolated from cultured HeLa-CCL2
cells following standard protocol. DMAs of two formats were
used for optimization: i) 80-spot (5×16) array with circular spots
of 3 mm diameter accommodating 5 μL total reaction volume
[3 mm DMA], and (ii) 672-spot (14×48) array of square spots with
1 mm side length accommodating 200 nL total reaction volume
[1 mm DMA] (Figure S1, Supporting Information). The static
water contact angles of the superhydrophobic borders and hy-
drophilic spots were previously calculated to be 157° and 16°,
respectively.[48]

On the DMA platform, the droplet volume can be as small as
few nL; therefore in order to avoid evaporation of the droplets,
we first have optimized a set-up that allowed us to use a standard
thermocycler machine for performing high temperature reaction
steps required for nucleic acid manipulations, without a need to
cover the sample with mineral oil. We have therefore fabricated a
“humidity chamber” for DMA, optimizing few components that
included i) a metal in situ adaptor for the heating block of thermo-
cycler, ii) a thermostable 3D printed lid to cover the DMA placed
on top of the metal adaptor, and iii) sterile tissues wetted with
appropriate volume of nuclease-free water. Detailed description
of the humidity chamber has been provided in the experimen-
tal section and in Figure S2, Supporting Information. This so-
formed humidity chamber was evaluated for preventing evapora-
tion of the droplets on DMA during high temperature steps (up to
80 °C) required for cDNA synthesis. To test the humidity cham-
ber, we first performed the entire program for cDNA synthesis
on 3 mm DMA in thermocycler, using 5 μL nuclease-free wa-
ter on the hydrophilic spots. No merging and evaporation of the
droplets on DMA chips were observed before or after the cDNA
synthesis program was completed (Figure S3A,B, Supporting In-
formation).

As the next step, conversion of DNase-treated total HeLa-CCL2
RNA to cDNA was attempted on DMA in 5 μL (3 mm DMA)
and 200 nL (1 mm DMA) final reaction volumes. All reagents
were manually added by pipetting (3 mm DMA) or dispensed by
a nanoliter volume dispenser (1 mm DMA) onto the hydrophilic
spots. Figure 2A shows a typical workflow of cDNA synthesis pro-
tocol on 1 mm DMA. Briefly, HeLa-CCL2 total RNA, dNTPs and
oligo dT primers/random hexamers were pipetted/dispensed
onto the hydrophilic spots of the respective DMA, and incubated
at the thermocycler at 65 °C for 10 min. Next, the DMA was
kept on ice for 2 min, reverse transcription cocktail was pipet-
ted/dispensed onto the hydrophilic spots and it was incubated in-
side the thermocycler at 52 °C for 15 min (cDNA synthesis) and
80 °C for 12 min (termination of the reaction). As an optional
step, RNase H was pipetted/dispensed onto the spots contain-
ing cDNA and incubated at 37 °C for 20 min. Finally, the cDNA
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Figure 2. cDNA synthesis starting from total HeLa-CCL2 RNA on droplet microarray. A) Schematic protocol for cDNA synthesis on DMA. Bright-field
microscope images of B,C) 5 μL and D,E) 200 nL droplets on hydrophilic spots of 3 mm and 1 mm DMA, respectively, B,D) before and C,E) after the
cDNA synthesis reaction. Scale bar = 500 μm. F) Gel electrophoresis image of GAPDH PCR (product size = 112 bp) performed with cDNA synthesized
from 50 ng HeLa-CCL2 total RNA. [Lane number 1 = 1 kb DNA ladder, 2 = no template (negative) control, 3 = PCR product of cDNA synthesized
in microtube (positive control), 4 = PCR product of cDNA synthesized on 3 mm DMA in volume of 5 μL, 5 = PCR product of cDNA synthesized on
1 mm DMA in volume of 200 nL]. G) Gel electrophoresis image of ACTB PCR (product size = 1045 bp) performed with cDNA synthesized from 50 ng
HeLa-CCL2 total RNA. Sample sequence in gel lanes is same as Figure 2F.

from each hydrophilic spot was collected into a PCR microtube,
as described in detail at the experimental section. List of all the
reagents and input volumes for 3 and 1 mm DMA have been
listed in Table 1. Figure 2B–E presents bright-field microscope
images of 3 and 1 mm DMA, before and after the cDNA syn-
thesis reaction inside thermocycler. We observed no evaporation
of the droplets after the temperature steps. Although there was
a trace of condensation on superhydrophobic background of the
DMA slides after the reaction (Figure 2C,E), no merging of con-
secutive droplets could be observed.

To check if conversion of RNA to cDNA on the Droplet Mi-
croarray was successful, we have performed PCR for two house-
keeping genes-GAPDH and ACTB. cDNA synthesized from to-
tal HeLa-CCL2 RNA (50 ng) in a PCR microtube according to
the standard protocol was used as the positive control. Gel elec-
trophoresis was performed for the PCR products from cDNA syn-
thesized on 3 and 1 mm DMA, and prominent bands could be
observed for both the genes at the right size [112 bp and 1045 bp
for GAPDH and ACTB, respectively] (Figure 2F,G). Henceforth,
we were able to optimize the setup for a critical step toward the
establishment of “Cells-to-cDNA on Chip” method on DMA- the
conversion of total RNA to cDNA on the DMA chip. This opens
up an opportunity to do high-throughput manipulation of nucleic

Table 1. Reagent volumes for cDNA synthesis on 3 mm and 1 mm DMA.

Experimental steps/reagents Reagent volume per hydrophilic spot

3 mm DMA (Total
volume: 5 μL)

1 mm DMA (Total
volume: 200 nL)

Annealing primer to template RNA

HeLa-CCL2 total RNA 50 ng 1 ng

10 mM dNTPs 0.25 μL 10 nL

50 μM oligo dT primers or
50 ng μL–1 random hexamers

0.25 μL 10 nL

Nuclease-free water to 3 μL to 120 nL

Reverse transcription

5× reverse transcription buffer 1 μL 40 nL

100 mM dithiothreitol (DTT) 0.25 μL 10 nL

Ribonuclease inhibitor (40 U
μL–1)

0.25 μL 10 nL

Superscript IV reverse
transcriptase (200 U μL–1)

0.25 μL 10 nL

RNase H (2 U μL–1) [optional] 0.25 μL 10 nL
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Figure 3. Detailed schematic workflow of “Cells-to-cDNA on Chip” method on Droplet microarray. RT = room temperature.

acids on open DMA chips for up to 672 droplets in volumes as
low as 200 nL, without a need for any additional medium (e.g.,
mineral oil) to prevent evaporation.

As a confirmation to monitoring the extent of droplet evapora-
tion during cDNA synthesis on DMA, static WCA of the droplets
were measured both before and after the experiment (Figure
S4A,B, Supporting Information). Moreover, total reaction vol-
umes were measured from all 3 hydrophilic spots after cDNA
synthesis (Figure S4C, Supporting Information). From the re-
sults, it could be observed that only a minute portion of droplet
volume (less than 8%) is lost after the reaction (Figure S4C, Sup-
porting Information), along with a subsequent reduction in static
WCA. However, this evaporation/condensation does not seem to
influence the cDNA synthesis reaction within droplets, as shown
in Figure 2.

2.3. “Cells-to-cDNA on Chip” Method in 5 μL Droplets on 3 mm
Droplet Microarray

Our envisioned “Cells-to-cDNA on Chip” methodology includes
the following steps: 1) cell culture, 2) cell lysis, 3) mRNA extrac-
tion from cell lysate and 4) cDNA synthesis—all in single droplets
on a DMA chip. The workflow of the entire “Cells-to-cDNA on
Chip” method is demonstrated in Figure 3. In order to perform
the steps of cell lysis and mRNA isolation on DMA according to
“Cells-to-cDNA on Chip” method, a total of 1000 HeLa-CCL2 cells
per hydrophilic spot on 3 mm DMA were manually seeded in 3 μL
media, cultured for 24 h (Figure 3, step 1) and observed under a
microscope (Figure S5A, Supporting Information). Next, the cells
were lysed at 37 °C for 1 h by the addition of 2 μL RLT lysis buffer
per hydrophilic spot (Figure 3, step 2), and were monitored every
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Table 2. Reagent volumes for “Cells-to-cDNA on Chip” method on 3 mm
and 1 mm DMA.

Experimental steps/reagents Reagent volume per hydrophilic spot

3 mm DMA (Total
volume: 5 μL)

1 mm DMA (Total
volume: 200 nL)

Cell seeding

Number of cells 1000 100

Culture medium 3 μL 100 nL

mRNA isolation

Phosphate-buffered saline
(×2)

– 200 nL

Lysis buffer 2 μL 150 nL

Poly-T magnetic beads in
hybridization buffer

3 μL 100 nL

Wash buffer (×3) 5 μL 200 nL

Nuclease free water for mRNA
elution

2.5 μL 100 nL

30 min under the microscope (Figure S5B,C in Supporting In-
formation, respectively). Afterwards, the DMA was kept within
the humidity chamber for 10 min at 65 °C inside a thermocycler
to linearize the mRNA. Thereafter the DMA with the humidity
chamber was put immediately onto ice to cool down. Next, the
DMA was brought to room temperature within humified Petri
dish and 3 μL poly-T magnetic beads in mRNA hybridization
buffer were added to the cell lysate on DMA (Figure 3, step 3).
Following a 5 min incubation at room temperature, the DMA
was placed onto a magnet for 1 min to settle the mRNA-bound
poly-T beads (Figure 3, step 4), and the supernatant was aspirated
with a pipette (Figure 3, step 5). Next, beads were washed three
times with 5 μL wash buffer, as described in the experimental sec-
tion (Figure 3, step 6-7). Then the beads were resuspended into
2.5 μL nuclease-free water to elute the mRNA (Figure 3, step 8).
Figure S5D, Supporting Information represents bright-field mi-
croscope images of the 3 mm DMA with cell lysate and magnetic
beads on the hydrophilic spots at different experimental steps,
indicating no merging of droplets during the entire workflow.
Next, the beads were settled onto magnet again and reverse tran-
scription was carried out with the isolated mRNA on the same
hydrophilic spot (Figure 3, step 9–12), having the reagent vol-
umes as described in Table 1. Volumes of reagents needed for cell
seeding, lysis, and mRNA isolation steps according to “Cells-to-
cDNA on Chip” method on 3 mm DMA are listed in Table 2.
Upon completion of the reaction, the DMA was placed onto
magnet again, and resultant cDNA (5 μL) from each spot was
aspirated and taken into a standard PCR microtube for down-
stream analysis. To counteract the influence of any genomic DNA
contamination in trace amounts during mRNA isolation, all the
primers (especially the ones for qPCR) were designed on the
exon–exon boundaries.

2.3.1. Qualitative and Quantitative Gene Expression Analysis with
Different Number of Cells and Various Cell Types

In order to check if the cDNA could actually be synthesized from
live cells on 3 mm DMA using our novel “Cells-to-cDNA on

Chip” methodology, PCR and gel electrophoresis were performed
for GAPDH and ACTB genes. Figure 4A,B shows the gel elec-
trophoresis images for products from GAPDH and ACTB PCR,
performed with the cDNA synthesized on 3 mm DMA along
with the usual control PCR reactions. From our results, we can
conclude that the entire workflow of “Cells-to-cDNA on Chip”
method can be performed successfully on 3 mm DMA, in 5 μL
reaction volume.

As a next step, we checked the possibility of quantitative gene
expression studies followed by “Cells-to-cDNA on Chip” method
on DMA. We selected qPCR technique to perform the quan-
titative assessment of cDNA synthesized on DMA in each hy-
drophilic spot. For this experiment, varying number of HeLa-
CCL2 cells (10, 100, 500, and 1000) were seeded in a culture
volume of 3 μL onto the 3 mm DMA. Samples with different
cell numbers were placed in consecutive rows to ensure their
close proximity to each other. Next, cDNA was prepared from the
varying number of cells according to “Cells-to-cDNA on Chip”
methodology. The resultant cDNA from each spot was collected
into different wells of a PCR microplate and qPCR was performed
with the same using GAPDH primers. Figure 4C shows com-
parison of Ct values from each group of cell numbers after per-
forming qPCR. As expected, we observed an inverse relationship
of Ct values with the number of cells per spot (Figure 4C). The
differences between average Ct values (from 5 spots) for consec-
utive cell number groups were also statistically significant, [i.e.,
10 vs 100 cells (***P < 0.001), 100 versus 500 cells (***P < 0.001)
and 500 versus 1000 cells (**P < 0.01)] with minimal spot-to-spot
variability as depicted by the standard error of mean for each
group (Figure 4C). This data indicates that—i) there is no cross-
contamination between droplets during cDNA preparation, ii)
there is uniformity between the amount of cDNA retrieved from
a particular number of cells from different hydrophilic spots on
DMA and iii) it is possible to synthesize qPCR-quality cDNA from
a mere input of 10 cells on DMA.

We have compared the performance of “Cells-to-cDNA on
Chip” method on DMA and PCR plate. Toward this goal, we per-
formed “Cells-to-cDNA on Chip” method in a PCR microplate,
using the same number of cells [10, 100, 500, and 1000 cells per
well] in the same 5 μL volume. Here we observed higher Ct values
for all cell number groups, since on average 2 more qPCR cycles
were needed to detect a signal from each cell number group, as
compared to that of the same on DMA (Figure 4D). Although
we could observe a significant inverse relationship between cell
numbers and Ct values, the difference in Ct values obtained from
500 and 1000 cells was not statistically significant (Figure 4D).
This indicates that “Cells-to-cDNA on Chip” methodology on
DMA has better efficiency compared to PCR microplate, which
could be due to non-specific adsorption of nucleic acids on the
walls of the plate, as shown in other studies.[27,28]

As additional experiment confirming no cross-contamination
in between droplets, HeLa-CCL2 and HeLa-GFP cells were
seeded onto consecutive spots on a 3 mm DMA. The cells were
cultured for 24 hours followed by “Cells-to-cDNA on Chip” pro-
tocol. Figure S6A (Supporting Information) shows the fluores-
cence microscopy images of both the cell lines after 24 h of
culture on DMA. In congruence with microscopy data (Figure
S6A, Supporting Information), a 200 folds higher expression of
GFP transcripts was observed in HeLa-GFP cells by qPCR, upon
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Figure 4. Qualitative analysis and gene expression quantification for different number of cells and siRNA-mediated targeted gene knockdown by “Cells-
to-cDNA on Chip” method on 3 mm DMA. A,B) Gel electrophoresis image for GAPDH (product size = 112 bp) and ACTB (product size = 1045 bp) PCR
respectively. [Lane number 1 = 1 kb DNA ladder, 2 = no template (negative) control, 3 = PCR product of cDNA synthesized in microtube from HeLa-CCL2
cells using standard protocol (positive control), 4 = PCR product of cDNA synthesized from HeLa-CCL2 cells on 3 mm DMA, via “Cells-to-cDNA on
Chip” method]. (C-D) qPCR results of cDNA synthesized from HeLa-CCL2 cells via “Cells-to-cDNA on Chip” method on 3 mm DMA and PCR plate,
respectively. Bar graphs from both C and D represent Ct values for 10, 100, 500 and 1000 cells, each with 5 replicates. Error bar represents mean ±
SEM. ***P < 0.001, **P < 0.01 according to two-tailed unpaired t-test, calculated as a comparison between consecutive groups. NS = not significant.
Assessment of siGFP transfection to HeLa-GFP cells on 3 mm DMA: E–G) Fluorescence microscopy images showing GFP expression in untransfected,
scrambled siRNA-transfected and siGFP-transfected cells, respectively (after 48 hours of transfection). Scale bar = 100 μm. H) Mean GFP fluorescence
in HeLa-GFP cells post 48 h of transfection. Data presented as mean±SEM from 3 individual experiments. ***P < 0.001, **P < 0.01 according to two-
tailed unpaired t-test. I) qPCR for GFP transcript levels in cells post 48 h of transfection on 3 mm DMA; cDNA synthesized via “Cells-to-cDNA on Chip”
method. Data normalized to GAPDH expression, and presented as mean±SEM, from 3 individual experiments. ***P < 0.001 as calculated by two-tailed
unpaired t-test.

comparison with HeLa-CCL2 cell line which had no GFP expres-
sion (Figure S6B, Supporting Information).

2.3.2. siRNA-Mediated Knockdown of Target Gene and Quantitative
Gene Expression Analysis

In order to further demonstrate applicability of “Cells-to-cDNA
on Chip” method for different cellular assays, we performed tar-
geted gene knockdown using siRNAs on 3 mm DMA, coupled
with evaluation of the results by both microscopy-based read-
outs and qPCR for gene expression analysis. HeLa-GFP cells
that are stably transfected with green fluorescent protein (GFP)
were used for this experiment. A total of 1000 HeLa-GFP cells
were seeded per hydrophilic spot onto a 3 mm DMA. Next, cells
were transfected with an anti-GFP siRNA (siGFP) using Screen-
Fect A transfection reagent, via a one-step reverse transfection
methodology as described in the experimental section. Untrans-
fected cells and cells transfected with scrambled siRNA were
taken as controls for the experiment. Figure 4E–G demonstrates

the fluorescence microscope images of untransfected, scrambled
siRNA-transfected and siGFP-transfected cells 48 h posttrans-
fection, respectively. An efficient GFP knockdown in HeLa-GFP
cells transfected with siGFP on DMA was indicated by the re-
duction in GFP fluorescence in the respective group of cells (Fig-
ure 4G). GFP fluorescence for each sample group was further
quantified, and calculated as over 90% fluorescence reduction in
the siGFP-transfected cells, in comparison to those transfected
with scrambled-siRNA (Figure 4H). Next, cDNA was isolated us-
ing “Cells-to-cDNA on Chip” method from the same hydrophilic
spots on DMA and qPCR was performed with the resultant cDNA
for GFP expression. Figure 4I shows the relative GFP expression
(with GAPDH as normalizing control) in all the three groups (un-
transfected, transfected with scrambled siRNA and siGFP), that
confirms about 90% knockdown of GFP transcripts in the siGFP-
transfected cells on DMA, with respect to both the other groups
under consideration. These results on quantitative gene expres-
sion analysis post siRNA transfection in cells on DMA are impor-
tant to re-emphasize the absence of cross-contamination between
droplets on DMA during the entire course of experiments from
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Figure 5. Quantitative and qualitative gene expression analysis with different number of HeLa-GFP cells by “Cells-to-cDNA on Chip” method on 1 mm
DMA. A,B) Gel electrophoresis image for GAPDH (product size = 112 bp) and ACTB (product size = 1045 bp) PCR, respectively. [Lane number 1 = 1 kb
DNA ladder, 2 = PCR product of cDNA synthesized from HeLa-GFP cells in microtube using standard protocol (positive control), 3 = PCR product of
cDNA synthesized from HeLa-GFP cells on 1 mm DMA using “Cells-to-cDNA on Chip” method, 4 = no template (negative) control]. C) qPCR results of
cDNA synthesized from HeLa-GFP cells using “Cells-to-cDNA on Chip” method on 1 mm DMA. Synthesized cDNA was first pooled from 168 spots and
then diluted so the content corresponding to a single droplet was used for qPCR reaction. Pink squares represent the average Ct value per hydrophilic
spot from each cell number group. R = correlation coefficient. D) Bright-field, fluorescent, and overlaid microscopy image of a single HeLa-GFP cell on
1 mm DMA. Scale bar = 100 μm. E) qPCR amplification curves for 6 technical replicates of cDNA synthesized by “Cells-to-cDNA on Chip” method from
single HeLa-GFP cells. NTC = no template control.

live-cell culture to cDNA synthesis. Henceforth we confirm the
applicability of “Cells-to-cDNA on Chip” methodology on DMA
to perform various cell screening experiments followed by analyz-
ing the phenotypic outcome by microscopy and gene expression
analysis.

2.4. “Cells-to-cDNA on Chip” Method in 200 nL Droplets on
1 mm Droplet Microarray

As a next step, we further miniaturized the “Cells-to-cDNA on
Chip” methodology down to 200 nL reaction volume on DMAs
with 1 mm hydrophilic spots. For all our experiments on 1 mm
DMA, we have imaged the DMA before the workflow to deter-
mine the exact cell number per spot. Figure S7A–D in Supporting
Information show the bright field and fluorescence microscope
images of HeLa-GFP cells on 1 mm DMA before and after cell
lysis, respectively. In comparison with “Cells-to-cDNA on Chip”
method performed on 3 mm DMA, we have optimized a step
for parallel removal of liquids with sandwiching method, which
is necessary in order to perform washing steps (Figure 3, steps
4–7), simultaneously from the whole array of 672 spots. In this
method, the DMA slide containing droplets with magnetic poly-T
beads was placed on a neodymium block magnet and sandwiched
with a microscope slide coated with a layer of porous hydrophilic
HEMA-EDMA polymer, which soaked all the liquid from each in-
dividual droplet without mixing of the droplets with each other
and without removing the magnetic beads from the spots (Figure

S7E–G, Supporting Information). Volumes of reagents needed
for cell seeding, lysis and mRNA isolation steps according to
“Cells-to-cDNA on Chip” method on 1 mm DMA are listed in
Table 2.

2.4.1. Qualitative and Quantitative Gene Expression Analysis

We first performed “Cells-to-cDNA on Chip” method with about
100 HeLa-GFP cells cultured in 100 nL droplets for 24 h and
checked the quality of synthesized cDNA by PCR. Figure 5A,B
demonstrates the gel electrophoresis images of the PCR prod-
ucts for GAPDH and ACTB, respectively. The results indicate
successful cDNA synthesis from cultured cells, in a total of 200
nL reaction volume on 1 mm DMA. Next, a possibility of a quan-
titative assessment of cDNA synthesized in nanoliter volume by
“Cells-to-cDNA on Chip” methodology was tested. Pertaining to
this goal, three groups of varying number of HeLa-GFP cells were
seeded onto 1 mm DMA by the nanoliter volume dispenser and
incubated for 24 h. The whole DMA slide was imaged by fluo-
rescence microscope with 2× magnification before performing
the cell lysis (Figure S8A, Supporting Information), and the ac-
tual number of cells per spot was estimated automatically using
an in-house developed algorithm (Figure S8B, Supporting Infor-
mation). Next, the cDNA was isolated on 1 mm DMA via “Cells-
to-cDNA on Chip” method in 200 nL total reaction volume as
described earlier. Figure 5C shows the average Ct values corre-
sponding to different number of cells per hydrophilic spot onto
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1 mm DMA. It confirms a distinct inverse relationship [correla-
tion coefficient (R) = -0.9997] between qPCR Ct values and cell
numbers on DMA. Our results confirm that “Cells-to-cDNA on
Chip” method in 200 nL droplets on the DMA platform works
efficiently to obtain cDNA from varying number of cells and dis-
tinguish between them (Figure 5C).

2.4.2. Quantification of Gene Expression from Single Cell per Droplet

As one step further, we have performed “Cells-to-cDNA on Chip”
method with single cells on 1 mm DMA. Single cell per hy-
drophilic spot on DMA was dispensed by a single cell dispenser
(Cellenion, France). Figure 5D shows bright-field, fluorescence,
and overlaid image of single HeLa-GFP cell after dispensing
onto DMA. For single-cell experiments, cell lysis with RLT buffer
was carried out only for 5 min on ice. “Cells-to-cDNA on Chip”
method was performed as described before for 1 mm DMA, with
a few adjustments in the experimental methodology as explained
in detail in the experimental section. qPCR was performed for
GFP expression with cDNA obtained from single droplet (single-
cell cDNA). As shown in Figure 5E, Ct values from single cells
were ranging between 29 and 32, whereas there was no ampli-
fication for the negative (no template) control. Figure S9A,B in
Supporting Information shows the melting curve and melting
peak analysis of the same qPCR experiment, indicating no con-
tamination in the samples. These results confirm the applicabil-
ity of “Cells-to-cDNA on Chip” methodology on DMA for obtain-
ing mRNA and cDNA from a single mammalian cell, in nanoliter
droplets.

3. Conclusion

With “Cells-to-cDNA on Chip” methodology, we have for the first
time made it possible to perform screenings of live cells down
to single cell per sample followed by isolation of mRNA and
its conversion to cDNA in a parallel high-throughput manner
on an open platform in volumes as low as 200 nL, without a
need for using special reagents to prevent evaporation. No cross-
contamination was observed between the droplets during the en-
tire experimental workflow. We have demonstrated successful ap-
plication of the resultant cDNA for quantitative gene expression
analysis methods like qPCR, with down to single cells per droplet.
“Cells-to-cDNA on Chip” methodology demonstrated superior ef-
ficiency on DMA, ascompared to PCR microplates, probably due
to reduced nonspecific adsorption of nucleic acid. We could ob-
serve 90% reduction in GFP transcripts upon performing qPCR
after siGFP transfection to HeLa-GFP cells on DMA, which was
in perfect agreement with microscopy-based fluorescence read-
outs. The “Cells-to-cDNA on Chip” method established here on
DMA can be used as a singular experimental strategy for cell cul-
ture, screening against various compounds or stimuli, imaging-
based assays, isolation of mRNA and high-throughput gene ex-
pression analysis- all on one miniaturized platform. It is impor-
tant because it allows us to obtain information about changes
in cell morphology or functionality, and about gene expression
level simultaneously from the same cell population. Also since
both phenotypic and gene expression analysis can be done with

cells in the same droplet, the data obtained is likely to be more
reliable and less experimental repetitions are required. In addi-
tion, it is crucial to minimize the loss of nucleic acid, in this case
mRNA, during isolation steps through nonspecific adsorption
on tubes or pipette tips, especially when working with low cell
numbers or single cells. Therefore, sample preparation within a
single droplet in nanoliter volumes can reduce material loss dur-
ing multiple experimental steps, resulting in increased sensitivity
and at the same time requiring less cell numbers as input. “Cells-
to-cDNA on Chip” methodology allows researchers to perform
experiments in up to 100 folds miniaturized reaction volumes
in comparison to usual lab-based protocols, thereby leading to a
drastic reduction in experimental budget.

To the best of our knowledge, “Cells-to-cDNA on Chip” method
is the first experimental workflow, which enables combination
of high-throughput microscopy-based cell screening in nanoliter
format with gene expression analysis of cells after the incubation
with different stimuli. The DMA platform carries a number of ad-
vantages compared to conventional platforms for cell culture and
sample preparation: i) parallelization and higher throughput, ii)
possibility of combining microscopy-based phenotypic readouts
with gene expression analysis with the same cells, iii) customiz-
able reaction volumes according to the experimental needs, iv)
miniaturization of culturing and reaction volumes down to nano-
liters, which results in up to 100 fold reduction of reagent con-
sumption, v) compatibility with multiple washing and reagent
addition steps, as well as retrieval of sample from the droplets
and vi) potential decrease of non-specific adsorption of nucleic
acids, resulting in efficient retrieval of the reaction volume.

Our DMA with the established methodology can be used
as sample preparation platform starting from live cells or cell
lysates, down to single cell per droplet. mRNA isolated from
the lysed cells on DMA chip as a part of “Cells-to-cDNA on
Chip” methodology can be used for different applications, e.g.,
hybridization assays, northern blotting, structural analysis, nu-
clease protection assays and others. Since the DMA platform is
compatible with various cellular models, it is possible to apply
the “Cells-to-cDNA on Chip” methodology for isolation of nucleic
acids from a variety of starting material on DMA including pri-
mary cells, patient derived cell lines, tumor spheroids, bacteria,
and other microorganisms.

4. Experimental Section
Materials and Reagents: HeLa-CCL2 and HeLa-GFP cell lines were pur-

chased from DSMZ GmbH, Germany and BioCat GmbH, Germany, re-
spectively. Cell lines were tested for possible mycoplasma contamination
using the kit from PromoCell GmbH, Germany. Dulbecco’s modified ea-
gle medium (DMEM), fetal bovine serum (FBS), penicillin–streptomycin,
blasticidin, trypan blue stain, Superscript IV RT-PCR kit and nuclease-
free water were purchased from Life Technologies GmbH, Germany.
RNeasy kit with RLT cell lysis buffer and Taq master mix were bought
from Qiagen GmbH, Germany. Poly-T magnetic beads for mRNA isola-
tion were from GE Healthcare GmbH, Germany. Tris hydrochloride (Tris-
HCl), lithium chloride (LiCl), ethylenediaminetetraacetic acid (EDTA),
agarose and tris-acetate-EDTA buffer (TAE) were bought from Sigma-
Aldrich Chemie GmbH, Germany. 1 kb DNA ladder and gel loading dyes
were purchased from New England BioLabs GmbH, Germany. Gotaq
qPCR mater mix was purchased from Promega GmbH, Germany. All
primers were purchased from Integrated DNA Technologies Germany
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GmbH. Anti-GFP siRNA (siGFP) and scrambled control siRNA were pur-
chased from Dharmacon Research, Inc. (Lafayette, CO, USA) and Qia-
gen GmbH, Germany, respectively. Screenfect A transfection reagent was
bought from Screenfect GmbH (Eggenstein-Leopoldshafen, Germany).
Nanostructured nonpolymer-layered slides with various hydrophilic-
superhydrophobic patterned surfaces were purchased from Aquarray
GmbH (Eggenstein-Leopoldshafen, Germany). Reagents for preparation
of HEMA-EDMA polymer layered slides were purchased from Sigma-
Aldrich Chemie GmbH, Germany and Merck Chemicals GmbH, Ger-
many. Standard microscope glass slides (75 mm × 25 mm) for prepara-
tion of HEMA-EDMA polymer layered slides were bought from SCHOTT
Technical Glass Solutions GmbH, Germany. Parafilm roll was purchased
from Fischer Scientific GmbH, Germany. The metal in situ adapter was
bought from Antylia Scientific, Cole-Parmer GmbH, Germany. 3D printed
PCR chamber lid was designed Rhinocerous 3D software[49] and produced
by Creabis GmbH, Germany. Neodymium block magnet (60×30×15 mm)
was purchased from Supermagnete, Webcraft GmbH, Germany. Standard
polystyrene Petri dishes were purchased from Greiner Bio-One GmbH,
Germany. qPCR plates with seals were bought from 4titude Ltd., United
Kingdom. PCR microtubes and microplates were purchased from Axygen
Scientific GmbH, Germany.

Cell Culture: HeLa-CCL2 cells were cultured in DMEM with 10% FBS
supplemented with 1% penicillin–streptomycin solution, at 37 °C with 5%
CO2 in a standard cell culture incubator. HeLa-GFP cells were cultured un-
der the same conditions, but in culture media containing DMEM with 10%
FBS, 1% penicillin–streptomycin and 0.1% blasticidin solution. Both the
cell lines were checked and found free of any mycoplasma contamination.

Humidity Chamber and Humidified Petri Dish: The “humidity cham-
ber” for performing high-temperature reactions on DMA was built as de-
scribed here. The DMA slide was placed onto the metal adapter for 96-well
thermocycler machine (Bio-Rad Laboratories GmbH, Germany). Then, tis-
sue strips wetted with 3–3.5 mL of nuclease-free water were placed around
the DMA slide placed onto metal adaptor. Next, the whole setup was
closed from top with the customized 3D-printed lid made of thermostable
polyamide material. The so-formed “humidity chamber” was allowed to
stay as it is for 10 min at room temperature before the experiment, in or-
der to ensure proper humidity inside the chamber.

For culturing cells at 37 °C and incubation steps at room temperature,
DMA was placed in a “humidified Petri dish” to maintain humidity and
thereby prevent the evaporation of the droplets on DMA. For this, the lid
of a sterile 100 mm Petri dish was layered with a tissue wetted with ˜4
mL nuclease-free water. In addition, 2 mL of nuclease-free water was added
to the Petri dish itself. The Petri dish was closed with lid containing wetted
tissue and allowed to stay at room temperature for at least 15 minutes
before starting the experiments.

cDNA Synthesis from Total RNA on Droplet Microarray: Total RNA from
HeLa-CCL2 cells was isolated with RNeasy kit (Qiagen GmbH, Germany),
according to manufacturer’s protocol. For cDNA synthesis on DMA, the
concentration of all reagents in the reaction cocktail was kept the same
as per the standard protocol in microtubes, but the volumes were scaled
down according to the hydrophilic spot size, as described in Table 1. RNA
quantification was done with NanoDrop 1000 spectrophotometer (Fischer
Scientific GmbH, Germany). To begin with, DMAs were sterilized with 80%
ethanol, dried quickly using a nitrogen gun and placed inside a humidified
Petri dish as described before.[45] A solution containing appropriate vol-
umes of HeLa-CCL2 total RNA, dNTPs and random hexamers/oligo dT
primers (Table 1) in nuclease-free water was pipetted (for 3 mm DMA) or
dispensed by a nanoliter volume dispenser (Dispendix GmbH, Germany)
onto the hydrophilic spots (for 1 mm DMA). The DMA slide with droplets
containing the reaction mixture was then put into the humidity chamber
and placed inside the thermocycler machine for incubation at 65°C for 10
min. On completion, the setup was taken out and placed onto ice for 2
min. Then a solution containing appropriate volumes of reverse transcrip-
tion buffer, dithiothreitol (DTT), ribonuclease inhibitor and superscript IV
reverse transcription enzyme (Table 1) was pipetted or dispensed (accord-
ing to hydrophilic spot size) onto the DMA again. The setup was placed
inside the humidity chamber and then into the thermocycler machine for
reverse transcription reaction at 52 °C for 15 min, followed by inactivation

of the enzyme at 80 °C for 12 min. As an optional step, an appropriate
volume of RNase H enzyme (Table 1) was added (pipetted or dispensed,
according to DMA type) to each hydrophilic spot of DMA. The DMA was
then kept back into the humidity chamber for digesting the RNA inside
thermocycler at 37°C for 20 min. Finally, the cDNA droplets were collected
into a PCR microtube either using a pipette (3 mm DMA) or a piece of
sterile parafilm to gently pool the droplets from the DMA spots (1 mm
DMA).

Water Contact Angle (WCA) Measurement: The static water contact an-
gles were measured for the total reaction volume on a 3 mm DMA, both
before and after cDNA synthesis from total HeLa-CCL2 RNA, by a Drop
Shape Analyzer machine (Krüss, Hamburg, Germany).

PCR and Gel Electrophoresis: For PCR, cDNA synthesized on DMA was
taken as the template and the reaction was done with primers for GAPDH
or ACTB genes, according to manufacturer’s protocol. Primer sequences
for PCR have been mentioned in Table S1, Supporting Information. PCR
with HeLa-CCL2 cDNA synthesized in microtubes according to standard
protocol and nuclease-free water were taken as positive and negative con-
trols, respectively. Resultant PCR products were run onto a 1.5% agarose
gel with 1× TAE at 90 V for 75 min in a gel electrophoresis apparatus (Bio-
Rad Laboratories GmbH, Germany). Gels stained with Sybr safe were vi-
sualized using an UV-transilluminator (Bio-Rad Laboratories GmbH, Ger-
many).

cDNA Synthesis from Different Number of Cells on DMA (“Cells-to-cDNA
on Chip” method): On 3 mm DMA:

i) For the experiment with different cell numbers, HeLa-CCL2 cells were
trypsinized and the single cell suspension was prepared. Cellular vi-
ability was tested using trypan blue and per million concentration of
cells was counted using an automated cell counter (Life Technologies
GmbH, Germany). A 3 mm DMA was ethanol-sterilized as mentioned
before and varying number of cells (10, 100, 500, and 1000 cells) were
seeded onto consecutive rows of hydrophilic spots. Cells were manu-
ally seeded in a culture media volume of 3 μL volume, and 2 μL of RLT
cell lysis buffer was added in each spot. Alternatively, cells may also
be seeded onto the hydrophilic spots, kept inside the humidified Petri
dish and incubated at the cell culture incubator at 37 °C for 24/48 h be-
fore performing cell lysis, according to the experimental need. For cell
lysis, the DMA was placed inside a humidified Petri dish and incubated
at 37 °C for 1 h inside a cell culture incubator. After that, the DMA was
put inside the humidity chamber and incubated at 65 °C for 10 min.
Thereafter the DMA with the humidity chamber was put on ice for 2
min. Next, 3 μL of poly-T mRNA isolation beads in mRNA hybridiza-
tion buffer was added to each spot containing cell lysates, and incu-
bated for 5 min at room temperature. Thereafter, the DMA was placed
onto a magnet for 1 min to settle down the mRNA-bound beads, and
the residual volume from each spot was aspirated by pipetting. Next,
the magnetic beads bound to mRNA were resuspended into 5 μL of
mRNA wash buffer, DMA was placed onto magnet for 1 min to settle
the beads and the residual volume was removed as explained before.
This process of washing the beads was repeated three times. Recipes
for mRNA hybridization buffer and wash buffer have been provided
in Table S2, Supporting Information. Next, the mRNA was eluted into
2.5 μL of nuclease-free water, and cDNA synthesis was carried out as
described before, but with oligo dT primers. The metal adaptor for hu-
midity chamber was thoroughly cleaned with a nitrogen gun to remove
ice/water residues, before keeping it inside the thermocycler. Once the
reaction was complete, the DMA was placed back onto magnet for 1
min and resultant cDNA (2.5 μL) from each spot was taken out into
individual PCR microtubes or to different wells of a PCR microplate.
1 μL of cDNA per sample was used for qPCR.

ii) For experiments with different cell types, single-cell suspensions were
prepared with both HeLa-CCL2 and HeLa-GFP cells, and cells from
these two cell lines were seeded onto consecutive rows of a sterile
3 mm DMA with ˜500 cells per hydrophilic spot. Cells were cultured for
24 h and “Cells-to-cDNA on Chip” was performed as described before.
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On 1 mm DMA: HeLa-GFP cells were cultured as described before
and single-cell suspension was prepared. Cells were tested for viability
and counted as described above. Next, different numbers of HeLa-GFP
cells were dispensed on DMA in 100 nL culture media per hydrophilic
spot using the micro/nanoliter volume dispenser I-DOT One (Dispedix
GmbH, Germany). For each cell number group, 168 hydrophilic spots were
printed with cells onto DMA. Cells were then incubated within humidi-
fied Petri dish inside the cell culture incubator for 24 h before performing
“Cells-to-cDNA on Chip” method. On the next day, the culture media from
the hydrophilic spots onto DMA was removed by sandwiching the same
with a hydrophilic HEMA-EDMA polymer layered slide. The hydrophilic
HEMA-EDMA polymer coated slide was prepared in-house, as described
previously.[38,39] Next, 200 nL PBS was dispensed onto hydrophilic spots
containing cells, and removed by sandwiching method. The PBS wash-
ing steps were repeated twice. Thereafter, 150 nL RLT cell lysis buffer was
added to the hydrophilic spots and the DMA was incubated for 1 h in-
side cell culture incubator to ensure cell lysis. Thereafter the DMA was
briefly kept onto ice, as described earlier. All the following incubation steps
were done inside the humidified Petri dish to prevent evaporation from
the nanoliter droplets. Next, 100 nL poly-T magnetic beads in mRNA hy-
bridization buffer was dispensed onto the spots and the DMA slide was
incubated for 10 min at room temperature. Then the DMA was kept onto
the magnet for 2 min to settle the beads and the residual volume was re-
moved by sandwiching as before. Thereafter, three washing steps were per-
formed by printing 200 nL of wash buffer to the hydrophilic spots followed
by removal of the same each time by sandwiching. Next, 100 nL nuclease-
free water was printed onto the bead-containing spots and DMA was in-
cubated for 5 min at room temperature for eluting mRNA from the beads.
The reagent volumes for this part of “Cells-to-cDNA on Chip” method have
been mentioned in Table 2, for both DMA types. Next, cDNA synthesis was
performed onto 1 mm DMA as described earlier. Upon completion of the
experimental workflow, the resultant cDNA from each cell number group
(168 spots) was collected by pooling the droplets from DMA with a piece
of sterile parafilm. The cDNA was pooled into a PCR microtube and it was
placed onto the magnet one last time for 2 min to settle any residual beads
in the solution. Finally, the clear solution containing cDNA from 168 spots
of respective cell number group was taken out into another PCR microtube
for subsequent applications. Collected cDNA solution was diluted accord-
ingly so that the volume corresponding to the cDNA from a single droplet
was used for qPCR.

From a Single Cell: Single-cell suspension of HeLa-GFP cells in PBS
was prepared as described before. First, 50 nL PBS was printed onto the
hydrophilic spots of a sterilized 1 mm DMA using I-DOT One (Dispendix
GmbH, Germany). Next, HeLa-GFP Cells were printed as single cells per
hydrophilic spot within 50 nL droplets on DMA by a single cell printer
cellenONE (Cellenion, France). For each technical repeat, 9 hydrophilic
spots were printed with single cells on DMA. Next, 100 nL RLT cell lysis
buffer was added by I-DOT One to each hydrophilic spot containing cells.
The DMA was immediately kept on ice for 5 min within a humidified Petri
dish to allow cell lysis. Next steps of “Cells-to-cDNA on Chip” method
were performed exactly with the same reagent volumes and method as
described before for 1 mm DMA. Upon completion of the reaction, 7 μL
nuclease-free water was added on top of the 9 hydrophilic spots containing
cDNA for each technical repeat. This allowed the cDNA from 9 cells to
dilute into a total volume of ˜9 μL [(200 nL×9) + 7 μL)]. The diluted cDNA
was mixed with pipette to ensure complete retrieval of the reaction volume,
and then collected into a PCR microtube. The tube was then placed onto
magnet to get rid of any residual beads as described before. 1 μL of the
cleaned cDNA (single cell cDNA) was used for qPCR.

Real-Time PCR (qPCR): qPCR was performed according to the manu-
facturer’s protocol on a StepOne Real-time PCR system (Life Technologies
GmbH, Germany). Gene expression data analysis was done as described
before.[50]

siGFP Transfection to HeLa-GFP Cells on DMA: The 3 mm DMA
was ethanol-sterilized as described earlier and 1000 HeLa-GFP cells in
antibiotic-free complete medium were seeded onto each hydrophilic spot.
Both siGFP and scrambled siRNA control were used at a final concentra-
tion of 100 nM. Sequences for primers and siGFP are provided in Table S1,

Supporting Information. Cells were transfected by the one-step transfec-
tion method, according to Screenfect-A user protocol. After 48 h of trans-
fection, cells were lysed, mRNA was isolated and converted to cDNA ac-
cording to the “Cells-to-cDNA on Chip” methodology. The resultant cDNA
samples were used for qPCR, to confirm GFP knockdown in cells. The
transfection experiments were repeated thrice, with at least three technical
repeats in each.

Microscopy: All bright-field and fluorescence microscopy images were
taken with a Keyence BZ-9000 microscope (Keyence, Osaka, Japan), with
2× and 10× objective lenses. Nuclei were identified with Hoechst 33342
staining, according to manufacturer’s protocol.

Statistical Analysis: Mean GFP fluorescence in different cell groups
was estimated by ImageJ software.[51] Statistical differences within groups
for real-time PCR data and fluorescence estimation were calculated
by unpaired two-tailed t-test. Data for bar graphs were presented as
mean±SEM. Quantitative gene expression data for different numbers of
cells on 3 mm DMA and single cells on 1 mm DMA were calculated with ≥5
technical repeats. Quantitative expression of GFP transcripts after siGFP
transfection to HeLa-GFP cells was performed with 3 biological experi-
ments, each having 3 technical replicates.

To count the number of HeLa-GFP cells per hydrophilic spot on a 1 mm
DMA, the whole DMA slide was imaged with 2×magnification and a stitch-
ing function of the Analyzer software was used to create a single image of
the slide. Then the number of cells per spot was calculated using an indi-
vidually developed automated workflow: First, a spot detection algorithm
extracted each spot on the DMA slide. Thereafter, an automated approach
based on Hough line estimations[52] was utilized to detect square-shaped
spots. In order to provide robust processing in every experimental setup,
a semi-automatic grid detection was available in parallel. Hereby, users
could mark grid corners of the DMA slide as an alternative approach. The
semi-automatic approach was used in cases where automated detection
failed. Since there were separable cells within a spot, a blob detection al-
gorithm was used as provided in the OpenCV library.[53] The algorithm is
based on iterative filtering and merging of connected components in the
image for detecting cells. To avoid the detection of false-positive cells, fil-
tering was done with respect to properties like area, inertia, and convexity
of each region. Subsequently, detections were counted, exported to result
files, and visualized for inspection of results.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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