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The development of novel chemically developed and physically defined surfaces and environments for cell culture
and screening is important for various biological applications. The Droplet microarray (DMA) platform based on
hydrophilic-superhydrophobic patterning enables high-throughput cellular screening in nanoliter volumes and on
various biocompatible surfaces. Here we performed phenotypic and transcriptomic analysis of HeLa-CCL2 cells
cultured on DMA, with a goal to analyze cellular response on different surfaces and culture volumes down to 3 nL,
compared with conventional cell culture platforms. Our results indicate that cells cultured on four tested sub-
strates: nanostructured nonpolymer, rough and smooth variants of poly(2-hydroxyethyl methacrylate-co-ethylene
dimethacrylate) polymer and poly(thioether) dendrimer are compatible with cells grown in Petri dish. Cells
cultured on nanostructured nonpolymer coating exhibited the closet transcriptomic resemblance to that of cells
grown in Petri dish. Analysis of cells cultured in 100, 9, and 3 nL media droplets on DMA indicated that all but
cells grown in 3 nL volumes had unperturbed viability with minimal alterations in the transcriptome compared
with 96-well plate. Our findings demonstrate the applicability of DMA for cell-based assays and highlight the
possibility of establishing regular cell culture on various biomaterial-coated substrates and in nanoliter volumes,
along with routinely used cell culture platforms.

1. Introduction physician Julius Petri initiated bacterial culture in nesting glass plates,

which were later named after him as “Petri dishes” [7]. The modern Petri

Mammalian cell culture has revolutionized the field of biology since
its conception in 1943, being an indispensable tool for basic biological
research and clinical assays [1]. It enables researchers to control the
physiological environment of cells and assess the downstream effects of
various factors on cell biology [2,3]. The most important aspect of
cell-based in vitro studies is the possibility of high-throughput screenings
(HTS), which are crucial for fundamental research and drug development
[4,5]. As demonstrated in a review by Swinney et al., 56% of the
small-molecule drugs approved between 1999 and 2008 were discovered
using cell-based phenotypic screenings [6]. To be able to culture cells in
vitro, researchers need platforms that are compatible with cell culture and
mimic at least partially the in vivo environment. In 1887, German
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dishes for eukaryotic cell culture have evolved into plasma-treated
polystyrene plates, where the surface turns hydrophilic once the cell
culture medium is added and exhibits critical surface roughness neces-
sary for attachment of adherent cells [8].

Cell-surface interactions are shown to have direct influence on the
cellular growth, morphology, and behavior [9,10]. Both surface topog-
raphy and chemistry were shown to be important criteria to ensure
proper attachment and growth of cells on the substrate [11-13]. The
development of novel, chemically and physically defined cell culture
surfaces appropriate for a large variety of cell lines is crucial for modern
biological research. Commonly used cell culture plates can be modified
only to a certain extent by introducing different coatings or
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three-dimensional (3D) scaffolds. Therefore, researchers are keen to
develop alternative platforms for cell culture to tune the culturing envi-
ronment in terms of physical and chemical cues. Such cell culture plat-
forms are often based on synthetic materials, biomaterials, and surfaces
modified with various polypeptides or macromolecules such as fibro-
nectin, laminin, matrigel, and others [14-17].

The need for performing large number of experiments to test multiple
factors simultaneously led to the creation of microtiter plates, which may
currently contain 6, 12, 24, 48, 96, 384, and 1536 wells and are widely
used for cell-based screenings directed to fundamental research and drug
discovery. There is a need for even higher throughput of biological ex-
periments because of the growing demand for new medication and huge
availability of natural and chemically synthesized compounds as possible
drug candidates. On the other hand, it is necessary to increase physio-
logical resemblance of cell-based experiments by using relevant cell lines
such as primary and stem cells, which are limited in their availability.
Therefore, there is a natural demand for further increase of throughput
and decrease of cell consumption through miniaturization of culturing
volumes. Commonly used microtiter plates are limited in the number of
individual experiments to be performed and restricted to microliter
culturing volumes, because they cannot be further miniaturized due to
the capillary effects of the physical barriers forming the wells. Hence,
there is a trend of developing alternative miniaturized cell culture plat-
forms, most of which are based on microfluidic principle and allow
testing of cells in picoliter to nanoliter volumes [18-20]. Microtiter plates
are fairly considered as a reference point for newly developed cell culture
platforms, since they were used for most of the in vitro experimental data
generated till now. However, any cell culture platform is an artificial in
vitro model, and with the development of alternative platforms for
culturing and screening of live cells, it is important to understand how
the cells differ in their biological state within different in vitro platforms
[21,22].

We have previously introduced a novel cell culture platform named
“Droplet microarray” (DMA) based on hydrophilic-superhydrophobic
patterning, which allows the formation of wall-less arrays of separated
nanoliter droplets [23]. This is an array of hydrophilic spots (of cus-
tomizable shape and size) on a microscope glass slide divided by hy-
drophobic borders. It enables growing cells in the nanoliter-sized
droplets to perform a wide range of high-throughput cell-based screen-
ings [24,25]. In comparison to microtiter plates, DMA enables minia-
turization of cell culture reservoirs down to nanoliter volumes due to the
absence of solid walls used for liquid confinement, which create capillary
effect upon miniaturization beyond a certain size. In order to create
well-defined culturing conditions for different types of cells and appli-
cations, we use various types of surfaces and chemical modifications to
fabricate the DMAs, all of which are tunable in terms of porosity,
roughness, and chemical moiety.

In multiple previous studies we have demonstrated successful cell
culture and high-throughput cellular screenings on DMA for a variety of
cell types, such as HEK293 [23,24], HeLa [23,24], A549 [24], human
embryonic stem cells (hESC) [25], HepG2 [26], Jurkat [27], mouse
embryonic stem cells (mESC) [28], patient-derived chronic lymphocytic
leukemia cells [29], MCF-7, MDA-MB-231, HCT116, HT-29, SK-OV-3,
SK-MEL-28, PC-3, and hiPSCs (unpublished data). DMA can be used for
two-dimensional (2D) monolayer or suspension cell culture, as well as for
3D cell culture models, such as spheroids [26,30]. The DMA platform is
compatible with robotic liquid handlers, as well as automated micro-
scopy and other read-out methods. This makes DMA a universal platform
for a variety of cell-based assays, offering miniaturization of culturing
volumes down to nanoliters and up to 2-30 times higher throughput
comparing to microtiter plates.

The main goal of this work was to answer a question of whether the
cells behave similar in commonly used microtiter plates and on DMAs
fabricated with different surfaces and confined nanoliter volumes. Un-
precedented landscape-scale understanding of any molecular response
because of cell-substrate interactions can be best identified by
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investigating the cellular transcriptome [31]. Global transcriptome
analysis was shown to have successfully annotated the effect of various
substrate materials on altering the gene expression in a number of cell
lines [32-36]. HeLa is an important human epithelial cancer cell line
often used in regular cell culture and subsequent biomedical research
[37]. The use of HeLa cells has been reported in approximately 60,000
research articles to date, including early discoveries such as the devel-
opment of polio vaccine in 1952 [38], dissecting the link between human
papillomavirus and cervical cancer, and studying the role of telomerase
in preventing chromosomal degradation [39]. Moreover, whole genomic
and transcriptomic landscapes of HeLa Kyoto cell line have been reported
[40]. We used the original variant (HeLa-CCL2) of this extensively
studied cell line for our research because these cells exhibit proper
adherence to a diverse range of surface architecture. To gain detailed
insights into cellular changes upon culturing on different surfaces and
culturing volumes, our present study for the first time analyzes the
changes in the transcriptome of HeLa-CCL2 cells grown on several
biocompatible surfaces used for fabrication of DMAs, as well as in vol-
umes ranging from 3 to 100 nL. Our results have shown that HeLa-CCL2
cells cultured on DMAs fabricated with various biomaterials and in
nanoliter volumes (down to 9 nL) have comparable transcriptomic
landscape compared with cells grown in traditional cell culture plat-
forms, thereby highlighting the potential of DMA to be used as an
alternate miniaturized platform for regular cell culture and
high-throughput cell-based screenings.

2. Materials and methods
2.1. Materials and reagents

HeLa-CCL2 cells were purchased from DSMZ GmbH, Germany. Dul-
becco's modified eagle medium, fetal bovine serum, penicillin-
streptomycin solution, phosphate-buffered saline, bovine serum albu-
min, Hoechst 33342, Calcein AM, and propidium iodide were purchased
from Life Technologies GmbH, Germany. Cellular mycoplasma contam-
ination test kit was bought from PromoCell GmbH, Germany. Glutaral-
dehyde, hexamethyldisilazane (HMDS), paraformaldehyde, Triton X-
100, Phalloidin-Atto 565 dye, and aqueous mounting medium were
purchased from Sigma-Aldrich Chemie GmbH, Germany. RNeasy Mini kit
was bought from QIAGEN GmbH, Germany. RNA chip and high-sensi-
tivity DNA chips for Bioanalyzer were purchased from Agilent Technol-
ogies GmbH, Germany. TruSeq stranded messenger RNA (mRNA) kit was
from Illumina GmbH, Germany. Standard microscope glass slides of
75 x 25 mm size and thin glass slides were from SCHOTT Technical Glass
Solutions GmbH, Germany. Chemicals required for the fabrication of
HEMA-EDMA polymer, poly(thioether) dendrimer coatings, and surface
patterning were purchased from Sigma-Aldrich Chemie GmbH, Germany,
and Merck Chemicals GmbH, Germany. Photomasks for surface
patterning were bought from Rose Photomasken, Germany. Standard
polystyrene Petri dishes (Catalog no. 664160, 100 mm diameter, 58 cm?
growth area) and 96-well plates (Catalog no. 655180, 34 mm? growth
area) for cell culture (sterile, with surface treatment for tissue culture)
were purchased from Greiner Bio-One GmbH, Germany.

2.2. Preparation of surfaces

All the biocompatible surface coatings were produced on standard
microscope glass slides. Nanostructured nonpolymer-layered slides with
hydrophilic surface and hydrophilic-superhydrophobic patterned sur-
faces were both purchased from Aquarray GmbH (Eggenstein-Leopold-
shafen, Germany). Nanoporous HEMA-EDMA smooth surface was
prepared as described previously [41,42]. Briefly, glass slides
(75 x 25 mm) were coated with a 10- to 20-um thick nanoporous
poly(2-hydroxyethyl methacrylate-co-ethylene dimethacrylate
(HEMA-EDMA) polymer layer, followed by esterification of the polymer
layer with 4-pentynoic acid. Thereafter, the polymer was modified with
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cysteamine hydrochloride using UV-induced click photopatterning to
generate hydrophilic surface [41,42]. To prepare HEMA-EDMA rough
surface with increased roughness and hydrophilicity, the superficial layer
of HEMA-EDMA polymer coating was removed with adhesive film
(“Scotch tape™) [41,42]. Preparation of poly(thioether) dendrimer sur-
face was done as described previously [43]. Briefly, the surface of a
standard microscope glass slide was silanized using triethoxyvinylsilane
followed by a repetitive reaction cycle consisting of a thiol-ene photo-
click reaction using 1-thioglycerol and an esterification reaction using
pentenoic acid. A dendrimer-modified surface of the third generation was
finally functionalized in another thiol-ene reaction using 1-thioglycerol
to create a hydrophilic surface.

2.3. Water contact angle measurement

The static water contact angles (WCAs) for different hydrophilic
surfaces were measured as described previously [44]. Briefly, 5 pL
deionized water was placed as a droplet on different surfaces, and static
WCAs were measured by a Drop Shape Analyzer machine according to
manufacture protocol (Kriiss, Hamburg, Germany).

2.4. Cell culture

HeLa-CCL2 cells were cultured at 37 °C with 5% CO; in Dulbecco's
modified eagle medium supplemented with 10% fetal bovine serum and
1% penicillin-streptomycin solution. Cells were tested and found free of
any mycoplasma contamination.

2.5. Scanning electron microscopy

For scanning electron microscopy (SEM) of cultured HeLa-CCL2 cells,
those were grown on different surfaces for 24 h until reaching con-
fluency. After that, cells were washed with phosphate-buffered saline,
and attached cells were fixed on the surface with 2.5% glutaraldehyde for
1 h. Next, cells were dehydrated in different concentrations of ethanol
(30%, 50%, 75%, 85%, 95%, and 100%), with 10-min incubation in
each. Cells were thereafter incubated in 1:1 solution of HMDS and
ethanol for 30 min. Finally, cells were incubated in 100% HMDS for
30 min. Both empty hydrophilic surfaces (without cells) and surfaces
with HeLa-CCL2 cells were sputter coated with platinum to a thickness of
5 nm before imaging on an LEO 1530 scanning electron microscope (Carl
Zeiss Microscopy GmbH, Germany).

2.6. Atomic force microscopy

The surface topographies of all five surface coatings were investigated
with a Dimension Icon with ScanAsyst from Bruker (Billerica, USA). Can-
tilevers with a resonance frequency of 325 kHz from Olympus (Shinjuku,
Japan) were used. The scanned surface dimensions were 10 x 10 pm, and
three different spots were examined for each surface. The R, values were
calculated for the full surface areas and produced as average, whereas
average error was determined from the software Gwyddion V. 2.56 (GPL).
Depending on the surface roughness, the amplitude set point, the pro-
portional gain, and the integral gain were adjusted. The scan rate was
constant at 1 Hz.

2.7. Actin staining

HeLa-CCL2 cells were grown onto different hydrophilic surfaces for
24 h and fixed onto the surface using 4% paraformaldehyde for 1 h. Next,
cells were washed using phosphate-buffered saline, and cell membranes
were permeabilized with 0.1% Triton X-100 for 15 min. Cells were
washed again and incubated with 1% bovine serum albumin for 1 h.
Next, cells were incubated in appropriate concentration of Phalloidin-
Atto 565 dye and Hoechst 33342 in phosphate-buffered saline for 1 h.
Sections were air dried and mounted using aqueous mounting medium
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on thin glass slides. Sections were imaged using Leica TCS SPE confocal
microscope (Leica Microsystems CMS GmbH, Germany) with 20x
objective lens. Cellular area was determined using ImageJ software,
National Institutes of Health (NIH) [45]. Unpaired two-tailed t-test was
used to calculate any significant difference in the area of cells cultured on
different surfaces, with respect to those grown in Petri dish.

2.8. Assessment of cell viability

HeLa-CCL2 cells were grown at appropriate densities for 24 h on
hydrophilic spots of different sizes of nanostructured nonpolymer-
layered droplet microarray. Next, cells were incubated for 15 min at
37 °C with 0.4 pg/mL of Calcein AM and 0.8 pg/mL of propidium iodide
in phosphate-buffered saline. Cells were imaged using fluorescence mi-
croscope Keyence BZ-9000 (KEYENCE, Osaka, Japan) with 10 x objective
lens. Cellular viability was estimated by the percentage of Calcein
AM-positive cells with respect to total number of cells. Significant dif-
ferences in cellular viability at different volumes on DMA with respect to
control were estimated using unpaired two-tailed t-test.

2.9. Cell seeding, RNA isolation, and next-generation sequencing

HeLa-CCL2 cells were grown onto glass slides layered with different
biocompatible coatings (nanostructured nonpolymer, HEMA-EDMA
smooth, HEMA-EDMA rough, and poly(thioether) dendrimer). Before
cell seeding onto different substrates and nanoliter volumes, we first
prepared a “humidity chamber” for the slides. For each surface, the lid of
a sterile 100 mm cell culture Petri dish was layered with wetted tissues,
and ~2 mL of sterile phosphate-buffered saline was added to the Petri
dish. The “humidified Petri dish” was tested to maintain a constant hu-
midity to prevent evaporation of the cell culture medium from the hy-
drophilic surfaces and also from the nanoliter cell culture reservoirs on
DMA. The hydrophilic slides were sterilized with 70% ethanol, dried on
air, and placed inside the aforementioned humidified Petri dish. Around
1.5-2 mL of cell suspension (~0.2 million cells/mL) was added onto the
hydrophilic layer, and cells were cultured for 24 h inside a cell culture
incubator. In Petri dish, cells were grown as usual for 24 h until 80%
confluency. Cells from three hydrophilic slides were pooled together for
RNA isolation using RNeasy Mini kit, according to manufacturer's pro-
tocol. HeLa-CCL2 cells were also cultured for 24 h in various nanoliter
media volumes (100 nL, 9 nL, and 3 nL) on nanostructured nonpolymer-
layered DMA containing hydrophilic spots with side lengths of 1 mm, 500
pm, and 350 pm, respectively. For this, “rolling droplet” method of cell
seeding was used, as described previously [24]. Briefly, each patterned
DMA slide was sterilized with 70% ethanol, dried, and placed inside the
humidified Petri dish. The hydrophilic spots on each type of patterned
DMA (1 mm, 500 pm, and 350 pm) were divided into three fields (Fig. 1),
separated by superhydrophobic borders. Approximately 1.5 mL of cell
suspension (with desired cell concentration/mL; Fig. 6a) was added onto
each hydrophilic field on DMA and allowed for cells to be settled for 30 s.
Then the DMA slide was slightly tilted causing the 1.5 mL droplet to roll
off the slide, forming an array of separated nanoliter droplets at the hy-
drophilic spots. Next, the Petri dish containing patterned DMA slides
with cells was incubated for 24 h inside the cell culture incubator. Cells
from five DMA slides were pooled for each group, and mRNA was iso-
lated as described earlier. Cells were seeded in 96-well plate in density of
10,000 cells/well and cultured for 24 h before mRNA isolation.

Both quality and quantity of total RNA samples were assessed with a
Bioanalyzer (Agilent Technologies GmbH, Germany) and RNA chip. Li-
braries were prepared from 1 pg of total RNA with the Illumina TruSeq
stranded mRNA Kit, following manufacturer's recommendations. Quality
and quantity of libraries were assessed with Bioanalyzer on high-sensi-
tivity DNA chip. Libraries were sequenced as paired-end (2 x 100 nu-
cleotides) reads on a HiSeq4000 (Illumina GmbH, Germany). Raw
sequencing data were demultiplexed with Illumina Bcl2fastq tool, and
the quality was assessed with the FASTX tool kit [46]. Reads were
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Fig. 1. Droplet microarray (DMA) platform. Schematic representation of DMA sides with hydrophilic square spots having side lengths of (a) 1 mm, (b) 500 pm, and (c)

350 pm. Scale bar = 1 mm.

mapped against the human reference genome GRCh38 with STAR
alignment tool using default parameters [47]. Raw counts were
computed at gene level with HTSeq tool in union mode [48]. Gene
expression was normalized with DESeq2 [49]. A log base 2 of the fold
change (log2FC) was computed for pairwise comparison of samples.
Differentially expressed genes (DEGs) were identified with <42 or > —2
log2 fold change of expression. Enriched gene ontology (GO) terms
associated with DEGs were tested with the one-tailed exact Fisher test
corrected by false discovery rate (FDR) /multiple testing methods [50].
Samples or genes were clustered with hierarchical methods applied on
Euclidean distances.

3. Results and discussion
3.1. Characterization of the surfaces for fabrication of DMA

DMA is a versatile tool for miniaturized high-throughput screenings
of live cells. Fig. 1 shows schematic representation of Droplet microarrays
containing 588, 2187, and 4563 square hydrophilic spots with side
length of 1 mm, 500 pm, and 350 pm, respectively, which we have used
in this study.

Our goal was to investigate the differential molecular response of
HeLa-CCL2 cells cultured onto traditional cell culture platform versus
different surface coatings used to fabricate DMA. For our study, we have
selected the following four surfaces commonly used for fabrication of
hydrophilic-superhydrophobic DMA: (1) nanostructured nonpolymer,
(2) rough and (3) smooth variants of HEMA-EDMA polymer, and (4)
poly(thioether) dendrimer. All these surfaces were chosen because of
their biocompatibility (compatibility with cell culture), possibility for
chemical modification (compatibility with hydrophilic-
superhydrophobic patterning), and transparency (compatibility with
microscopy). On the other hand, these four surface coatings are distinctly
different to each other in terms of chemical composition, wettability, and
surface roughness (Fig. 2 and Fig. S1, respectively). As cellular response
has been shown to be greatly influenced by both surface topography and
chemical properties [32-34], these four surface coatings of unique
biocompatible features were particularly selected for testing the

molecular response of HeLa-CCL2 cells cultured on them. Standard cell
culture Petri dish is a traditional, “state-of-the-art” platform for regular
cell culture in laboratories, so it was used as the suited control for our
study.

We analyzed wettability of the surfaces using static WCA measure-
ment, whereas topographies of hydrophilic surfaces were investigated
with atomic force microscopy (AFM) and SEM, with cell culture Petri dish
as the reference. Fig. 2a—e provides the schematic representation of all
the surfaces investigated in this study. On measuring static WCA of the
hydrophilic surfaces under investigation, HEMA-EDMA rough surface
was found to be the most hydrophilic (static WCA 9 + 1°), whereas
conventional cell culture Petri dish demonstrated the least hydrophilicity
(static WCA 52 + 1°; Fig. 2f—j). Advancing and receding WCAs on the
hydrophilic surfaces could not be measured because of the very low
values. Other surfaces, that is, nanostructured nonpolymer, HEMA-
EDMA smooth, and poly(thioether) dendrimer had static WCAs as 21 +
1°,22 +1°, and 33 =+ 1°, respectively (Fig. 2f—j). Via AFM measurement,
we have demonstrated that investigated surfaces had different surface
topographies (Fig. S1). HEMA-EDMA rough surface was created by
removing the top polymer layer, as described in detail in the experi-
mental section. In terms of the mean surface roughness (Ra), HEMA-
EDMA rough surface coating was found to have the maximum Ra value
(70.7 + 2.3 nm), whereas poly(thioether) dendrimer had the least Ra
(0.2 + 0.02 nm) among all the investigated surfaces (Fig. S1). Ra values
from nanostructured nonpolymer, HEMA-EDMA smooth, and conven-
tional cell culture Petri dish were found to be 48.0 = 1.7 nm, 18.1 + 0.4
nm, and 2.9 + 0.2 nm, respectively (Fig. S1). SEM images of the surfaces
further confirmed the distinctiveness of all the five surfaces in terms of
porosity and roughness (Fig. 2k-o0). We further wanted to assess any
potential effect of the different surface coatings on cellular morphology.
SEM images of HeLa-CCL2 cells grown on the investigated surface coat-
ings and on Petri dish as the control are shown in Fig. 2p-t. Our results
indicate that the cells cultured on different surfaces do not exhibit any
visual difference, as cells on all surfaces were found to be flattened and
demonstrated the usual morphology of HeLa-CCL2 cells (Fig. 2p-t).
Henceforth, all the investigated surface coatings revealed biocompati-
bility but demonstrated different surface properties with topography/
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Fig. 2. Schematic representation, water contact angles, and scanning electron microscopy images of hydrophilic surfaces (without and with HeLa-CCL2 cells) under
investigation. (a—e) Schematic representation of mentioned surfaces. (f-j) Water contact angles + SD from four independent measurements. Scale bar = 1 mm (k-o).
Scanning electron microscopy (SEM) of empty hydrophilic surfaces. Scale bar = 1 pm. (p-t) SEM for HeLa-CCL2 cells cultured on different hydrophilic surface
coatings. Scale bar = 10 pm. The sequence of the surfaces under investigation are Petri dish (f, k, p), nanostructured nonpolymer (g, 1, q), HEMA-EDMA polymer rough
(h, m, r), HEMA-EDMA polymer smooth (i, n, s), and poly(thioether) dendrimer (j, o ,t), respectively.
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Fig. 3. Peripheral actin staining of HeLa-CCL2 cells cultured on different surface coatings. Confocal microscopy images of HeLa-CCL2 cells grown for 24 h on (a) Petri
dish, (b) nanostructured nonpolymer, (c) HEMA-EDMA polymer rough, (d) HEMA-EDMA polymer smooth, and (e) poly(thioether) dendrimer surface. Actin and nuclei
were stained by Phalloidin-Atto dye and Hoechst 33342 stain, respectively. Scale bar = 100 pm. (f) Graph showing area of HeLa-CCL2 cells grown on different
surfaces, as marked by actin staining. Data represented as mean + SEM, n = 20 cells analyzed per surface. Any significant difference in the area of HeLa-CCL2 cells
grown on different surfaces with respect to those cultured on Petri dish was calculated by two-tailed unpaired t-test. NS = not significant.
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Fig. 4. Comparative transcriptome analysis of HeLa-CCL2 cells grown on different biocompatible surface coatings. (a) Venn diagram showing the distribution of all
genes expressed in HeLa-CCL2 cells cultured on different surfaces. (b) Cluster analysis of transcriptome of HeLa-CCL2 grown on different surfaces. Hierarchical
clustering was done based on Euclidean distance. (c) Pairwise comparison of DEGs between different surfaces. Color gradient is determined by log2 fold change of

expression (log2 FC).

surface roughness ranging from smooth (0.2 nm) to rough (70.7 nm) and
static WCAs reflecting hydrophilicity ranging from 9° to 52°.

3.2. Effect of different surface coatings on the morphology of HeLa-CCL2
cells

As the next step, we have further investigated the effects of all the four
surfaces on cell morphology by staining the cytoskeletal actin of HeLa-
CCL2 cells. The distribution of cellular actin is important for identifica-
tion of any differences in the cell size, cytoskeleton, and morphology
upon culturing on substrates with different topography and roughness.
HeLa-CCL2 cells were cultured for 24 h on different substrates, and
confocal microscopy was done to analyze the cellular area based on pe-
ripheral actin staining (Fig. 3a-e). Cells demonstrated the usual
morphology, which is also an indirect measure for cell viability because
viable HeLa-CCL2 cells are adherent by nature, whereas dead cells usu-
ally lose their surface adhesive properties. No significant difference in the
cellular area was observed among different substrates (Fig. 3f). Taking
together, HeLa-CCL2 cells grown on all four surfaces did not show any
apparent difference in morphology and viability.

3.3. Effect of different surface coatings on transcriptomic landscape of
HeLa-CCL2 cells

To get a broader overview of the cellular behavior after being
cultured on different substrates, we aimed to analyze the transcriptome
of HeLa-CCL2 cells grown on all surfaces under investigation for 24 h.

Unlike the proteome, transcriptomic alterations can be well observed as
early as after 24 h of cell culture [51,52]. Therefore, we have chosen to
culture HeLa-CCL2 cells for 24 h, although cells on DMA can be cultured
for up to 3-7 days depending on the culturing conditions [24,30]. In this
study, cells were cultured on different substrates for 24 h followed by
RNA isolation and mRNA sequencing. For all the samples, more than 90%
of the reads had a Phred score (Q) greater than 30, and more than 50
million reads were mapped to the human reference genome GRCh38
(Table S1). Nearly 78% of the genes expressed in the cells grown on Petri
dish were also expressed consecutively among the other surfaces
(Fig. 4a). The surfaces were grouped according to global variation in gene
expression with the hierarchical clustering method (Fig. 4b). Our results
yielded few interesting observations: (1) transcriptome of cells cultured
on nanostructured nonpolymer surface had the closest resemblance to
that of cells cultured on Petri dishes, despite the differences in these two
surfaces in terms of porosity and roughness (Fig. S1); (2) HeLa-CCL2
transcriptome data from HEMA-EDMA smooth and rough surfaces were
clustered together, probably as these two substrates share the same
polymer chemical composition, albeit with different topographical fea-
tures; (3) cells grown on poly(thioether) dendrimer surface exhibited the
most diverse transcriptomic pattern from cells cultured on Petri dish,
although both poly(thioether) dendrimer substrate and Petri dish have
smooth surfaces, as observed by AFM and SEM (Fig. S1 and Fig. 2,
respectively). From these three observations, we can conclude that sur-
face porosity and roughness alone are not the most critical factors in
determining cellular gene expression in the case of the investigated
surfaces. In our study, the cellular transcriptome is likely influenced by
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Fig. 5. Gene ontology analysis for differentially expressed genes in HeLa-CCL2 cells cultured on different surface coatings. Number of DEGs associated with GO terms
in (a) upregulation and (b) downregulation category. Gray color in the heatmap represents no significant enrichment with the respective GO term. DEGs belonging to
biological process, cellular component, and molecular function were grouped and highlighted in blue, green, and magenta color, respectively.

combinatorial factors that could encompass a proper balance between
topography and wettability of the cell culture surface. To our knowledge,
this is the first study analyzing the cellular transcriptome post culture on
HEMA-EDMA polymer and our in-house nanostructured nonpolymer
surfaces. In the literature, it has been shown that both topography and
chemistry of a surface can influence the biology of cells [32-34]. How-
ever, this phenomenon is highly dependent on the particular surface and
type of cells under investigation, so the results are expected to vary with
different substrates and cell lines.

Comparison of gene expression levels in cells cultured onto each
investigated surface and in Petri dish demonstrated that only a minority
of genes were differentially expressed. The percentage of DEGs among all
expressed genes was less than 5% for nanostructured nonpolymer,
HEMA-EDMA rough and HEMA-EDMA smooth, but 9.45% for poly(-
thioether) dendrimer substrate (Table S2). This pattern for the distribu-
tion of DEGs across surfaces was also represented in a heatmap (Fig. S2).
Among the DEGs, 138 were common between all the surfaces (Fig. S3).
We further compared the DEGs among each surface pairs. As shown in
the heatmap, cells cultured on poly(thioether) dendrimer surface was
found to harbor the highest number of DEGs in comparison to that of
other surfaces and Petri dish, confirming the greatest (from all four
surfaces) influence of dendrimer surface on cellular transcriptome
(Fig. 4c).

3.4. GO analysis of DEGs from HeLa-CCL2 cells cultured on different
surfaces

To explore the biological functions of DEGs across the investigated
surfaces, GO enrichment analysis was carried out. All four surfaces had
similar trend of having less number of downregulated DEGs with GO

terms than the upregulated ones. We did not observe any distinct tran-
scriptomic indication of compromised cell survival in any of the four
biocompatible surfaces, compared with the HeLa-CCL2 transcriptome
data from Petri dish (Fig. 5a and b). We could observe that a major share
of DEGs across all surfaces were comprised of genes related to certain
cellular components and protein binding (Fig. 5a and b). This is not
surprising, as expression of genes regulating cellular components and
binding affinities are often influenced by cell-biomaterial interactions
[53]. As indicated from the earlier heatmaps as well (Fig. S2 and Fig. 4c),
HeLa-CCL2 cells grown in poly(thioether) dendrimer surfaces harbored
the highest number of DEGs implicated in several biological processes,
with most of the upregulated genes associated with plasma membrane
and protein binding functions (Fig. 5a). We had a closer look at the
upregulated DEGs in HeLa-CCL2 cells cultured on poly(thioether) den-
drimer surface and found a number of genes related to
membrane-associated functions, that is, cell surface and
microtubule-associated proteins, such as ITGB3 and KIF21B [54,55].
Upregulation of these cell surface protein-coding genes indicates that
cells might have to adapt themselves in order to adhere to this surface.
Furthermore, upregulation in certain cell surface transporter-coding
genes such as SLC38A3 and SLC26A9 indicates enhanced amino acid and
ionic transport in HeLa-CCL2 cells cultured on this surface [56,57]. These
cell surface related changes might have in turn led to alterations in
protein binding and cell signaling pathways, as reflected by increased
expression of transcription factor-coding genes such as TRAF1 and SDC4
[58,59]. Dendrimers are an excellent tool for a wide range of biomedical
applications, including nonviral siRNA delivery or drug delivery to
cultured cells [60,61]. Polypropylenimine dendrimers are reported to
have regulatory effects on endogenous gene expression in a strong
cell-type dependent manner [62], whereas carbosilane dendrimers
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Fig. 6. HeLa-CCL2 cell culture on nanostructured nonpolymer-layered DMAs with various sizes of hydrophilic spots. (a) Total number of cells in 96-well plate and
1 mm, 500 pm, and 350 pm hydrophilic spots on a DMA slide. (b—e) Fluorescence microscopy images of Calcein AM staining in HeLa-CCL2 cells grown for 24 h in 96-
well plate and on 1 mm, 500 pm, and 350 pm hydrophilic spots, respectively. Scale bar = 100 pm. (f) HeLa-CCL2 cellular viability analysis post 24 h of culture in
100 pL media (96-well plate) and different culture volumes on DMA (100 nL, 9 nL, and 3 nL). Percentage of live (Calcein AM-positive) cells were calculated with
respect to the total number of cells (sum of Calcein AM—positive and propidium iodide-positive cells). Data from 10 wells were analyzed for 96-well plate. At least 30

hydrophilic spots were analyzed for each hydrophilic spot size on DMA. Data represented as mean + SEM.***P < 0.001 according to two-tailed unpaired t-test,
calculated as differences in cellular viability in different nanoliter volumes on DMA with respect to control (100 pL in 96-well plate). NS = not significant.

(2G-NN16) are found to alter gene expression for immune response,
transcriptional regulation, and cell proliferation in macrophages [63]. As
evidenced from the GO analysis of DEGs (Fig. 5a and b) as well as
phenotypic observations (Fig. 3e and f) of HeLa-CCL2 cells on poly(-
thioether) dendrimer, we find this surface compatible with cellular as-
says. The unique transcriptomic influence of different dendrimeric
surfaces on cells is likely dependent on the surface topography and
chemistry of the dendrimer surface, as well as the cell type under
exploration.

Our results indicate that all the four substrates used here for cell
culture had minimal effects on transcriptomic alternations in HeLa-CCL2
cells in comparison to the traditional Petri dish. The major share of
upregulated genes from all the surfaces were from the membrane-
associated or protein binding category, indicating the cellular adapta-
tion to bind to different substrates. Our findings therefore suggest that
the cells cultured on alternative substrates can exhibit comparable
properties to cells grown on commonly used platforms, indicating the
possibility of using such novel surfaces for routine cell culture experi-
ments along with commonly used Petri dishes and microtiter plates.

3.5. HeLa-CCL2 cell culture in different nanoliter media volumes on
nanostructured nonpolymer-layered patterned DMA

With a growing demand for higher throughput and miniaturization of
cell culture vessels, culturing cells in picoliter to nanoliter volumes be-
comes essential. DMA platform enables high-throughput cell screenings
in nanoliter droplets. However, the effect of small cell culture volumes on
the underlying cell biology needs to be explored and compared with cells

cultured in conventional cell screening platforms. Ninety six-well plates
are popularly used for cell screening experiments in biological research
and have the similar surface architecture as Petri dish. Here we have
compared the biological state of HeLa-CCL2 cells cultured in nanoliter
volumes on DMA, with that of the same in 96-well plate. Viability and
morphology of HeLa-CCL2 cells were investigated upon culturing on
DMA with square hydrophilic spots having side lengths of 1 mm, 500 pm,
and 350 pm. We have used discontinuous dewetting for seeding the cells
on the DMA. In this case, the volume of cell culture media is determined
by the size of the hydrophilic spots. The culture volume retained within
these three sizes of hydrophilic spots are 100 nL, 9 nL, and 3 nL
respectively, as determined previously by the measurement of droplet
height and weighing a certain number of formed droplets on each type of
DMA [24]. DMAs for this experiment were fabricated onto nano-
structured nonpolymer-layered substrates because cells cultured onto
this surface were found to have the closest transcriptomic resemblance to
those grown on the Petri dish. In all the DMA slides, cells were seeded
using the “rolling droplet” method without the need for any robotics or
pipetting, as described in the “Materials and Methods™ section.

The ratio of volume-to-cell and area-to-cell is different in 96-well
plate and on different types of DMA. In 96-well plate, there is 10 nL of cell
culture media per single cell, whereas on DMA, there is 1 nL, 0.36 nL, and
0.25 nL of cell culture media per single cell for 1 mm, 500 pm, and 350
pm hydrophilic spots, respectively (Fig. 6a). The cell culture area is 0.003
mm? per single cell in 96-well plate, whereas it has been kept constant at
0.01 mm? per single cell on DMA (Fig. 6a). The reduced culture media
volume per cell on DMA is expected, as it is an established platform for
effective miniaturization of regular cell culture and cell screening
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Fig. 7. Comparative transcriptome analysis of HeLa-CCL2 cells grown on DMA in various nanoliter culture media volumes. (a) Venn diagram showing distribution of
all genes expressed in HeLa-CCL2 cells cultured in different culture media volumes on DMA. Cells cultured in 96-well plate in 100 pL were taken as a control. (b)
Cluster analysis of HeLa-CCL2 transcriptome from different culture volumes. Hierarchical clustering was done based on Euclidean distance. (c) Pairwise comparison of
DEGs between different sampling groups. Color gradient is determined by log2 fold change of expression (log2 FC).

experiments. The goal of performing transcriptomic studies in different
volumes on DMA was precisely to investigate if this reduction of volume-
to-cell ratio and increase of area-to-cell ratio has any direct or indirect
influence on the molecular response of cells.

To check cellular viability 24 h post seeding, cells were stained
with Calcein AM and propidium iodide. Fig. 6b-e shows the viable
(Calcein AM stained) HeLa-CCL2 cells in hydrophilic spots of different
sizes on DMA and 96-well plate, 24 h post seeding. Viability of cells
was found above 90% in 100 nL and 9 nL cell culture droplets,
comparable to that in 96-well plate (100 pL). However, HeLa-CCL2
cells had approximately 65% viability in 3 nL culture volume. The
reason for this compromised viability in this culture volume could be
multifactorial, that is, (1) limited availability of nutrients, (2) quick
acidification of the media because of higher concentration of cellular
waste, or (3) relatively larger droplet volume fluctuation because of
evaporation—condensation. Overall, our results indicate that viability
of cells cultured for 24 h in droplets as small as 9 nL on an open DMA
platform is comparable with the viability of cells grown in 100 pL
volume in a 96-well plate.

3.6. Analysis of HeLa-CCL2 transcriptome post culture in different
nanoliter cell media volumes on DMA

To gain a deeper understanding of possible effects of nanoliter

volumes on cell culture, we analyzed the transcriptomic landscape of
cells cultured on DMA. HeLa-CCL2 cells were cultured for 24 h in
100 nL, 9 nL, and 3 nL droplets on nanostructured nonpolymer-layered
DMA and in 96-well plate (100 pL), followed by RNA isolation and
mRNA sequencing. Quality information of sequenced data is provided
in Table S3. A substantial number of transcripts (n = 18,066) were
commonly expressed in all the samples (Fig. 7a). Cluster analysis
indicated a close resemblance of cellular gene expression pattern with
those cultured in 100 pL media volume in a 96-well plate and cells
cultured in 100 nL or 9 nL cell culture media onto hydrophilic spots
on DMA (Fig. 7b). Cells cultured in 3 nL culture media on 350 pm
hydrophilic spots were clustered separately (Fig. 7b) and exhibited
highest percentage of DEGs (Table S4), represented also as a heatmap
(Fig. S4). We further performed pairwise comparison of DEGs from
different nanoreservoirs and found that cells grown in 3 nL droplets
possessed the most unique transcriptomic signature among all tested
volumes (Fig. 7c). On comparison of DEGs expressed in all four media
volumes, we found 80 DEGs that are commonly shared between
groups (Fig. S5). Cells grown in 3 nL media displayed the highest
number of DEGs in comparison to control and cells grown in other
hydrophilic spot sizes. The unique transcriptomic pattern of cells
grown in 3 nL droplets could be explained by possible cellular stress,
as demonstrated by the lower cell viability compared with other
culturing volumes, whereas the gene expression pattern of cells
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color, respectively.

cultured in 9 and 100 nL droplets closely resembled that of the cells
cultured in 100 pL media volume within a 96-well plate.

3.7. GO analysis of DEGs from HeLa-CCL2 cells grown in different cell
culture volumes on DMA

Next, we have performed GO analysis with the DEGs from cells
grown in different volumes on DMA. Upon GO analysis, HeLa-CCL2
cells grown in 9 and 100 nL droplets were not found to have any
drastic alternation in the cellular pathways compared with cells
cultured in 100 pL. Most of the up- and down-regulated genes
associated with GO terms were represented by cells cultured in the
least culture media volume (3 nL) on 350 pm cell culture
nanoreservoirs (Fig. 8a and b, respectively). Up- and down-regulated
DEGs with GO terms represented by cells cultured in 3 nL medium
were in diverse categories belonging to cellular organelle, cytoplasm,
extracellular region, plasma membrane, and protein binding (Fig. 8a
and b). The number of upregulated DEGs with associated GO terms
was relatively higher than downregulated DEGs. A detailed look at
the upregulated DEGs in cells grown on 3 nL droplets revealed the
presence of genes such as ASIC3 and CCL8, which is indicative of
acidity-mediated hypoxic cellular microenvironment [64,65]. This is
in congruence with our hypothesis of quick acidification of cell cul-
ture medium in 3 nL droplets because of the rapid accumulation of
cellular metabolic waste. Moreover, the presence of genes such as
DTX1 among the upregulated DEGs point toward a hypoxia-mediated
apoptotic cell death in 3 nL droplets on DMA [66], along with al-
terations in a large number of other genes in multiple pathways. The
transcriptomic output is supported by a compromised cell survival
(65%; Fig. 6f), indicating that this culture volume might not be
optimal for culturing cells on an open DMA platform.

However, our results demonstrate that HeLa-CCL2 cells cultured
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in 100 nL and 9 nL droplets on DMA exhibited comparable gene
expression profile to cells cultured with 96-well plates in 100 pL
media volume.

4. Conclusion

In vitro cell culture is an important tool to decipher molecular
mechanisms behind basic cellular processes. Polystyrene Petri dishes and
microtiter plates are routinely used for cell culture and high-throughput
experiments. However, these are also nonphysiological surfaces that can
be used only as one of the model cell culture platforms available, and not
as the only reference. Hence, it is important to fabricate and investigate
novel platforms with different properties to provide a cell culture envi-
ronment that is closer to the physiological milieu. The four biocompatible
surface coatings used in the present study are distinctly different to each
other in terms of hydrophilicity, surface topography, and roughness, as
indicated by the results from WCA measurement, SEM, and AFM,
respectively. Here, we assessed the biocompatibility of these different
surface coatings and nanoliter culturing reservoirs on DMA platform by
comparing the phenotype and global transcriptome analysis of HeLa-
CCL2 cells cultured on them, with that of conventional cell culture
Petri dish and 96-well plates. HeLa-CCL2 cells cultured on the four
different substrates exhibited comparable morphology and viability with
those cultured in a conventional Petri dish. Differential transcriptome
analysis demonstrated no drastic transcriptomic alterations in cells
cultured on investigated surfaces compared with cells grown in the
“state-of-the-art” platform. Transcriptome of cells grown on nano-
structured nonpolymer coatings exhibited the closest resemblance to
standard cell culture Petri dish, whereas cells cultured on poly(thioether)
dendrimer surface had the highest number of DEGs. This finding in-
dicates that in case of the investigated surfaces, combinatorial factors
guiding a balance between topography and wettability played the
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determining role in influencing cellular transcriptome. Morphology,
viability, and gene expression pattern of cells cultured in 100 and 9 nL
droplets on DMA were also found comparable with cells grown in 96-well
plates that are cultured in upto four orders of magnitude higher volumes
of 100 pL. This indicates that cells can be cultured in droplets as small as
9 nL on an open DMA platform in a standard cell culture incubator under
controlled humidity without any oil to prevent evaporation, at least for
24 h, inducing no change in their biological properties. Future in-
vestigations on the alternations in different biological processes, that is,
cellular metabolism, differentiation, inflammatory response etc. after
long-term culture of cells on different surfaces and in restricted culture
volumes could be interesting. Our findings from the present study shall
contribute to an understanding and a paradigm shift in a broad scientific
community, indicating that the same screening experiments that are
performed in microtiter plates in microliter volumes can be performed on
alternative surfaces with chemically and physically defined properties in
nanoliter (three order of magnitude smaller) volumes.
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