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HIGHLIGHTS

o Single cell array is made by selective
cell adhesion onto lithographically
patterned surface.

e Population based toxicity, single cell
toxicity, and subcellular toxicity are
derived simultaneously at high
throughput.

e Issues of cell overlapping and clus-
tering are completely solved.

e Imaging software allowed for rapid,
objective and automated extraction
of toxicity information without user
interference.
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ABSTRACT

Cell population based toxicity assays cannot distinguish responses of single cells and sub-cellular or-
ganelles; while single cell assays are limited by low statistical power due to small number of cells
examined. This article reports a new single cell array based toxicity assay, in which cell responses at
population level, single cell level and sub-cellular level can be obtained simultaneously at high
throughput. The single cell array was produced by microcontact printing and selected area cell attach-
ment, and exposed to damaging X-ray radiation, which was followed by fluorescence imaging after
staining. Two image processing softwares written in Python and MATLAB were used to determine the
expressions of proteins associated with cell migration and invasion, and production of reactive oxygen
species (ROS), respectively. The results showed significant differences in responses at single cell level and
distinctive molecular heterogeneity at sub-cellular level in a large population of cells upon exposure to
radiation.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

activity, membrane permeability, adherence, adenosine triphos-
phate (ATP) and co-enzyme productions, and nucleotide uptake

A panel of in vitro toxicity assays has been developed to assess
the effects of chemicals and external stimuli on cultured
mammalian cells for drug screening and hazard identification
[1—4]. The toxicity assays depend on cell functions such as enzyme
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activity [5—7]. The assays can provide averaged signals from a large
population of cells. However, due to cellular heterogeneity, the
toxicity results derived from cell population can be irrelevant or
misleading especially in the case of cancer which is known for high
level of heterogeneity [8,9]. Furthermore, toxicity assays relying on
non-image based readouts cannot reveal sub-cellular distribution
of events and cannot help to understand the mechanism of re-
sponses. Fluorescence imaging allows mapping of spatial
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distribution of cellular events with specific dyes, but is limited by
cell overlapping issue and a small number of cells that can be
counted under a microscope.

Single cell toxicity assay can distinguish the function and
behavior of individual cells from a background of million cells, and
identify subpopulations in a heterogeneous mixture of cells or cell
sub-types [10—12]. Single cell toxicity assays are often performed in
dynamic mode with flow cytometry or microfluidics, which has
high linear speed, but does not provide information on cell-cell
communication, cell morphology and sub-cellular features
[13—17]. An ideal single cell toxicity assay should be able to provide
cell information on three different levels: cell population, individ-
ual cells, and sub-cellular level, which are required for proper
extrapolation of in vitro toxicity response to in vivo response
[18,19]. In this perspective, an ordered array of cells attached on a
planar substrate is a better choice by allowing observation of cell
population, individual cells, and sub-cellular organelles [20—25].
Single cell array as a platform technology has been used for many
biology-driven applications such as single cell fluorescence in situ
hybridyzation (FISH), genotoxicity study, and RNA sequencing
[26—28]. A variety of methods can be used to generate single cell
arrays on a solid substrate after modifying the substrate with
positively charged molecules, cell adhesive ligands, and specific
antibodies [26,29—32]. By attaching cells onto the substrate, it is
also feasible to conduct time-dependent analysis of cell population
[23].

This article describes a single cell array based toxicity assay, in
which population based toxicity, single cell toxicity, and sub-
cellular toxicity can be derived simultaneously and at high
throughput (Fig. 1). The single cell array is made by attracting onto
micropatches produced with microcontact printing of poly-
electrolyte multilayers. Cell responses to ionizing radiation were
simultaneously obtained at three distinct levels. By physically
attaching cells at the same height and ordered locations, the issues
of cell overlapping and clustering associated with random distri-
bution were solved completely, and there is no need for a user to
change observation field to find cells that can provide useful in-
formation. The image processing softwares developed in this work
allowed rapid, objective and automate extraction of toxicity infor-
mation without user interference. By uniquely providing popula-
tion based assay with sub-cellular spatial resolution and single cell
sensitivity, this method has the potential to significantly impact the
toxicity field.

Single cell array

Random cell distribution

2. Materials and methods

Poly(allylamine hydrochloride) (PAH) with molecular weight of
120,000—200,000 was from Alfa Aesar. Poly(sodium 4-styrene
sulfonate) (PSS) with molecular weight of 70,000, fluorescein iso-
thiocyanate isomer I (FITC), monoclonal anti-vinculin-FITC anti-
body, and anti-B-tubulin antibody were from Sigma.
Hydroxy(polyethyleneoxy) propyl triethoxysilane (PEG-silane)
(8—12 ethylene oxide, 50% in ethanol) was from Gelest. Poly-
dimethylsiloxane (PDMS Sylgard 184) was from Dow Corning. Goat
anti-mouse IgG secondary antibody conjugated with Alexa Fluro
568, Hoechst 33342, and Carboxy-H2DCFDA were from Thermo-
Fisher. Polyelectrolyte stock solutions were 1 wt% PAH at pH 10,
1 wt% PSS at pH 5.8, and 1% PAH at pH 5.8, all contain 150 mM NaCl.

A mixture of PDMS prepolymer and curing agent (10:1 wt ratio)
was poured onto a master prepared by photolithography. After
being kept at 37 °C for 24 h, the solidified PDMS slab was peeled off
and cut into square stamps that have vertical micro-pillars with a
diameter of 10 pm, a height of 5 um, and a center-to-center distance
of 30 um in the hexagonal lattice. A glass slide was treated with
high level oxygen plasma for 3 min, and soaked in PEG-silane so-
lution (5% in ethanol) for overnight, and rinsed with water and
dried with an air stream.

Single cell array is formed as follows. A 1 x 1 cm? PDMS stamp
with micropillars was immersed in positive and negative poly-
electrolyte solutions repeadly for 15 min each and rinsed with
water to form multilayers. After drying in air, the stamp was
exposed to vapor from a water bath, and immediately brought into
contact with a PEG-coated slide for 20 min to allow water between
stamp and slide to evaporate, which is followed by peeling off the
stamp to complete the pattern transfer. To enclose cell suspension
onto the patterned substrate, a PDMS slab with a 5 mm diameter
hole was placed on the pattern to form a chamber, into which
200 pL cell suspension (5 x 10° cell/mL) in culture medium was
added. The cells in chamber were incubated at 37 °C and 5% CO, for
1 h, followed by removing PDMS slab and washing the cell adhesion
area gently with phosphate buffer saline (PBS) to remove unbound
cells. The cells were immersed in PBS during the assay process.

CEM cells were cultured in RPMI 1640 medium supplemented
with 10% (volume) fetal bovine serum (FBS), 100 units/mL of
penicillin, and 100 pg/mL streptomycin at 37 °C and 5% CO,. HelLa
cells were cultured in DMEM medium supplemented with 10% fetal
bovine serum (FBS), 100 units/mL of penicillin at 37 °C and 5% CO».

Fig. 1. Single cell patterning for high throughput sub-cellular toxicity assay.
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Arrayed cells were irradiated with X-ray at 20 GY dose followed by
30 min incubation, and fixed in 4% paraformaldehyde for 10 min.
After washing with 0.2% Triton-X 100 in PBS, cells were incubated
in PBS with 0.2% Triton-X 100, and 1% bovine serum albumin (BSA)
at room temperature. Primary antibody was added and incubated
in blocking buffer at 4 °C overnight, followed by adding secondary
antibody and incubated for 2 h. For ROS detection, carboxy-
H,DCFDA was added to arrayed cells at a final concentration of
20 pM. After incubation for 30 min and washed with PBS, cells were
irradiated with X-ray at 20 GY dosage followed by 30 min incuba-
tion. Cell nuclei were stained with Hoechst 33342 at final concen-
tration of 10 uM and fixed in 4% paraformaldehyde. All fluorescence
images were obtained from an upright BX51 Olympus microscope
and processed in Python and MATLAB.

3. Results and discussion

PAH is positively charged at neutral pH and can be adhesive to
cells since many types of mammalian cells are negatively charged
due to existence of sialic acid on their surfaces [33]. A wide variety
of cell adhesion molecules such as arginylglycylaspartic acid (RGD),
immunoglobulin G (IgG) and oleyl chain grafted to polyethylene
glycol (PEG) can be applied to fabricate microarray, electrostatic
interaction is used because of simplicity and low cost [34,35].
However it doesn't rule out the possibility that specific cell type can
be patterned by specific interactions. PEG-coated surface is well
known for its anti-fouling property and can prevent adhesion of
cells [36]. Fig. 2A shows an array of multilayers composed of PAH/
PSS/PAH-FITC printed on a PEG-coated glass slide, where PAH-FITC
is PAH labelled with fluorescein isothiocyanate (FITC). Fig. 2B and C
are microscopic images of arrays of CEM cells and Hela cells. The
size of each micropatch is 10 um, and the center-to-center distance
is 30 um, thus each patch can capture one cell without bridging two
adjacent patches. The lack of bridging cells could be due to mobility
of cells across non-patterned regions. Fig. 2D—F shows time-laps
images of HeLa cells, where the white arrow pointed one cell
moved towards the center of a green patch at the speed of 0.56 um/
min. This behavior has been observed in multiple cells (n > 10) and
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for adherent cells only probably due to higher motility compared to
suspension cells. Since the directions of movement were random,
the movement should not be caused by microscopic flow. The local
movement facilitates formation of cell array and allows to use a
small number of cells to obtain high array occupancy.

Radiation can cause damage to cells and tissues. At cellular level,
radiation induces direct damage by breaking chemical bonds or
indirect damage by producing reactive oxygen species which
further attack nucleic acids, proteins and lipids. Arrayed HeLa cells
were exposed to ionizing X-ray radiation from a generator operated
at 115 kV and 5 mA. The impacts of radiation on genomic integrity,
protein expression as well as ROS production were quantitatively
analyzed. Fig. 3A and B shows Hoechst staining of DNAs in arrayed
cells before and after radiation. Each nucleus in 3B is larger than
that in 3A, indicating diffusion of DNA fragments outwards through
broken nuclei membrane. This is different from HaloChip assay
reported before [29], because damaged DNA cannot pass through
cell membranes after fixation. The spatial distribution of the nu-
clear fluorescence can be used to quantify level of DNA damage.
Fig. 3C shows a plot of fluorescence intensities along the red and
green lines passing through centers of five adjacent cell nuclei.
Fluorescence peaks of radiated sample are broader due to DNA
leakage. The bandwidth of the peak can be quantified by full width
at half maximum (FWHM). The FWHMs of five selected nuclei were
obtained by fitting the curves using Gaussian distribution and
calculated using the following formula in OriginLab,

FWHM = 2V2In2¢

where ¢ stands for standard deviation. Fig. 3D shows statistical
comparison between control and irradiated samples. The FWHM of
cells are significantly larger after irradiation, suggesting increased
DNA damage in these cells.

Ionizing X-ray irradiation can inhibit polymerization and ag-
gregation of microtubules and induce disorganization of cytoskel-
etal filaments [37—40]. The change of protein expression was
evaluated by immunostaining two types of cellular proteins asso-
ciated with cell motility, where vinculin is a membrane-
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Fig. 2. An array of PAH/PSS/PAH-FITC on PEG (A). Single CEM cell array (B) and single HeLa cell array (C). Time-laps images of HeLa cell movement on the array at 0 min (D), 12 min

(E) and 32.5 min (F).
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Fig. 3. Hoechst stained HeLa cells before (A) and after (B) X-ray radiation. (C) Fluo-
rescence intensities of cells crossed by the lines in (A and B), where red line is from un-
radiated sample and green line is from radiated sample. (D) Average FWHM of 41 cells
before (A) and after (B) radiation. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

cytoskeletal protein involved in focal adhesion and B-tubulin is a
major component of microtubules. Both Fig. 4A and D shows
extensive cytoskeletal networks from healthy cells, where green

and red fluorescence were immunostaining of vinculin and B-
tubulin. In radiated samples (Fig. 4B and E), fluorescence intensities
were much lower and punctate structures were formed in some
cells due to disassembly of cytoskeletal network. Radiation induced
oxidative stress can also damage cells and cellular organelles,
therefore can be assessed on a single cell array. Fig. 4G shows that
non-irradiated cells contain negligible ROS signal (base level of
cells), while cells exposed to radiation show strong ROS signal
(Fig. 4H). Generation of ROS is highly time dependent in cells
ranging from nanoseconds to a few days and the single cell array
also provides ability for individual cell tracking [41].

By placing cells on an ordered array, cell images can be easily
processed with softwares. Two sets of algorithms have been
developed for Python and MATLAB to quantify fluorescence in-
tensity of individual cells. The first algorithm (in Python) was based
on segmenting the image into areas with identical sizes and with
one cell per area. The information of each area was then extracted
and analyzed. Mean intensity of each pixel in the area was calcu-
lated as intensity of the cell in that area. The second algorithm (in
MATLAB) was based on setting an intensity threshold and grouping
connected pixels with values above the threshold into isolated re-
gions. Background noise was removed by deleting regions with size
below that of a normal cell. The information of each region
recognized as single cell, was then extracted, indexed and stored.
The second algorithm was suitable for sub-cellular analysis since it
already separated cellular information from background.

Fig. 4C shows histograms of fluorescence intensity of vinculin in
the cell population before and after radiation, which were obtained
after image processing. Black columns represent samples treated
with 20 GY X-ray and red ones represent un-treated samples.
Similarly, Fig. 4F shows histogram of fluorescence intensity of B-
tubulin expression, where black column represents irradiated
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Fig. 4. Arrayed cells stained by anti-vinculin antibody before (A) and after (B) X-ray radiation. Arrayed cells stained by anti-B-tubulin antibody before (D) and after (E) X-ray
radiation. Arrayed cells stained by H,DCFDA before (G) and after (H) X-ray radiation. Histograms of fluorescence intensity in according figures (C is for image A and B; F is for image
D and E; and I is for image G and H), where red bars stand for un-radiated samples and black bars stand for radiated samples. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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samples and red ones represent un-treated samples. Shape of the
histogram reveals existence of cell sub-populations. The total
fluorescence intensities of vinculin and B-tubulin in un-treated
sample are 5.6 and 5.3 times of those in irradiated samples,
respectively. Fig. 41 shows histogram of fluorescence intensity of
ROS production, where black columns stand for un-treated samples
and red ones for radiated samples. The fluorescence intensity of
radiated sample is much higher than un-treated one due to higher
level of ROS production.

A major advantage of single cell array is that it allows for sub-
cellular analysis of a large population of cells. MATLAB was used to
quantify fluorescence intensity and distribution in individual cells.
Fig. 5A shows ROS distribution inside single cell after radiation,
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where cell nuclei was stained with Hoechst, and green fluorescence
indicated ROS signal. Distribution of green fluorescence was highly
heterogeneous inside each cell (Fig. 5A inset) and had little overlap
with the nucleus. Fig. 5B shows the image of a cell array processed
by MATLAB in which region of each cell was selected and indexed.
The evenness of fluorescence intensity (E) is defined as follows:

E=1-2
I

where ¢ and u stand for standard deviation and mean of intensities
of every single pixel inside each cell. Fig. 5C shows the normalized
mean fluorescence intensity and the evenness of fluorescence in-
tensity of individual cell. The average evenness was 0.49, indicating
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Fig. 5. Fluorescence image of an array of cells after detecting ROS (green) (A), where an enlarged image is shown as inset. Grayscale image (B) of MATLAB processed image, where
individual cells were selected and indexed. ROS signal intensities of 153 individual cells (C), where black bars and red bars are fluorescence intensity and evenness of intensity,
respectively. Fluorescence image of an array of cells after staining mitochondria (D), in comparison to a cell cultured on normal tissue culture plate (E). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)



J. Xia et al. / Analytica Chimica Acta 1007 (2018) 26—32 31

that fluorescence intensities of majority of cells at sub-cellular level
were highly non-uniform. In addition, each cell has a unique set of
values for mean and evenness of intensity and cell-to-cell variation
was large. For example, cell indexed with 120 has an intensity of
0.46, and cell indexed with 131 has an intensity of 0.59. The one
indexed with 120 has a lower evenness of 0.42, while one indexed
with 131 has a higher evenness of 0.79. The indexed array makes it
possible to correlate a large amount of measurements to a large
number of cells for further analysis such as evaluating oxidative
damage to gene expression using FISH. In addition, this method is
compatible with single-molecular FISH after sample clearing
approach [42].

ROS are produced instantaneous by radiolysis of water, or
secondarily by biological sources such as mitochondria in mamm-
lian cells [43—45]. The sub-cellular distribution of ROS signal can be
associated with distribution of mitochondria since it's not evenly
distributed in the cells which otherwise would be caused by radi-
olysis of water. Mitochondria were stained as red in Fig. 5D, where
individual mitochondrial structure is not clear in the arrayed cells.
In comparison, the filament-like mitochondria can be seen in cells
seeded onto a normal culture plate (Fig. 5E). This is because mito-
chondria in arrayed cells cannot be extended as much as those in
non-arrayed cells that spread to a large area and separate from
others. The resolution can be increased using advanced imaging
techniques such as confocal or super-resolution microscope.

4. Conclusions

A single cell array based toxicity assay was established to pro-
vide sub-cellular toxicity information of a large population of cells.
Cell array was formed by attaching cells to an array of positively
charge polyelectrolytes. By physically placing cells at the same
height and ordered locations, issues of overlapping and random
distribution of cells were solved completely. The image processing
softwares developed allowed rapid, unbiased and automate
extraction of toxicity information without user interference. Cell
toxicities upon exposure to ionizing X-ray radiation were simulta-
neously obtained at three distinct levels. Individual cells response
heterogeneously at sub-cellular levels even if they were from the
same population and from the same culture, and the results have
also been statistically analyzed to differentiate cell populations
based on their responses to radiation.
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