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Graphical Abstract

We developed a novel method for generating a centimetre-sized single-cell array, performed
DNA fluorescence in situ hybridization (FISH) on the array, and demonstrated feasibility of
analyzing the FISH result using a computer program.
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DNA fluorescence in situ hybridization (FISH) ipawerful cytogenetic assay, but conventional sample
preparation methods for FISH do not support lag@eshigh-throughput data acquisition and analysis,
which are potentially useful for several biomediapplications. To address this limitation, we have

10 developed a novel FISH sample-preparation metheddan generating a centimetre-sized cell array, in
which all cells are precisely positioned and sejearfrom their neighbours. This method is simpid a
easy and capable of patterning nonadherent huntian e have successfully performed DNA FISH on
the single-cell arrays, which facilitate analysi$-tSH results with the FISH-FINDER computer

program.
15

I ntroduction

DNA fluorescence in situ hybridization (FISH) isnadely used
cytogenetic assay that allows assessment of locati@ copy
number of specific DNA sequences in single celBonventional
20 FISH is performed on either a thin section of fixedues or cells
(or cell nuclei) immobilized on a solid surface.hel random
locations of the cells/nuclei in these samples, axidtence of
clumped, overlapped, and truncated nuclei, preclfz® and
accurate FISH data acquisition and anal§@isAs a result, small
2s numbers (typically less than 100 but occasiongtiyta 2000) of
nuclei are examined in a conventional FISH assayOn the
other hand, the ability to perform FISH on largenters of cells
could permit accurate quantification and/or sewsitietection of
intercellular genetic heterogeneity. Examplesudel quantifying
a0 spatial distribution of genetic elements in nuéiegetecting rare
circulating cells with cancer-causing genetic mota, and
quantifying intratumor genetic heterogeneity thataymbe
responsible for drug resistance and relapse oferafit A
promising approach to realizing such large-scal8Hrlis to
ssarrange a large population of suspended cells Btdwo-
dimensional array, in which all cells are preciselysitioned,
isolated from their neighbours, and organized aigh density.
This array-based format would, in principle, all@utomated,
high-throughput data acquisition and analysis ofADNISH as
40 demonstrated by existing microarray technologiEs.the best of
our knowledge, large-scale DNA FISH has not
demonstrated on single-cell arrays.
The ideal method for preparing a single-cell arfayy DNA
FISH should be simple and inexpensive, so thaaiit easily be
4s adopted by biologists and medical researchers. artey must
also be compatible with FISH, which involves hacgimditions
such as repeated washings and elevated temperaiWmeious
methods have been developed to produce singleaoglys and

been

can be divided into two groups. One relies on afsa passive

so method of seeding cells on a substrate bearing- cell
binding/trapping surface features, such as a flaengcal
coating'®!! recessed topological structures called microwéils,
15 or a combination of the twi§;*8surrounded by a cell-repelling
background. This group of methods has the advantédpeing

ss relatively easy to perform. In particular, the ggrdormed on a
flat surface closely resemble conventional FISH gam based
on immobilizing cells on a homogeneous surfacewentional
FISH protocols could easily be adapted for the aehys without
significant modifications. The other group is rhem using an

s active means to form cell patter}is?® Notably, mMRNA FISH has
been performed on a small array of 100 cells pexpdny this
strategy’® Although enjoying advantages such as independence
of cell types and relatively short preparation snese methods
suffer from the need for microfluidic devices, wiimcrease the

es complexity of this approach and preclude its usdalyg lacking
the proper expertise.

Here we present a novel method of preparing sicgllearrays

for DNA FISH. It is based on chemically micropatiag a flat
surface to create an array of cell-adhesive islaamit a cell-

70 repelling background, followed by passive seedihgells. It is

simple and inexpensive and allows easy adaptatidn o

conventional FISH protocols. Moreover, the surfabemistry

and geometries of the array substrate were spaltyfiselected

and designed for FISH. We have used this methodreate

75 centimetre-sized single-cell arrays of nonadhetemhan cells,
performed DNA FISH on the arrays, and analyzed rdmuilts
with a computer program specifically for FISH datalysis.

M ethods and materials

Materials
so Formamide, formalin, NP-40 surfactant, saline-sodigitrate
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(SSC) buffer, HyClone cosmic calf serum, 100x TBOQ mM
Tris HCI and 100 mM ethylenediaminetetraacetic adidffer,
propidium iodide (PI), and glass slides including@mm-thick
glass coverslips and 1-mm-thick glass microslidegrew
s purchased from VWR.
hydrolyzed, Mw 30,000-70,000 Da), octyltrichlatase
(OTS), 3-aminopropyltriethoxysilane (APTES), anddbhmine-
B-isothiocyanate (RITC) were purchased from Signh@driéh.
The Sylgard® 184 polydimethyl siloxane (PDMS) kitaw
10 purchased from Dow-Corning. ProLong® Gold antifadagent

Central to our surface micropatterning method wagonontact
s0 printing2*# which relied on the use of PDMS stamps.
prepared PDMS stamps by casting PDMS prepolymercaridg

agent on masters prepared by photolithogr&ph$tamps for the

Polyvinyl alcohol (PVA, 87-90% two sizes of adhesive island consisted of arrays drexagonal

lattice of circular micropillars with diameters Bfand 10 um and
es Separated by centre-to-centre distances of 30 pnrthe

micropillars of all stamps were 8 um high.

Preparation of dides coated with APTES, OTS, and PEG

silane

We

containing 4',6-diamidino-2-phenylindole (DAPI) atDYO-1
dye were purchased from Invitrogen. Poly(ethylagigcol)
(PEG) silane ([hydroxyl (polyethyleneoxy) propyltiethoxy
silane, Mw = 575-750 Da, 8-12 ethylene glycol yYnitgs

Glass slides were cleaned with oxygen plasma (PRG{3asma

70 cleaner, Harrick Plasma, Ithaca, NY) for 3 min &0 3nTorr and
high power level. Slides to be coated with APTES3S were
placed, with ~100 uL APTES or OTS, in a centrifugbe in a

15 purchased from Gelest (Morrisville, PA). K562 aR@H-ACV vacuum desiccator. The desiccator, under vacuwas,phaced in
cell lines were from the American Type Tissue CQutu an oven at 68C. After 24 h, the slides were taken out, washed
Collection (Rockville, MD) and Deutsche Sammlungnvo s with water, and dried under a stream of nitrogeme RPTES or
Mikroorganismen und Zellkulturen GmbH (Braunschweig OTS-coated surfaces were hydrophobic. To prepass glides

Germany) respectively. Fetal bovine serum (FBS) piarchased
20 from Atlanta Biologicals (Lawrenceville, GA). FISptobe CEP
3 (D3Z1) SpectrumOrange Probe (locus: 3pll.1-qHlpha
satellite DNA) was purchased from Abbott Molecul@es
Plaines, IL). Lambda phage DNA was obtained fromawN
England Biolabs (Ipswich, MA).
25 Cell culture
K562 cells were cultured in RPMI 1640 medium supmated
with 10% (v/v) cosmic calf serum, 100 units/mL cénicillin,
and 100 pg/mL streptomycin at €7 and 5% CQ@ RCH-ACV
cells were cultured in RPMI 1640 medium supplemeéntéth
3020% (v/v) FBS, 100 units/mL of penicillin, and 1Q0g/mL
streptomycin at 3T and 5% CQ@
M easurement of cell sizes
Suspended K562 and RCH-ACV cells were roughly spakem
shape. Diameters of 58 K562 cells and 97 RCH-A@Nsavere
3s measured under an optical microscope, and thetsesate used
to calculate the average diameters and standaidtibes for the
two cell types.
Geometrical design of cell arrays
To maximize cell density, we used a hexagonalcktfor the
40 cell-adhesive islands and made the cell-adheslseds circular
because the cells are roughly spherical. To ensumgle-cell
occupancy, we made the diameter of each islandfisayntly
smaller than the average cell diameter. Smallemds also
allowed more precise control of the locations & dtells and are
s therefore preferable for automated data acquisiiod analysis.
On the other hand, reducing the island size is erpeto lower
the adhesion force between the cells and the isJamdich must
still be strong enough to withstand the series adksg and
rinsing steps in FISH process. For the K562 cellsich were
s017.8 um in average diameter (range 10.1-23.8 pamdatd
deviation 2.2 um), we therefore gave the islandmmeter of 10
pm. For the smaller RCH-ACYV cells (average diam#€8 pm,
range 6.6—15.0 um, standard deviation 1.6 um), ave ghem a
diameter of 5 um. To ensure separation of thes dedim their
ss neighbours in the array while maintaining a relaljv high
density, we used a centre-to-centre distance ofii®0for both
lattices.
Preparation of PDM S stamps

coated with PEG silane, the slides were soakeldarPEG silane
1% (v/wt) in toluene. After 24 h, the slides wewashed first
with ethanol to remove residual PEG silane and thiémwater.
s0 Assessing cell adherence to APTES, OTS, and PEG-coated
surfaces
A circular hole 1.27 cm in diameter was made in-mr8-thick
PDMS film. The film was then laid over a slide taxh with
APTES, OTS, or PEG silane, forming a circular chanh27 cm
s in diameter, and a 200 pL suspension of live cellBS at
concentrations of 3.1x $03.1x 16, and 0.8x 1®cells/mL for
APTES, OTS, and PEG-coated surfaces respectivetyplaced
in the chamber. The assembly was placed in a #istriand then
in a cell-culture incubator at 3Z and 5% C@ After 1 h, the
% floating and loosely bound cells were gently wasbh#dleaving
attached cells on the slides.
Preparation of array substratesfor cell patterning
The procedure for preparation of array substragesshown
schematically in Fig. 1. (1) A 10% (wt/wt) aqueaaution of
9s PVA, a water-soluble synthetic polymer traditiogallsed as a
surfactant to stabilize oil-in-water emulsions, wssun on a
PDMS stamp at 800 rpm for 1 min and then at 1700 fgr 1
min by means of spin coating. (2) The PVA-coatainp was
placed on an APTES-coated slide. Slight presswas applied
100 manually to the stamp to ensure full contact bebtwdse stamp
and the slide. (3) The stamp and slide were pléogéther on a
hot plate set at 10Q€ for 0.17-mm-thick slides and 180D for 1-
mm-thick slides. (4) The stamp was removed from s$fide
manually after it spontaneously detached from titke stypically
105 Within 15 sec. (5) The slide was exposed to oxygksma for
30 sec at 350 mTorr and medium power level to reamdRTES
from areas unprotected by PVA. (6) The slide waaked in
PEG silane 1% (v/wt) in toluene for 24 h. (7) Tél@e was
washed first with ethanol, which removed residuglGPsilane,
1o and then with water, which removed PVA, leavingaray of
APTES islands surrounded by a PEG background oslite
Fluorescence staining of APTES islands by RITC and DNA
For RITC staining, the array substrate was soake®.01%
(wt/v) RITC in ethanol for 1 h and then washed withpious
usamounts of ethanol. For DNA staining, 40 pL santiof 2
ng/uL lambda DNA, which was labelled with YOYO-Yedat
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dye-to-base pair ratio of 1/20, in 50 mM MES (24fidrpholino)
ethanesulfonic acid, pH 5.5) buffer was added onARTES-
island array and covered with a 2-cm-wide coverslijgfter 20
min at room temperature, the coverslip was remowed] the

s array substrate was examined.
Generation of single-cell arrays

A hole-bearing PDMS film like the one described &bavas
placed on an array substrate to form a circulamtfea 1.27 cm
in diameter, and a 200 pL suspension of live dell®BS was
10 placed in the chamber. The assembly was placedHetri dish
and then in a cell-culture incubator at°@7and 5% CQ The

surface in section “Assessing cell adherence toB®TOTS, and
30 PEG-coated surfaces” was used here except that K&H2
suspensions of three different concentrations (A.@#x0.8x 16,
and 1.6x 10 cells/mL) were applied to the slides respectively.
The slides were then immersed in 4% (v/v) formajdiehin PBS
for 30 min at room temperature and washed with PBtimes, 5
ssmin each). 200 pL 20 pg/mL Pl was added on edde sind
kept for 30 min. Fluorescence micrographs of thenobilized
cells were recorded and analyzed with NIS-Elemgmntgyram.
The program allowed identifying regions, in which pixels
were brighter than a threshold, in a micrograpthe Threshold

dish was briefly tapped manually every 15 min. eAfhcubation, o was set by the experimenters so that the regiompeply

the floating and loosely bound cells were gentlghe off, but a
Teffects of

thin layer of buffer was left on the surface.

15 incubation time and cell quantity on the qualitytloé arrays were

studied.

Examination of single-cell arrays
To quantify the quality of the arrays accuratelg, i@peated each missing, it was thus not used for analysis. Nundf¢he regions

experimental condition (quantity of seeding celtine of
Four micrograph images were ntaded
Individual islands ommipby a

20 seeding) 3 times.
analyzed for each sample.

represented the cells. The program generated af fike regions
(total number: INy,) with area of each region. We believed a
region smaller than 30 pfmwas too small to be a single intact
K562 cell. The number of these regions was coufriaah the

s list as Npar  Since a cell on an edge of a micrograph is g@igyrti

that resided on the edges and were equal to aerléngn 30 pum
was counted manually as.dJe Number of the regions that
appeared to comprise two or more cells, were etqual larger

single cell, two cells, and three cells were idétiand counted. sothan 30 prfy and did not reside on the edges was manually

Individual islands occupied by more than 3 cellsravenot
Cells that were neither located on #mds nor
25 adhering to any cell on an island were regardeleasgy on the

observed.

background.

Generation and examination of randomly immobilized cells
The same procedure for seeding cells on the APTdE®ed

Fig. 1. Schematic of process for fabricating thwgle-cell

array: (1) Polyvinyl alcohol (PVA) dots are pridten a 3-
aminopropyltriethoxysilane (APTES)-coated slide. 2) (
APTES is etched away with oxygen plasma from areas each.
unprotected by PVA dots. (3) The bare glass ameadilled
with a self-assembled monolayer (SAM) of cell-rdipgl
poly(ethylene glycol) (PEG) silane.
washed away with water to expose the APTES islar(83.
Cells are allowed to adhere to the APTES island=ating

PDMS stamp APTES

1. Print PVA l }VA

’“

2. Etch APTES
with plasma l

’_-_-_-_-_-_‘

3. Backfill with a PEG sil
SAM of PEG silanel / stlane

10 s 1 1 e L1

4. Wash PVA off l

with water APTES
N TR
Single cell

5. Pattern cells l /

the single-cell array.

(4) PVA dotse a

counted as Nswer With these data collected, number of single
isolated cells in the micrograph was calculatetN@ge = Niota -
Nsman = Nedge = Newster FOr each concentration of the cell
suspensions, 6 samples were examined with 2 mipbgr per

ss sample being recorded.
FISH
DNA FISH was performed on the K562 cell arraysSiFIprobe
mixture was prepared by a procedure recommendedhby
manufacturer of the probe. The FISH protocol revemded by

0 the manufacturer was adopted (with modificationd)} The slide
was immersed in 4% (v/v) formaldehyde in PBS foh24t room
temperature. (2) The slide was washed twice wB$,P5 min
each. (3) The slide was incubated in acetic a@thamol (3:1
v:v) for 24 h at room temperature. (4) The slidesvdried on a

es hot plate at 58C for 3 min. (5) The slide was immersed in
prewarmed 73C denaturation solution (70% (v/v) formamide/2x
SSC, pH 7-8) for 5 min. (6) The slide was suceebgi
immersed in 70%, 85%, and 100% (v/v) ethanol famid each at
room temperature. (7) Excess ethanol was draired the slide

70 by blotting on a paper towel, and the undersidéhefslide was
wiped. (8) The slide was dried on a hot plateGiC5for 3 min.
(9) TenuL CEP probe mix was added to the sample area of the
slide, the area was covered with a coverslip, &iedetdges were
sealed with rubber cement. (10) The slide wasedam a

7s prewarmed humidified chamber, the chamber was deate the
slide was incubated for 24 h at°42 (11) The rubber cement
seal was removed from the slide, and the slide imasersed in
50% (v/v) formamide/2x SSC at room temperature | uthid
coverslip floated off. (12) The slide was immers2dimes in

80 50% (v/v) formamide/2x SSC wash solution at@610 min

(13) The slide was immersed in 2x SSC &€ 46r 10
min. (14) The slide was immersed in 2x SSC/0.1%vjWNP-40
at 46C for 5 min. (15) The slide was air-dried in deeka at
room temperature (for about 25 min). (16) Tdnof antifade

ss DAPI was applied to the array area and covered witloverslip
atop, and the edges of the coverslip were sealédnail polish.

This journal is © The Royal Society of Chemistry [year]
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Imaging

The optical micrographs were obtained with an itaciNikon Ti

epifluorescence microscope equipped with an And@nEM+

885 EMCCD camera and an inverted Deltavision dectution
s fluorescence microscope (Applied Precision) equipméth a

CooISNAP HQ CCD camera. The three-dimensional esagf

fixed nuclei were captured at different stage posé and

fabrication. Although photolithography was als@diso prepare
the master for generating the PDMS stamps in outhaodg the

s0 master could be used to fabricate many (>50) staangsa stamp

could be used many times (>10) for PVA printingur@ethod is
thus considerably more cost effective than the gitbbgraphy-
based methods. To the best of our knowledge vihss the first
time that a water-soluble polymer was printed byPf@r use as

processed with deconvolution software (SoftWoRx .@.5 es masks for plasma etching.

Applied Precision) for the analysis. Atomic-foragicroscopy
10 images were obtained with a Veeco Dimension 30Glesy at
tapping mode in air.

Results and discussion

Preparation of array substrates
We found that an unpatterned self-assembled moeok8AM)

15 of APTES (widely used to render a glass surfaceitigely
charged as a result of protonation of the primamynas capping
the molecule€? could immobilize a monolayer of nonadherent
K562 cells (Fig. S1 in electronic supplementaryoinfation
(ESI)). Because the surfaces of many types of mammmecells

2 are negatively charged as a result of presenceabé sicids?®
electrostatic attraction was likely responsibletfue adherence of
the K562 cells to the APTES surface. However, segrafted
PEG terminated with a hydrophobic hydrocarbon chaiso
allowed adsorption of K562 ceffSand because the APTES SAM

25 was hydrophobic, hydrophobic interaction might diswe played
an important role in immobilizing the cells. Based the
observation that K562 cells did not adhere to adpobic OTS-
coated slide (Fig. S1 in ESI), we concluded thactebdstatic
attraction was responsible for immobilization oé ttells on the

30 APTES-coated surface. It is worth noting that palyne, a
positively charged polypeptide, has also been usecbat cell-
adhesive islands and wells to generate singlearedlys of h-
TERT-RPEL1 (human retinal pigment epithelial) celfsl human
MOLT 3 T-lymphocytes, respectivefy:*? PEG silanes with both

35 short and long chains are standard surface-coatatgrials used
to prevent adherence of proteins and c&if§. We tested K562
cells on an unpatterned PEG silane SAM and founddierence
of the cells to the surface (Fig. S1 in ESI). Rhsm these
results, we selected APTES and PEG silane to peetbar cell-

40 adhesive islands and cell-repelling backgroundeesgely.

Our method of printing PVA on an APTES-coated acef is
similar to that developed by Guan et al. for prigtia water-
insoluble polymef® Arrays as perfect as that in Fig. 2a were
usually obtained throughout the entire stamping.arétomic-

45 force microscopy characterization of the PVA ddisveed that
the PVA film is ~98 nm thick at its centre (Fig.)2thick enough
to block the oxygen plasma etching. Photoredistsfipatterned
by standard photolithography have also been useghaesks to
block oxygen-plasma etching for patterning of SA¥I¥ but the

so PVA mask is superior because it costs less, doésratuire
expensive cleanroom-based facilities for micropattey, and can
be removed with water rather than organic solvamtsharsh
etchants. In another method, a photoresist filrs a@ated on a
PVA film, then patterned by photolithography, ariafly used

ss as a mask for reactive ion etthThe PVA film allowed removal
of the photoresist mask with water. It should béed that all of
the above methods used photolithography every fonelevice

80

75

Generation of the APTES islands was confirmedibgréscent
staining with RITC, which reacts with the primarymiaes of
APTES. Fig. 2c shows a uniform array of fluoredcistands,
which typically covered the entire stamping areat, $uccessful

70 RITC staining did not exclude the possibility tlwathin layer of

PVA and/or PEG silane was left or formed atop thRTES
islands. The layer might allow penetration by R]Wich is a
small molecule, but keep APTES inaccessible toelaggtities
such as cells. We therefore used lambda DNA (aonamecule
with a coil diameter of approximately 1.4 pm in ef), which
is negatively charged and can bind to APTES bytedstatic
interaction, to test the accessibility of APTES. e Wbserved
binding of fluorescently labelled DNA to the APTESands as
shown in Fig. 2d, proving that the APTES was adbésgo
macromolecules and therefore probably to cells.

Generation of single-cell arrays

K562, a nonadherent cell line derived from humamocit
myeloid leukaemia, was the major model cell linedusn our
study®® Because only single cells located on the APTESis

ss and separated from their neighbours were usefuDféA FISH

analysis, we used single-cell occupancy (SCO),nddfias the
ratio of the number of cell-adhesive islands ocedpby single
cells to the total number of the islands withineatain area, as an

Fig. 2. (a) Phase-contrast micrograph of 10-pmevaicular
PVA dots (black) printed on an APTES-coated glédise s (b)
Height atomic-force microscopy image of a PVA dat o
APTES (upper panel) and its line profile (lower eBn
Fluorescence micrograph of APTES islands staineth wi
fluorescent rhodamine-B-isothiocyanate (RITC) (chda
YOYO-1-labelled lambda DNA (d).
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Fig. 3. Phase-contrast mlcrographs of singlearelys formed at cell- seedlng times of 15 (a),[8045 (c), 60 (d), 90 (e), and 120
(f) min. The seeding cell density (SCD, ratio afmber of cells to number of APTES islands) was\215 min, a cell array formed
with a relatively low array occupancy. The arragcapancy increased as time elapsed until 60 mifter 0 min, the array
occupancy appeared level. Defects, including erghynds, single islands occupied by two cells, egits on the background are
indicated by arrowheads labelladB, andy, respectively.

index of array quality. We hypothesized that SCé&s\affected 10 we used a series of cell-seeding times from 1®2rhin. Fig. 3
by the quantity of cells available and the duratafnseeding.  shows representative micrographs of cell arraypgreel at SCD
Because all cell arrays were produced in chambétsthie same  of 2 and seeding times of 15, 30, 60, 90, and 120 rClearly
geometry, we defined the seeding-cell density (S&PD)he ratio  single cells were immobilized on the array substiatthe same
s of the number of cells to the number of cell-adhesslands in  pattern as the APTES islands in Fig. 2. The aeflys typically
the chamber. Three SCDs were used in this studigeShe cell 15 covered the entire 1.27-cm-wide circular areas. dMented the
suspension added into a chamber was always 20B{GDs of islands occupied by single cells in all cell-arragmples,
0.5, 1, and 2 were equivalent to concentration8.4% 16, 0.8x calculated the SCOs, and plotted the SCOs agamst at all
10°, and 1.6x 1Dcells/mL. At each of three SCDs, 0.5, 1, and 2, three SCDs in Fig. 4. These results show thatctik arrays

100% 1 3 (SCD =0.5) w00% 1 b (SCD=1) 100% (SCD =2)
90% - 90% - 90% -
80% - 80% - 80% - ==SCO
70% - 70% - 70% -
=e=Two cells per
60% - 60% | 60% - island
50% - 50% - 50% - Three cells per
40% - 20% - 40% - island
Cellson
30% - 30% 30% - background
20% - 20% - 20% - ~@—Empty islands
el w 1 sl
0% 4= ‘ ————— 0% +— &= ==l % +— ———— ==
15 30 45 60 90 120 15 30 45 60 90 120 15 30 45 60 90 120 min

Fig. 4. Dependence of single-cell occupancy (S&j) densities of four types of array defects (&qmr island, 3 cells per island,
cells on backaround, and empty islands) on seddimgat SCD of 0.5 (a), 1.0 (b), and 2.0
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Fig. 5. Fluorescence micrographs of K562 cells irbitimed on unpatterned APTES-coated surfaces atsSai.5 (a), Xb), and 2
(c) respectively. Seeding time = 60 min. Theselkere stained with propidium iodide. (d) Analysismicrograph (c) using a
computer program for identifying and counting sengélls. Green contours are generated by the @mogw enclose regions in which
all pixels were brighter than a threshold. Numbefssingle cells were calculated from data extrdichom the fluorescence
micrographs. Many cells were clustered as exeragliby the three clusters pointed by arrowheadslledba. Some cells were
partially selected as exemplified by the two cpliénted by arrowheads labell@d (e) Histogram of numbers of single cells pefcm

at differen SCD:s.

started to emerge as early as 15 min after the walte applied at

all SCDs. SCOs generally increased from 15 to 60 amd

remained level or even decreased thereafter. Tdieest SCO

was 86%, obtained at SCD of 1 and seeding timefof 1
s Defects were observed in all single-cell arrayscluding

empty cell-adhesive islands, islands occupied byentban one

cell, and cells on the background area, as showfign3. The
defects can affect analysis of the FISH data byomputer
program. For example, cell-adhesive islands o@xlijpy more
wthan two cells can generate FISH signals, but asgigthe
signals accurately to individual cells is difficufor existing

FISH-analysis computer prograthddentification of this type of

defect poses a key challenge for developing a ctenguogram

specifically for analyzing the FISH array data. @enerate a
15 quantitative view of our method and identify optimconditions

for preparing the cell array, we counted islandsupéed by two

cells, those occupied by three, and cells on tlidraund in all
cell-array samples. No islands occupied by moaa tihree cells
were observed. The numbers of empty islands wietaired by
20 subtraction of the numbers of occupied islands frive total
number of islands. The data are presented in Tablén ESI.

We defined defect density as ratio of the numben dfpe of

defect to the total number of islands over a certaiea and

plotted defect densities for all types of defeajmiast seeding
s time in Fig. 4. Densities of defects, except emfshands,
generally increased with time during the initial B0n. Empty
islands displayed the opposite trend. Clearly, dieesities of
islands occupied by two cells at SCDs of 1 and Pewsgher
than those at SCD of 0.5.

An ideal single-cell array for large-scale FISHbghl have a
maximum SCO and minimum defect densities, and semtling
time is desirable. As Fig. 4 shows, we found npegxnental
conditions satisfying all these requirements. 808 of 1 and 2
and seeding time of 60 min, the SCOs and dengifiesmpty
35 islands started to plateau, and densities of alkécts were not

significantly higher than those under other cowodi. We

therefore identified these conditions as the optmiar preparing
single-cell arrays for FISH. Each of the 1.27-ciantkter array

30

areas included 162.4 x 4@PTES islands, so at SCO of 86%

0 (SCD = 1, seeding time = 60 min), about 139.7 % istands
were occupied by single cells. These cells wowddubeful for
FISH analysis if they retained their positions aR&H.

To quantitatively compare the single-cell arrayhmiandomly
immobilized cells prepared by the conventional rodthwe
as incubated K562 cells on unpatterned APTES-coatediaces
with the same quantities of seeding cells as tlad&CDs of 0.5,
1, and 2 for preparing the arrays. The immobilizetls were
randomly distributed and the cell density increasétt SCD as
shown in Figs. 5a, 5b, and 5c. Moreover, the nurobeells that
so touched their neighbours also increased with SCINIS-
Elements was used to assist identification of isolaingle cells
in the micrographs as exemplified in Fig. 5d. Aeshold
fluorescence intensity was manually set. Neighingupixels
that were brighter than the threshold were grougea region,
ss which might consist of a single cell, a clustecelis, a portion of
a cell, or an unknown object. While a high thrddhended to
increase the number of clustered cells, a low Hulestended to
ignore dim cells and parts of some cells. Eithesec is
undesirable for FISH analysis because over-clusiereduces
so number of single cells useful for analysis and FiSghals may
present in the cellular parts or cells ignored oy program. Fig.
5d shows existence of both cell clusters and phrtselected
cells, indicating that the above dilemma might hiinsic to the
conventional method. Statistical analyses revealwt the

s number of single cells rose from 32.43(9)x 16 and 61.0
(+7.5)x 10 to 83.6 £10.2)x 16 cells/cnf at SCD of 0.5, 1, and 2
respectively (Fig. 5e). Given the fact that theC5@ 86% of our
single-cell array is equivalent to 110.3 x*t@lls/cn?, the array

single-cell

method achieved a higher density thamwe t

Fig. 6. Phase-contrast micrograph of a singlearetly of
RCH-ACYV cells.
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conventional method. Perhaps more importantly, highly
ordered and well separated fashion of the singdleareay is

expected to allow easy and unambiguous data asabgsied on

the availability of both fluorescence and spatigbimation of
s the cells.
In addition

to K562 cells, RCH-ACV cells,

from a with this expectation.

not show any signals (Fig. 7c). Note that thgdts of the FISH
45 probe are the centromeres of chromosome 3, and & KBl
contains two chromosome 3s that are apparently aidfmwe
therefore expected a K562 cell to contain 2—-4 FISghals
depending on the cell phase, and the FISH resudt agasistent
Although single-cell arraliave been

lymphoblastic leukaemia lirf€,were successfully patterned intoso produced by various methods, this study was thet fip

arrays (Fig. 6) on 5-um-diameter APTES islands (SED®,
seeding time = 60 min). This result indicates tiw& method is

10 applicable to other cell lines.
probably only cells with relatively high density ofegative
surface charges can be patterned by this method.

FISH and analysis
15 DNA FISH was performed on K562 cell arrays prepaae&CD
of 2 and seeding time of 60 min. The harsh coowltitypical of

DNA FISH—exposure to elevated temperature and tefdeaso constant attentions.

soaking and washing—can remove or dislocate paitiecells in

a single-cell array. Strengthening the bindingween the
20 immobilized cells and the APTES islands would dlé&y this

potential problem. Formaldehyde is a fixative caonihg used in

FISH to crosslink proteins with primary amines, anecause

APTES is terminated with primary amines, we beliewbat

formaldehyde would cause cross-linking of the APTEAM
25 With proteins on the cell surface. The cell arraese therefore

soaked in formaldehyde solution for 24 h. FigsiAaws an array

of cell nuclei after the FISH process, revealingt tthe cell nuclei

largely retained their positions. However, the tre@y long

exposure to formaldehyde might have increased dured of
30 cross-linking among the nuclear proteins, reducitige
accessibility of the genomic DNA to the FISH prob&® avoid
this problem, we soaked the cell arrays in acetid/methanol
for 24 h because acetic acid/methanol soaking @mnove
nuclear proteins from celf$:*?

The FISH result is shown in Fig. 7b; FISH signale the red
dots within the blue areas which are DAPI-stainell nuclei.
Although the FISH signals were found throughout ¢bé array,
only six cells are shown in the figure becausesigeals are not
visible in Fig. 7a due to their small sizes and Ibvightness.
40 Two or three FISH signals were observed in thesdallFig. 7b.

By analyzing 131 cells in a single-cell array, vearfd 64.9% of

cells contained 2 FISH signals; 19.1% containeigdads, 4.6%

and 1.5% contained 1 and 3 signals respectivelg, a8% did

35

Fig. 7.

However, it shoblkel noted that

(a) Fluorescence micrograph of a cell yamfter the FISH process.

demonstrate successful performance of DNA FISH oser

centimetre-sized array with countable FISH signplstentially
allowing large-scale quantification of genetic feas.
Concern may exist regarding the increased timeireg for
ss preparing the single-cell arrays and performing HFI8n the
arrays compared to the conventional method. Apprately 53
h was needed to prepare a batch (around 10) ofesicgls
arrays. It should be noted that 48 h of this kb time was
used to deposit SAMs on the glass slides and didremuire
Moreover, the array subsiratence
produced, are expected to be storable as commerteisd slides
with similar surface coatings. Two extra step24t each were
used to soak the slides bearing the single-cedlyarm the FISH
process compared to the protocol recommended by
es manufacturer of the FISH probe. Again the totah4@eriod did
not require constant attention except the staringd ending
points of the two steps and multiple slides canpbecessed
simultaneously. We believe optimization of the hogt can
reduce the times for individual steps. Most impotty, we
70 expect the high-throughput data acquisition andyaisaenabled
by the single-cell arrays would allow an overalgrsficantly
shorter time to perform large-scale DNA FISH thame t
conventional method.
The envisaged high-throughput, large-scale FISHayar
7s technology requires automated analysis. To demstestts
feasibility, we used a computer program called FISHder to
analyze the single-cell FISH arr&§ Although FISH Finder can
extract FISH signals from background and countdigmals, it
cannot obtain accurate signals from clumped cetlleiu The
g0 single-cell array we developed resolves this pmoblg keeping
the cells isolated from their neighbours. Fig.shdws the FISH
Finder results for Fig. 7b. FISH Finder easilyntfied both
nuclei and FISH signals, demonstrating the feasibibf
performing high-throughput, large-scale data adtiois and
ss analysis of DNA FISH on a single-cell array.
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o O O O o o
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Percentage of cells (%)

I 19.1
9.9 46 D

[ . 15
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0o 1 2 3 4

Number of FISH signals per cell

o

The image was takenutiiroa 4',6-diamidino-2-

phenylindole (DAPI) filter channel. (b) Fluorescenmicrograph of FISH results. FISH signals (retsflare present in the cell
nuclei (blue). (c) Histogram of percentage ofscelith different numbers of FISH signals per cdll) Analysis of the FISH image

(b) by the FISH Finder program. Cell nuclei an&HIsignals were identified; contours of the nuelere generated, and FISH
signals are indicated by line segments.
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Conclusions

We have developed a novel sample-preparation mdtrddNA
FISH. The method allows creation of centimetrediarrays of 6
single cells of nonadherent human leukemic celédin It is

s simple and inexpensive and can therefore poteytisdl adopted
by biologists and medical researchers. DNA FISK baen

successfully performed on the single-cell arraysl the results 7 12.
13.

are analyzable by a computer program, indicatingt tthis
method holds potential for realizing high-throughgarge-scale
10 data acquisition and analysis of DNA FISH.
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