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Microarray techniques use a combinatorial apprdaciissess complex biochemical interactions.

The fundamental goal is simultaneous large scapegmentation analogous to the automation

achieved in the semiconductor industry. Howevegcroarray deposition inherently involves

liquids contacting solid substrates. Liquid droeapes are determined by surface and interfacial
10 tension forces, and flows during drying. This additooks at how surface free energy and wetting

considerations may influence the accuracy and bgitg of spotted microarray experiments.

Introduction

The microarray concept seeks to provide high-thhpudg
analysis of, e.g., DNA sequences. The concept tslimited

1sto DNA, but can be used for a wide range of other

biochemical interactions. Effectively, microarragi® libraries
of biological or chemical entities immobilised ingaid/array
on a solid surface. The entities are referred tprabes and
these probes interact with targets (a gene, mMRNBANA,
20 protein, etc). The extent of interaction is asséssising
fluorescent labels, colorimetric/chromogenic
radioisotope labels or label-free methods (e.g.nstw®y
Kelvin  microscopy, scanning tunnelling

2s method is to use fluorescent confocal microscopghtain an
integrated intensity signal for each spot on théstuate.
Changes in signal intensity across
information about hybridisation. Three common melfthaf
producing microarrays are robotic spotting, lithegny and

30 bead-based assembly. In this article, we focushenfirst of
these. We explain why we believe there is a need
understand wetting, we identify some of the wettisgues for
such microarrays and outline simple principles tbah be
used to understand accuracy and reproducibility.

s Theneed to under stand wetting

Wetting describes how a liquid interacts with aigdhrough
the change of interfacial areas to minimise theraNesurface
free energy of a system. To provide an overview itsf
significance consider the spotted fluorescent ndomy in

w0 fig. 1. It is evident that spots may show as dorfhtdlow ring
shapes), that they can be irregular in size, distbin shape
and may have particle/dust contamination and bubAd of
these are effects due to wetting and surface freergy.
Donuts are ring stains produced by the drying odraplet

ss having a pinned solid-liquid interface. Irreguldnapes and
sizes are related to the breaking of liquid bridbesween a
solid (spotting pin) and a substrate, and to theaot on
droplet spreading of the state of the substratéasar(e.g.
roughness or chemical heterogeneity).
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Fig. 1 Spotted microarray showing distortionsin spots. Reprinted
from ref. [2], Copyright 2003, with permission of Elsevier.

40 A spotted microarray begins with the productionpobbes
(e.g. cDNA via parallel PCR, Oligo probes via
oligionucleotide synthesis) and the preparatioracfubstrate
(e.g. a glass slid€)A spotting robot creates an array (50-500
um diameter spots) which is then fixed. The robigisdoins

ss into wells, deposits droplets onto the substratd washes the
pins. Alternatively, inkjet synthesis can be useithwozzles
firing A, C, G, T nucleotides. The array is usedhwviargets
created by extracting RNA from tissue, convertihg mRNA
to cDNA, fluroescently labeled with Cy3 and Cysb5.

s Hydridisation is followed by a wash step and by dgma
acquisition. This process is shown schematicallfign?2.

Spot shape, spot size and concentration are akitic
parameters in the spotting process. The deposition
technologies include pins or needles, pin and rargd inkjet

es printing. Quality issues include print quality, stlate
chemistry and hydrophobicity, spotting buffer visity, pH,
evaporation and probe concentration. Wetting isantje
important in determining the quality of a microarrand yet
from around 22000 journal articles with the keyword

70 “microarrays”, only 4 are listed when combiningghiith the
keyword “wetting”, a further 16 using “contactgie” and
none with “surface free energy”.
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Fig. 2 Spotted DNA microarray formation (after ref [3])
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Principles of wetting

In microarrays, size matters. A liquid surface gri¢o
7s minimize its surface area. For a free droplet, thi@imum
surface area shapes it into a sphere, but wheo@edris on a
substrate this is no longer the case. Minimizing Hurface
free energy then involves the solid-liquid and detapor
interfacial areas and not just the liquid-vapoenfdce. Thus,
so when a droplet is on, e.g., a wire of a fence xieads along
the wire. Since the force due to surface tensigg, scales
with length and that from gravity scales with lemgtubed
(volume), small droplet size means surface tensiors over
gravity and becomes the dominant force. For wasenall
ss means less than 10% of the capillary lengtfu{ *=2.73 mm)
and so droplets deposited in a microarray are shagel
structured by interfacial free energies.
A droplet deposited onto a flat substrate may agriaito a
film or stop spreading and remain as a droplet. $hdace
o free energy per unit area for contact between aosimand

flat solid and a vapor isg. If we intercalate a thin layer of

Table 1 Spot size variations due to volume and contackeaveyiations

R/um Vo/pL a° rJ/um Ag/mn?
8 10110 |  0.0320.007
15 8248 0.0210.004
30+3 11335 27 6727 0.014:0.003
37 59+6 0.0120.002
30 113 35 60.5 0.0115
40 57.4 0.0104

the possible variability in the spot area due tcartainty in
the contact angle for water on an aminopropylsilaoated
us glass slide supplied for microarray usage with atest value

8~ 4P+5°. In the first case, spot area increases by 50% fro
0.021 mnd to 0.032 mm as the contact angle increases from
8°to 15. In the second case, the manufacturer’s statethcon
angle tolerance o£5° translates ta5% uncertainty in spot

1o radius and+10% in spot area. The general rule is that for

6:<60, r~6.730R/ 6% (6. in degrees) and errors translate as:
i) % error inr,= % error inR,, ii) % error inr,= 1/3% the %
error in &, and iii) % error in spot area= twice the % eriror
lo

Substrate surface heterogeneity will result in “eooular
spots. If the heterogeneity is chemical, the contagle is
given by the Cassie-Baxter formula: &g=f;cos6,+f,c0s6,
wheref; and 8 are the surface area fraction and contact angle
of a patch of the surface of type® iFor example, an

130 aminopropylsilane coated glass slidg=40°) with patches

f,=10%, 25% and 50% of clean hydrophilic glags=0°) will
give 37.9, 34.8 and 28.0, respectively, corresponding to
increases in spot areas of 4%, 12% and 31% comparttht
expected without those patches. If there is slighighness,

15 rg, then the contact angle is given by Wenzel's fdanu

cos&N=r9c0361.4 For an aminopropylsilane coated glass slide
(6=40°) and rg=1.07 &1 nm of height in every 30 nm
laterally), the contact angle is decreased td &%d the spot
area is increased by11%. Increasing the roughness to

liquid between the solid and the vapor we now h&we ,r=1.15, decrease to 28 and increases spot area£30%.

interfaces and the energy becomgs«)(y). A film will form

when the differenc&=()g + ) v)- Jv (the spreading power) is Cap|||ary ri%, Spot“ng pins and Capi”ary br|dges

95 positive, unless the liquid is on a curved surfa@eg.
capillaries, fibers) or a patterned surface (cheahyc or

topographically). In theory, ifS<O, a small droplet stops

spreading and remains as a spherical cap shapeavgtimtact
angle, &, to the solid described by Young's
100 COSE=(Jav+ Ve ) v, Which summarizes the chemistry.
practice, contact angle hysteresis means no mationhe
contact perimeter occurs until some advancing aindagle
is exceeded. The driving force for motion of thetawxt line is

K v(cosb. -cosH).

10s SPOt Size estimates and uncertainties

A deposited spot will have a contact radius,determined by

the intial droplet volume),, and the contact anglé€.. For
small dropletsy,=(4/3)"°
hypothetical sphere containing the initial volunfdiquid and

155 Substrate breaks.
R,sing. whereR, is the radius of a

If 6.<90°, liquid will rise up the inside of a smooth tubé o
internal radiusy, to a heightH, given byH/x =2« 'cosgJr.
The strongest effect is for a thin tube. Water wide 29.9 cm

lawws Up @ 100 um diameter tube havifig=0°, but only 63 um up
In the outside of a 20 um diameter fiber of the sanagenal. It

is no surprise split, quill and slotted pins areedisin
microarrays. Using a pin design with a 100 pm alod 20 pm
exit allows rapid filling and a reservoir to fornt tne top of

sothe slot so that multiple spots may be depositethauit

refilling. When a pin contacts a substrate, a ragnevnwards
and outwards flow occurs, but as the pin is retdcthe
droplet is pulled up and forms a receding contagjle with
the substrate until the capillary bridge betweem pind
Controlling the surface energy tloé
subtrate and pin will control the receding contangle, the
stretching and breakage of the capillary bridge ¢l final

10 A=(1-cogf,)*(2+co,). The upper row in table 1 summarises droplet volume and spot size. Spot size will dependthe

the effect of a 10% uncertainty iR, on spot areaAg, for

geometric parameters of the pin and the wettingperiies of

water-on-glass using.=8° to 37. The lower row summarises;s, the pin and substrate. In the ink-jet approachjlizap bridge
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5534

effects are removed, because it is a non-contapbgigon
method. However, the instability causing the bregkef the
capillary jet and the impact of a droplet on théstuate, still
involve surface free energies and so influence sizat.

2767

Activity (Digital Light Units)

16s EXCESS pressure, spot density and dust

16383

As spotting density increases, deposited dropledy touch.
A droplet on a flat and completely wetting surfa@@=0°) iy “
spreads into a film because this reduces the Laptacess Fig. 4 Non-uniform fluor escence acr oss a spotted microarray dueto
pressure AP=2) /R, across its curved liquid-vapor interface ring-stain formation (Reprinted with permission from ref. [€].
170 of spherical cap radiuR. When two droplets with different Copyrignt 2002 American Chemical Society).
spherical cap radii touch, a capillary bridge foram the one
with the smallerR will flow into the other; droplets with 20100 nm DNA is thirty hours, which implies a slow
higher curvature have higher execess pressuraurface free  hydridisation in a fluid film of 50 pr.Wixforth et al, note
energy terms, coalescing two droplets reduces thtal t that improving uniformity of spot fluorescence i®ssible
w7 energy. Minimising surface free energy also telistbat dust ~ USing micro-agitation to promote mixirig.
will always attach to a water-air interface. The rmo
hydrophobic a grain of dust, the more it will projeout into Conclusions
the air, but even highly hydrophobic grains attétémselves
to a droplet of water. In the extreme case, a daropf water
10 rolling across a bed of hydrophobic dust will coetely self-
coat and become a liquid marble.

205 Advances in microarray technology now permit conalbamial
experiments providing large quantities of data. Bata to be
of scientific value, we cannot simply process itthwi
sophisticated software and analyze it with carediatistics.

. L .. We need to understand intrinsic limitations to #weuracy of

Donuts, contact line pinning and mixing 20the data arising from the nature of the interactiowetting

When droplets are deposited they are three dimeakio describes one fundamental interaction, that oflidpeid with
volumes of liquid, but they dry and so become two the solid, and may well influence the quality of @ata.

1ss dimensional solid spots. The evaporation of a dropl
possessing a solute (or coated in particles) vdlise a ring- References
stain if the conte}cF line is pinned py conFact @gysteresis; 1. L E. Cheran, M. Chacko, M. Q. Zhang, M. ThoomsAnalyst,
low relative humidity causes fast ring stain forinat® As the s 2004,129, 161.
droplet evaporates, an internal flow is set-up $yipg liquid 2. A. Wixforth, Superlattices & MicroStr, 20033, 389.

100 to the pinned contact line. Hence, suspended salidsarried 3. D. Stekel, Microarray bioinformatics, Cambridg@iversity Press,

. 2003 (ISBN 0-521-52587-X).
to the edge of the droplet where most solute déposthen - % e N 3 shirtcliffe, M. 1. Newton, Ayat, 2004129, 284.

occurs® (fig. 3).In microarrays, a ring-stain (or donuésults ,, 5 p. Aussillous, D. Quéré, D, Nature, 20811, 924.
in non-uniform fluorscence across a spot (fig® 4). 6. R. Blossey, A. Bosio, Contact Line Deposits @N& Microarrays
To suppress ring stains one can try using a higtal “Twin-Spot Effect” Langmuir, 200218, 2952.
155 solute concentration, keeping the contact angle (owt then ~ 7- R.D.Deegan, Phys. Rev. E, 2060, 475.

spots become large), reducing contact line pinnergd 2258' \Z}tgnDEZ?SPE; ?ég%lé?"gz? F. Dupont, G. HulerR. Nagel, T. A,

ensuring the initial deposition is homogeneousdsithere is g9 A wixforth, C. Strobl, C. Gauer, A. Toegl, Z. @uttenberg, Anal.
a strong memory effect of the initial distributichplthough Bioanal. Chem, 200479, 982.

not a wetting effect, the diffusion time for 1 mnotion of

230

Fig. 3 a) Coffeering stain (Reprinted Fig. 1a with permission from
ref. [7]. Copyright 2006 by the American Physical Society), b)
multiple images superimposed to show the flow of solute particlesto
form aring stain during evapor ation (Reproduced by permission
from Macmillan PublishersLtd [Nature] ref. [8] 1997).
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