Available online at www.sciencedirect.com

SCIENCE CbD'RECTs JOURNAL OF
C Colloid and
Interface Science

ACADEMIC
PRESS Journal of Colloid and Interface Science 260 (2003) 49-55

www.elsevier.com/locate/jcis

Molecular interactions between DNA and an aminated glass substrate

Alain Carré* Valérie Lacarriere, and William Birch

Corning SA., Fontainebleau Research Center, 7 bis, Avenue de Valvins, 77210 Avon, France
Received 3 July 2002; accepted 7 November 2002

Abstract

With the development of DNA arrays, the immobilization of DNA strands onto solid substrates remains an essential research topic. DNA
arrays have potential applications in DNA sequencing, mutation detection, and pathogen identification. DNA bound to solid substrates must
still be accessible and retain the ability to hybridize with its complementary strands. One technology to produce these arrays involves linking
DNA molecule probes to a silanized substrate in microspot patterns and exposing them to a solution of fluorescently labeled samples of DNA
targets. The behavior of both the target and probe DNA and their interactions with each other at the substrate surface, particularly with respect
to molecular interactions, are poorly understood at the present time. The objective of this work is to model simply the interface interactions
between DNA and glass slides modified with an aminosilanarfinopropyltriethoxysilane, APTS). In agueous solutions, DNA behaves as
a polyacid over a wide range of pH. A glass substrate treated with APTS is positively or negatively charged, depending on the pH. A model
of the surface charge of APTS-treated glass has been developed from results of wetting experiments performed at various pH. It has beer
demonstrated that the surface charge of APTS-treated glass is well described by a model of constant capacitance of the electrical double laye
A good correlation between experimental data on DNA retention at various pH'’s and the variation of the surface charge of the APTS-treated
glass is obtained. This provides an indication of the role of ionic interactions in the adsorption of DNA molecules onto aminated glass slides.
0 2003 Elsevier Science (USA). All rights reserved.
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1. Introduction fluorescently labeled samples of DNA targets. This process,
which is sometimes called heterogeneous hybridization, al-
Over the past years, nucleic acid probes have been extenlows conducting many different tests in parallel, using very
sively used to detect human pathogens in molecular recog_smaII amounts of expensive DNA probe material. However,
nition tests. With the development of DNA microarrays, the the behavior of both the target and probe DNA and their in-
immobilization of these molecules onto solid substrates re- teraction with each other at the liquid/substrate interface are
mains an essential research topic. When bound to a solig@t the present time poorly understood, particularly with re-

substrate, the DNA molecules must still be accessible andSPECt to specific and nonspecific molecular interactions.
retain the ability to hybridize with their complementary ~ Modified and bare silica or glass substrates are currently
strands. Hybridization of the fluorescently labeled probe to US€din many fields of technology to immobilize genetic ma-
a specific DNA sequence generally indicates that the genetenal. Bare silica has been found to be reactive but prone to
represented by this sequence is expressed. DNA arrays hav%apid contamination. Modification of silica or glass surfaces

potential applications in DNA sequencing, mutation detec- y covalent bind'ing of silgnes \.Nith. su'rface silanol groups
tion, and pathogen identification. Preparation of DNA arrays has been extensively studied. Silanization of glass substrates

involves binding of DNA molecules to silanized glass sub- with an aminosilane provides an amine-rich surface which is

strates in the shape of microspots, or synthesizing DNA on ideal for attachment of DNA to the solid substrate.

the substrate and exposing the DNA array to a solution of It is Qe'f‘era”y _known that.both_ glectrostanc and hY'
drophobic interactions are major driving forces for protein

adsorption at solid/liquid interfaces. However, relatively lit-
* Corresponding author. tlg is known abOL_Jt how these interactions affect the interfa-
E-mail address: carrea@corning.com (A. Carré). cial behavior of single- or double-stranded DNA molecules.
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It has been demonstrated that DNA oligonucleotides in 2.2. lonization of glass and of amine groups of
solution interact with aminopropyl silane treated substrates silanized glass
via ionic interactions [1]. The pH of the medium in which
oligonucleotides are present has a strong impact on the  por the description of charge and potential at the oxide/
amount of material adsorbed and retained on aminated SUb'eIectronte interface, different models can be used. A com-
strates [2]. _ _ _ _ mon feature of these models is the notion of charging from
The objective of this work is to model Sllmp|y the Inter-  dissociation of surface groups and a formulation of mass ac-
action between DNA molecules and an aminated glass slidetjgn 1aws applied to the solid/liquid interface. In the con-

as a function of the pH and to use experimental techniquesiey; of electrokinetic potential measurements, the triple layer
to support the model. The surface charge of the substratemodeL which comprises a well-confined electric double

will be studied with the evolution of the wettability of the  |5yer close to the surface and a diffuse layer described by

aminated glass as a function of the pH of the contacting (he Gouy—Chapman theory, is considered to be the best tool
water. The variation of the DNA retention on the substrate {5, 5 quantitative description [4]. Close to the solid sur-

as a function of pH will be quantified using fluorescent ¢0q 4 well-confined electric double layer, also known as

detection. the Helmholtz layer, is formed. This is followed by a diffuse
layer of counter charges between the outer Helmholtz plane
and the neutral bulk of the solution. While the Helmholtz

2. Theory planes are strongly adsorbed, the diffuse layer is considered
more mobile.

2.1. Charge of DNAin solution Several studies show that a simple thermodynamic analy-

sis of the adsorption or desorption of protons allows us to re-
DNA is a polymer with an alternating sugar—phosphate |ate the change in the solid/electrolyte interface free energy
sequence. The monomer units of DNA are nucleotides. to the charge density at the oxide surface [5,6]. The well-
Each nucleotide consists of a deoxyribose sugar, a nitrogenconfined electric double layer close to the solid surface is
containing base attached to the sugar, and a phosphate grouppparently sufficient to interpret contact angle titration meth-
There are four different types of nucleotides found in DNA, ods, where the point of zero charge of the solid is the un-
differing only in the nitrogenous base: adenine, guanine, known parameter. However, simple Helmholtz double-layer
cytosine, and thymine. description appears to be particularly well adapted to the
Native DNA is a double-stranded structure that may be case of a silanized glass substrate, as shown in this study.
denatured into two single strands in a chaotropic solventor  As a first approximation, we assume that a glass surface
at high pH values or by heating (melting). The denaturation pehaves similarly to an amorphous silica surface. The esti-
is a reversible process. mated maximum coverage of silanols on a silica surface is
When a single-stranded DNA molecule is in water, ion- apout 4.5 SiOH group®n? [7]. When silica is submitted to
ization of sites on the linkages and bases results in a chargey heat treatment, the number of free surface silanol groups is
that is pH-dependent. The electrostatic characteristics of aredyced [7].
Single—Stl’anded DNA molecule are derived from the ioniza- SiOH groups are positive'y or negative|y Charged, accord-
tion of the phosphodiester linkages, resulting in one negativeng to the pH. The point of zero charge, pzc, defines the pH
charge per nucleotide, and from ionization of bases, result- 5t which the surface density of positive charges is equal to
ing in a charge that is base-dependent. the surface density of negative charges [8]. The pzc of silica
A phosphodiester is a strong acid whos€ 5 around s around pH 2 to 3 [8,9]. Thek, of silanol groups is in the
1 [3]. Adenine (A) and cytosine (C) bases can be found as range from 5 to 7 [10,11].

neutral or positive forms, whereas thymine (T) is neutral or  \we may calculate the ionic species present on a bare glass
negative, and guanine (G) can existin all three states [3]. Thegyface as a function of pH from the averagé,pvalue of
ionization of the bases and their corresponding dissociationg and from the pzc value. These lead to the following equa-

PO_’;SE‘”T may be described by the equilibria reported ijons for the relative density of negative and positive species:
in Table 1.

_[SIOT[HT]

iOH<> SIO™ + H* Ki=——— " =10"°% (@
Table 1 SIOH« SIO™ +H™, 1 |SIOH| 1)
lonization equilibria for the four different bases found in DNA [3]
. + - p— +
Base Equilibrium Equilibrium constant S'OHZ < SI0™ +2H7,
i + _10-35 O (2
Adenlr\e AHF A4+ H Ka=10 - _|SIOT|HY]= 10-2p2 2
Cytosine CH < C+HT Kc=10"% = 7|Si0|-g| = )
Thymine THo T +HT KT=10"92
Guanine GH < GH+H* Kg1=10"21 Si "
. . iOH||H K
GHoG™ +HT Kg2=10"%2 SIOHJ <> SIOH+HT, K= ISIORIRT_ K (3)

ISIOH| K1’
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Ywo

Y where I'y+ is the surface excess concentration of protons.
Vapor K—\ Octane /{\ The surface charge density, of the water/solid interface is
0\ w 0y W related tol'y+ by
Ysv Ysw Yso Ysw o =ITy+F, (8)
S S whereF is the Faraday constant. Hence, Egs. (6)—(8) yield
la 1b d(cosd) __ 2.303RT o ’ ©)
d(pH) Fy

Fig. 1. Young's model for a sessile water drop in the presence of water

vapor (a) or octane (b). indicating that the change this controlled bys. Note that

the same Eq. (9) but with the right-hand side of opposite
sign, is obtained for a negatively charged surface, due to the

The equilibrium between protonated amine groups (R- aqsorption of OH groups. At the point of zero charge, pzc,
Nng) and amine groups (R—NHis given by o =0

_ _ N _ |R-NH||HY| d(cost) _
R-NH} <> R-NH +H™, Ka—7|R_NI_g| )] d(pH)

The value of the equilibrium constaft, may be estimated Ther_efore,.in the abs_,e.nce of specific.ally adsorbed ions, a
as being on the order of the quotéd, value for N-pro- maximum ind or a minimum in cos will occur at pzc as
pylamine, i.e., 578 x 1011 (pk, = 10.2). Itis known that ~ the PH of the water drop is scanned [5,6,14].
amine groups of APTS molecules are positively charged up -
to pH 10, which is equal to thek, value [12]. 2.4. W\ettability under octane

It has been demonstrated that only 30 to 50% of silanol
groups may be grafted during silanization reaction [13]. X PHTRAE i
Therefore, the chemical groups present on a silica (g|ass)glass, the substrate was immersed in liquid octane (Fig. 1b).

surface silanized with APTS are likely to be amine groups Under these conditions, the contact angle of water in (non-
and SiOH groups. We will see that our results are in agree- polar) octane is only a function of specific, nondispersive, in-
ment with this description. teractions between water and the substrate. This arises from

water and octane having the same dispersive or London con-
tribution to their surface tension (21.6 mNthfor water,
21.3 mN 11 for octane [15,16]).

Another advantage of measuring wettability of water in
an octane medium is that finite values of the contact angle
can be obtained with a high-surface-energy substrate. For
(5) example, clean glass measured in air does not give a finite

measurable contact angle with water.
whereysy, ysw, andy are the solid surface free energy of  As demonstrated in Section 2.3, a maximunyirr a
the solid in presence of the water vapor, the interface free minimum in co® is expected at pzc when the pH of the
energy between water and the solid, and the water surfaceyater drop is changed [6,14].
tension, respectively (Fig. 1a). The nondispersive interaction between water and the

When an ionizable solid surface is in contact with an Substrate]é]gv, may be deduced from the Young and Dupré
aqueous solution, it acquires a certain charge because of adequations,

sorption or desorption of a certain number of protons [5,6].

(10)

To measure the wettability as a function of pH for bare

2.3. W&ttability at various pH

The equilibrium contact anglé, of a water sessile drop
satisfies Young's equation,

ysv = ysw + y COS9,

The water surface tension can be considered as constanyso= ysw + Ywo COS, (11)
when hydrochloric acid or sodium hydroxide is added 0 ysi=ys+p— Igi _ Ié]id, (12)
modify the pH [14]. Therefore, when the pH of water is ) ) o
changed, the wetting angle, changes accordingly: where subscript S represents the solid, and subscript i the
liquid phase (water, W or octane, O), afdis the water
—dysw=y d(cosd). (6) contact angle under octanl:gi is the solid/liquid dispersive

interaction (the sumrg + 789, in Eq. (12) corresponds to
the solid/liquid work of adhesion as expressed in the Dupré
equation). Sincdd,, ~ 135 and 129 = 0, 139, satisfies

The surface charge,, may be considered as resulting sim-
ply from the adsorption of protons (H if the solid surface
is positively charged and from the adsorption of Olif
the solid surface is negatively charged [5]. Using the Gibbs Iggv% YW — Y0 + Ywo COS0, (13)

adsorption equation it can be deduced that
where yw (72.8 mNnT?), yo (21.3 mNnT?), and ywo

dysw= —Ty+RT dIn|H"| = 2.303I'4+ RT d(pH), (7 (51 mNnT 1) are respectively the water and octane surface
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tensions and the water/octane interface tension. The last isThe pH values were controlled with a pH meter (Basic 20,
not affected by the water pH [14]. Crison).
From the nondispersive (hydrogen bond) energy of inter-
actions, at pzc, expressed per unit of interface a@%, and 3.3. Measurement of DNA retention
from the molar energy of hydrogen bonds,on the order of

24 kJmol [17], we can estimate the numbey,of hydrogen DNA retention was studied on APTS glass slides with
bonds per unit interface area§ (I13,/E) x 6.02 x 10°9), double-stranded DNA obtained from polymerase chain re-
which corresponds to the surface density of hydroxyl groups gction (PCR). The DNA used is the Bacillus subtilis 2 (BS2)
on the solid surface. gene of 1600 base pairs, 10% of molecules being labeled

with Cy3 dye to measure the retention by fluorescence.
The DNA molecules, dissolved in a water/ethylene glycol

3. Experimental methods mixture (1: 4 by volume), were printed on APTS glass slides
) with a pin spotter in the form of small spots (Cartesian
3.1. Sample preparation Technologies, dot diameter 250 pm). The pH of the water

) ) part in the solvent mixture was varied from 1 to 12.

The glass slides have a thickness of 1.1 mm and the for- The amount of DNA bound to the substrate was evaluated
mat of microscope slides (¢ 3"). The bare glass slides  fom the fluorescent intensities of spots measured with a
were clganed by pyrolysis in an oven to burn organic con- gcanner (Genepix Scanner (Cy3-wavelengte, 532 nm)).
tamination. The pyrolyzed samples were held in a glass gjygrescent intensities were measured before and after the
rack and placed in a glass container covered with aluminum yinteq slides were washed with a prehybridization solution
foil and closed with a glass lid. Following removal from (50 ml of water, 25 ml of formamide, 25 ml of SSC 20X,
the oven, the glass samples remained clean for as long agng 0.5 ml of SDS 10X). The printed slides were dried for
1 week, provided the lid was not opened. Following opening 4  at 80°C, before and after rinsing. The DNA retention

of the container, the clean glass samples were used withinjs measyred as the ratio of the fluorescent intensities before
5 min. The low level of organic contamination was checked 5,4 after washing.

by controlling that water spread fully on glass slides. The
glass substrate was treated with APTS molecules by using
a proprietary process leading to a uniform coating with
thickness on the order of one monolayer. After coating,
the glass slides were placed in sealed packaging filled with
nitrogen to prevent carbonatation of amine functions from
carbon dioxide in air. Colloidal gold staining (Colloidal
Gold Total Protein Stain, Bio-Rad Laboratories) verified
uniformity of the surface charge on the coating.

4. Resultsand discussion
4.1. Charge of single-stranded DNA in solution

Considering that in each nucleotide of DNA, the phos-
phate group may lead to one negative charge and the bases
lead to positive, negative, or neutral charges, a simple cal-
culation of the net average charge per nucleotide as a func-
tion of pH is possible. Assuming a probability of presence
of 25% for each base per nucleotide, the average net charge

The surface charge of bare glass and APTS-treated glas€" nucleotide, ¢N, may be estimated as
has been probed by measuring the water contact angle as a

3.2. Determination of the pzc of substrates by
wettability measurements

function of pH. CN~ ———— +0.25——————
. . 1+ |HH|/K 1+ Ka/|HT
Contact angle measurements were made using a Ramé- +IHT1/Kph +Ka/IHT]
Hart contact angle goniometer. The average water contact +0.25 _ 025 1
angle as a function of pH was obtained from measurements 1+ Kc/IHT| 1+ |H*|/KT
on five different glass slides of both APTS-coated and un- IH+12 - Kg1KG2 (14
i +0.25 , 14
coated glass. Two measurements were made on one sessile Ko1Kca— Ko |HT| + [HT 2

drop for each pH value and on each slide (10 contact angle
measurements per pH value). The water drops had a volumevhereKpn (= 1071) corresponds to the ionization of phos-
of 2 ul. Water was purified by ionic exchange (Elgastat, phodiester groups ankia, Kc, KT, Kc1, andKgp, are the
UHP), leading to a resistivity of 18 B cm, followed by dissociation constants given in Table 1. The resulting charge
organic removal. as a function of pH is plotted in Fig. 2. Equation (14) predicts
To measure the wettability as a function of pH for bare that a single strand of DNA becomes negatively charged be-
glass, the substrate was first immersed in octane (octandween pH 1 and pH 2. The solid line of Fig. 2 represents
> 99%, Aldrich). Water wetting measurements were made the contribution of phosphate groups, which are negatively
also on APTS-coated glass in air as a function of pH. charged from pH 0. This line may be considered as repre-
Adding HCI or NaOH to water varied the pH of water drops. senting the charge of a double-stranded DNA polymer.
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In fact, the presence of phosphates increases all the
dissociation constants of the bases by a few tenths of a pH
unit. This shift is due to the electrostatic attraction between
the phosphate groups and any positively charged species,
combined with the repulsion between the phosphate groups
and any negatively charged species [3].

Above pH 2, a single strand of DNA may be considered
as negatively charged. This is probably also true for double- 44
stranded DNA, due to the dominant contribution of phos-
phate groups. The molecules may be seen as acidic poly-
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electrolytes. Fig. 4. Determination of the point of zero charge, pzc, of APTS slides by
wettability measurements. The maximum of the wetting angle corresponds
4.2. Bare glass pzc to the pzc (at pHx 7) of the surface.

Figure 3 shows the variation of the water contact angle
in octane as a function of the pH for bare glass. We observe
that the wetting angle is clearly higher at pH 3, indicating
a point of zero charge, pzc, at approximately pH 3. This
pzc for a bare glass surface is close to that for a silica
surface [8-12,15]. Therefore, we deduce that the equilibrium
constant of silanol protonation (Eg. (3)) is on the order of 1.

We may deduce the ionic species present on bare glas
as a function of pH from the equilibrium constants of disso-
ciation or protonation of SiOH groups. It may be deduced  The variation of the water contact angle in air as a func-
that 50% of silanol groups are positively charged at pH 0. tion of the pH of the water drop is presented in Fig. 4. The
At pH 6, 50% of the silanol groups are negatively charged. maximum of the contact angle on APTS slides is obtained
Between these two values, the ionization of the silanol at pH~ 7, implying that the pzc of the APTS treated glass
groups is weak. The fraction of positively and negatively is around pH 7. This result is in perfect agreement with the
charged silanol groups is on the order of 0.1% at pH 3. study of Golub et al. [18] on silica gels modified with APTS.

The water contact angle in octane may be also used to We cannot consider that the APTS surface is just a cover
estimate the density of silanol groups at the glass surface.of amine functions, since amine functions are positively
The number of charged SiOH groups is very limited at the charged up to pHv 11. Neutrality of the APTS surface at

hydrogen bonds per unit interface area~f (IQVS/E) X
6.02 x 1073 is obtained. This gives about 2.5 silanol groups
per square nanometer on the glass surface. This value is
comparable to the density of silanol groups measured on
silica that has been heat-treated at 50Q7].

&.3. Pzcof silanized glass

pzc (0.2%) and the contact angle in octane is 19We pH 7 implies the presence of negatively charged species. The
may consider that nondispersive interaction between waterSiO~ species from SiOH are a probable candidate.
and the noncharged glass surfat®l, at pH 3 is primarily We model the surface charge of an APTS slide by consid-

generated by hydrogen bonding. From the nondispersiveering that it is composed of amine and silanol groups. The
(hydrogen bonds) energy of interactions expressed pernumber of ionizable surface sites,is considered constant.
unit of interface area/fd, and from the molar energy We definex as the fraction of amine groups ati— «) as

of hydrogen bondsf, of 24 k¥mol, the numberp, of the fraction of silanol groups. At the pH corresponding to the
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Fig. 5. Parabolic variation of the cosine of the water contact angle on the
APTS-treated glass as a function of the pH of the water drop. The solid line
represents a parabolic fit of experimental data.
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Equation (19) justifies the parabolic variation with pH of the
cosine of the wetting angle of water on the APTS-treated
glass. The solid line of Fig. 5 represents the parabolic fit
of the experimental pointsk?, the correlation coefficient,

is very close to 1 (0.988). From the constant term of the
parabolic fit, it is possible to determine precisely the pzc
of the solid surface as pH 7.3 and the value of the wetting
angle at pzc of 57 The similarity with electrowetting
becomes evident Hy,¢ is considered as equivalentfig_g

in electrowetting.

Hence, the surface charge of the APTS-treated glass leads
to the formation of an electrical double-layer, comparable
to the Helmholtz double-layer description, when placed
in contact with water. The simple model of a constant
capacitor for this double layer is in good agreement with the
experimental results. The value of the constant capacitance

pzc, the densities of positive and negative charges are equalis found to be equal to 0.13/fM?. Considering a value of

|SIO™ | = [SIOH] | + [R-NHJ|. (15)

At pH 7, the fraction of positively charged silanol groups
is negligible. Therefore, Eq. (15), when combined with
Egs. (1) and (4), becomes

l-a)c

—~~ 7" _IR=N -
17 1ok = RN =1 107 PK. "

Solving this equation yields = 0.48. This is in good agree-
ment with reported studies of APTS on silica [13]. This

ISIO™| = (16)

80 for the water dielectric constant leads to a distadice
between the inner and outer plane of the double layer of
5.5 nm @ = ep¢,/C). The pzc at pH 7.3, instead of pH 7,
does not significantly alter the fraction of amine functions of
the total ionizable surface sites (0.49 versus 0.48).

4.4. DNA retention as a function of the
proton concentration

The DNA retention, expressed as a fraction of the amount

value ofa implies that the surface densities of amine and of DNA retained by the substrate after washing, appears
silanol groups are about equivalent on APTS-treated glass.to be strongly dependent on the proton concentration of
The amine density on the APTS substrate is therefore of thethe printing solution, as shown in Fig. 6. An increased
order of 048 x 2.5= 1.2 groups per nrh DNA retention is observed at the highest proton concen-
The graph in Fig. 5 gives the variation of the cosine trations. The four curves correspond to four different APTS
of the water contact angle as a function of pH. It appears slides with four printed DNA dots per proton concentration
qualitatively that the curve has a parabolic shape and isvalue.
symmetrical about the pzc. This curve is compatible withthe ~ We can deduce that a positively charged substrate is
constant capacitance model formed by an electrical doublefavorable to having a high retention of printed DNA. This
layer. effect occurs despite the fact that the dry DNA spots are then
If the double layer forms a capacitor of capacitarite  washed by the same buffer solution.
(per unit area), the surface charge satisfies At high proton concentrations, between—40and 102
mol/l, the phosphate groups of DNA are negatively charged

oc=CV, a7
whereV is the surface potential. The energy of the capacitor, 90 4
E, contributes to the water/solid interface free energy, sothat  go | o, 4 APTS slides
the variation of the interface free energy may be also written ¢ ;5 | % 4 spots per slide and per H
2 l‘ concentration

as Too| o

1 2 2 50 4 Ql\- ".
dE =—dysw=d( -CV*°)=0dV. (18) < W

2 240 Nb
This is equivalent to the Lippman equation in electrowetting. “§ 30 | '\.j\‘:\ﬁi‘
Considering tha¥ = 0 at pzc, combining Egs. (6), (7),and = 20 - R ‘_‘3_‘___@.
(18) leads to the variation of the cosine of the wetting angle  1¢ | N *2;,2;?:6:_3&@_‘%__”&.\._ e
with the pH of water: 0 o E"I""é“l e 3*

cv? 12345678910111213

COSH) = COSOpzc+ W -log[H"] in printing solution

Fig. 6. DNA retention as a function of the proton concentration in the DNA

C RT\? )
= COYpzc+ 5 2‘303? (pzc—pH)~. (19) printing ink.
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(Fig. 2). The silanol groups become positively charged, of DNA molecules on aminated substrates, such as APTS-
increasing the net positive charge of the substrate. Thus, ittreated slides.
is likely that the increase of DNA retention at very high We have demonstrated that the electrical double layer
proton concentrations is due to ionic interactions between formed at the interface between water and the APTS-treated
negatively charged phosphate groups of DNA and the pos-glass is perfectly described by a model of constant capac-
itively charged amine and silanol groups of the substrate.  itance of the double layer. The electrical behavior of the
Therefore, the DNA printing conditions, and in particular APTS-treated glass in contact with water is remarkable and
the proton concentration, have a strong impact on DNA it may be used to better control the retention of DNA and the
retention, even after washing. properties of the functionalized substrate.

5. Conclusion References

We'[tmg experiments performed at various pH reveal that [1] V. Chan, SE McKenzie, S. Surrey, P. Fortina, D.J. Graves, J. Colloid
a glass surface treated with APTS is positively charged __!Merface Sci. 203 (1998) 197.

X 2] V. Balladur, A. Theretz, B. Mandrand, J. Colloid Interface Sci. 194
below pH 7 and negatively charged above pH 7, although the 2 (1996‘7)‘13{;. eretz andran ofoid Inferiace =d

amine groups alone are positively charged up tovpil. [3] C.R. Cantor, P.R. Schimmel, Biophysical Chemistry I. The Conforma-
A simple model allows an estimate of the net surface tion of Biological Macromolecules, Freeman, New York, 1980.

charge of silica or glass treated with APTS. The APTS [4] S. Koch, P. Woias, L.K. Meixner, S. Drost, H. Wolf, Biosensors Bio-
substrate is positively charged below pH 7 and negatively  €lectron. 14 (1999) 417. _ ,
charged above pH 7, due to the contribution of amine and 2} L-"K: €hau, M.D. Porter, J. Colloid Interface Sci. 145 (1991) 283.

. L [6] E. McCafferty, J.P. Wightman, J. Colloid Interface Sci. 194 (1997)
free silanol groups. The model indicates that the surface 344,
is composed of about 50% amine groups and 50% silanol [7] 1. zhuravlev, Colloids Surf. A Physicochem. Eng. Asp. 74 (1993)
functions. This result is in good agreement with the conclu- 71.
sions of former studies of the adsorption of APTS on sil- [8] G.A. Parks, Chem. Rev. 65 (1965) 177.
ica [13,18]. The origin of these free silanol groups may be [9] A. Carré, F. Roger, C. Varinot, J. Colloid Interface Sci. 154 (1992)

174.
tsrillzr?éass surface or hydrolyzed alkoxy groups of the APTS [10] M.L. Hair, W. Hert, J. Phys. Chem. 74 (1970) 92.

. . [11] R.A. Van Wagenen, J.D. Andrade, J.B. Hibbs, J. Electrochem.
A good correlation between the DNA retention data Soc. 123 (1976) 1438.

and the variation of the surface charge of APTS silanized [12] M. Bezanilla, S. Manne, D.E. Laney, Y. Lyubchenko, H.G. Hansma,
g .

glass has been obtained. The retention of DNA is improved Langmuir 11 (1995) 655.

when DNA spots are printed in acidic conditions probably [13] E.F. Vansant, P. Van der Voort, K.C. Vranken, Characterization and

because phosphate groups of DNA are negativély Charged Chemical Modification of the Silica, in: Studies in Surface Science

. . and Catalysis, Vol. 93, Elsevier, Amsterdam, 1995.
from pH 0 and both the amine functions of APTS and the [14] C. Vittoz, M. Mantel, J.C. Joud, J. Adhesion 67 (1998) 347.

silanol groups are positively charged at this pH. [15] W. Birch, S. Carré, A. Carré, in: Proceedings EURADH '2000, 5th
This study may be considered as an attempt to describe  European Adhesion Conference, 2000, p. 242.

the ionic interactions between DNA molecules and function- [16] W. Birch, S. Mechken, A. Carré, in: K.L. Mittal (Ed.), Proceedings of

alized substrates and their consequences on DNA retention. the International Symposium on Surface Contam!natlon and Cleaning,

. . . . . MST Conferences, Newark, NJ, 2001, to be published.

The SUbJefCt IS quite Complex‘ It |§ ewdem that DNA may [17] J.N. Murrell, A.D. Jenkins, Properties of Liquids and Solutions, Wiley,

interact with the surface via other interactions, as hydropho- New York, 1994.

bic interactions. However, our results show evidence of the [18] A.A. Golub, A.l. Zubenko, B.V. Zhmud, J. Colloid Interface Sci. 179

important role played by ionic interactions in the retention (1996) 482.



	Molecular interactions between DNA and an aminated glass substrate
	Introduction
	Theory
	Charge of DNA in solution
	Ionization of glass and of amine groups of silanized glass
	Wettability at various pH
	Wettability under octane

	Experimental methods
	Sample preparation
	Determination of the pzc of substrates by wettability measurements
	Measurement of DNA retention

	Results and discussion
	Charge of single-stranded DNA in solution
	Bare glass pzc
	Pzc of silanized glass
	DNA retention as a function of the proton concentration

	Conclusion
	References


