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Abstract

This work is aimed at studying the adsorption mechanism of short chain 20-mer pyrimidinic
homo-ss-DNA (oligodeoxyribonucleotide, ODN: polyCyq and polyTyg) onto CNT by
reflectometry. To analyze the experimental data, the effective-medium theory using the
Bruggemann approximation represents a suitable optical model to account for the surface
properties (roughness, thickness and optical constants) and the size of the adsorbate. Systematic
information about the involved interactions is obtained by changing the physico-chemical
properties of the system. Hydrophobic and electrostatic interactions are evaluated by comparing
the adsorption on hydrophobic CNT and on hydrophilic silica and by modulating the ionic
strength with and without Mg2*. The ODN adsorption process on CNT is driven by hydrophobic
interactions only when the electrostatic repulsion is suppressed. The adsorption mode results in
ODN molecules in a side-on orientation with the bases (non-polar region) towards the surface.
This unfavorable orientation is partially reverse by adding Mg2*. On the other hand, the
adsorption on silica is dominated by the strong repulsive electrostatic interaction that is screened at
high ionic strength or mediated by Mg2*. The cation-mediated process induces the interaction of
the phosphate backbone (polar region) with the surface, leaving the bases free for hybridization.
Although the general adsorption behavior of the pyrimidine bases is the same, polyC,q presents
higher affinity for the CNT surface due to its acid-base properties.
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Introduction

Nucleic acid hybridization is widely used in the detection of the specific complementary
strands in molecular biology and applied fields, such as diagnostic in medicine. An ideal
system for these applications results when solid surfaces are combined with short single-
stranded oligodeoxyribonucleotide (ODN), a fragment of ss-DNA, to induce surface
hybridization with the complementary strand present in solution. Among the different
possibilities of sorbent surfaces, carbon nanotubes (CNTSs) exhibit interesting structural,
mechanical, electrical and electromechanical properties to be combined with the biological
recognition capabilities for applications in bioengineering, clinical medicine, and
bionanotechnology!=>.

Surface biofunctionalization to develop DNA-platforms for hybridization detection relies on
covalent bond formation or simple adsorption of short ODN. Covalent interaction has been
achieved with thiolated ODN on gold surfaces®8 and nanoparticles® and CNTs10-12 while
physical interaction has been studied on graphitel3-1° and silical6-18 surfaces, polystyrene
particles!9-23 and liposomes??. Clearly, irrespective of the strategy used to induce the
surface-ODN interaction, the capability of hybridization in such a system is controlled by
the orientation and conformation of the adsorbed ODN molecules, which depend on the
ODN sequence, the surface properties and the solution conditions. It is commonly reported
that both electrostatic and hydrophobic interactions are major driving forces for ODN
adsorption at solid-liquid interfaces'6:18, The general adsorption behavior of ODN is
described by a higher affinity of the purine bases (guanine and adenine) than the pirymidine
ones for the surface (such as graphite and gold) following their hydrophobic scale®:9:14:15.25,
The pH and ionic strength of the solution mainly affects the structure and flexibility of ODN
molecules: higher adsorbed amounts are reported for less rigid conformations®9:14:15,26,
However, relatively little is known about the adsorption mechanism, the adsorbed amount in
steady state and the effect of these interactions on the interfacial behavior of single-stranded
ODN molecules!6:22,

The purpose of the present work is to study the adsorption mechanism of synthetic single-
stranded homo-ODN onto CNT coated silica surfaces by reflectometry. In view of the
practical application, this study is especially focused on how this process is affected by the
interactions between ODN molecules and the sorbent and on how these biomolecule-surface
interactions determine the orientation of the adsorbed ODN molecules. Systematic
information about the involved interactions is obtained by changing the physico-chemical
properties of the system. Hydrophobic interactions are evaluated by comparing the
adsorption on hydrophobic CNT and on hydrophilic silica. The electrostatic interactions are
tested by modulating the ionic strength (IS = 0.001, 0.1, 0.2) with and without Mg2* cations.
Further, the effect of the bases on the adsorption process is analyzed with short chain 20-mer
pyrimidinic homo-ODN (polyCy,q and polyTyg).

Reflectometry enables a continuous monitoring of the adsorbed amount in real time, from
the first contact up to reaching steady state conditions. Although this optical technique has
been widely applied to study the adsorption-desorption process of proteins?’-29 and
polymers30 on different flat, homogeneous surfaces, it has not been used with small
polyelectrolytes (short ODN) and rough surfaces (CNT coated silica). Therefore, a suitable
optical model considering the surface properties, such as roughness, thickness and optical
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constants, and the size of the adsorbate is presented to properly analyze the experimental
data.

Experimental Section

Chemical and Instrumentation

Substrates

The 20-mer polycytosine and polythymine (PolyC,q and PolyT,qg) were purchased from
Integrated DNA Technologies, Inc. (1710 Commercial Park Coralville, IA 52241) and
Invitrogen Corporation. Aqueous solutions were prepared in 18 MQ/cm resistance water
(Milli-Q, Millipore; Billerica, MA) using analytical grade reagents (without further
purification): NaH,PO4, NaCl and MgCl, (Baker). Phosphate buffer (PB) was prepared by
dissolving the desired amount of NaH,PO,4 (Baker) in water and adjusting the pH with either
2 M NaOH or 2 M HCI (Baker). The pH measurements were performed with a combined
glass electrode and a digital pH meter (Orion 420A, Thermo; Waltham, MA). Unless
otherwise noted, all experiments were performed at room temperature (22 £ 2 °C).

Either silica (Si/SiO,) or CNT-coated silica (Si/SiO/CNT) surfaces were used for the
adsorption experiments. In the former case, silicon wafers (100 mm, Silicon Valley
Microelectronics Inc.; Santa Clara, CA) were oxidized for 1 h at 1000 °C in order to obtain a
silica layer of approximately 100 nm thick, which was verified by ellipsometry. Such a
thickness is essential for obtaining a high sensitivity in reflectometry experiments3L. The
wafer was then cut in strips (1 cm x 3 cm) following the crystallographic plane. Prior to
each experiment, the silica strips were cleaned with boiling piranha solution (2:1
H,S04:H,05,) and rinsed thoroughly with deionized water. (Caution! Piranha solution is a
powerful oxidizing agent that reacts violently with organic compounds; it should be handled
with extreme care).

As described in earlier studies?”:32, Si/SiO,/CNT surfaces were prepared by Eikos Inc.
(Franklin, MA), using (111) silicon/ SiO, wafers (Sumco, Phoenix, AZ, dsjo> = 2 nm) as
substrates. According to the provider, a layer of CNT was deposited on the wafers using arc-
produced single-wall CNT having about a 1.3 nm diameter. The raw material formed in the
arc reactor was purified, to remove metal catalyst and non-tubular forms of carbon, by a
process of acid reflux, followed by washing and centrifugation. Once purified, the nanotubes
were dispersed in water and alcohol to form an ink. This dispersion was then spray-coated
onto the Si/SiO, wafer heated to 65 °C while monitoring deposition rate. The coating
formed is essentially a layer of pure CNT and contains no residual organic additives or
polymeric constituents.

Atomic Force Microscopy (AFM)

Topographic images were obtained using a PicoSPM-LE Molecular Imaging system
(Tempe, AZ) in aqueous solution with cantilevers operating in the intermittent-contact mode
(MAC mode), slightly below their resonance frequency of approximately 290 KHz. All
topographic images represent unfiltered original data and refer to scan areas of 4 um x 4 um.
At least two samples of the same material were analyzed at different areas of the surface. At
least 90 profiles obtained from the AFM images were analyzed to characterize these
surfaces.

Image processing and roughness determination (R,) were performed by using PicoScan 5.4
(Molecular Imaging Corporation).
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Reflectometry

Adsorption-desorption measurements were performed in a reflectometer (AKZO Research
Laboratories, Arnhem), using a stagnation point flow cell as described by Dijt et al.31:33,
This measurement is based on the change of surface reflectivity (R, the ratio between the
intensities of the parallel (p) and perpendicular (s) components of the reflected light) during
the adsorption process. In a typical reflectometer experiment, the relative signal change (AS/
Sp) is recorded as a function of time upon macromolecule addition:

AS

AS (%)r B (1;_11)0
So

(1)

where the subscripts “T"” and “0” indicate the presence of an adsorbed layer and the initial
state of a bare surface, respectively. Therefore, during the measurement AS/Sg or AR/Rg
changes from zero in the presence of background electrolyte to a given positive value due to
the adsorption.

Using the appropriate experimental setup (incident angle, sorbent refractive index, adsorbed
amount, etc.), AS/Sq is proportional to the adsorbed amount (I")31:33:

A
oS
So (2)

The Q-factor is calculated by considering the surface properties, such as roughness,
thickness and optical constants (refractive index and absorption coefficient) before and after
adsorption (see supplementary information). Therefore, to determine I" from AS/SO it is
necessary to develop an appropriate surface model to account for all these parameters. In
this regard, reflectometry data are treated in the same way as ellipsometry (R = Rp/Rs =

tan(y) e'2) data from which an optical model is also needed to calculate I" from y and
733,34

On the other hand, one of the main advantages of the reflectometer setup is that the transport
of macromolecules towards the surface is well controlled by a stagnation point flow31:33,
The hydrodynamic of the mass flux in a stagnation point flow was previously described in
detail33:35, In the absence of an adsorption barrier, the initial limiting flux Jy (mg m? /s)
towards the surface is described by the following equation,31:33:

0.53(D%adr )" C, ) =k
Jo=0. >(D adR ) Copn=kCpy 3)

where D is the diffusion coefficient of ODN (3 x 108 m2 51 26) ¢ a dimensionless flow
intensity parameter which is constant for a given cell geometry and flow rate (3.5), ¢ the
flow rate (2.5 x 108 m3 s'1), R the radius of the circular hole through which the solution
enters the cell (0.9 x 103 m) and Copy the ODN concentration in mg m-3. The calculated
value for kis 4.9 x 104 m s,

J Phys Chem C Nanomater Interfaces. Author manuscript; available in PMC 2011 March 18.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Carot et al.

Ellipsometry

Results an

Page 5

The substrate characterization was performed at room temperature using a variable angle
spectroscopic ellipsometer (VASE, J. A. Woollam Co.; Lincoln, NE). Spectroscopic
ellipsometry provides useful information about the optical constants and structure of the
adsorbed film36. Substrates were analyzed in air and water, using light reflection p-
polarization and s-polarization by varying the angle of incidence. Ellipsometry data
(amplitude ratio (¥) and phase difference (A) as a function of wavelength were obtained
using the WVASE® software package. The sample under investigation was mounted on a
micrometer-position-controlled translation stage with the gradient direction perpendicular to
the plane of incidence. Substrates were characterized in air and water, varying the incident
angle between 60° and 70° (with respect to the substrate) and the wavelength between 250
and 900 nm.

d Discussion

Surface Characterization

The topography and roughness profiles of CNT covered Si/SiO, wafers are shown in Figure
1. The presence of CNT strongly changes the surface topography, from a surface roughness
of 0.6 + 0.1 nm (bare Si/SiO,, see supplementary information) to 6 + 1 nm (CNT covered
Si/SiO,). The AFM image and profiles show that the bare Si/SiO5 is rather flat with an
oxide layer of 80 £ 5 nm (as determined by ellipsometry). On the other hand, the CNT-
coated silica wafers are a randomly distributed network of SWCNT bundles with a high
proportion of void space. The AFM roughness profiles show that the thickness of the CNT
film is 35 + 13 nm, which is in very good agreement with the ellipsometry results reported
in the literature?’+32, Based on these results, it follows that the optical model needed to
calculate T" from AS/Sg (eq. (2)) depends on the sorbent surface.

Reflectometry and ellipsometry are indirect methods because the measured AS/Sg, or y and
A are not converted directly into the surface properties (refractive index, thickness, adsorbed
amount, etc) of the sample. Consequently, an optical model that describes the surface
microstructure in terms of the complex refractive index (N = n - ik), and thickness (d) is
required to interpret either AS/Sy or y and A experimental data. Usually, the optical model is
applied by analyzing the Fresnel reflectivities for a stratified system of uniaxial layers with
optical axes parallel to the substrate surface?”. On these bases, the reflectivity of the Si/SiO5
wafer is determined by the interference of the light reflected at two boundaries: aqueous
solution/ SiO5 and SiO,/Si. Therefore, these substrates were modeled as a semi-finite layer
of Si (Ngj = 3.80 - i0.02), a SiO5 layer (Nsjo2 = 1.46 - i0.00 and dsjoo = 80 + 5 nm), and the
semi-finite bulk solution (Ny20 = 1.33 - i0.00). On the other hand, the reflectivity of the
CNT-coated silica wafer is determined by three interfaces: aqueous solution/CNT, CNT/
SiO5, and SiO,/Si. The SiO, and Si complex refractive indices are the same as used in the
former case, with a thinner oxide layer (dsjo2 = 2 nm). The microscopic roughness of the
CNT layer was accounted for by applying the effective-medium theory (EMT) using the
Bruggemann approximation37:38. In this approach, the rough surface is treated as a single
layer of two components: the aqueous solution and the CNTSs. This layer has effective
thickness and optical constants, which result from the combination of the optical constants
of the two components. In order to compute the effective optical constants of the CNT layer,
both AS/Sq (reflectometry) and v and A (ellipsometry) were determined in air and in water.
The experimental R, and Rg data were fit by adjusting only the effective complex refractive
index of the CNT layer using the thickness determined by AFM (dcnt = 35 £ 13 nm) as an
input parameter. This calculation gives NoyT = 1.38 + 0.01- i (0.013 + 0.009) in good
agreement with reported results32:39,
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Odn Adsorption

Figure 2A shows a typical reflectometry experiment, where the relative change of the signal
(AS/Sp) was followed as a function of time, to monitor the adsorption-desorption process of
polyCyq on Si/SiOo/CNT. Initially (from 0 to 200 s), only the buffer solution (5 mM PB +
100 mM NaCl, pH 7) was introduced in the cell to record a stable baseline. Then (from 200
to 1600 s), the flow was switched from buffer to a 13 ug/mL polyCyq solution (prepared in
the same buffer). A significant increase in the signal is observed as a consequence of the
adsorption of polyC,q on the surface. Next (between 1600 to 2200 s), the flow was switched
back to the initial buffer solution in order to measure desorption upon dilution.

To calculate the adsorbed amount on flat surfaces from the reflectometry data, the
concentration profile described by Dijt31:33 is usually adopted. In this model, adsorbed ODN
is treated as an inhomogeneous layer characterized by its complex refractive index (nopn;
kopn = 0) with an adsorbed amount I" of average thickness dopn:

+( dy ) r
Nopy=NsT{ 7=
dC by dypy 4)

where ng is the refractive index of the aqueous solution, (d,, /dC)opn is the refractive index
increment (specific refractivity) of the adsorbed biomolecule layer and I'/dppy is the
concentration in the adsorbed biomolecule layer. On the other hand, when small ODN
molecules adsorb on the rough CNT surface two adsorption modes may be possible:
monolayer adsorption or surface aggregation. In the first case, nopy is calculated from eq. 4
while to account for surface aggregation, the Bruggemann approximation is used with three
components (aqueous solution, ODN and CNT). The dependence of AS/Sq with surface
coverage (see supplementary information) shows that surface aggregation causes a signal
change as high as 0.1 at low surface coverage (6 = 0.2), whereas side-on adsorption results
in signal changes compatible with the experimental data. Therefore, eq. 4 was also used to
compute the adsorbed amount on CNT. The Q-factor was calculated (see supplementary
information) assuming ODN adsorption in a side-on orientation with a thickness of the ODN
layer (dppn) close to the ODN dimensions (20 x 3.4 A length x 10 A radius®). It is worth
noting that dopy is not critical because the Q-factor (eq. (2)) is almost insensitive to its
actual value®1:33, A value of 0.153 cm?3 g1 40 was assumed for the specific refractivity of the
ODN layer and considered constant at all surface concentrations. The calculated Q-factors
were 32 = 2 mg m2 for Si/SiO, and 8 + 3 mg m2 for Si/SiO,/CNT. The Q-factor standard
deviation is mainly due to the thickness deviation of the SiO5 layer (80 = 5 nm) in the first
case and to the CNT film (35 £ 13 nm) in the later one.

Figure 2B presents the adsorbed amount (I'), as calculated from the AS/Sg values shown in
Figure 2A, of polyC,q on Si/SiOo/CNT as a function of time using the average Q-factor
value (8) and this value plus (11) and minus (5) the standard deviation. Considering that the
experimental measurements are performed with approximately 1 mm? laser spot, the
average Q-factor was used to calculate all the informed I" values. Quantitative determination
of I" from the reflectometry data implies that the Q-factor is constant, independent of T, i.e.
the relationship between R, /Rs and I" is linear3:33, This linearity is kept up to 4 mg m=2
with a small deviation (20%) at 10 mg m™2 (see supplementary information). This analysis
also allows determining that the reflectivity ratio Ry/Rs changes about 10% per mg m-2
adsorbed, indicating that an amount as low as (4 ug m2) is, in principle, detectable.
However, when the AS/S is as low as the experimental values obtained when polyCyq
adsorbs on either CNT or silica, the uncertainty given by two independent measurements is
around 25 %.
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Figure 3 shows the adsorption isotherm of polyC,y on CNT surface at pH 7 in PB + 100 mM
NaCl as obtained from the saturation adsorbed amounts (measured at steady state from
curves as the one shown in Figure 2B) as a function of ODN concentration. The magnitude
of the error bars was calculated from the uncertainty given by two independent
measurements. Adsorption of polyC,y on CNT only takes place when 100 mM NaCl was
added to the buffer (ionic strength = 0.11), whereas there is no adsorption on Si/SiO, surface
at pH 7 neither at low (without NaCl) nor at high (100 mM NacCl) ionic strengths. The
maximum adsorbed amount (200 = 50 ug m-2) measured on CNT is in agreement with the
value informed in the literature for hydrophobic surfaces, and for the hydrophobic
contribution to the adsorption on positively charged surfaces2%:2141 Moreover, on partially
aminated silica surfaces the ODN adsorbed amount only reaches 20% of this valuel6.

Oligonucleotides are strong polyelectrolyte carrying a univalent negative charge per base at
pH>2 containing nitrogenous bases that are hydrophobic in nature. The combination of the
ionic and hydrophobic character results in complex adsorption behavior on solid surfaces.
Silica is a hydrophilic negatively charged sorbent surface at pH 716:42. Therefore, the strong
repulsive electrostatic force between the hydrophilic silica and polyC,g dominates their
interaction and no adsorption is observed. The CNT sorbent is hydrophobic with carboxylate
groups, produced during the purification by acid reflux, which provide negative charges to
the surface®43. PolyCyyg is only adsorbed on the hydrophobic CNT surface when the
electrostatic repulsion is screened by adding sodium chloride. At relatively high salt
concentrations, electrostatic effects are suppressed and the hydrophobic interaction between
the non-polar region of the ODN molecules and the hydrophobic surface dominates,
favoring the adsorption®:44-46, Therefore, polyC,q adsorbs with the bases towards the CNT
surface adopting an unfavorable orientation for hybridization, demonstrating that to properly
biofunctionalize the surface, hydrophobic interactions need to be minimized.

The adsorption mode of polyCyq with the bases towards the CNT surface agrees with the
proposed adsorption mode of ODN molecules in a side-on orientation used to calculate the
Q-factor. Furthermore, nucleic acid single strands keep a rigid structure resembling the base-
paired double-strand helical conformation and adopt a flat conformation in the adsorbed
state with the long axis parallel to the surfacel:18:23,:46 The Jow maximum adsorbed
amount experimentally observed may be due to the increasing electrostatic repulsion created
as the ODN layer is built up. When a certain concentration is reached, this repulsive
electrostatic contribution to the adsorption energy dominates over the attractive hydrophobic
contribution and limits further ODN-surface interaction.

Figure 4 compares the adsorption—desorption kinetic curves (I" vs. t) of polyCyq and polyToq
on CNT at the same pH (7) and ionic strength (PB + 100 mM NacCl, IS = 0.11). The
magnitude of the error bars was calculated from the uncertainty given by two independent
measurements. As it was the case with polyC,q, polyTog molecules do not adsorb on silica
(with or without NaCl) and they only adsorb on CNT at an ionic strength of 0.11. The initial
adsorption rates for both ODN are, within experimental error, of the same magnitude (1.8 £
0.5 pg/m3s and 1.6 = 0.4 ug/m?s for polyC,q and polyToo, respectively) indicating that the
adsorption mechanism does not depend on the nature of the bases. Furthermore, these initial
adsorption rates are lower than the mass flow (eg. (3)), highlighting the relevance of an
electrostatic barrier (negative surface and ODN) that slows-down the adsorption process.

On the other hand, the adsorbed amount in the steady state and the percentage desorbed by
dilution strongly depend on the nature of bases. The large difference in surface coverage
between polyCyq (200 + 50 pg/m?) and polyToq (50 + 10 pg/m2) are not related to
hydrophobicity because the differences between them in molecular structure are very
smalll4. However, the acid-base behavior of the nucleotides is rather different. At low pH,
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cytosine base is positively charged due to the protonation of the amino group, whereas
thymine is neutral. At high pH, cytosine base is neutral, whereas thymine is negatively
charged due to the deprotonation of the amino group#2:4’. Therefore, the electrostatic
interactions between polyT,g and CNT are more unfavorable than those of polyCoy,
resulting in a lower affinity2®. In line with this behavior, the desorbed percentage upon
dilution is almost negligible (lower than 10%) for polyCyq while reaches 30% for polyTog.
This adsorption behavior is in agreement with the results reported for the pyrimidinic ODN
adsorbed on gold at pH 78:9:25,

To minimize the hydrophobic interactions that promote an unfavorable orientation for
hybridization, electrostatic repulsion was reduced by either increasing the ionic strength or
adding divalent cations. Figure 5 shows the adsorption-desorption kinetics of polyT,q on (A)
CNT and (B) silica sorbent surfaces at pH 7 and two ionic strengths (0.11 and 0.22) with and
without adding Mg2* ions. The initial adsorption rates, saturation adsorbed amounts and
percentage desorbed upon dilution are given in Table 1. In the absence of divalent cations
(open triangles), increasing the ionic strength up to 0.22 enables adsorption on silica surface.
Furthermore, when comparing Figures 4 and 5 it follows that increasing the ionic strength
strongly enhances the initial adsorption rate and the adsorbed amount on CNT. The general
features of the adsorption-desorption curves are invariant with the sorbent surfaces and the
desorbed percentage on CNT is independent of NaCl concentration. ODN molecules in
solution become more flexible as the ionic strength increases?® suggesting that they adopt a
less rigid conformation on the surface. The screening of the electrostatic repulsion between
the negatively charged phosphate groups increases the molecule flexibility, lowers the
electrostatic adsorption barrier and improves the adsorbed amount. However, the desorbed
percentage indicates that the interaction with the surface is of the same magnitude regardless
the ODN flexibility suggesting that the adsorption mode does not depend on Na*
concentration.

When Mg*2 ions are present, the adsorption-desorption process depends on the sorbent
surface (see Figure 5 and Table 1). On the hydrophilic silica, the presence of Mg2* (higher
than 10 mM) enhances the adsorption and increases the affinity of ODN for the surface. The
desorbed percentage indicates that the interaction between polyT,q and silica becomes
stronger as the Mg2* concentration increases. As proposed for the interaction of ODN with
other hydrophilic surfacesl?:24: 48-51 noly T, adsorbs on Si/SiO, mediated by Mg2* cations
with the phosphate backbone towards the surface.

As shown in Figure 5 and Table 1, the adsorption-desorption process on the hydrophobic
CNT further depends on the relative concentration of the divalent to monovalent ions. At
100 mM Na*, the initial adsorption rate and the saturation adsorbed amount slightly increase
with MgZ* concentration. On the other hand, in the absence of Na* (at the same ionic
strength) both the initial adsorption rate and the saturation adsorbed amount are strongly
affected by Mg2*. Therefore, Na* ions reduce ODN adsorption suggesting a competition
between the cations involved in the polyT,y adsorption process. This competition may be
due to the combination of hydrophobicity and negative charges on the CNT sorbent surface.
Without divalent cations in 200 mM Na™, the repulsion between the negative polyT,q and
the surface is screened and the adsorption takes place by hydrophobic interactions. As
described for Si/SiO,, these experimental results suggest that Mg*?2 is able to mediate ODN
adsorption on CNT, improving the affinity with the surface. Consequently, the adsorption of
polyToo on CNT involves hydrophobic and Mg*2 mediated interactions, partially solving the
unfavorable orientation caused by the bases facing the surface.
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Conclusions

The rough CNT sorbent surface is properly described by applying the effective-medium
theory using the Bruggemann approximation. The optical model describes the surface
microstructure in terms of a combination between aqueous solution and CNTs with effective
thickness and optical constants.

The adsorption process of short homo-ODN on the hydrophobic CNT surface is driven by
hydrophobic interactions only when the electrostatic repulsion is suppressed. The adsorption
mode results in ODN molecules in a side-on orientation with the bases (non-polar region)
towards the surface. This unfavorable orientation is partially reverse by adding Mg2*. On
the other hand, the adsorption on the hydrophilic, negative silica is dominated by the strong
repulsive electrostatic interaction that is screened at high ionic strength or mediated by
Mg?2*. The cation mediated process induces the interaction of the phosphate backbone (polar
region) with the surface, leaving the bases free for hybridization. Although the general
adsorption behavior of the pyrimidine bases is the same, polyCyq presents higher affinity for
the CNT surface due to its acid-base properties.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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AFM image and profiles recorded for the Si/SiO,/CNT sorbent surface in aqueous solution.

J Phys Chem C Nanomater Interfaces. Author manuscript; available in PMC 2011 March 18.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Carot et al.

Page 12

A ..o'o e v * 'o.......o

0.03f

0.02

AS/S,

0.01p

U.UU P 1 i 1 L 1 L 1

300

200

I (ug'm?)

100 |

0 1000 2000
time (s)

Figure 2.
(A) Change in the reflectometer signal (AS/Sp) and (B) in the adsorbed amount (T") as a

function of time during the adsorption—desorption process of 13 ug mL™1 polyCyq on Si/
SiO,/CNT in PB + 100 mM NaCl pH 7. I" was calculated from the average Q-factor (solid
line), the average plus the standard deviation (dotted line) and the average minus the
standard deviation (dashed line) originated from the CNT thickness standard deviation (35 £
13 nm).
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Figure 3.

Adsorption isotherm of polyC,q adsorbed on Si/SiO,/CNT in PB + 100 mM NaCl pH 7. The
error bars are calculated from the standard deviation given by independent measurements
and the line is only a guide to the eye.
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Figure 4.

Adsorption—desorption kinetics of 7 ug mL"1 polyCy (solid circles) and 8 ug mL1 polyT,g
(open squares) on Si/SiO»/CNT in PB + 100 mM NacCl (IS = 0.11) pH 7. Desorption was
induced by adding a PB + 100 mM NaCl pH 7 (indicated by arrows). The error bars are
calculated from the standard deviation given by independent measurements.
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Figure 5.

Adsorption—desorption kinetics of 8 ug mL"1 polyToq on (A) Si/SiO»/CNT and (B) Si/SiO,
at pH 7 and two ionic strength: 0.11 (solid symbols), PB + 100 mM NaCl + 10 mM MgCl,
(circles) and PB + 33 mM MgCl, (squares); 0.22 (open symbols), PB + 230 mM NacCl
(triangles) and PB + 100 mM NaCl + 43 mM MgCl;, (circles). Desorption was induced by
adding the corresponding buffer solution. The error bars are calculated from the standard
deviation given by independent measurements.
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