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Abstract

Pull-off forces were measured between a silica colloid attached to an atomic force microscope (AFM) cantilever and three homopol-
ymer surfaces representing constituents of extracellular polymeric substances (EPS). The pull-off forces were —0.84 (£+0.16), —0.68
(£0.15), and —2.37 (£0.31) nN as measured in water for dextran, phosphorylated dextran, and poly-L-lysine, respectively. Molecular
orbital and density functional theory methods (DFT) were applied to analyze the measured pull-off forces using dimer clusters represent-
ing interactions between the three polymers and silica surfaces. Binding energies for each dimer were calculated with basis set superpo-
sition error (BSSE) and interpolated using corrections for silica surface hydroxyl density and silica charge density. The binding energies
were compared with the normalized pull-off forces with the effective silica surface area contacting the polymer surfaces. The predicted
binding energies at a —0.064 C/m? silica surface charge density corresponding to circum-neutral pH were —0.055, —0.029, and
—0.338 x 108 J/nm? for the dimers corresponding to the silica surface with dextran, phosphorylated dextran, and poly-L-lysine, respec-
tively. Polarizable continuum model (PCM) calculations with different solvents, silanol vibrational frequency calculations, and orbital
interaction analysis based on natural bonding orbital (NBO) showed that phosphate groups formed stronger H-bonds with neutral sil-
anols than hydroxyl and amino functional groups of polymers, implying that phosphate containing polymers would play important roles
in EPS binding to silica surfaces.
© 2006 Elsevier Inc. All rights reserved.

1. Introduction

Microbial extracellular polymeric substances (EPS) are
a complex mixture of biopolymers such as polysaccharides,
proteins, nucleic acids, and lipids around the microbial cell
surface (Wingender et al., 1999). In nature, EPS are often
associated with mineral surfaces and are important in pro-
cesses such as mineral dissolution (Welch et al., 1999), bio-
mineralization (Chan et al., 2004), sediment stabilization
(Dade et al., 1990), bacterial adhesion (Marshall et al.,
1989; Fletcher, 1996), biofilm formation (Costerton et al.,
1985; Vandevivere and Kirchman, 1993; Becker, 1996),
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and pollutant distribution (Wolfaardt et al., 1994; Loaéc
et al., 1997).

Among EPS constituents, extracellular nucleic acids
have been relatively ignored in EPS interactions with min-
eral surfaces because of the minor composition in EPS
(Wingender et al., 1999). Polysaccharides and proteins
are dominant components of EPS (Wolfaardt et al.,
1999), hence extracellular polysaccharides and proteins
have been regarded as major biopolymers in controlling
the interactions with mineral surfaces. Recent studies, how-
ever, have shown extracellular nucleic acids as an impor-
tant component of EPS in biofilm formation (Whitchurch
et al.,, 2002) and bacterial adhesion to mineral surfaces
(Omoike et al., 2004; Omoike and Chorover, 2006). There-
fore, comparison of the interactions of each EPS compo-
nent (e.g., nucleic acids, polysaccharides, and proteins)
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with mineral surfaces would be necessary to understand the
roles of and contributions of each type of compound to the
complex interactions with mineral surfaces.

In this current study, interactions of three different poly-
mers with silica surface were investigated in order to de-
duce the nature of the different interactions (e.g.,
interaction strength and the dominant interaction forces)
of EPS components with specific mineral surfaces. Homo-
polymers (e.g., a polymer consisting of one repeating unit)
such as dextran, phosphorylated dextran, and poly-L-lysine
were used as analogues to represent EPS components. Sil-
ica was selected because silica is one of the most abundant
minerals in subsurface environments. Relative binding
strengths and interacting force types of the polymers with
silica surfaces were determined by molecular Ievel
approaches.

Atomic force microscopy (AFM) (see Cappella and Die-
tler, 1999 for review) has been used as a tool to provide
force information of polymer interactions with surfaces.
Various AFM studies have shown direct measurements of
the interaction forces of functional groups, biopolymers,
EPS, and bacteria with surfaces by modifying AFM tips
or substrate surfaces (Lower et al., 2000; van der Aa and
Dufrene, 2002; Kendall and Hochella, 2003; Kreller
et al., 2003). Thus, in this study, to determine the relative
binding strengths of the polymers, pull-off forces (i.e., force
corresponding to a maximum jump-off-contact deflection
of a cantilever in a withdrawal curve) of the polymers cova-
lently attached to a slide glass (i.e., SAM) were measured
with a colloidal silica bead attached to an AFM cantilever.
Two different media, distilled water and perfluorodecalin
(PFD, C;oFi3), were used to study solvent effects on the
interactions between polymers and surfaces. PFD has been
known to enhance differences in pull-off forces of various
polymers due to the low dielectric constants (1.86) (Feld-
mann et al., 1998). A low dielectric constant medium is
desirable because it mimics the gas-phase calculations
and serves as a contrast to the strong solvent interactions
present in the water experiments.

Molecular modeling can provide detailed structural
and energetic information between adsorbates and sur-
faces, whereas short-range (<1 nm) chemical and physical
characteristics of interacting polymers with an AFM tip
are generally not well resolved in AFM studies (Ashby
et al.,, 2000). Previously, classical molecular dynamics
(MD) simulations have been applied to help interpret
AFM studies (Grubmiiller et al., 1996; Konrad and
Bolonick, 1996; Izrailev et al., 1997; Harrison et al.,
1999). Recent MD simulations tested detailed geometries
of interactions between self-assembled monolayers
(SAM) (Ulman, 1996) attached to an AFM tip and sub-
strates on an experimental time scale (Leng and Jiang,
2002). However, few studies have been conducted to
investigate interactions between polymers and bare min-
eral surfaces. One such study was performed by Kendall
et al. (2005) who applied MD simulations to organic li-
gands interactions with mineral surfaces. The scarcity

of this type of study is due to the difficulty in obtaining
accurate force fields that describe the polymer-surface
interactions.

As an alternative approach, quantum mechanical calcu-
lations can be used to predict chemical properties of the
interactions because a force field is not necessary. However,
the limitation of quantum mechanical methods is that they
typically cannot be applied to large systems and incorpo-
rate the dynamic force process as in classical MD simula-
tions. Thus, although our modeling efforts neglect the
larger scale aspects of polymer-surface interactions and
the dynamic behavior, we attempt to connect AFM force
measurements with molecular-scale processes by determin-
ing the relative binding strength between monomers of
each polymer type and a small model of the silica colloid
AFM tip used in this study.

In electronic structure calculations, interaction potential
energies between the polymers and silica surface were esti-
mated to compare to measured pull-off forces. Measured
pull-off forces, however, are dynamic quantities because
measured bond strengths depend on force loading rate
(Evans and Ritchie, 1997; Merkel et al., 1999). The external
force lowers energy barriers and can significantly increase
the bond dissociation rates (Evans, 2001). Therefore, direct
quantitative comparison of calculated thermodynamic
information of molecular interactions with the measured
forces is limited. However, the relative strength of the three
polymers measured at one loading rate can be rationalized
as a thermodynamic quantity, because the relative strength
is originated from the difference in their chemical interac-
tions toward silica surfaces.

The pull-off forces of homopolymers measured for a
short time-interval can be regarded as multiples of a sin-
gle type of interaction between a repeating unit of poly-
mers and a unit area of silica surface, assuming that the
measured force is a sum of individual interactions be-
tween the AFM tip and substrates (Hoh et al., 1992; Flo-
rin et al.,, 1994). Adhesion forces measured in AFM
experiments have a linear correlation with the binding
enthalpy rather than the free energy of a system (Moy
et al., 1994; Chilkoti et al., 1995). Therefore, monomeric
repeating units of polymers and silica surfaces were mod-
eled to represent parts of the interactions between the
polymers and the silica colloid, and the binding energy
of each model dimer (i.e., enthalpy required to separate
an interacting dimer into two isolated monomers) was cal-
culated to analyze the measured forces, which were nor-
malized with the contact area of silica surface with
polymers. Solvent continuum models with different dielec-
tric constants (Klamt and Schuurmann, 1993) were used
to analyze the force differences measured in water and
in PFD. Lastly, the interactions of model dimers were
investigated with silanol vibrational frequency and orbital
interaction analyses. These analyses are useful for under-
standing relative interaction strengths in terms of H-bond-
ing and for interpreting vibrational spectra of the
adsorbed monomers.
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2. Materials and methods
2.1. Force measurements

Self-assembled monolayer (SAM) polymer surfaces and
a silica colloid were used in the force measurements in an
effort to minimize the contact geometry change of silica
surface with polymers and to better constrain the polymer
locations. The polymers tethered to glass would limit
peel-off of the polymers from the glass surface during force
measurements. Approximately 10 nm thick SAMs of poly-
L-lysine (M, ca. 10 kDa) and dextran (M,, ca. 10 kDa)
(XanTec bioanalystics, Germany), which were covalently
bonded to silanes of the slide glass based on amide bonds
(Frey and Corn, 1996), were used as substrates in the
measurements. Phosphorylated dextran surfaces (XanTec
bioanalystics, Germany) were prepared by attaching phos-
phates to dextran already coated to a glass surface (aver-
aged phosphate density is below one per D-glucose unit).

The AFM probes were V-shaped silicon nitride cantile-
vers with a ca. 1 um SiO, particle attached (Novascan
Technology, Ames, IA) (Fig. 1a). The spring constant of
the colloidal tips was 0.152 (0.004) N/m, which was deter-
mined with the thermal tuning method (Nanoscope
V6.12r2).

Force measurements were conducted using a Bioscope
AFM (Digital Instruments, CA) with a NanoScope Illa
control system. Milli-Q water (ca. pH 5, not buffered)
was added and left for ca. 10 min before collecting force—
distance curves. Perfluorodecalin (Aldrich) was used as a
contrasting, low diclectric constant medium in parallel
measurements. The force curves were obtained at 1 Hz of

a AFM Experiments

SiO, glass bead-
attached tip

SAM of polymer
on glass slide

z-scan rate, 1.5 um z-scan size, and 100 nm maximum
deflection from 18 to 26 different random positions of each
surface by moving the microscope stage.

Although the external parameters were kept constant
during the measurements, the standard deviation of the
measured force from the averaged value was up to 20%.
However, the limited reproducibility did not affect the
determination of the relative bond strength of polymers
in the study. Distributions of the pull-off forces were
plotted as histograms with a bin size of 0.04-0.5 nN. The
pull-off forces were normalized with the contact areas of
the silica colloid to compare with calculated binding ener-
gies by the general relationship of force and energy between
a sphere and a flat surface (i.e., F/2ra) gives energy per area
unit, J/m?, where F is a mean pull-off force, and a is a
contacting radius of a silica sphere on polymer surfaces;
(Israelachvili, 1991).

Areas of an AFM tip contacting with polymer surfaces
are determined by several parameters such as tip contact
time and tip loading force. In this study, contact areas of
the silica colloidal tips were estimated by calculating con-
tacting radius (a) of a sphere with flat surface based on
modified Johnson, Kendall, and Roberts (JKR) model
(Johnson et al., 1971) mainly assuming pure elastic defor-
mation and paraboloid curvature of the sphere,

3

a= (15() " (\/—FﬁKR +\JFi- FJCKR>2/ (1)

JKR
FC

where R is the colloidal sphere radius, is the measured
force to separate the sphere from the surface (pull-off forces
here), F; is the externally applied loading force (maximum

Molecular Modeling

Octahydroxy-
silsesquioxane

Monomeric unit
of polymers

Fig. 1. Schematic description of (a) conducted AFM experiments with the SEM image of a 1 micron SiO; colloid attached to a Si;N, cantilever and (b)
models used in electronic structure calculations to represent the interactions between polymers and silica surface (the rectangular area in (a)). The pull-off
forces measured in experiments were compared to the binding energies of models in molecular modeling (see arrows). Gray tetrahedra, SiO4; Red, oxygen;
White, hydrogen; Grey, carbon atom. The molecular models were drawn using ViewerLite (Accelrys Inc., CA), a molecular visualization program. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this paper.)
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deflection points in approaching curves here), and K repre-
sents the effective elastic modulus by 4/3[(1 —v3)/e+
(1-v3)/ &)™ (e, the elastic modulus; v, the Poisson’s ratio)
(see Schwarz, 2003 for detailed linear-elastic mechanical
models). The elastic modulus and the Poisson’s ratio of sil-
ica glass (¢ =72.9 GPa and v=0.165 at 23 °C Spinner,
1956) were used in the Eq. (1) by assuming that the ¢ and
v of thin-polymer coated glass are not much different from
those of the silica colloidal particles. A recent MD simula-
tion study has shown the limitations of current linear-elas-
tic mechanics models, but the simulated contact radii of
SAM on a flat surface were better agreement with the
JKR model than other linear-elastic models (Patrick
et al., 2003).

2.2. Computational details

2.2.1. Model structures

A double-four-membered ring of SiO,(SigO;,(OH)g,
octa-hydroxy silsesquioxane, OHS) (Marcolli and Calzaf-
erri, 1999) was used to represent a silica surface structure
(Fig. 1b). OHS has a stable structure and the prominent
functional groups of silica surfaces (i.e., silanols and
siloxanes). Monomeric units of the polymers were modeled
to represent the biopolymers interacting with a silica
colloidal tip in the AFM force measurements: a methyl glu-
coside (C¢H{04(CHj3), DET) capturing a glycoside bond
of dextran (Fig. 2a); a methyl glucosidic phosphate

N /NH3+

i ? 7 7

AN—E—C—N—C—C—N—C--Core
HH HH HH

(C¢H100s(CH;3)(HPO, ™), PHO) for phosphorylated dex-
tran (Fig. 2b); a lysine peptide unit (NH,"(CH,),
CH,CONHCHj;, LYS) for polylysine (Fig. 2c).

The monomeric units were modeled to take the appro-
priate charges in the experimental pH. Dextran is a
neutral polysaccharide. Phosphorylated dextran and pol-
ylysine would take approximately (—1) negative and (+1)
positive charges per monomer in the pH range
5-7 in aqueous solution because the pK,s of the phos-
phate and lysine are kwon as ca. 1 and 6 and ca. 11,
respectively. The isoelectric point of charge of silica
(24 Parks, 1965) and recent XPS and thermodynamic
model study of quartz (Duval et al., 2002) suggest major
surface groups on silica surface would be =Si—OH with
minor =Si—O~ in the neutral to slightly acidic pH
range. Therefore, binding energies of monomeric units
with OHS were calculated using neutral charged OHS
as well as (—1) charged OHS (TOHS).

2.2.2. Energy minimizations of model structures

Gaussian 03 (Frisch et al., 2003) was used in all molec-
ular orbital calculations of the model structures. Each
monomer and dimer structure (i.e., DET/OHS, PHO/
OHS, and LYS/OHS) were fully energy-minimized in a
gas phase using Hartree-Fock (HF) with the 3-21G(d, p)
basis set (Gordon et al., 1982) without any constraints.
Computational accuracy such as H-bond distances can be
improved, in principle, by using larger basis sets and

DET ?H
CH,
HO Q
HO OH
CH,
PHO ?H
CH,
HPO,~ Q
HO OH
CH,4
LYS NH3"
—> ?
H—?—C—w—CH3
H H

Fig. 2. Model structures of monomeric units of polymers interacting with octahydroxy silsesquioxane (OHS): (a) dextran and its monomeric model unit
(DET), (b) phosphorylated dextran and its monomeric model unit (PHO), and (c) poly-L-lysine and its monomeric model unit (LYS).
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post-HF methods. Tests showed that the HF method had a
tendency to overestimate H-bond distances of dimers com-
pared to B3LYP functionals (Lee et al., 1988; Becke, 1993)
based on the 3-21G(d, p) basis set.

Previous IR studies have suggested that the main inter-
action types with silica surfaces are H-bonds and/or elec-
trostatic interactions for phosphates in nucleic acids
(Mercier and Savoie, 1997) and hydroxyl groups in dextran
(Jucker et al., 1997). For poly-L-lysine, amine groups have
been suggested as important for adsorption onto TiO,
(Roddick-Lanzilotta and McQuillan, 1999). Consequently,
dimer initial structures were created to maximize the inter-
actions through H-bonds and favorable electrostatic inter-
actions between OHS and functional groups of the
monomeric units.

For the energy-minimization of each monomer, de-
tailed conformers of monomer itself were not explored. In-
stead, an effort was made to minimize intramolecular
interactions on the monomeric units themselves. Energy
minimization in the gas phase can overestimate intramo-
lecular interactions of a molecule, and the overestimations
can make it more complicated to find optimal intermolec-
ular interactions (e.g., H-bonds) between dimers. For
example, LYS, which has the flexible alkyl chain, can take
a bent structure due to strong intramolecular interactions
of a NH,* with a C=0 of the peptide bond (—CONH—)
in a gas-phase energy minimization. The bent LYS config-
uration does not lead to optimal intermolecular interac-
tions of the NH," and the peptide bond with silanols
groups of OHS. The energy variation of the energy-mini-
mized monomeric unit conformers was approximately 3—
5 kJ/mol, which did not affect the current interpretation
in this study.

2.2.3. Binding energy calculations of model structures

Binding energies (AHy;,q) of dimers (i.e., the required
enthalpy to disassemble the dimer into each monomer,
AB — A + B), were calculated by

AHying = —(Hwmon + Hons — "Hwonjons) — Eper (2)

where Hyion and Hops are the estimated enthalpies of fully
optimized monomeric units and OHS, and * Hyvionyons is the
estimated enthalpy of a fully energy-minimized dimer with
basis set superposition error (BSSE, an artificial lowering
of a dimer energy) correction. The BSSE becomes significant
when two monomers come closer to each other in a dimer,
especially when using a small basis set such as 3-21G(d, p).
Deformation energy (Epgr) is a repulsion energy caused
by deformation of monomer structures upon formation of
dimers (Hobza and Sponer, 1999). The deformation energy
was calculated by the electronic energy difference between
the monomers in optimized dimer geometries and the
isolated monomers (i.e., Epgr = (EMON_dimer — Emon) +
(Eons._dimer — Eons), where EvoN dimer a0d EoHs  dimer ar€
the electronic energies of a monomeric unit and an OHS,
respectively, in the dimer geometry). Due to the negative
sign in Eq. (2), a more negative AHy;,q means stronger

binding energy between monomers and corresponds to
stronger pull-off forces in the AFM experiments.

The potential energies of model structures and BSSE
were calculated by single-point energy calculations using
B3LYP functionals with the 6-311++G(d,p) basis set
(Hehre et al., 1972) based on the energy-minimized struc-
tures obtained with the HF/3-21G(d, p) method. The larger
polarized-valence, triple-zeta basis set (6-311G(d, p)) reduc-
es BSSE and more accurately predicts interactions in
H-bonded dimers (Paizs and Suhai, 1998). Inclusion of dif-
fuse functions (++) in a basis set is important in the hybrid
density functional theory (DFT) such as B3LYP to obtain
relative energies of molecules (Lynch et al., 2003) and to re-
duce BSSE in H-bond interactions of carbohydrates (Lii
et al., 1999). The counterpoise method (Boys and Bernardi,
2002) was used to estimate the BSSE evolved in binding
calculations and to estimate inadequacy of limited basis
sets (Schwenke and Truhlar, 1985; Frisch et al., 1986) with
the B3LYP/6-311++4G(d,p) method. A test with a same
LYS/OHS structure confirmed that B3LYP with the
extensive basis set significantly reduce BSSE (17 kJ/mol)
compared to the HF/3-21G(d, p) method (70 kJ/mol).

Enthalpies of the model structures were estimated by
harmonic vibration analysis to obtain zero-point energy
and thermal energy contributions based on statistical ther-
modynamics. Because the energy minimization and fre-
quency calculations with a large 6-311++G(d, p) basis set
is not practical within our computing capacity, the zero-
point energy and thermal energy correction at 298 K and
1 atm were calculated using HF/3-21G(d, p).

2.2.4. IR vibrational frequencies and natural bond orbital
(NBO) analysis

Red-shifting of silanol O—H stretching vibrational fre-
quency and the increase of the IR intensity proportional
to the change of the dipole moments can be used as a mea-
sure of H-bond strength (Jeffrey, 1997). The vibrational fre-
quencies of OHS silanols and the IR intensities were
calculated with HF/3-21G(d, p) based on the energy-mini-
mized geometries with the same method. The calculated
frequencies were reported without scaling the frequency
overestimation caused by the use of harmonic oscillation
assumption, incomplete basis sets and the neglect of elec-
tron correlation.

H-bonds of polymer units with neutral OHS were
analyzed with interactions between filled and unfilled
orbitals (e.g., charge transfer, n — ¢*, where n is lone
pair electrons, and ¢ is an unfilled antibonding orbital)
(Reed et al., 1986, 1988; Bach et al., 2001; Vorobyov
et al., 2002) based on the localized Natural Bond Orbi-
tals (Reed and Weinhold, 1985). Such orbital interactions
are known to lower the molecular energy via the electron
delocalization. The electron populations and the stabiliz-
ing energies were calculated with the 2nd perturbation
analysis in the Natural Bond Orbital (NBO) 3.1 program
(Reed et al., 1988) based on B3LYP/6-3114++G(d,p)
canonical orbitals.
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2.2.5. Solvent effects on binding energy

The binding energies of polymer units with neutral OHS
in different solvents (e.g., water, ethanol, and heptane) were
estimated with one of models treating the solvent as a con-
tinuum, the conductor-like polarizable continuum (C-
PCM) model (Klamt and Schuurmann, 1993; Cossi et al.,
2003). The continuum model treats solvent effects by incor-
porating polarizations between a solute wave function and
solvent potentials through parameters such as dielectric
constants (see Tomasi and Persico, 1994; Cramer and
Truhlar, 1999 for details). Solvation energy (AG;) in the
continuum model accounts for the polarization between a
solute and a solvent (i.e., electrostatic interactions) and
non-electrostatic interactions (e.g., work needed to make
cavity around a solute). The solvation energy is intrinsical-
ly a free energy, and enthalpy has not been clearly defined
in this type calculation. In this study, the difference of
explicit summation of E (internal energy in a continuum
cavity) and its AGy, between a dimer and monomers
(i.e., A(E+AG,,)) was used to represent the interaction
strength. The energies with different solvents were calculat-
ed with B3LYP/6-311-++G(d, p) based on the energy-min-
imized structures in the gas phase without BSSE and
enthalpy corrections. The united atom model optimized
for HF/6-31G(d) level (UAHF) (Barone et al., 1997) was
used for the solvent radii.

2.2.6. Potential energy curves and force curves

A simple rigid-body approximation is typically used in
predicting the potential energy curves of even flexible mol-
ecules, because incorporation of the intramolecular interac-
tions into potential energy surface of intermolecular
interaction is complicated (Stone, 1996; Chalasinski and
Szczesniak, 2000). However, the approximation often pre-
vents finding maximized intermolecular interactions and
predicts similar harmonic-style potential wells of dimers
around the potential minima. The similar curvatures of
the potential curves produce similar derivatives (e.g., force
curves) for dimers despite significant differences in the po-
tential energy minima. Hence, more degrees of freedom can
be allowed in the geometry optimization of dimers to ob-
tain more realistic geometries and interacting forces (e.g.,
interacting functional groups are relaxed between a dimer).

The LYS/OHS dimer was repeatedly energy-minimized
at fixed distances between the monomers as a function of
the distance to obtain the potential energy curve. The di-
mer was gradually taken apart and put together at approx-
imately 0.5 A step size starting from the fully energy-
minimized dimer structure. Around the minima of poten-
tial energy curves, a smaller step size (0.1 A) was used.
The distance was determined between a selected carbon
atom of LYS that was not directly interacting with silanols
of OHS and a dummy atom on the OHS obtained by nor-
mal projection of the reference atom to the upper 4 Si-atom
plane of OHS.

During the energy minimizations at fixed distances,
geometry constraints were imposed to keep the distance

of the dimer constant and to see the effect of the number
of degrees of freedom in geometry on the resulting forces.
The coordinates of six, four, and three carbon atoms of
LYS including reference atoms were fixed at corresponding
distances, but the remaining atoms of LYS were relaxed.
Atom positions of OHS were kept constant except the
interacting parts of OHS (i.e., hydroxyl groups) with LYS.

Interaction forces between the LYS/OHS dimer, F(x),
were obtained from the force and potential relationship
in a conservative system

F(x) = - 490 @)

where x is a distance between two molecules, and U(x)is the
potential energy of the dimer at x. The potential energy,
U(x), was obtained by polynomial fitting of the interaction
energies of dimers calculated with B3LYP/6-3114++G(d, p)
using Matlab 6.5 (Mathworks Inc., Natick, MA). The
force, F(x), was calculated by the analytical derivative of
the fitted potential.

3. Results
3.1. Measured pull-off force and converted interaction energy

The pull-off forces of the three polymers measured in
PFED solvent were greater by approximately one order of
magnitude than those measured in H,O (Fig. 3). The
pull-off forces of poly-L-lysine with a silica colloid particle
tip were higher than those of the other two polymers in
both solvents (Fig. 3c and f). The mean pull-off force
(Fmean) of phosphorylated dextran was similar to Fpea, of
dextran in water but much higher than Fy.,, of dextran
and almost same as Fye,, Of poly-L-lysine in PFD
(Table 1). The Fean of dextran, phosphorylated dextran,
and poly-L-lysine were —0.84, —0.68, and —2.37nN in
water and —5.44, —11.82, and —12.36 nN in PFD, respec-
tively. The contact radii of the silica spheres with the
polymer surfaces estimated with Eq. (1) were 5-6 nm in
H,0 and 7-9 nm in PFD solvent (Table 1). Based on the
contact area of the tip, the normalized interaction energies
of the mean pull-off forces were estimated in a same
strength order to Fpean as —0.026, —0.022, and
—0.061 x 1078 J/am? in H,O and —0.122, —0.220, and
—0.231 x 107" J/nm? in PFD for dextran, phosphorylated
dextran, and poly-L-lysine surface, respectively.

3.2. Energy-minimized structures and binding energies

3.2.1. DET with OHS

Two possible configurations were tested in binding
directions of DET to the OHS surface. One was a parallel
binding of the DET ring to the OHS surface. The other was
a vertical binding in a manner such that the methyl and
hydroxymethyl groups did not interact with OHS surface,
and three hydroxyl groups of the ring form H-bonds with
silanols of OHS. (A H-bond is defined here as a bond
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Fig. 3. Histograms of the pull-off forces of polymers measured with a silica probe: (a) dextran in water, (b) phosphorylated dextran in water, (c) poly-L-
lysine in water, (d) dextran in perfluorodecalin, (e) phosphorylated dextran in perfluorodecalin, (f) poly-L-lysine in perfluorodecalin.

Table 1
Measured pull-off forces of polymers with a a-SiO, colloidal tip in H,O and PFD (perfluorodecalin) media and their normalized values (pull-off energy)
with the contact radii

Pull-off force® (nN) Pull-off energy® (10~'* J/nm?) Contact radius® (nm)

H,O PFD H,0O PFD H,0 PFD
Dextran ~0.84 (+0.16) —5.44 (+0.59) ~0.026 (40.005) ~0.122 (40.010) 5.1 (£0.1) 7.1 (£0.2)
Phosphorylated dextran ~0.68 (+0.15) ~11.82 (£1.07) —0.022 (+0.004) ~0.220 (+0.014) 4.8 (+0.2) 8.5 (+0.2)
Poly-L-lysine —2.37 (£0.31) —12.36 (£1.02) —0.061 (£0.007) —0.231 (£0.014) 6.2 (£0.2) 8.5 (£0.2)

Reported values are mean values with their standard deviations in parentheses.
& Mean pull-off forces.
® Normalized energy of the pull-off force using F/2na (F, pull-off force; a, contacting radius®).
¢ Radius of a silica sphere contacting with polymer surfaces obtained by the JKR model.

between an electron-deficient hydrogen and a region of 10 kJ/mol, we used the lower energy configuration for sub-
high electron density.) Because the latter case had lower  sequent calculations (Fig. 4a). When extension of the
energy than the former configuration by approximately monomeric unit to a polymer is considered, the vertical
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o

Fig. 4. Fully energy-minimized model structures interacting with neutral OHS and negatively charged OHS (TOHS): (a) DET/OHS, (b) PHO/OHS, (¢)
LYS/OHS, (d) DET/ OHS, (¢) PHO/ OHS, and (f) LYS/ OHS. Dotted lines represent H-bonds and guide corresponding interactions of the dimers.
Gray tetrahedra, SiO4; Red, oxygen; Blue, nitrogen; Orange, phosphorus; White, hydrogen; Grey, carbon atom. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this paper.)

binding may be a reasonable configuration because other
monomer units could be extended through the methyl
and hydroxymethyl groups.

The energy minimizations predicted three moderate
strength H-bonds, where silanols acted as proton donors,
and one weak H-bond, where a silanol acted as a proton
acceptor (Fig. 4a). The H-bond distances between silanols
of OHS and DET hydroxyls (<=SiO—H: - -OH—C—) were
1.92, 1.96, and 2.05 A, and the distance of the weak H-
bond between a silanol and a hydrogen of the DET ring
(=SiHO. - -H—C—) was 2.49 A (Table 2). Interactions of
the DET with (—1) negatively charged OHS ("OHS) re-
duced the H-bond distances to 1.48, 1.88, and 1.95 A main-
ly due to the H-bond between =Si—O~ and hydroxyl of
DET (Fig. 4d). However, the weak H-bond increased to
3.10 A due to the interaction with ~OHS.

DET has a stronger binding energy with a charged sur-
face of OHS (TOHS) than a neutral surface of OHS (Ta-
ble 2). The binding energies were —9 kJ/mol for DET/
OHS and —53 kJ/mol for DET/"OHS. The deformation

energy was higher in the interactions with “OHS than
OHS.

3.2.2. PHO with OHS

Energy minimization of PHO/OHS started based on
the energy-minimized structure of DET/OHS. The ener-
gy-minimization predicted that two hydroxyls and two
phosphate oxygens of PHO formed four H-bonds with
silanols groups of OHS (Fig. 4b). The four silanols acted
as proton donors in the H-bonds. The H-bond distances
between the =Si—OH and the phosphate group
(=SiO—H- - -O—PO4H—) were 1.64 and 1.68 A, which were
shorter than the H-bond distances observed in LYS/OHS
and DET/OHS dimers (Table 2). The distances between
DET hydroxyls and OHS silanols groups were 1.82 and
1.85 A.

In contrast to the DET interactions, interactions of
PHO with the negatively charged OHS increased the inter-
molecular distance of the dimer because of interactions
between a phosphate oxygen and =Si—O~ (Fig. 4e). The
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Table 2

H-bond distance, BSSE, enthalpy correction, deformation energy, and BSSE corrected binding energy of monomeric units with neutral OHS and
negatively charged OHS calculated with B3LYP/6-311++G(d, p)//HF/3-21G(d, p)

DET PHO LYS
OHS “OHS® OHS ~“OHS? OHS “OHSP
Distance® [A] 1.92 1.48 1.64 1.65 1.72 1.77
1.96 1.88 1.68 1.81 1.77
2.05 1.95 1.82 1.80 1.86 1.84
2.497 3.10° 1.85 1.96 2.98" 1.72
AH Correction® (kJ/mol) 15.1 9.8 16.8 13.1 14.4 13.8
BSSE (kJ/mol) 17.6 19.4 23.1 19.4 16.7 21.9
Eper? (kJ/mol) 16.4 47.9 232 253 29.2 83.0
AHping® (kJ/mol) -9 —53 —129 +158 —86 —278

% H-bond distances between silanol groups of OHS and functional groups of monomeric units (see Fig. 4. Note that the distances

between alkyl H and silanol O).

T are weak H-bonds

® “OHS, OHS taking (—1) charge due to deprotonation of one silanols group on OHS.
¢ Zero-point energy and thermal energy correction for enthalpy calculations at 1 atm and 298 K.

4 Deformation energy of monomers.
¢ BSSE corrected binding energy.

H-bond distances of the phosphate were 1.65 A with
=Si—OH, and the corresponding distance was 4.91 A with
=Si—O". The H-bond distances of OH groups with sila-
nols were 1.80 and 1.96 A.

The binding energy of PHO with OHS was stronger
than the other monomers, but the strong repulsion was pre-
dicted between PHO with “OHS (Table 2). The BSSE cor-
rected binding energies were —129 kJ/mol for PHO/OHS
and +158 kJ/mol for PHO/"OHS. A previous ab initio
study reported strong H-bonds between phosphates and
neutral silanols with ca. —60 kJ/mol per H-bond (Mura-
shov and Leszczynski, 1999). Our results are consistent
for the neutral model, but the negative surface charge of
quartz under most pH conditions should be included in
the model calculations in order to be realistic. This issue
is discussed in more detail below.

3.2.3. LYS with OHS

Energy minimization of LYS/OHS predicted three mod-
erate H-bonds and one weak H-bond with silanols
(Fig. 4c). Silanols acted as H-acceptors in the two moderate
H-bonds via an amine group in a side chain (NH;")
(=SiHO: - -H—NH,—) and in one weak H-bond through
a H of LYS backbone (=SiHO- - -H—C—). The H-bond
distances between the amine group and silanols were 1.81
and 1.86 A, and the weak H-bond distance was 2.98 A (Ta-
ble 2). The silanol in the moderate H-bond through C=0
in the amide group (CONH) acted as a proton donor
(=Si0—H- - -O=C—). For the peptide H-bonds, two differ-
ent starting structures were tested:

(1) N—H group of an amide forms a H-bond to a silanol
of OHS, and

(2) C=0 group of an amide forms a H-bond to a silanol
of OHS.

Both initial structures were energy minimized by favor-
ing a H-bond formation of the carbonyl group to a silanol

with a distance of 1.72 A due to the stronger H-bond of
C=0 than the N—H with =Si—OH (Aquino et al.,
2003). When a silanol H was taken off to form ~OHS,
the amide group formed two H-bonds with distances
of 177A (=SiO—H---O=C—) and 1.72A
(=Si—O"---HN—) (Fig. 4f). The other H-bond distances
were 1.77 and 1.84 A.

The interaction of positively charged LYS with
negatively charged “"OHS was stronger than interaction
with neutral OHS as well as any other dimer interactions
(Table 2). The BSSE corrected binding energies were
—86 kJ/mol for LYS/OHS and —278 kJ/mol for the
LYS/ OHS. The deformation energy was higher in the
interactions with "OHS than OHS similar to the DET
interactions.

3.3. Analysis of binding energies with OHS

3.3.1. Silanol IR frequencies and the intensities

As mentioned in the Introduction, red-shifting (i.e.,
decreasing frequency) and increasing intensity of O—H
stretching vibrations are indicators of H-bond strength.
Thus, to analyze the nature of the dimer interaction energy,
we examined the changes in vibrational frequency and
intensity of the OH groups involved in binding the dimers.

The silanol O—H stretching vibrational frequencies and
the IR intensities changed dramatically according to differ-
ent H-bonds of dimers, wh§reas the OH bond distance var-
iation did not (0.94-0.97 A) (Table 3). The dimer with a
higher binding energy had a lower OH vibrational frequen-
cies. The binding energies and the lowest frequencies of the
PHO/OHS, LYS/OHS, and DET/OHS were —129, —86,
and —9 kJ/mol, and 3640, 3912, and 4094 cm ™', respective-
ly. The OH frequency of isolated OHS was 4286 cm ™. The
IR intensities of PHO/OHS and LYS/OHS increased up to
almost 1400 x 10? cm~2/mol/L from 299 x 10?> cm~2/mol/L
(intensity of a non-H-bonded silanol), whereas the intensi-
ties of DET/OHS increased up to 900 x 10* cm~2/mol/L.
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Table 3

K.D. Kwon et al. 70 (2006) 3803-3819

Calculated vibrational frequencies® of stretching silanol OH and stabilizing energies® caused by interactions between occupied and empty anti-bonding

orbitals in the dimer H-bonds

Hydrogen bonds Silanol OH bond Silanol OH Orbital interactions Electron Stabilizing energy®
distance (A) frequency® (cm’l) occupancyd (kJ/mol)

DET/IOHS

=SiO—H. - -OH—C— 0.96 4080 (176) Ovrpcony = 6" H—Og; 0.018 30.7

=SiO—H: - -OH—C— 0.95 4088 (197) Ovrp(con) = 0"H—Os; 0.014 21.0

=SiO—H. - -OH—C— 0.94 4094 (898) Ovrpcony = 6" H—Os; 0.012 17.2

=SiHO® - -H—C— 0.94 4271° (168)

LYS/OHS

=SiO—H: - -O=C— 0.95 3912 (1389) Orpo=c) = 6" H—O¢; 0.038 65.5

=SiHO- - -H—NH,- 0.94 4224° (278) Ovrpons) = 0" H—N 0.034 55.9

=SiHO: - -H—NH,— 0.94 4225 (138) Ovrpons) = c"H—N 0.032 44.6

=SiHO® - -H—C— 0.94 4278° (210)

PHOI/OHS

=SiO—H. - -O—PO,H— 0.97 3640 (1009) Orpo—p) = 6"H—Og; 0.045 104.7

=SiO—H: - -O—PO4H— 0.96 3729 (1321) Oppo—p) = 6"H—Og; 0.036 80.9

=SiO—H: - -OH—C— 0.95 3990 (394) Ovrpcony = 6" H—Os; 0.027 474

=SiO—H: - -OH—C— 0.95 4026 (1022) Ovrp(con) = 0"H—Os; 0.023 437

OLp, lone pair electrons of occupied oxygen orbitals; ¢*, empty anti-bonding orbital of OH or NH bond.

2 Vibrational frequencies (HF/3-21G(d, p)//HF/3-21G(d, p)) were not scaled. The values in parentheses are IR intensity (10? cm~2/mol/L). Note that the
OH frequency of bare OHS was 4286 cm ™! with the IR intensity of 299 x 10%> cm™2/mol/L at 0.93 A bond distance.

® Estimated with 2nd-order perturbation theory in NBO analysis (Reed et al., 1988) in a B3LYP/6-3114++G(d, p) level.

¢ OH frequency of a silanol, which is a hydrogen acceptor.

9 Number of electrons occupied in anti-bonding orbitals after the negative hyperconjugation.

¢ Weak hydrogen bond.

Note that the frequencies reported in the Table 3 were not
scaled to correct the HF level overestimation.

3.3.2. Natural bond orbital (NBO) analysis

Another component of the dimer interaction energy is
the electron transfer between orbitals on each subunit
(i.e., electrons moving from orbitals on a monomer to
OHS or vice versa). This electron transfer is related to
the H-bonding energy, so this analysis complements the re-
sults discussed above.

Analysis of the interactions between the NBO orbitals
of dimers found that the major interactions in the
dimers were between lone pair electrons of H acceptors
in the H-bonds and anti-bonding orbitals of O—H
in the silanols or N—H in the amine (i.e.,
Opp — 6}_oor Op — o5—y) (Table 3). Stabilization
energies of the weak H-bond between the alkyl H and

Table 4

the silanol O were negligible compared to the energies
of other H-bonds.

Dimers with stronger binding energy had more electrons
transferred from the occupied orbitals to empty orbitals and
thus greater stabilization energy. The interactions of PHO
phosphate oxygen orbitals with silanol OH anti-bonding
orbitals (Orpo—p) — 0f_os;) transferred 0.045 electrons
with 104.7 kJ/mol stabilizing energy. The interactions of
LYS carbonyl oxygen orbitals (Orpo=c) — 05_og) and
the ones of DET hydroxyl oxygen orbitals (Oppcon) —
0h—os;) transferred 0.38 electrons with 65.5 kJ/mol and
0.018 electrons with 30.7 kJ/mol, respectively.

3.4. Solvent effects on binding strength

The type of solvent (i.e., high or low dielectric con-
stant) affected the absolute strength of binding energy

Interaction energies and solvation energies of dimers calculated with the conductor-like polarizable continuum (C-PCM) model (Klamt and Schuurmann,
1993) and B3LYP/6-311++G(d, p) based on the energy-minimized structures in a gas phase

Solvent DET/OHS PHO/OHS LYS/OHS

AE? AAG° AE? AAG° AE? AAG°
Water (¢ = 78.39) —64.6 84.8 —202.0 148.2 —154.2 150.1
Ethanol (& = 24.55) —66.3 73.5 —-205.9 161.2 —156.7 133.0
Heptane (¢ = 1.92) —60.2 35.6 —195.5 84.2 —149.2 65.9
Gas (¢ = 1.00) —-53.9 —191.7 —146.0

Unit, kJ/mol. ¢ is dielectric constant at 20 °C (Laurence et al., 1994). Note that dielectric constant of perfluorodecalin (PFD) is 1.86 (Abboud and Notario,

1999 and references therein).

4 E, internal energy in a continuum cavity without BSSE and enthalpy correction (AE = —(Eyon + Eons — Emon/ons))-
® AG,,, electrostatic + non-electrostatic solvation energy (AAGso1 = —(AGsoi,moN T AGso1.0ns — AGsol, MON/OHS))-
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Fig. 5. Interaction energy of DET/OHS (circle), PHO/OHS (triangle),
and LYS/OHS (square) in different solvents calculated using a continuum
solvent model.

but did not affect the calculated relative strength among
the dimers (Table 4). The binding strength increased in
solvents with a lower dielectric constant (Fig. 5). For
example, the interaction energies (A(E+AGy)), which
can indicate the binding strength, became more negative
from water to ethanol to heptane. This trend agrees well
with the experimental observation that solvents with a
low dielectric constant increased the adhesion force be-
tween polar surfaces such as hydroxyl functional groups
(Papastavrou and Akari, 2000). In particular, the ener-
gies in a heptane, which has a dielectric constant close
to PFD one (¢=1.86) (Abboud and Notario, 1999),
were much stronger than those in H,O by approximate-
ly one order of magnitude. The stronger binding
strength in heptane than in H,O is consistent with the
pull-off force enhancement from H>O to PFD media ob-
served in this study. The relative binding strengths of
each dimer in a calculated in the gas phase were qual-
itatively same as the relative binding strength in hep-
tane, ethanol, and water solvents.

3.5. Force curves from potential energy curves

The measured force data may be compared to force
curves derived from the calculated dimer potential energies
through Eq. (3). However, the force curves of the LYS/
OHS dimer showed limitations in the use of the derived
forces for comparison with experimental data. As men-
tioned in the computational details above, geometry con-
straints are necessary in predicting potential energy
curves, but the derived forces strongly depended on the
number of fixed atoms in the LYS/OHS (Fig. 6). Thus,
quantitative comparison of the model force curves to
experiment (in particular, curves of the more flexible LYS
compared to DET and PHO structures) is prevented in this
case.

2 —
LYS/OHS
|
- |
|
l'l
14 ,‘
> \ Energy Curves
N ‘ -
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! | ! | ! | ! 1
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Fig. 6. LYS/OHS potential energy curves (dashed lines) and their force
curves (solid lines) derived from the energy curves as a function of dimer
distance. Note that the energy curves and, in particular, the force curves
strongly depended on the number of fixed LYS carbon atoms: diamond
and red lines with six carbon atoms fixed (the maximum attractive force:
—1.16 nN); triangle and blue lines with four carbon atoms fixed (the
maximum attractive force: —0.64 nN); circle and black lines with three
carbon atoms fixed (the maximum attractive force: —0.39 nN). (For
interpretation of the references to color in this figure legend, the reader is
referred to the web version of this paper.)

4. Discussion
4.1. H-bond strength and relative binding strength

The calculated binding energies of the polymeric mono-
mers with negatively charged OHS (TOHS) can be under-
stood as electrostatic interactions (Table 2): the positively
charged LYS would have attractive interactions with
~OHS (—278 kJ/mol), negatively charged PHO would have
repulsive interactions with "OHS (+158 kJ/mol), and the
neutral DET would be between the two interactions
(=53 kJ/mol).

The binding energies with neutral OHS are not as
straightforward as the “OHS case, however. The negatively
charged PHO showed stronger interactions with neutral
OHS (—129kJ/mol) than the positively charged LYS
(—86 kJ/mol). The neutral DET had the weakest interac-
tion energy with the neutral OHS (-9 kJ/mol). Because
the neutral OHS is an important model as well as “OHS
representing silica surfaces in low to circum-neutral pH
solution, detailed analysis on interactions of polymer units
with neutral OHS is necessary.

In general, the shorter the H-bond distance, the more
red-shifted the silanol OH stretching vibration frequency,
the greater the increase in OH stretch IR intensity, and
the more electron transfer from O orbitals to anti-bonding
orbitals of silanols (Orp — oj_,), the stronger the
H-bonding. All four analyses here showed that PHO/
OHS has stronger H-bonding than LYS/OHS and DET/
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OHS. The H-bond distance between a silanol and the phos-
phate of PHO (1.64 A) was shorter than the distances of
carbonyl of LYS (1.72 A) and hydroxyls of DET (1.92 A)
(Table 2). The relative vibrational frequency shifts of
H-bonded silanol OH from the non-H-bond silanol OH
frequency (4286 cm ') were 15% in PHO/OHS, 9% in
LYS/OHS, and 5% in DET/OHS (Table 3). In addition,
the stabilization energy in PHO/OHS due to the negative
hyperconjugation (Orp — o};_,) was much higher than
the energies in LYS/OHS and DET/OHS (Table 3). The
analyses of H-bond distances, IR vibrational frequencies
and intensities of silanols, and stabilization energy from
orbital interactions indicate that the different H-bond
strength of dimers determined the relative binding energy
with the neutral OHS.

4.2. Solvent effects on the binding strength

The significant enhancement of pull-off forces in PFD
can be attributed to the low dielectric constant enhancing
H-bonding effects between the monomers and the OHS
and “OHS in the absence of H-bonding to the solvent.
Although several parameters (e.g., solvent radius and
density) in addition to a dielectric constant are used in
the CPCM calculation, the strong correlation between the
interaction energies (A(E+AG;,)), which represent the
binding strengths of dimers, and dielectric constants of
solvents indicates that a low dielectric constant solvent
enhanced the interaction strength (Fig. 5).

The dependence of binding strengths on dielectric
constants can be explained with solvation-energy difference
between a dimer and the separate monomers (AAG;,) be-
cause the AAG,, determined the relative change of
A(E+AG,,) with the change of dielectric constants. The
AAG;, were all positive and changed significantly depend-
ing on solvents that have different dielectric constants,
whereas the internal energies (AE) were not much different
from solvent to solvent (Table 4). Note that the more polar
solvent, water, had the more positive AAG,. The more
positive AAG,, means that the binding dimer structure is
the less favorable compared to the isolated monomers.
Consequently, dimers in the more polar solvents produce
a lower binding energy.

The more positive AAG,, in the more polar solvent is
attributed to the decrease of attractive parts and the in-
crease of non-attractive parts of isolated monomers to po-
lar solvents in the dimer interactions, because the
interactions between the two monomers limit the attractive
parts of each monomer available to polar solvents (Aquino
et al., 2002). For example, intermolecular H-bonds between
two monomers can decrease the number of H-bonds of
monomers available to a polar solvent.

The different order of the measured binding strengths of
polymers in water and PFD media is attributed to the dif-
ferent surface charges of polymers and silica in the sol-
vents. In water, the polymers and silica surfaces are
expected to take on their own charges from their proton

dissociation constants and isoelectric points. However, in
the PFD solvent, the polymers and silica probably would
not take on any charges because PFD (CoF;g) is not a
protic acid or base. As shown in the binding energies of
PHO with neutral OHS and negatively charged ~OHS
(Table 2), the different charge conditions resulted in similar
pull-off forces of DET and PHO in water and similar to the
forces of LYS and PHO in PFD (Fig. 3).

4.3. Binding energies and normalized pull-off forces

The relative binding strengths of polymers determined
from the normalized pull-off forces measured in water were
in context of the calculated binding energies in a gas phase.
The main reason for the use of gas-phase calculations is
that the enthalpy was not clearly determined in the contin-
uum solvent treating calculations such as PCM. In addi-
tion, as observed in the solvent effects above, the change
of solvent from water to a gas phase qualitatively did not
affect the relative binding strength.

The current dimer models overestimated the binding
energies. Amorphous colloidal silica, which was used in
the force measurements, is known to have lower hydroxyl
density than a quartz crystal (Zhuravlev, 1987), and colloi-
dal silica takes on smaller fractional charges per nm?
(Cardenas, 2005). Because the model OHS was made based
on a surface with apparent charges of zero and negative
(—1) charge with approximately 25 A% of OHS, the binding
energies of dimers were overestimated. The overestimation
of binding energy was corrected based on the silica surface
hydroxyl density and the silica surface charge density.

4.3.1. Silica surface hydroxyl density

Previous studies on amorphous silica have shown that
the OH density is 4.6-4.9 OH groups per nm? depending
on deuterium or tritium exchange method (Zhuravlev,
1987; Zhuravlev, 2000). The model OHS structure used
in this study has a similar skeleton as quartz (5 A between
silanols), so the OH density of the OHS model corresponds
to 16 OH per nm?, which is higher than the experimental
values by approximately three times. To consider the low
packing density of amorphous silica used in AFM experi-
ments, the OH density correction should be included in
the comparison of calculated binding energy with the mea-
sured AFM data. Therefore, the OH density correction was
made by multiplying the BSSE corrected enthalpy for the
binding energy by 5/16. This correction makes the number
of polymeric units physically interacting silica surface one
unit from four units per nanometer squares of the silica
surface.

4.3.2. Silica surface charge density

Although silica surfaces can be negatively charged above
pH 2, the surface charges do not increase dramatically up
to pH 8. A recent XPS study on colloidal SiO, particles
has shown that the surface charge density (o) of the silica
is between —0.019 and —0.067 C/m? at the pH 2-8 in
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20 mM NaCl aqueous solution (Cardenas, 2005). The o
corresponds to approximately —0.1 to —0.4 equivalent
charge per nm”. In this sense, instead of “OHS, the use
of neutral OHS is closer to the real surface charge of silicas.
However, consideration of a fractional surface-charge den-
sity of OHS is warranted to account for the electrostatic ef-
fects. For example, fractional negative charges on OHS
would compensate for the overestimated PHO/OHS energy
as electrostatic repulsion decreases the magnitude of the
interaction energy.

Binding energies at the fractional surface charge density
were estimated by interpolation with the binding energies
of the two end-members at the neutral OHS and charged
“OHS. For example, the summation of 90% DET/OHS
binding energy and 10% DET/”OHS binding energy gives
the binding energy at the surface charge of —0.1 equivalent
charge/nm? (i.e., —0.016 C/m?). The estimated binding
energies are plotted in Fig. 7 as a function of the surface
charge density. Solution pH conditions, where surface
charge density of colloidal silica was determined in
20 mM NacCl aqueous solution (Cardenas, 2005), were also
expressed in Fig. 7 to present the qualitative dependence of
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Fig. 7. Binding energy of dimers as a function of the OHS surface change
density. Note that the pH axis based on the data of Cardenas (2005) is
presented in order to show qualitative dependence of silica surface charge
density on solution pH.

Table 5

surface charge density on the solution pH. Quantitative
matches between the pH condition and OHS charge densi-
ty should be avoided in this case.

The fractional surface charges on OHS brought the rel-
ative binding strength of the model dimers in better agree-
ment with the measured binding strength of polymers. For
example, the binding energies of DET and PHO became
similar in the —0.3 to —0.4 equivalent charges/nm” range,
which approximates circum-neutral solution pH range, as
in the measured pull-off forces of dextran and phosphory-
lated dextran (Table 5).

Although the relative strength of dimer binding energies
is in good agreement with the measured pull-off forces, the
LYS binding energy in the neutral pH range was still over-
estimated compared to the other dimers. The overestima-
tion can be attributed to the high charge densities of
modeled polymeric unit (e.g., +1 on the poly-L-lysine unit
model) interacting with OHS. Just as silica surfaces, the
homopolymers attached to the slide glasses would take
smaller fractional charges rather than the (+1) LYS. For
example, recent second harmonic generation (SHQG) studies
have estimated the interfacial charge densities of organic
molecules on SAM interface as low as 0.0003 C/m? for car-
boxyl-terminated SAM to 0.02 C/m? for 15-mer oligonu-
cleotide SAM at around pH 7 (Konek et al., 2004;
Boman et al., 2005). Thus, correction for the surface charge
density on the polymeric units would produce more realis-
tic binding energies.

4.3.3. Implications

The AFM pull-off force measurements with electronic
structure calculations have shown that phosphates can
form relatively strong interactions with silica surfaces.
Orthophosphates and phosphate groups in EPS are known
to form covalent bonds to Fe-hydroxides (Persson et al.,
1996; Omoike et al., 2004). Although the H-bonding inter-
actions inferred here are significant, they are not compara-
ble in strength to the strong bonding between phosphates
and Fe-hydroxides. On the other hand, the adhesion
strength between phosphates and silica surface has been
underestimated because of the assumption that negatively
charged phosphates would not adsorb significantly to neg-
atively charged silica surfaces. In this study, however, the
PHO representing phosphate containing polymers (e.g.,
denatured nucleic acids or phospholipids) had stronger

Calculated binding energies® per unit area (10™'® J/nm?) of OHS with surface OH density and surface charge density corrections

OHS* (—)OHS® 6°=—0.3 (/nm?) 0° = —0.4 (/nm?) Exp?
DET —0.019 —0.110 —0.046 —0.055 —0.026 (+0.005)
PHO —0.267 +0.329 —0.088 —0.029 —0.022 (40.004)
LYS —0.178 —0.577 —0.298 —0.338 —0.061 (40.007)

% OHS, surface charge density is zero.

® (—)OHS, OHS taking (—1) charge due to deprotonation of one silanols group on OHS. The surface charge density is —1 (/nm?).

¢ g, surface charge density of OHS.

9 Normalized energies (10~'® J/nm?) derived from the measured forces of dextran, phosphorylated dextran, and poly-L-lysine in H,O (see Table 1).
¢ BSSE corrected enthalpy (see text).
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binding energy than the LYS (analogue to positively
charged proteins) at the low surface charge from zero to
approximately —0.1 equivalent charge/nm? (Fig. 7). The
—0.1 equivalent charge/nm? matches the surface charge
density of colloidal silica at approximately pH 2 in
20mM NaCl and pH 4 in 100 mM KCI (Cardenas,
2005). In addition, PHO binding energy was greater than
DET (analogue to neutral polysaccharides) binding energy
at up to —0.35/nm? of the surface charge density. Because
the binding strength of PHO/OHS is more sensitive than
DET/OHS to the change of a solvent from a gas phase
to a water solvent (Fig. 5), the intercept between the bind-
ing energy lines of PHO/OHS and DET/OHS would shift
to the lower pH when the water solvent is considered.
Thus, the pH condition corresponding to —0.35/nm? would
be in the range of 6-7 based on the Cardenas data in
20 mM NaCl (2005). Granted the uncertainty and difficulty
in the direct quantitative conversion of solution pH from
the simulated OHS surface charge in a gas phase, this study
implies that phosphate-containing polymers have relatively
strong adhesion with silica surfaces at low pH compared to
polysaccharides and proteins.

One complication that must be considered in phosphate/
silica interactions is the explicit H,O molecules in the
hydration of phosphates and silica surfaces. H,O molecules
strongly H-bond to anions and may hinder phosphate
adsorption to silica surfaces. However, a previous study
has shown that the H-bonds of a phosphate with two sila-
nols are stronger than the doubly hydrated phosphate by
approximately 8 kJ/mol per H-bond (Murashov and Les-
zczynski, 1999). Furthermore, in this study, we attempted
to simulate the detachment energy corresponding to the
pull-off forces, of polymers from the silica surface after
attachment to the surface rather than the initial adhesion
step. This study implies that once the phosphate-containing
polymers bind to the silica surface, higher energy is needed
to separate the polymers from silica surfaces due to the
strong H-bonds compared to other polymers.

5. Conclusions

The roles of three components of complex EPS interac-
tions with silica surfaces were investigated with AFM and
electronic structure calculations. This study provides fun-
damentals on the nature of interactions such as the domi-
nant forces (H-bonds and electrostatic interactions) and
the binding strength between major components of EPS
with silica. The current study suggests that the phos-
phate-containing polymers, such as DNA and phospholip-
ids, would be major components in EPS responsible for the
adhesion strength with silica surfaces at low pH, possibly
up to neutral pH.

Previous IR and Raman spectroscopic studies have
shown that phosphoryl groups of a DNA backbones are
the main functional groups in the DNA sticking to silica

(Mao et al., 1994; Mercier and Savoie, 1997). This is con-
sistent with our results that phosphates form stronger H-
bonds with neutral silanols (=SiOH) than other functional
groups of polymers:

(1) the stronger binding energy of PHO with neutral
OHS,

(2) the greater red-shifting of silanol vibrational frequen-
cies in PHO/OHS (ca. 15% relative shift), and

(3) the greater electron charge transfer from oxygen lone
pair electrons to silanol hydroxyl anti-bonding orbi-
tals in PHO/OHS.

In addition, our electronic structure calculations showed
that H-bonds become dominant forces between phosphates
and neutral silanols, whereas electrostatic interactions are
dominant between phosphates and deprotonated silanol
(=Si107) that is a general surface group of silica in a high
pH solution. The dominant H-bonds in a low pH solution
explain the experimental observation that more DNA ad-
sorb to silica and sand at lower pH (Lorenz and Wackerna-
gel, 1987; Romanowski et al., 1991; Melzak et al., 1996).

A methodology was developed to analyze measured
AFM forces with cluster-type electronic structure calcula-
tions. Pull-off forces (minima in retraction force curves)
of homopolymers measured with a silica colloid were nor-
malized with the effective silica surface area contacting the
polymer surfaces. The normalized pull-off forces were com-
pared to binding energies (enthalpy required to separate di-
mers into two isolated monomers) calculated from the full
energy-minimizations of dimer structures representing the
interactions between homopolymers and a silica colloid.
The overestimated binding energies due to the cluster
approximation can be partly corrected by charge density
and silanol density of silica surface.
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