
Atomistic Simulations of Biomolecules at the Water-Amorphous
Silica Interface: Application to Peptides and DNA Oligomers

Bobo Shi,1 Yun Kyung Shin,2 Ali Hassanali3 and Sherwin J. Singer1

1Department of Chemistry and Biophysics Program, Ohio State University
100 W. 18th Ave., Columbus, OH 43210, shi.224@osu.edu, singer@chemistry.ohio-state.edu

2Pennsylvania State University, University Park, PA, USA, yks2@psu.edu
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ABSTRACT

Realistic modeling of the behavior of biomolecules near
the materials commonly used for biomedical device fabri-
cation is required for their design and evaluation. Here we
report the development of a practical scheme to integrate
our previously developed model for the water-amorphous sil-
ica interface [Hassanali, Singer,J.Phys.Chem.B, 2007,111,
11181; Hassanaliet al., J. Comput. Theoretical. Chem.,
2010,11, 3456] with common biological force fields to treat
biomolecules at this important interface. We then apply the
methodology to study binding of the lys-trp-lys and glu-trp-
glu tripeptides, and a DNA oligomer, at the water-silica sur-
face. Mechanisms for binding of biomolecules at the water-
amorphous silica interface are identified.

Keywords: nanofluidics, amorphous silica, biomolecule ad-
soprtion, molecular dynamics

1 INTRODUCTION

Understanding amorphous silica [1, 2], and its interac-
tion with adsorbates from aqueous solution, is central to a
broad range of technologies, including nanotechnology. Sil-
ica is the basic material for microchip-based DNA purifica-
tion techniques [3, 4]. Recently, interest in the properties of
adsorbates at the amorphous silica/water interface has been
stimulated by applications in nanotechnology and, in particu-
lar, nanomedicine, where silica nanoparticles have found use
in diagnostics and drug delivery [5–8]. Considerable effort
has been invested in using silica nanochannels to stretch and
sequence DNA [9, 10]. The importance of biomolecules at
the water-silica interface in a variety of situations has prompted
a number of fundamental investigations of the interactions
of silica with nucleic acids [11–17] and with proteins [18–
27]. It should be noted that silicon acquires an oxide coat-
ing in contact with aqueous solution [28, 29], so the wa-
ter/amorphous silica is also quite relevant for silicon-based
devices. Finally interaction of biomolecules with crystalline
and amorphous silicates is key to understanding the widely
varying toxicity of the different forms of SiO2 [30,31].

Nucleic acids and many proteins can have a substantial
overall electric charge. The silica surface in contact with
water is negatively charged at all but the lowestpH values.

Overall electric charge of biomolecules and the surface ac-
counts for gross trends, but binding of biomolecules to sil-
ica is not simply explained as “like molecules repel, unlike
molecules attract.” While a silica surface binds positively
charged bio-molecules more strongly than negatively charged
ones, even molecules with an overall negative charge like al-
bumin [32–34] or nucleic acids [9–17, 35, 36] bind to un-
treated silica atpH values where the silica surface is nega-
tive. For example, binding of bovine serum albumin (BSA)
at pH 7 was sufficient to affect the zeta potential of colloidal
silica particles [33]. Also, in quartz crystal microbalance ex-
periments, Wolnyet al. confirmed that incubation of silica
with BSA solutions atpH 7.4 and 10 mg/mL (a concentration
typically used when BSA is employed to block non-specific
binding to silica chromatographic media) produced a stable
protein layer [37]. Furthermore, as mentioned above, bind-
ing of negatively charged DNA to silica has been measured in
numerous experiments [11–17,35,36]. The studies of tripep-
tides presented here illustrate how both positively (lys-trp-
lys) and negatively (glu-trp-glu) charged biomolecules can
be stabilized at the amorphous silica/water interface.

2 INTERACTION MODEL

Our strategy to develop of a full model for biomolecules
at the silica/water interface is to interpolate between repre-
sentativeab initio fragment calculations. We interpolate in
two senses. First, like many force fields, we assume that
parameters for atoms in similar bonding situations are trans-
ferable. Secondly, we use standard Lorentz-Berthelot com-
bining rules [38] to infer interactions where we have not
generated quantum chemical data. The representative cases
are a group of small probe molecules which contain func-
tional groups often found in biomolecules – methane (CH4),
methanol (CH3OH), ammonium (NH+4 ), acetate (CH3COO−)
and benzene (C6H6) – whose energetics near several different
fragments from the silica surface (Fig. 1) were investigated.
This set of molecules included non-polar, polar, charged, and
aromatic species. Nine combinations of probe molecules and
silica fragments of various size were used to determine in-
teraction parameters. Allab initio computations were per-
formed with Gaussian program packages [39]. For all molecules
brought up to the silica fragments except benzene, we em-
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Figure 1: A silica fragment with a benzene probe molecule,
one of the systemsused inab initio calculations. The col-
ors used to represent different atoms in the fragment are red:
oxygen, green: silanol oxygen, yellow: silicon, white: hy-
drogen.

ployed MP2 level [40–44] electronic structure theory with a
6-311G** basis set. We optimized each small molecule in
contact with the silica cluster, and then varied the distance
between the molecule and the silica fragment to generate a
potential energy surface. Single point comparisons indicated
that the 6-311G** basis set was adequate for these cases.
However, for benzene-silica interactions we found that dif-
fuse functions were needed, and the 6-311++G** basis was
used in this case. Owing to the size of the benzene-silica

a) c)

b) d)

Figure 2: Snapshots of tripeptide binding to the silica surface
sites. (a) KWK, two points of attachment (b) KWK, four
points of attachment (c) EWE, two points of attachment (d)
EWE, three points of attachment.

Figure 3: Snapshot of KWK tripeptide binding involving hy-
drophobic regions ofthe silica surface. The peptide is not
shown in the top panel to reveal the nature of the hydropho-
bic binding region, which are indicated by dashed curves.
The absence of silanol hydrogens (white atoms) and dissoci-
ated silanol oxygens (large red spheres) within the indicated
regions confirms their hydrophobic nature. The same reigon
with the bound peptide is shown in bottom panel.

system, we only obtained energies for an optimized binding
configuration and separated fragments, i.e. a binding energy.

We optimized Lennard-Jones parameters for three atom
types of the silica surface OX ,OH,OM (siloxane oxygen, silanol
oxygen, and dissociated silanol oxygen) to achieve a best fit
to theab initio data when using Lorentz-Berthelot combining
rules [38]. Detailed results and model parameters are given
in a forthcoming publication [45]. As in most common water
models, there was no Lennard-Jones inteaction center on the
hydrogen atoms of silanol groups. Also, the Lennard-Jones
parameter for silicon atoms was not optimized because probe
molecules tended not to approach close to silicon atoms.

3 BINDING OF TRIPEPTIDES AT THE
SILICA/WATER INTERFACE

Our studies of two tripeptides, lysine-tryptophan-lysine
(KWK) and glutamic acid-tryptophan-glutamic acid (EWE)
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(Figs. 2,3) were motivated by recent experiments by Bren-
nan and co-workers probing the binding and fluorescence
anisotropy of these tripeptides bound to Ludox silica nanopar-
ticles [18, 46]. These workers observed strong binding of
KWK, and weak binding of EWE to the silica nanoparticles
[18]. They attributed binding exclusively to electrostatic in-
teractions, based on their observations that KWK and acety-
lated KWK (Ac-KWK), the peptides with the most cationic
amino groups, are the most strongly bound. They also cite
disruption of KWK binding with increased salt as evidence
of the primacy of electrostatic interactions [46].

A total of seven binding cases, four for KWK and three
for EWE, were simulated in the ground state. Representative
snapshots of peptides binding to the surface when the bind-
ing occurs through lysine or glutamic acid side or terminal
groups are shown in Fig. 2. Two to four points of attachment
between the tripeptides and the silica surface are typical for
both KWK and EWE, and these attachments may arise be-
tween a variety of groups. For example, salt bridges between
the amino acid groups of lysine side chains and dissociated
silanol groups on the surface (Fig. 2a) is but one of many
binding configurations observed for KWK. It is significant
that in each trajectory we generated, the negatively charged
EWE peptide stayed attached at the surface for the length of
the runs of typical length of more than 20ns. This explains
how negatively charged species like albumin or DNA bind to
the negatively charged silica surface.

There is an additional binding mechanism, shown in Fig. 3,
in which the indole side group of the tryptophan finds a patch
of the silica surface which, from random variations, is defi-
cient in silanol groups. We have shown in previous publi-
cations [47–49] that regions of the surface with few silanols
are hydrophobic, as evidenced by reduced density of water
near these regions. In this regard, it is interesting to note
that hydrophobic interactions have been proposed as an ex-
planation for the stronger binding of single-stranded DNA
to silica compared with double-stranded DNA [14, 16]. We
also found that anionic carboxylic acid groups participate in
binding to the silica surface. Very recently, Zhaoet al. [27]
performedab initio self-consistent charge density functional
tight-binding simulations of zwitterionic glycine near a pe-
riodic edingtonite surface and found that the carboxylic acid
site strongly bound to the geminal silanol groups on this sur-
face.

4 FURTHER STUDIES

Finally, we report initial binding studies of both single-
and double-stranded DNA oligomers to the silica surface,
which are in progress. A representative configuration is shown
in Fig. In addition, simulation of the KWK and EWE tripep-
tides using a model for the excited state [50,51] are in progress,
providing an interpretation for experimental fluorescence de-
polarization experiments [18,46].

Figure 4: Snapshot of the Drew-Dickerson dodecamer
(CGCGAATTCGCG) near asilica surface. Water and ions
are not shown.
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