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ABSTRACT: Classical molecular dynamics (MD) simulations
were employed to investigate the adsorption behaviors of
arginine—glycine—aspartate (RGD) tripeptide onto the neg-
atively charged hydroxylated/nonhydroxylated rutile (110)
surfaces, mediated by biologically important cations (Na* or
Ca®*). The simulation results indicate that the inherent nature
of the cation determines its binding strength, thereby
regulating the adsorption geometry of the peptide. The sparse
hydroxyl groups on the nonhydroxylated rutile diminish the
probability of H-bond formation between RGD and the
surface, resulting in an early desorption of the peptide even

with a mediating Na* ion. In contrast, the negatively charged aspartate (Asp) side chain is bridged to the negatively charged
hydroxylated rutile by an inner-sphere Na* ion, in coordination with the Asp—rutile hydrogen bonds at the anchoring sites. The
inner- and outer-sphere Ca*" ions are demonstrated to be capable of “trapping” RGD on both hydroxylated and nonhydroxylated
rutile, in the absence of hydrogen bonds with the surface. The strongly bound inner-sphere mediating Ca* ion exerts a “gluing”
effect on the Asp side chain, producing a tightly packed RGD—rutile complex, whereas a less localized distribution density of the
outer-sphere mediating Ca®" ion results in a higher mobility of the Asp side chain. The intramolecular interaction is suggested to
facilitate the structural stability of RGD adsorbed on the negative rutile in a “horseshoe” configuration.
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B INTRODUCTION

The research scope of interactions between the proteins and
the surfaces of inorganic materials has been much broadened
recently, due to its paramount importance in several natural
processes."”” For instance, when a bone-anchored implant is
suddenly placed in a human body, the soluble proteins in blood
serum will preferentially interact with the surface of the
implant, saturating it within a time frame of seconds to
minutes.’
induced with the biocompatibility of the implanted materials
affected in a negative way.* A wealth of experimental and
theoretical studies®™* have been devoted to devising an efficient
way to improve the surface biocompatibility, which is especially
required in implanted materials to accelerate tissue regeneration
and growth. For now, a biomimetic approach based on the
precoating of biological factors seems to be a feasible option to
optimize the properties of implant surfaces,” thereby helping to
recruit cells in the first step of implantation and consequently
accelerate cell colonization and biointegration.10 However, the

As a consequence, unwanted reactions may be
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covalent immobilization technique is relatively expensive and
involved;'" thus the strong, specific adsorption of proteins or
other biomolecules (acting as a biotarget identifier) onto the
surface of the implant seems to be a good alternative to
emulating biology in the fabrication of materials.'>

Integrins are heterodimeric cell surface receptors that were
found to mediate cell—extracellular matrix (ECM) adhesion by
binding to the ligands with an exposed arginine—glycine—
aspartate (RGD) sequence.lz”14 This sequence is a ubiquitous
adhesive motif in ECM proteins with a high affinity to the
predominant osteoblast integrin;ls’16 thus many experi-
ments'’ "> have been focused on exploring the use of RGD
for the biomimic coating of bone—anchored implants,
especially the widely used titanium—based materials. Ferris'’
and Rammelta® discovered that the immobilized RGD-coating
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could increase the bone remodeling activity around the
titanjum implants. Maddikeri et al.** found that RGD may be
capable of preventing unspecific adhesion of cells on titanium,
resulting in a selective biointeractive pattern. The experimental
data obtained by Chen et al.”' showed an accelerated bone
growth into the Ti-6Al-4 V implant with the combination of
microgrooving and RGD-coating, compared to the individual
effects of these two factors. Although the effectiveness of the
implanted RGD-functionalized titanium-based materials in
enhancing bone healing has been demonstrated by exper-
imental studies, the underlying reasons for it, e.g.,, adsorption
mechanism of the peptide, are not yet quite clarified. As
documented previously,'® computational approaches, which
can help to screen biomolecule—surface interactions and
analyze the elementary events leading to adsorption, may be
a very promising way to solve this problem.

Titanium—based materials are known to naturally have a thin
but strongly adherent oxide layer (TiO,).>*** Rautile is the most
stable phase of TiO, polymorphs at ambient temperature,”®
thereby being widely used as the adsorbent in simulations.”” >
Song et al.*” revealed that the side chains of RGD were inclined
to bind with the rutile by electrostatic and van der Waals
interactions. Zhang et al.”® found that water layers limited the
RGD-—rutile interaction, helping to sustain the initial
configuration of the peptide. The results in our previous
simulation studies®?® indicated that RGD bound to the
reduced rutile surface (part of atoms in the top layer were
removed) exhibited a higher adsorption energy than the
peptide bound to the ideal, flat surface both in vacuum and
aqueous solution. The efforts to computationally describe
RGD—rutile interaction have shed some light on the key factors
determining the behavior of peptide deposited on clean rutile
surfaces, covering driving force, interfacial water layers, surface
topography, etc. However, some aspects of the binding
mechanism, e.g, the hydroxylation state, the charges of
adsorbate and adsorbent, and the charge shielding of
compensating ions, are still poorly understood at the molecular
level, whereas the importance of these factors in protein
adsorption has been highlighted in experimental studies.**>’
Feng et al’* found that the adsorption of bovine serum
albumin on TiO, was positively correlated with the amounts of
surface hydroxyl groups. The charged end group of the peptide
was known to be attracted to the oppositely charged adsorbent
surface;**~** however, a phenomenon that a positively charged
protein adsorbed onto a positively charged interface was also
observed by Lesins and Ruckenstein.>> This was attributed to
the distribution of amino acid residues on the protein surface,
which resulted in patches of negative charge, opposite to the
net positive charge of the surface, as suggested in other
experiments.**® The observation gained by Dishon et al.* is
a typical illustration of charge shielding. More cations adsorbed
to the negatively charged surface as salt concentration
increased, gradually neutralizing the surface charge and,
hence, suppressing the electrostatic double layer repulsion,
revealing van der Waals attraction. At even higher salt
concentrations, repulsion re-emerged due to surface charge
reversal by the excess of adsorbed cations.

Considering the importance of hydroxylation state, surface
charge, and compensating ions, it should be of interest to
elucidate the interplay of these factors in peptide—surface
interaction by means of classical molecular dynamics (MD)
simulation. Since water is an integral part of the environment in
most of the applications of Ti-materials, the hydroxyl coverage
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of a native oxide film formed on a Ti-surface depends on the
adsorption state of water. However, the fundamental question
that whether the water dissociates upon adsorption on the TiO,
surface has not reached a consensus between experimentalists
and theorists. Among the experimental studies, the common
view is that at all coverages water adsorbs molecularly on the
ideal TiO, (110) surface and dissociation does only take place
at defect sites,"*** whereas early theoretical calculations
predicted water dissociation at all coverages.*”>® Recently, a
delicate balance between dissociated, partial dissociated, and
molecular adsorption of water has been suggested in both
experimental and theoretical studies.”'™>* Walle et al.>'
presented evidence for mixed molecular and dissociative
water adsorption at monolayer coverage on a defect-free rutile
TiO, (110) surface using synchrotron radiation photoemission,
in agreement with the theoretical prediction proposed by
Lindan and Zhang® that a mixed molecular-dissociated
configuration was the most stable adsorption state of water.
Lindan and Zhang®” suggested that the dissociation of water at
low coverages was not observed experimentally because of the
hindrance from a significant dissociation barrier which was
difficult to overcome on the time scale of the experiments.
However, Kowalski et al.’>* believed that whether the
dissociation of water molecules at low coverage was prevented
by a large dissociation barrier cannot be confirmed on the basis
of their DFT calculation results. Since available experimental
and theoretical results cannot give a clear-cut answer to
whether water adsorbs associatively or there is dissociation of
water to produce hydroxyl sites on the TiO, (110) surface, a
compromise was offered in this paper. That is, two extreme
cases of rutile (110) surface, characterized by a different degree
of hydroxylation with a charge density of —0.208 C/m*
(corresponding to pH ~7.80)>> were presented to test both
the hydroxylated and nonhydroxylated state of the surface,
attempting to figure out a way to better approximate the real
surface. One case is a surface with a full coverage of terminal
hydroxyls (TOH, binding to a S-fold coordinated surface
titanium, Tis) and a smaller coverage of bridging hydroxyls
(BOH, formed by adding a hydrogen atom to a doubly
coordinated bridging oxygen; 75% coverage), while the other
extreme case is a surface with a selected number of TOHs (25%
coverage) but no BOH. Taking into account the similarity of
these surfaces to the neutral hydroxylated/nonhydroxylated
rutile, we termed the above two surfaces the negative
hydroxylated surface (the former, hereafter called “hyd-surface:)
and the negative nonhydroxylated surface (the latter, hereafter
called “nonh-surface”), respectively.

The role of mediating cations in determining the binding
geometry of the negatively charged aspartate residue (Asp) to
the negatively charged hyd-surface has been investigated
previously.”® The doubly charged cations (Mg, Ca®', Sr**)
were found to mediate the Asp residue more strongly than the
singly charged cations (K*, Na*, Rb*) on the hyd-surface. Since
the difference between the hyd- and nonh-surfaces results in
different degrees of coverage of the available adsorption sites,>”
it should be considered that the binding configuration of
cations may be affected, thereby probably exercising a different
influence on the mediating activity. In the present study, we
intend to test the dependence of RGD—rutile interaction on
the local microenvironment, including the coverage of hydroxyl
groups, the species of compensating ions (Na* and Ca*"), and
their binding modes. The simulation results referring to the
nonh-surface will be discussed in detail, whereas for the hyd-
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Figure 1. (a) Geometric scheme of the distribution of surface groups on the negatively charged hydroxylated rutile (110) (hyd-surface). (b)
Geometric scheme of the distribution of surface groups on the negatively charged nonhydroxylated rutile (110) (nonh-surface). (c) Structure of
RGD tripeptide. (d) Initial configuration of RGD on the hyd-surface. () Initial configuration of RGD on the nonh-surface. The insets show the

COO™—surface binding sites on the two surfaces.

surface, only the aspects not included previously will be
mentioned. A direct comparison between the adsorption
propensities of RGD on the hyd- and nonh-surfaces will,
therefore, be made.

B SIMULATION METHODS

The elementary structure of rutile (110) cell (I, = 5.918 A, I, = 6.497
A) was obtained from ab initio calculations.® The geometric
distributions of surface groups for the hyd- and nonh- surfaces shown
in Figure 1a and b were proposed and tested by Pfedota.*® Since the
structure of the entire surface was a periodic replication of the unit
displayed in Figure la or b, the adopted distribution pattern keeps the
separation of each BO group on the hyd-surface (or TOH group on
the nonh-surface) from its nearest neighboring BO group (or TOH
group on the nonh-surface) maximum and uniform, thus minimizing
Coulombic repulsion. On the nonh-surface, 75% of the Ti; atoms were
originally bare (indicated by “—”); thus, water molecules in the bulk
approached the surface and coordinated to the bare Tis atoms, thereby
being called “1st H,O” in the following. The RGD sequence (shown in
Figure 1lc) with a configuration reminiscent of the “horseshoe”
structure™ on the presented rutile surfaces was immersed in NaCl and
CaCl, solutions, respectively. The side chains of arginine (Arg, pK, =
12.0) and Asp (pK, = 3.90) were considered to be ionized at pH
~7.80, thus carrying a net positive charge and a net negative charge,
respectively. The termini of RGD were blocked with ACE and NME
groups to mimic a peptide bond to account for the continuation of the
sequence. As shown in the insets, the COO™ group on the hyd-surface
was positioned close to a deprotonated O, forming two hydrogen
bonds with the neighboring BOH and TOH groups (Figure 1d), while
the COO™ group on the nonh-surface was initially H-bonded to a
TOH group (Figure le). For both surfaces, a cation (Na* or Ca**) was
placed in the vicinity of the COO™ group to mediate the RGD/rutile
binding. Up to 2194 water molecules were added, filling the simulation
box of approximate size 47 A X 52 A x 50 A. Tons with a proportion of
48 Na*/16 Cl™ or 24 Ca**/16 CI~ were dissolved in the aqueous
solution to compensate the total negative structural charge of —32e of
the rutile (110) surfaces.

MD simulations of the RGD/rutile/aqueous solution system were
performed in the NVT ensemble by using the LAMMPS package.*’
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The AMBER force field®' was adopted to describe the peptide
structures. The SPC/E model was used to represent the water
molecules.” The parameters of Lennard-Jones potential for the cross
interactions between nonbonded atoms were obtained from the
Lorentz—Berthelot rule.’> The rutile parameters and the interaction
potentials between the rutile atoms and the peptide/water atoms were
obtained from the literature.’®** The details of potential parameters
and the validation of the adopted force fields by other researchers were
summarized in the Supporting Information. Periodic boundary
conditions were applied in the x- and y-direction, and a reflecting
boundary condition was applied in the z-direction.

Surface atoms on and below the Ti—O plane (see Figure 1d and le)
were frozen during the entire simulation, while the surface atoms
above the Ti—O plane (i.e, TOH, BOH, and Ogg) were kept flexible;
however, the Ti—O bonds (hyd-surface: for Opoy and Ogg; nonh-
surface: for Opgy) and O—H bonds (for TOH and BOH) were
constrained using the Shake algorithm. At the beginning, RGD was
held rigid in the initial coordinates to randomize the position of the
solvent (water and ions) without disrupting the “horseshoe”
configuration. After an energy minimization (corresponding to a 0 K
MD simulation), solute constraints were removed and the system was
heated under constant volume to 300 K in steps of 50 K before
commencing the production run at 310 K. The production MD
simulation was conducted for 6 ns in the NVT ensemble, with the first
4 ns considered equilibration and the final 2 ns used for statistical
analysis.

B RESULTS AND DISCUSSION

Cations at the Rutile/Water Interface. The adsorption
propensities of Na* and Ca** ions on the hyd- and nonh-
surfaces were initially examined to find out the effect of
compensating ions on the RGD—rutile interaction; thus the
inner-sphere and outer-sphere concepts should be introduced
first to characterize the adsorption mode of ions. An jon in the
outer-sphere mode is adsorbed at the surface through its
solvation shell, whereas in the inner-sphere adsorption mode,
one (or more) surface hydroxyl(s) (including st H,O on the
nonh-surface) substitute one (or more) water molecule(s) from
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the solvation shell of the ion.'” The axial densities of cations
(the number of ions per cubic angstrom) are displayed in
Figure 2, where the zero point of the horizontal axis (i.e., z = 0)
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Figure 2. Axial density profile of Na* and Ca®" ions on the hyd- and

nonh-surfaces.

was defined as the position that the surface layer of Ti atoms
would occupy in the unrelaxed crystal termination (the
definition is identical for the presented two surfaces) and will
hereafter be called “rutile plane”. The adsorbed Na* ions on
both surfaces keep close to the rutile plane (z < 4.2 A),
indicating that Na* ions in the bulk phase can readily escape
from the coordination shell of water molecules to bind directly
to the surface in an inner-sphere configuration. The axial
density profile of Ca** ions on the hyd-surface is characterized
by two comparable peaks, ie., equal amounts of inner- and
outer-sphere adsorbed Ca®* ions, whereas the axial density
profile of Ca®* ions on the nonh-surface exhibits three peaks
with the height of the third peak (centering at ~5.45 A) far
greater than the first two, showing an overwhelming majority of
the outer-sphere binding configuration. To better understand
the binding mechanism of cations at the water/rutile interface,
the heights of the adsorbed cations and the occupancies of the
available binding modes (the percentage of cations in a given
adsorption site relative to the total number of cations in the
region 0—7 A from the rutile plane) were listed in Table 1.
The inner-sphere binding sites on hyd- and nonh-surfaces are
composed of two bidentate sites, i.e, BD-BOTO and BD-
TOTO (BO refers to the bridging oxygens, including
protonated Ogpoy and deprotoned Ogg; TO refers to the
terminal oxygens, including Oroy and oxygens of the 1st H,O:
Ist Oy), and a tetradentate site (TD) formed by two terminal
oxygens and two bridging oxygens. As seen from Table 1, the
adsorbed TD and BD-BOTO Na' ions on the hyd-surface
locate a little higher than that on the nonh-surface, whereas the
case for the BD-TOTO Na* and BD-TOTO Ca*" is opposite.

This probably arises from the differences in the heights of
atoms constituting the binding sites; thus, the axial density
profiles of surface oxygen atoms and water oxygen atoms,
obtained from the surfaces immersed in NaCl solution, were
plotted in Figure 3 with the data listed in Table 2. The peaks
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Figure 3. Axial density profile of oxygen atoms.

Table 2. Heights of Surface Oxygen Atoms (Including 1st
and 2nd Water Oxygens)®

atom hyd-surface nonh-surface
Opo 1.14 + 0.02 (1.13 + 0.05) 1.34 + 0.06 (1.25 + 0.05)
Osont 144 + 0.05 (1.36 + 0.05)
Oron 1.98 + 0.03 (1.97 + 0.05) 2.00 + 0.04 (2.00 + 0.05)
1st Oy 2.34 + 0.20 (2.37 + 0.10)
2nd Oy 3.96 + 0.36 3.76 + 0.28

“Quantities in parentheses are from ref 58.

for the nonh-surface in Figure 3 are denoted by the subscript
“nonh”, while the ones without any special denotation refer to
the hyd-surface. The values listed in Table 2 are consistent with
a previous simulation work®® (quantities in parentheses), except
the Opoy on the hyd-surface and the Ogg on the nonh-surface
(Opononn) because neither the Ti—Opoy bonds nor the Ti—
Og0.nonn PONds were constrained during the simulation. If we
apply constraints to the above two types of bonds, the shake
clusters (i.e., Ti—Opou—Ti or Ti—Opg onn—Ti) will be
connected at one Ti atom. Since LAMMPS is not currently
capable of handling such a constraint, the bonds between the
Ogon (or Opo.nonn) and Ti atoms were kept flexible with an
appropriate force constant. The results do not differ
significantly from the simulation with fixed bonds.

The Opp atoms on the nonh-surface are lower than the Ogoy
atoms on the hyd-surface (1.34 vs 1.44, Table 2); therefore, the
cations in the binding modes of TD and BD-BOTO locate

Table 1. Binding Configurations, Occupancies, and Heights of Cations on the Negatively Charged Hydroxylated/

Nonhydroxylated Rutile (110) Surface

inner-sphere

TD BD-BOTO* BD-TOTO* outer-sphere
ion h/A occup/% h/A occup/% h/A occup/% h/A occup/%
hyd-Na* 3.04 57.61 3.49 12.71 3.78 27.42 5.86 2.26
nonh-Na* 3.00 67.30 3.44 28.30 3.84 3.15 5.58 125
hyd-Ca** 0 0 3.87 49.91 5.76 50.09
nonh-Ca** 0 3.53 5.89 4.08 11.79 S.44 82.32

“TO refers to the terminal oxygens, including Oroy and 1st Oy. BO refers to the bridging oxygens, including Ogoy and Opo.
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Figure 4. (a) Axial density of functional atoms on the hyd-surface in NaCl solution. (b) Evolution of z-distances from the O¢po- and Nyy, atoms to
the rutile plane for the nonh-surface. The inset shows the configuration of RGD after desorption from the surface.
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Figure 5. 2D density maps of functional atoms in NaCl solution: (a) hyd-surface; (b) nonh-surface.

closer to the nonh-surface than the hyd-surface. The heights of
Opon atoms are almost identical for both hyd- and nonh-
surfaces; however, the 1st Oy atoms on the nonh-surface stay
much higher than the Orgy atoms (2.34 vs 1.98, Table 2). This
explains why the BD-TOTO cations are pushed much farther
away from the nonh-surface than the hyd-surface (the BD-
TOTO binding sites on the nonh-surface are formed by two 1st
Oy atoms or one Orgy and one 1Ist Oy). The outer-sphere
Ca®" ions bind to the hyd- and nonh-surfaces indirectly, via the
mediation of the second water layer, but the height of these
cations from the hyd-surface is much greater than the height
from the nonh-surface (5.76 vs 5.44, Table 1). This difference
arises from the difference in the average height of water oxygen
atoms of the second layer (hyd-surface 3.96 A; nonh-surface
3.76 A, Table 2). Considering the significant proportion of
outer-sphere Ca** ions on the presented surfaces, their
mediating strength in RGD-—rutile interaction should be
investigated in detail to compare with the inner-sphere Ca®"
ions. Also, the mediation of TD Na* ions on both hyd- and
nonh-surfaces will be discussed because of the predominance of
this binding geometry in the adsorbed Na* ions.
RGD-Rutile Binding Mediated by Cations. Many
experimental studies have confirmed that the electrostatic
double-layer repulsion between the negatively charged
adsorbate and the like-charged adsorbent can be overcome by
cation shielding.**”¢ Since it has been shown above that the
properties of adsorbed cations on the hyd- and nonh-surfaces
differ, it should be considered whether the difference in the

binding properties of cations on different surfaces will in turn
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affect their mediation between the peptide and the surface. In
the presented systems, the peptide exhibits a horseshoe
configuration with both positively charged Arg and negatively
charged Asp side chains initially attached to the surface. The
desorption of either side chain will result in the collapse of the
horseshoe configuration; thus the mobility of Arg and Asp side
chains will be the focus of analysis in the following to examine
the structural change of the peptide within the time scale of the
simulation. The axial densities of atoms in the functional
groups, ie, oxygens in the COO~ group (Ocpo) and
nitrogens in the NH, groups (Nyy,, labeled in Figure 1d)
will be reported first. The threshold to classify the Oggo- or
Nyp, atoms as being “on the surface” or not will be determined
according to the position of the first/second minimum of the
axial density profile (The values will be provided below). That
is, if the z-distance of O¢po- or Ny, atoms from the rutile
plane is smaller than the threshold, the atoms will be regarded
as being on the surface. The 2D density maps representing the
planar positions of the Ocoo~ and Nyy, atoms on the surface
will be adopted to visualize the binding sites of RGD. In
addition, the distribution of backbone dihedrals will be
considered to compare the conformational stability of RGD
on the hyd- and nonh-surfaces. All the statistical data were
averaged from the final 2 ns production run except special
declaration.

Adsorption of RGD on the Negatively Charged Rutile
Mediated by Na*. This section will show the results of RGD
adsorption on the negatively charged hydroxylated and

dx.doi.org/10.1021/am3031568 | ACS Appl. Mater. Interfaces 2013, 5, 2567—2579
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nonhydroxylated rutile (110) surfaces when immersed in NaCl
solution. The hyd-surface, already described in our previous
work® will be briefly discussed to compare with the results of
the nonh-surface. The RGD peptides with the same horseshoe
configuration were initially put close to the hyd- and nonh-
surfaces, respectively. Figure 4 displays the axial density profiles
of the functional atoms on the hyd-surface (Figure 4a), and the
evolution of z-distances from the functional atoms to the rutile
plane for the nonh-surface during the temperature rise stage
and the first 4 ns of the production run (Figure 4b).

As seen from Figure 4a, the axial density of hyd-Ocgo- has a
first sharp peak centered at ~3.60 A, indicating that the COO~
group stays close to the hyd-surface (The predominant
conformation of the COO™ group is shown in the inset of
Figure 4a), whereas the Arg side chain detaches from the hyd-
surface completely. The RGD on the nonh-surface behaves
differently to the peptide on the hyd-surface. As shown in
Figure 4b, the COO™ group stays on the nonh-surface only for
a short time (less than 1 ns), even though a preadsorbed Na*
ion was placed close to it at the beginning of the simulation
(see the inset of Figure le). The NH, groups move into the
bulk phase soon after the COO™ group comes off the nonh-
surface. The snapshot of RGD after desorption is displayed in
the inset of Figure 4b.

To visualize the positions of functional atoms in the x—y
plane, the 2D density maps of the Ocoo- and Ny, atoms on

the surface (threshold: 6 A for the Ocop- and Ny, atoms), as

well as the adsorbed cations are shown in Figure S. Figure Sa
shows the result for the hyd-surface during the final 2 ns
production run, whereas Figure Sb gives the results for the
nonh-surface during the first 1 ns of the time stage shown in
Figure 4b, because the peptide sticks to the former surface
during the entire production run, but detaches from the latter
surface at the early stage of the simulation. On the basis of our
previous work,”® only additional discussions about the 2D
density map will be presented for the hyd-surface.

The COO™ group on the hyd-surface remains in close
proximity to the adjacent BOH groups, forming hydrogen
bonds with the Hyoy (Figure Sa). However, the mediating Na*
ion moves from position 1 to position 2 (labeled in Figure Sa)
during the final 2 ns production run, whereas the migration of
the COO™ group following the mediating Na" is hindered by
the Hpop*Ocoo- hydrogen bonds. After the mediating Na*
ion is stabilized in position 2, the COO™ group moves along the
[001] direction, keeping both O¢pp- atoms coordinated to this
specific cation.

For the nonh-surface, less localized densities of the O¢po-
and Nyy, atoms are presented, indicating that the COO™ and

NH, groups stay on the surface with a high mobility during the
first 1 ns of the simulation, when the preadsorbed Na* ion
occupies three different positions (labeled in Figure Sb). This
Na* ion stays in position 1 for ~0.8 ns with the coordinated
COO™ group moving around it, meanwhile the O~ atoms
do not form stable hydrogen bonds with the sparse TOH
groups or the Ist H,O. The mediating Na" jon moves from
position 1 to the temporary site, position 2, and then
immediately moves to position 3. As a consequence, the direct
bonds between the O¢po- atoms and the preadsorbed Na* ion
break completely at the end of the first 1 ns, which finally
results in the desorption of the peptide. As discussed in our
previous study, the bulk Na* ions with a loose hydration shell
are readily desolvated (the residence time of first coordination
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shell of water molecules around Na* ion is less than 30 ps),
which suggests an inherent nature to the direct bonds
connected with Na® ions. That is, the instability of direct
bonds from the mediating Na* ion to the Ogpo- or surface
oxygen atoms is similar to the case for the Na*—O,y bonds,
which break and reform frequently; therefore, it makes sense
that the mediating Na* ion can move in the x—y plane of the
hyd- or nonh-surface, and leave/approach the COO™ group
easily. On the hyd-surface, the Na*—Ono- direct bonds seem
not to be permanent; however, the mediating Na* ion is
actively involved in bridging the negatively charged COO™
group to the negatively charged hyd-surface during the entire
simulation, in coordination with the Hpoy-Ocoo~ hydrogen
bonds at the anchoring sites. In contrast, the RGD desorbs
from the nonh-surface at an early stage of the simulation even
in the presence of a preadsorbed mediating Na*, which mainly
results from the sparsity of hydroxyl groups on the nonh-
surface (the coverage of hydroxyl groups: BOH = 0, TOH =
25%). Since the probability of H-bond formation between the
peptide and the surface is diminished significantly, the Asp side
chain cannot be trapped on the nonh-surface solely by the
mediation of a single Na* ion.

Adsorption of RGD on the Negatively Charged Rutile
Mediated by Inner-Sphere Ca*. To compare the ability of
the doubly charged Ca”* ion with the singly charged Na* ion in
mediating RGD adsorption on the negatively charged rutile
(110), the simulations of RGD-—rutile (hyd-/nonh-surface)
complex with a preadsorbed TD Ca** ion were conducted. For
the sake of clarity, the items involved in these two systems will
be denoted by “hyd;-” and “nonh;-”, respectively. In the
following analysis, new discussions about the mediation of
inner-sphere Ca®" ion on the hyd-surface will be added in order
to directly compare with the results for the nonh-surface.

-~

TOH

1 .ITOTO ca®
1
1

Number density

z distance / A

Figure 6. Axial density profile of functional atoms mediated by an
inner-sphere Ca” ion on the hyd- and nonh-surfaces.

Figure 6 displays the axial density profiles of O¢oo- and Ny,
atoms. The hyd;-Nyy, atoms distribute roughly within the

range of 3—7 A above the rutile plane, forming hydrogen bonds
with the negatively charged hyd-surface, whereas the nonh,-
Nyy, atoms stay farther away from the rutile plane (>9 A). On

the contrary, the axial densities of O¢po- atoms on the hyd- and
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Figure 8. Distribution density of backbone dihedral pairs (¥, @) for RGD peptide mediated by an inner-sphere Ca®* ion.

nonh-surfaces distribute in a similar way with the values
approximating 0 when the z-distance is less than 4.0 A. That is,
both the hyd;-O¢oo- and the nonh;-O¢o- atoms stay too far
away from the rutile plane to form direct hydrogen bonds with
the surface hydroxyls (see insets in Figure 6); however, there
are two sharp peaks in the axial density curves (hyd-surface at
~5.2 and ~6.3 A; nonh-surface at ~4.6 and ~5.0 A), indicating
that the Asp side chain is highly restrained by the hyd- or nonh-
surface, even not involved in any H-bond connection with the
surface hydroxyls, due to the presence of a mediating Ca*" ion.
The difference in the height of O~ atoms (hyd;-Ocpo- 4.6—
7.0 A; nonh;-Ogoo- 4.0—6.0 A) arises from the different
binding configurations of the mediating cations after equilibra-
tion (hyd;-Ca** TOTO; nonh;-Ca** TD).

Figure 7 gives the 2D density maps of the adsorbed Ca®*
ions, and the functional atoms on the surface (threshold: 7 A
for hyd,- and nonh,-Nyy, atoms; 7 A for hyd,-O¢oo- atoms; 6

A for nonh,;-Oggp- atoms). Different from the adsorbed Na*
ion with a higher mobility in the x—y plane (see Figure S), both
TOTO mediating Ca** ion in the hyd,-system and TD
mediating Ca** ion in the nonh-system remain in the
immediate vicinity of the COO™ group, appearing to be
strongly bound to the surface, thereby inducing a “gluing” effect
on the Asp residue. As a consequence, the negatively charged
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Asp side chain is anchored to the negatively charged
hydroxylated/nonhydroxylated rutile (110) surface, indicated
by the highly localized density of the Ocpo- atoms. This
“gluing” effect agrees with the work performed by Monti et
al.,69 who drew the conclusion that Ca*>* ions were found to be
practically locked in the interfacial region subsequent to their
adsorption, acting as a bridge between the peptide and a
negatively charged rutile (110), which was similar to the nonh-
surface in this work. Moreover, the planar distribution of the
hyd;-Nyy, atoms was also included into Figure 7a. The

localized densities of hyd;-Nyy, and hyd;-O¢oo- atoms indicate

that the horseshoe configuration with both Arg and Asp side
chains attached to the hyd-surface is preserved when mediated
by an inner-sphere Ca®* ion. On the contrary, the nonh;-NH,
groups, which are not shown in the 2D density map, stay
farther away from the nonh-surface.

To reveal the conformational behavior of peptide backbone,
the distribution density of backbone dihedral pairs (¥, ®)
(indicated by arrows in Figure lc), which was not reported
previously, will be shown in Figure 8. The dihedrals around the
Arg and Asp residues do not vary dramatically on both hyd- and
nonh-surfaces; however, the dihedrals around the glycine (Gly)
residue, in the center of the peptide, disperse over a wider area
for the nonh-surface than that for the hyd-surface. The
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horseshoe configuration contributes to restraining the structural
change of the hyd,-Gly backbone; however, the influence of
intramolecular hydrogen bonds on the rigidity of the Gly
backbone should not be simply denied, since the possibility of
H-bond formation between the NH, groups and the COO™
group cannot be excluded according to their relative positions
in the x—y plane (Figure 7a). Hence, life periods of the
available intramolecular hydrogen bonds during the final 2 ns
production run were calculated, and the representative
configurations of RGD on the hyd- and nonh-surfaces are
shown in Figure 9. For the hyd;-RGD (Figure 9a), one
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Figure 9. Representative configurations of RGD mediated by an inner-
sphere Ca®* ion: (a) hyd-surface, (b) nonh-surface. The bulk TiO, is
omitted for clarity. The Opo and Opoy are shown in CPK
representation, the TOH, Hpoy, RGD, and cations are shown in
ball-and-stick representation, and the involved hydration water
molecules are shown in stick representation. The hydrogen bonds
and direct bonds (connected to the cations) are represented by green
and magenta dashed lines, respectively.

hydrogen bond between the NH, group and the COO™ group
(Hnp, *Ocoo™) exists for more than a third of the final 2 ns

production run, facilitating the stability of the horseshoe
configuration, thereby lessening the risk of significant structural
changes of the peptide backbone. On the contrary, the nonh,-
RGD (Figure 9b) keeps one end of the molecule (COO™)
attached to the surface but the other end (NH,) free to move in
the solvent phase, thereby producing a flexible backbone.

A tightly packed Asp—rutile complex was presented on both
hyd- and nonh-surfaces when mediated by an inner-sphere Ca**
ion, even in the absence of hydrogen bonds between the
peptide and the surface hydroxyls. Compared to the singly
charged Na® ions, the doubly charged Ca®" ions are more
effective in bridging the negatively charged adsorbate to the

negatively charged adsorbent, in agreement with many
published experimental data.”®”" Since a consensus of a clear
molecular-level description of the rutile (110)—water interface
has not been reached, there may be a mixed hydroxylation state
in the real rutile (110) surface, as suggested in many literature
works.***>3*7% Thus, we may anticipate that the inner-sphere
Ca’" ions, capable of inducing a gluing effect on the COO~
group, will be actively involved in mediating the adsorption of
negatively charged residues to the negatively charged rutile
(110) surface in both hydroxylated and nonhydroxylated states.
However, since the combined effect of Na* mediation and
peptide—surface hydrogen bonds keeps the COO™ group
staying on the hyd-surface, it is difficult for the Na* ions to trap
the peptide on the rutile (110) surface in nonhydroxylated
state, due to the small probability of H-bond formation
between the peptide and the sparse surface hydroxyl groups on
the surface.

Adsorption of RGD on the Negatively Charged Rutile
Mediated by Outer-Sphere Ca*. The outer-sphere binding
configuration predominates in the Ca®* ions adsorbed on the
hyd- and nonh-surfaces (see Table 1); thus, the question must
be asked whether the Ca®* ion adsorbed at an outer-sphere
binding site is capable of trapping the negatively charged Asp
side chain to the negatively charged hydroxylated/non-
hydroxylated rutile (110). To answer this question, extra
simulations with a production run of 6 ns were performed for
the above two surfaces, using different approaches to obtain the
initial states of the testing assemblies. The initial configuration
of the new hyd-system (denoted by “hyd,-” below) derived
from the final configuration of the hyd,-system (t = 6 ns) by
moving the RGD and the TOTO mediating Ca®* ion farther
away from the surface to allow the outer-sphere mediation of
the peptide by the Ca** ion, with the original interaction
between this specific cation and the peptide retained. One point
needing to be clarified is that the outer-sphere mediating
cations mentioned in this paper refer to the ones directly bound
to the COO™ group but adsorbed on the surface as an outer-
sphere species. For the new nonh-system (denoted by “nonh,-”
below), the initial state of the RGD—rutile complex was exactly
the same as the nonh,-system, except the distances from all the
ions to the rutile plane were originally set to be larger than 8 A
(ie., there is no preadsorbed Ca®* ion in the vicinity of the
COO~ group). The adsorption of RGD on the negatively
charged hydroxylated rutile (110) mediated by an outer-sphere
Ca’ ion has been mentioned in our previous work very
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Figure 10. Evolution of distances from the outer-sphere mediating Ca®" ion to the O¢opo- atoms, as well as z-position of this specific cation with

respect to the rutile plane: (a) hyd-surface, (b) nonh-surface.
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briefly;*° therefore, extra detailed analysis of the hyd,-system
needs to be provided to compare with the results of the nonh,-
system.

To monitor the Asp/ Ca®/rutile interaction, Figure 10
displays the evolution of distances from the special Ca** ion
to the O¢oo- atoms, as well as its z-position with respect to the
rutile plane (a: hyd-surface; b: nonh-surface). The outer-sphere
Ca’" cation in the hyd,-system remains indirectly bound to the
surface via the intermediate hydration waters (inset of Figure
10a), whereas in the nonh,-system, a Ca®" ion in the bulk phase
approaches the COO™ group and the surface rapidly, adsorbing
at an outer-sphere binding site (inset of Figure 10b). Moreover,
only the O¢pp—.; atom remains coordinated to the mediating
cation on the hyd-surface after t = 3.7 ns (Figure 10a), while
the direct bond between the Ocnp—., atom and the specific
Ca’" ion on the nonh-surface breaks and reforms during the
final 2 ns production run (Figure 10b). To visualize the
distribution of Arg and Asp side chains in the direction
perpendicular to the rutile plane, the axial density profiles of
Ocoo~ and Nyy, atoms for the new systems are plotted in

Figure 11. The horseshoe configuration of RGD is found to be

x 10

Number density

z distance / A

Figure 11. Axial density profile of functional atoms mediated by an
outer-sphere Ca’" ion on the hyd- and nonh-surfaces.

preserved in both hyd,- and nonh,-systems under the
combined action of Arg—surface hydrogen bonds and the
mediation of an outer-sphere Ca®" ion.

The nonh,-Nyy, atoms keep a height of 3.5—-5.5 A from the

rutile plane, forming stable hydrogen bonds with the nonh-
surface, whereas the density of hyd,-Nyy, atoms distributes

over the entire region (3 < z-distance < 10 A) with a sharp peak
centering at ~3.80 A, maintaining the H-bond connection with
the hyd-surface during most of the simulation time. As
discussed above, the Asp side chain mediated by an inner-
sphere Ca®" ion is highly restrained by the hydroxylated/
nonhydroxylated rutile surface; however, when the COO~
group is bridged to the same surface by an outer-sphere
mediating Ca®* ion, the distances from the O¢po- atoms to the
rutile plane remain much larger and range more widely (height
of hyd;-O¢oo- vs height of hyd,-O¢oo: 4.6—7.0 A vs 6.0—11.0
A; height of nonh;-O¢no vs height of nonh,-O¢po: 4.0—6.0
vs 6.0—9.0 A). That is, although the Ca®" ion in an outer-sphere
geometry is capable of bridging the peptide to the hyd-/
nonsurface, the stability of Asp side chain in the direction
perpendicular to the rutile plane is inferior to the one mediated
by an inner-sphere Ca** ion.

The thresholds for obtaining the 2D density map of the
adsorbed cations and the functional atoms on the surface
(Figure 12) are selected as below: 6 A for hyd,- and nonh,-
Nyp, atoms; 9 A for hyd,- and nonh,-O¢oo- atoms. As we can

see, the 2D densities of the mediating Ca®" jon, Arg and Asp
side chains in the hyd,-system (Figure 12a) seem a little less
localized than the corresponding items in the nonh,-system
(Figure 12b). Furthermore, both hyd,-O¢oo- and nonh,-O¢po-
atoms bound to an outer-sphere Ca>* ion occupy a much larger
binding domain in the x—y plane than that of hyd;-O¢coo~ or
nonh;-Oggo- atoms mediated by an inner-sphere Ca?* ion
(Figure 7). Hence, it can be inferred that the binding mode of
the mediating cation plays an important role in determining the
mobility of the COO™ group. The inner-sphere mediating Ca®"
ion (see Figure 7) shows an extremely highly localized density,
whereas the outer-sphere mediating Ca** ion (see insets of
Figure 12) exhibits a higher mobility in the x—y plane. This is
because the inner-sphere cation is partially dehydrated and
directly binds to the surface hydroxyls or 1st H,O molecules,
which are nearly immobile on the surface. However, the outer-
sphere cation keeps indirectly adsorbed at the interfacial region
through its solvation shell, and the cation desolvation (the
residence time of first coordination shell of water molecules
around Ca®" is 485 ps)®° will result in a constant interruption
and reformation of the Ca**—0Oyy, bond network. Therefore, the
locked inner-sphere Ca*" ion induces a gluing effect on the Asp
side chain, whereas the less stable Ca**—O,, connections
produce a less localized outer-sphere mediating Ca®* ion,
resulting in a higher planar mobility of the COO™ group.

To estimate the structural stability of the peptide backbone,
the distribution density of the backbone dihedral pairs is
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Figure 12. 2D density maps of functional atoms mediated by an outer-sphere Ca®*
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ion: (a) hyd-surface, (b) nonh-surface.
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Figure 13. Distribution density of backbone dihedral pairs (¥, @) for RGD peptide mediated by an outer-sphere Ca®* ion.

provided in Figure 13. The Gly dihedrals distribute in almost
the same domain for the hyd,- and nonh,-systems (hyd,-Gly P:
—105° to —10°, @: —120° to —35° nonh,-Gly ¥: —75° to
—10°, ®: —115° to —40°); however, the dihedrals around the
Arg and Asp residues vary slightly greater in the latter than that
in the former. Since the horseshoe configuration is preserved in
both systems, we speculate that some specific intramolecular
interaction may give rise to the difference in the backbone
dihedrals, and the representative configurations of RGD on the
hyd- and nonh-surfaces were displayed in Figure 14. Different

(a) hyd,-RGD (b) nonh,-RGD

%)
4
3 5

. =
3 Hnw.-.Oco
? / £

L
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Figure 14. Representative configurations of RGD mediated by an
outer-sphere Ca>* ion: (a) hyd-surface, (b) nonh-surface. The bulk
TiO, is omitted for clarity. The Opo and Oppy are shown in CPK
representation, the TOH, Hpoy, RGD, and cations are shown in ball-
and-stick representation, and the involved hydration water molecules
are shown in stick representation. The hydrogen bonds and direct
bonds (connected to the cations) are represented by green and
magenta dashed lines, respectively.

from the hyd;-RGD in Figure 9a, the distances from the hyd,-
NH, groups to the hyd,-COO™ group are too large to form any
hydrogen bond, as inferred from the 2D density map in Figure
12a; however, the spatial positions of the blocking groups make
the intramolecular hydrogen bond still available in the hyd,-
system. As shown in Figure 14a, the ACE and NME blocking
groups orientating toward the surface are kept together by the
Hygr*Oco hydrogen bond, which exists for more than half of
the final 2 ns production run. In the nonh,-system (Figure
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14b), as expected, two intramolecular hydrogen bonds, i.e.,
Hyp*Oco and Hyyy,**Ocoo-, exist for more than 70% of the

final 2 ns production run, holding the Arg and Asp residues
together.

From the above, we can find that the rigidity of the Gly
backbone is much higher in the hyd,- and nonh,-systems than
that in the hyd,-system, even sometimes the horseshoe
configuration and the intramolecular hydrogen bonds coexist
in these three systems. Two reasons may be responsible for it:
(1) duration of intramolecular hydrogen bonds (hyd,-system:
~34%; hyd,-system: ~54%; nonh,-system: ~73% of the final 2
ns production run); (2) type of the intramolecular hydrogen
bonds. In the hyd,-system (Figure 9a), both the Hyyy -~ Ocoo™

hydrogen bond and the horseshoe configuration are involved in
restraining the NH, groups and the COO™ group, thereby
being regarded as one constraint. By contrast, the Hyy-Oco
hydrogen bond in the hyd,-system (Figure 14a) acts on holding
the ACE and NME blocking groups together, which should be
classified into an extra constraint in addition to the horseshoe
configuration. Also, two constraints coexist in the nonh,-system
(Figure 14b), ie., the HyyOco hydrogen bond, and the
Hyp, *Ocoo- hydrogen bond in coordination with the

horseshoe configuration. Moreover, the minor difference
between the hyd,- and nonh,-systems in the densities of Arg
and Asp dihedrals mentioned above should be attributed to the
HypOco hydrogen bond between the hyd,-ACE and hyd,-
NME groups, which reduces the flexibility of the Arg and Asp
backbones. Hence, it seems that the structural stability of RGD
peptide bound to the negatively charged hydroxylated/
nonhydroxylated rutile (110) surface in a horseshoe config-
uration can be facilitated by the intramolecular hydrogen
bonds.

Overview of Interaction Energy. The RGD peptide
detaches from the nonh-surface early even with a preadsorbed
Na* ion, thus it is hard to directly compare the energetics data
with when the peptide stays on the hyd-surface. However, for
the systems with compensating Ca®" ions, the RGD peptide
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Table 3. Interaction Energy for Different Group Pairs in the Systems with Ca>* Ions (kcal'mol ")

group pairs

Ca**—RGD* Ca?*—rutile®

mediating cation RGD—rutile sum
hyd-surface outer-sphere Ca?* (I, = 5.73) —49.62 + 4.14 —85.27 + 4.15 —40.65 + 4.67 —175.54
inner-sphere Ca** (I, =3.88) —20.81 + 5.18 —110.59 + 4.89 —160.67 + 7.34 —292.07

nonh-surface outer-sphere Ca®* (h,,, =5.49) —41.36 + 2.29 —98.35 + 4.81 —43.79 + 3.23 —183.5
inner-sphere Ca** (I, =3.08) 40.10 + 3.52 —114.04 + 4.65 —196.54 + 5.62 —270.48

“Ca>*—RGD and Ca”*—rutile items refer to the interaction energies between the mediating Ca®* ion and the RGD peptide, rutile surface.

adsorbs on both hydroxylated and nonhydroxylated rutile
(110) surfaces, and its adsorption is the result of several
contributions, involving mainly the mediation of an inner-/
outer-sphere Ca®" ion. This section was designed to provide a
clear view of the mediating power of the Ca** ion and,
therefore, the average interaction energy for different group
pairs in each system was calculated for the trajectory of the final
2 ns production run (see Table 3).

The average heights (h,,.) of the mediating Ca** ions in the
presented four systems are in the order: hyd,-Ca®* (outer-
sphere) > nonh,-Ca>* (outer-sphere) > hyd;-Ca®* (inner-
sphere) > nonh,-Ca®" (inner-sphere). From the data provided,
we can find that the RGD—rutile interaction energy of the
nonh,-system with an inner-sphere Ca®* ion is positive, while
the value of the hyd,-system with an outer-sphere Ca** ion is
most negative. This may imply that the RGD in the nonh;-
system stays in an unfavorable position with respect to the
surface. However, since the mediating Ca®* ion interacts
actively with both the peptide and the rutile surface, we should
not focus exclusively on the RGD—rutile interaction; thus the
interaction energies between the mediating Ca’* ion and the
peptide, rutile surface were also included in Table 3. The
mediating Ca**-rutile interaction energy shows an opposite
trend to the height of cation, that is, a higher mediating Ca®*
ion results in a lower interaction energy with the rutile surface.
As emphasized before, both the inner- and outer-sphere
mediating Ca’* ions involved in this paper are directly bound
to the COO™ group of Asp side chain, and consequently, the
RGD-mediating Ca*" interaction energy seems not to vary
dramatically among the available systems, but the interaction
energy between RGD and the inner-sphere mediating Ca** on
the nonh-surface is the most negative, which may suggest that
the peptide is favorably orientated with respect to the mediating
cation.

The sum of interaction energies listed in Table 3 indicates a
balance among the peptide, mediating cation, and surface. The
trend of it is opposite to the height of cation, except that the
value for the nonh,-system is slightly less negative than the
value for the hyd,-surface, which may be attributed to the
resulting conformations of the peptide that both Arg and Asp
side chains keep attached to the hyd-surface (inner-sphere
Ca’"), whereas only the Asp side chain stays close to the nonh-
surface (inner-sphere Ca®"). Therefore, it can be concluded that
although the nonh,-RGD remains in a very unfavorable
position with respect to the nonh-surface, the peptide is
capable of keeping attached to the surface strongly within the
sampling time as a result of the powerful mediation of an inner-
sphere Ca’" ion. This Ca®" ion stays in the intermediate region,
offsetting the unfavorable interaction between the peptide and
the nonh-surface (40.10 + 3.52 kcal'mol™'), which can be
inferred from the very negative values of the RGD-mediating
Ca’" interaction energy (—114.04 + 4.65 kcal'mol™) and the
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mediating Ca*'-rutile interaction energy (—196.54 5.62

kcal-mol™!).

B CONCLUSIONS

Classical MD simulations have been employed to reveal the
dynamical process of RGD adsorption on the negatively
charged rutile (110) surfaces with two different hydroxylation
states, in the presence of water and cations (Na* or Ca**). The
simulation results indicate that the inherent nature of the cation
determines its binding strength on both the negatively charged
hydroxylated (hyd-) and the negatively charged nonhydroxy-
lated (nonh-) surfaces, thereby affecting the adsorption
propensity of RGD on the rutile (110).

In the NaCl solution, the negatively charged COO™ group is
difficult to be trapped on the nonh-surface solely by the
mediation of a preadsorbed Na* ion; thus the small probability
of H-bond formation between RGD and the sparse hydroxyl
groups induces an early desorption of the peptide. On the
contrary, the mediating Na* ion on the hyd-surface is actively
involved in trapping the COO™ group on the rutile (110), in
coordination with the direct hydrogen bonds between the Asp
side chain and the surface hydroxyl groups.

The doubly charged Ca* ions seem more effective than the
singly charged Na* ions in bridging the negatively charged
adsorbate to the negatively charged adsorbent, and the binding
mode of the mediating Ca*" ions plays an important role in
determining the mobility of the COO™ group. The inner-
sphere mediating Ca’* ions are strongly bound to the interfacial
region subsequent to their adsorption on both the hyd- and
nonh-surfaces, thereby inducing a gluing effect on the Asp
residue. This gluing effect results in the formation of a tightly
packed RGD—rutile complex even in the absence of hydrogen
bonds between the peptide and the surface. The powerful
mediation of an inner-sphere Ca®" ion has been confirmed by
the interaction energy. Contrary to the locked inner-sphere
Ca®, the outer-sphere mediating Ca** ions show a less localized
density, thereby producing a higher mobility of the COO~
group, but the intramolecular hydrogen bonds help to restrain
the conformational behavior of the backbone, facilitating the
structural stability of RGD bound to both the hyd- and nonh-
surfaces.

The findings presented indicate that there is a huge potential
for introducing the microenvironment cues in order to tailor
the specific protein—surface interactions. This approach, we
anticipate, will blossom in the years to come, not in the least
driven by the visionary, challenging, and important areas of
nanoscale materials and bionano-assembly technologies.
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ions, and peptide atoms. Parameters of Buckingham potential
for interaction between TiO, atoms and SPC/E water, peptide
atoms. Parameters of Lennard-Jones potential for interaction
between TiO, atoms and SPC/E water, peptide atoms.
Validation of the force field and references. This material is
available free of charge via the Internet at http://pubs.acs.org.
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