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ABSTRACT: Mining practices, chiefly froth flotation, are being
critically reassessed to replace their use of biohazardous chemical
reagents in favor of biofriendly alternatives as a path toward green
processes. In this regard, this study aimed at evaluating the
interactions of peptides, as potential floatation collectors, with
quartz using phage display and molecular dynamics (MD)
simulations. Quartz-selective peptide sequences were initially
identified by phage display at pH = 9 and further modeled by a
robust simulation scheme combining classical MD, replica
exchange MD, and steered MD calculations. Our residue-specific
analyses of the peptides revealed that positively charged arginine
and lysine residues were favorably attracted by the quartz surface at basic pH. The negatively charged residues at pH 9 (i.e., aspartic
acid and glutamic acid) further showed affinity toward the quartz surface through electrostatic interactions with the positively
charged surface-bound Na+ ions. The best-binding heptapeptide combinations, however, contained both positively and negatively
charged residues in their composition. The flexibility of peptide chains was also shown to directly affect the adsorption behavior of
the peptide. While attractive intrapeptide interactions were dominated by a weak peptide−quartz binding, the repulsive self-
interactions in the peptides improved the binding propensity to the quartz surface. Our results showed that MD simulations are fully
capable of revealing mechanistic details of peptide adsorption to inorganic surfaces and are an invaluable tool to accelerate the
rational design of peptide sequences for mineral processing applications.
KEYWORDS: molecular dynamics, SMD, REMD, phage display, quartz, peptides, rational design, floatation

1. INTRODUCTION
The ever-growing demand for mineral commodities has acutely
grown the level of mineral beneficiation activities over the past
decade. Traditional mining processes have shown their technical
limits in terms of preserving the biosphere and, ultimately, living
beings.1,2 Their disadvantageous consequences require a
transition to greener solutions such as biofriendly and
sustainable alternative reagents.3

Silica is one of the most abundant families of inorganic
materials in the Earth’s crust with applications in separation,4,5

biomedical materials,6 drug delivery,7 catalyst support,8 CO2
storage/utilization,9,10 electromagnetic devices,11,12 and com-
posite fillers.13,14 Silica is commonly found in nature mixed with
other valuable minerals that are targeted for extraction. The
concentration of the target metal-bearing minerals is generally
processed by froth flotation,15 while silicates are usually
categorized as gangue minerals. More recently, reverse flotation
processes, separating gangue from metal-bearing ores by quartz
flotation, have been widely employed in industrial applications
to produce high-grade concentrates.16,17

The overall separation efficiency in froth flotation is
controlled with various reagents acting as collectors and/or

depressants. Collectors are amphiphilic reagents, consisting of a
polar head with a selective affinity to the target mineral surface
and a nonpolar (often) aliphatic chain whose role is to attach to
the rising bubbles. Many of today’s synthetically produced
reagents are problematic in terms of environmental accept-
ability,3 and their replacement for greener flotation practices has
become imperative. In this context, there has been a recent surge
of research toward exploiting the potential of biomolecules,
chiefly amino acids and peptides, as alternatives.18−23

Developing new biobased alternatives will depend on how
well one can distinguish peptides according to their selective
binding to specific minerals. A failure to understand the
peptide−inorganic interactions would fundamentally limit
progress in the rational design of the peptide chains that are
optimized for each technological application.
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Phage display (also known as biopanning) is a combinatorial
experimental approach to identify affinity-selected peptides for
many materials, including inorganic compounds (e.g., silica
family).24,25 In this technique, a library of a billion phage
particles, each bearing a unique short peptide, is incubated with a
specific target, and the most promising binding peptides can be
identified by sequencing after several rounds of screening and
enrichment.26 While phage display offers false-positive, target-
unrelated peptides (TUPs) may be detected due to the
propagation of phages bound to nontarget substrates (e.g.,
plastic, albumin, and biotin) involved during the technique.27 Of
interest, next-generation sequencing techniques28 coupled with
bioinformatics tools29,30 can notably reduce the number of false
positives. Still, the limitation of current laboratory instrumenta-
tion at the scale of 1 to 100 nm hampers direct insights into the
surface environment, dynamic process, and binding mecha-
nisms. This is where complementary guidance from molecular
modeling becomes beneficial.

Computational methods, from quantum scale to microscale,
are the tools of choice to shed light on phenomena at scales
inaccessible experimentally and accelerate rational material
design. Because of the continuous progress in high-performance
computing (HPC) facilities and the maturity of state-of-the-art
force fields, molecular dynamics (MD) simulations are
increasingly playing a significant role in interpreting exper-
imental data, understanding the dominant mechanisms, and
accelerating transformative property predictions.31−41 In MD
simulations, the reliability of the knowledge obtained is also
based on the justification of the molecular models in relation to
the experimental conditions; e.g., here, adsorbent surfaces
should be modeled with scrutiny to be similar to the
experimental environment. In the case of the silica family, for
example, pH, ionic strength, surface type, density, and degree of
ionization of silanol groups in the solution are critical factors that
need to be included in the models.32−34,36,41

MD simulations of peptide-containing systems pose technical
difficulties due to the high probability of getting trapped in local
minima within the simulation time scale.42,43 To overcome the
issue, enhanced sampling techniques, particularly replica
exchange molecular dynamics (REMD), were developed to
improve the sampling of configurational space of the peptides
and approach toward the global minimum.44,45 For instance,
Sampath and Pfaendtner46 employed MD in tandem with
REMD simulations to study the binding properties of an
amphiphilic 14-mer peptide on the amorphous and crystalline
silica surfaces with identical chemistries and charge states.
Comparing the free energy profiles revealed that peptide−
surface binding is controlled by the interfacially adsorbed water
layer; the denser the hydration layer, the weaker the peptide
binding to the surface.

In recent years, notable studies have applied MD theories to
identify amino acids and peptide sequences with strong binding
affinities toward silica surfaces.31−36,41 In flotation applications,
however, molecular modeling studies are rare for silicate systems
and are limited to some emblematic cationic and anionic
collectors.47−50 Notman et al.31 suggested that the local stiffness
of a peptide chain, arising from the presence of proline residue,
increases peptide adhesions to the quartz surface. The localized
rigid regions in the amino acid sequence restricted the degree of
self-interactions of peptides, which favorably prevented the
occurrence of folded conformations in the system. Patwardhan
et al.32 investigated the interactions of different peptide
combinations on silica surfaces. The results demonstrated that

negatively charged silica surfaces favorably attract positively
charged peptides by the ion-pairing mechanism through N-
terminal, lysine, and arginine residues with surface siloxide
groups. Hydrogen bondings of polar groups in the peptide side
chains with the silanol and siloxide groups on the surface were
also predicted to have a role in the bonding mechanism.
Ramakrishnan et al.35 assessed the molecular mechanism
underlying the strong binding of three 12-mer peptides to
silicon that were identified by phage display. Further mutation
analysis indicated that threonine and tryptophan played vital
roles in the affinity of a peptide toward silica surface. Moreover,
the presence of sulfur-containing residue (methionine and
cysteine) in the sequence largely contributed to the peptide−
silicon interactions. Emami et al.34 reported that negative charge
density on the silica surface in the basic pH range made
positively charged peptides more favorable for surface
adsorptions. In this case, the efficiency of hydrogen bonds,
hydrophobic interactions, and the attraction of negatively
charged peptides are diminished.

In this study, we used phage display screening and MD
simulations to scale the adsorption of short peptides with
selective affinities toward quartz surfaces. Our primary interest is
to scrutinize the useability of peptides as environmentally
friendly alternative flotation collectors. Therefore, the exper-
imentations and simulations are implemented at pH 9 to mimic
some important base-metal flotation processes.51 Here, we
focused on the hydrophilic peptide subsection with affinities
toward the quartz surface. Quartz-binding peptides were
selected at pH 9, identified by next-generation sequencing
technology, followed by checking the scanner and reporter of
target-unrelated peptides (SAROTUP) database for possible
TUP motifs.29,30,52 MD simulations were then employed to
model the binding characteristics of the selected peptide
candidates to the quartz surface. Because estimating peptide-
binding strength toward quartz surfaces was challenging due to
the high degree of freedom of the overall system and the
complexity of surface speciations,42,43 a sequential simulation
procedure combining MD, REMD, and steered molecular
dynamics (SMD) simulations was implemented to quantify the
descriptions of peptide−surface recognition and binding
characteristics.53,54

2. PHAGE DISPLAY SCREENING
2.1. Biopanning Experiments. Crystalline quartz particles

with a particle size of +75 μm were obtained from the COREM
research center. One heptapeptide phage display library (Ph.D.-
7 Phage Display Peptide Library Kit, diversity 1 × 109 sequences,
New England Biolabs, NEB) was used for three rounds of
biopanning experiments according to the manufacturer’s
protocol.55 For the first round, 75 mg of ore was incubated
with the heptapeptide library diluted in 1 mL of TBS (50 mM
Tris-HCl, pH 9.0, 150 mM NaCl) + 0.1% v/v Tween 20 for 1 h.
Incubation was followed by 10 washes with 1mL of TBST (0.1%
Tween-20 in TBS) to remove nonbinding phages, and phages
were eluted with 1mL of elution buffer (0.2M glycine−HCl, pH
2.2). The eluate was transferred to a microcentrifuge tube and
neutralized with 150 μL of neutralization buffer (1 M Tris, pH
9.2). For the second and third rounds of biopanning, the ore
quantity was decreased to 25 mg, and the Tween concentration
was raised to 0.3% and 0.5% to increase stringency during
panning. Following each round of biopanning, the number of
eluted phages was determined by titration and further amplified
by infection of a mid log phase Escherichia coli ER2738. As
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controls, the wild-type library was sequenced before panning,
and one round of panning was made on polypropylene (plastic)
tubes.
2.2. Illumina Sequencing. After each round of biopanning

and phage amplification, one part of the library was used for the
next selection round, and the remaining library was used for
sequencing. DNA extraction was made as described by NEB.55

One step of purification with phenol:chloroform was performed
according to Matochko et al.56 The desired DNA region was
amplified and equipped with the linkers necessary for Illumina
sequencing. The forward primer used was 5′-TCGTCGGCA-
GCGTCAGATGTGTATAAGAGACAGTGGTTG-
TTGTCATTGTCGG-3′, and the reverse primer was 5′-
GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGG-
TAGCATTCCACAGACAGCC-3′. The PCR was performed
by 30 cycles of incubation and amplification. After this PCR step,
the 16S Metagenomic Sequencing Library Preparation (Part #
15044223 Rev. B) protocol by Illumina was followed starting at
the first Clean-UP step. Deep sequencing was performed on
instrument MiSeq using the MiSeq reagent KitV2 following the
protocol proposed by Illumina.57 Demultiplexing of data, as well
as the sequencing translation, was performed by a customized
Python script.
2.3. Phage Display Screening Results. Table 1 shows the

results after each round of panning on quartz and the controls of

the experiment (polypropylene and the wild-type library). Each
peptide frequency was normalized by the total number of
sequences in each library. The third round of panning on quartz
was compared with the polypropylene and wild-type library, and
the peptides found after the third panning on quartz and at very
low frequency in the polypropylene library were selected as
peptide candidates. These candidates were further analyzed

using the SAROTUP web server, and those peptides with a low
probability of being nonspecific peptides were selected. The
hydrophobicity of the peptide candidates was also calculated
using the KyteDoolittle scale.58 The final peptide list and its
characteristics are summarized in Table 2.

3. SIMULATION METHODOLOGY
3.1. Peptide Models. The combinatorial phage display

method was used to identify strongly binding heptapeptides on
the quartz surface at pH 9 (Section 2). The experimental
screening addressed the adsorption of ten 7-mer peptides with
an affinity toward the quartz surface (Table 2). The zwitterionic
forms of the ten candidates, considering their protonation state
adjusted to pH 9, were prepared using the Avogadro code59,60

(see Figure S1 for the elongated conformation of the peptides).
At pH 9, the peptides KPLVAQI and QFNHPKG bear a net
charge of +1, while TDRDSTT and WSLDPSS carry a net
charge of −1, and the rest are neutral. The excess charges of
amino acid sequences K+, R+, D−, and E− in the peptide were
neutralized by Cl− and Na+ counterions.

A scenario based on the replica exchange molecular dynamics
(REMD) was introduced to investigate the adsorption behavior
of peptides on the quartz surface. REMD, also known as parallel
tempering, mainly applies to systems with rough energy
landscapes.44,45 The general idea was to simulate several replicas
of the same system parallelly at different temperatures while
allowing the system to exchange complete configurations
between the adjacent temperature replicas. More efficiently,
instead of passively waiting for the occurrence of rare
spontaneous incidents, REMD lets the higher temperatures
overcome energetic barriers and obviate the sampling problem
associated with the presence of multiple minima.

We employed REMD within the first two steps of the
simulation pathway. An elongated conformation of the peptide
was first built (Figure S2a) and then placed in a box of 49.1 ×
51.1 × 80 Å3 dimensions. Following the energy minimization by
the conjugate gradient method for a maximum of 105 steps, the
first REMD simulation was conducted in the implicit water
environment. We preferred the implicit water model over the
explicit one because this initial sampling would act as a transient
conformation; therefore, extra computational efforts are not
expected to lead to remarkable differences in the final quartz/
peptide/water configurations. Eight replicas, distributed ex-
ponentially within the temperature range of 300−500 K, were

Table 1. Overview of the Phage Display Sequencing Results
at pH = 9

mineral round
Tween

concn (%)
total number of

sequences
unique

sequences

quartz 1 0.1 114224 98 937
2 0.3 136930 15 902
3 0.5 141428 5338

empty tube
(polypropylene)

1 0.1 70702 2327

wild-type library 0 0.0 124214 122 226

Table 2. Sequence and Properties of 10 Peptides Exhibiting High Affinity towardQuartz Surface at pH = 9Obtained by the Phage
Display Technique

peptide GRAVYa index charge at pH 9.0 polystyrene surface binding probability Mimo Scan hitsb Mimo Search hitsb Mimo Blast hitsb

FTPDGAR −0.87 0 0.08 NO NO NO
HPVYPQA −0.74 0 0.23 NO NO NO
KPLTADL −0.04 0 0.02 NO NO NO
KPLVAQI 0.76 +1 0.06 NO NO NO
KQPIPEL −0.83 0 0.42 NO NO NO
MDMNGKY −1.26 0 0.19 NO NO NO
QFNHPKG −1.90 +1 0.15 NO NO NO
TAWASAA 0.68 0 0.42 NO NO NO
TDRDSST −2.06 −1 0.03 NO NO NO
WSLDPSS −0.66 −1 0.46 NO NO NO

aGRAVY index: a negative score means that a peptide is hydrophilic, while a positive score means that a peptide is more hydrophobic. bMimo
Scan, Mimo Search, and Mimo Blast are tools based on database search in the biopanning databank (BDB) to find identical or similar peptides to
the query peptide.
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selected for the REMD simulations. The exponential temper-
ature distribution usually leads to a uniform acceptance ratio
assuming a constant heat capacity over the intervals.61,62 The
time step was set to 2 fs, and exchanges between replicas were
attempted every 1 ps. The simulations continued under theNVT
ensemble for 50 ns. The equilibration of the isolated implicit
water solvated peptide system was identified by monitoring the
variation of temperature, center of mass (COM), radius of
gyrations, and solvent-accessible surface area (SASA). The final
snapshot of the peptide conformation at the lowest temperature
(T = 300 K) was recorded for the next step (Figure S2b).
Sampling with REMD, two initial conformations, elongated and
replica exchanged for each peptide, were chosen to construct the
initial complex peptide−quartz system configurations. For
brevity, hereafter, we included “El” and “RE” abbreviations
into the sample names to denote the configurations obtained by
initially placing elongated and replica exchanged peptides on the
surface, respectively.
3.2. Quartz Slab Model. Realistic model reproduction of a

surface is crucial for thoughtful simulations of the inorganic−
biomolecular interfaces. In this regard, the Nanomaterial
Modeler tool of CHARMM-GUI (https://charmm-gui.org)
was employed to build the silica slab.41 The crystalline quartz
surface was created by cleaving its unit cell in the (001)
direction, expanding in 3D to construct a 49.1 × 51.1 × 28 Å3

slab supercell, and finally saturating the superficial Si atoms by
silanol groups with a density of 9.4 groups/nm2. These
assumptions led to the Q2 species surface, i.e., the (Si−
O−)2Si(OH)2 chemical environment consisting of two silanol
groups per each superficial Si atom.32−34 Along with the
substrate type determining the area density of silanol groups on a
silica surface, the precise silanol ionization degree (i.e., the
deprotonation of silanol group to sodium siloxide with the (Si−
O−)2Si(OH)(−O−...Na+) formulation) should always be
considered in the model construction.33 In the case of the silica
family, the ionization degree is a function of the solution pH and
substrate type and should be ascertained by either referring to
reliable literature or direct experimental measurements.33 At the
working pH of 9, the fraction of silanol groups ionized to sodium
siloxide has been reported to be 20% for the quartz surface with
the Q2 environment.32−34 The final quartz surface model
employed in the course of simulations is presented in Figure S3.
3.3. Simulation Details. All simulations used the interface

force field (IFF) for quartz,33,34,41 CHARMM36 for peptides
and ions,63 and TIP3P for the explicit water model.64

Simulations were performed with LAMMPS (Large-scale
Atomic/Molecular Massively Parallel Simulator), an open-
source code distributed by Sandia National Laboratories,65

and visualizations were processed by OVITO (The Open
Visualization Tool).66

In the subsequent course of simulations, the REMD method
was further utilized to sample the surface−peptide interactions
using the El and RE peptide conformations obtained from the
previous step. To do so, conformers were placed at an ∼5 Å
distance from the quartz surface (Figure S2c), and each system
independently underwent REMD calculations in an implicit
water environment in the presence of the slab. To reduce the
computational cost, only silanol and sodium siloxide groups of
the quartz slab were free to move during the simulations. The
REMD simulations were conducted for 25 ns while the other
parameters were the same as in the previous step. The system
snapshots, temperature, energy, the center of mass (COM) of
the peptide, and its gyration radius were recorded per replica

every 2 ps to monitor the convergence of the simulations (see
Figure S4 for sample outputs). Trajectories at T = 300 K were
also reordered in a single LAMMPS dump file for further
conformation analysis (see Figures S5 and S6). Ultimately, the
final adsorption configurations at T = 300 K (Figure S2d) were
taken to the next step.

The next step was to introduce explicit water molecules to the
preadsorbed peptides on the surface. In this regard, 6600 water
molecules were placed in a 3D periodic box of 120 × 120 × 120
Å3, followed by an isotropic NPT at 300 K and 1 bar for 1 ns to
find its equilibrium density. For a feasible merging with the
quartz−peptide slab, the x−y dimensions of the water box were
adjusted to the quartz surface area, and then after, the simulation
continued for 1 more ns under an NVT ensemble. The well-
equilibrated water box was then placed at a ∼ 3 Å distance on the
quartz−peptide interface model, as shown in Figure S2e. The
model obtained underwent a short NVT simulation of 0.5 ns to
solvate both the peptide and the quartz surface. A moving
Lennard-Jones (LJ) wall was also employed to push the water
molecules toward the surface to ensure water−surface
encounters (see Figure S2e). The slab and peptide atoms were
kept rigid throughout the water solvation process to prevent
system collapse. The final quartz−peptide−water model
included the quartz slab, peptide−solution region (∼80 Å in
thickness), and a vacuum (of ∼60 Å) on the top, as presented in
Figure S2f. The vacuum was set large enough, so the water
molecules did not interact with the slab’s bottom surface.
Moreover, incorporating the vacuum on the top headspace
provided the condition for the vapor phase to be developed as
the simulations progress effectively, enabling a liquid/vapor
interface to form. An LJ wall was also defined on the cell’s upper
edge to avoid escaping the possible evaporated water (i.e., those
water molecules leaving the water−vacuum interface and
forming gas-phase water) from the box andmake the application
of long-range electrostatic calculations possible. The thicknesses
of the solution phase were also sufficient to ensure bulk-like
behavior, as confirmed by the calculation of the density profile in
the z-direction.

All-atom molecular dynamics simulations were employed to
equilibrate the quartz−peptide−water systems in the NVT
ensemble at 300 K with the Nose−́Hoover thermostat. At this
stage, only the quartz slab, except the silanol and sodium siloxide
groups, were assumed to be rigid. A nonperiodic boundary
condition was applied along the z-direction to preserve the
integrity of the liquid−gas interface. The velocity-Verlet
algorithm, with an integration time step of 1 fs, was selected
to integrate Newton’s equation of motion. A cutoff with inner
and outer distances of 10 and 12 Å was applied for the vdW
interactions, and the long-range electrostatic interactions were
treated by the PPPM method with an accuracy of 10−5. The
SHAKE algorithm was used to constrain all bonds involving
hydrogen atoms.67 TheMD simulations for each peptide system
consisted of a minimum equilibration time of 50 ns followed by a
production run of 5 ns.
3.4. Steered Molecular Dynamics (SMD) Simulations.

SMD was implemented to characterize the binding strength of
the peptide to the quartz slab. For conducting the SMD
simulations, the peptide COM was pulled out in the z-direction
at a constant velocity of 10−6 Å/fs. Throughout the SMD
simulations, the temperature was kept fixed at 300 K under the
NVT ensemble applying the Nose−́Hoover thermostat. The
final snapshot of the equilibrium runs from the peptide−quartz−
water simulations was used as the starting configuration for the
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SMD simulations. The integration time step was set at 1 fs,
similar to the equilibration phase. The pull-out simulation
continued until the peptide’s COM was at least 20 Å away from
the surface. SMD simulations were repeated at least four times
for each peptide adsorption model, initially obtained by the El
and RE peptides on the slab. The PMF difference between the
final state (i.e., detached peptide in solution) and the starting
state (i.e., the adsorbed mode) was used to determine the
relative order of affinity of peptides toward the surface. Analysis
of SMD trajectories further elucidated the atomistic information
about the binding/unbinding mechanism of the peptides under
investigation.

4. RESULTS AND DISCUSSION
A rational modeling procedure was introduced to investigate
peptide−mineral interactions in an aqueous environment. The
proposed methodology consists of five modeling steps: (a)
construction of experimentally consistent peptide−mineral
models, (b) sampling of peptide−mineral interactions using
an implicit water model and the replica exchange MD method,
(c) introduction of explicit water to the obtained configurations,
(d) equilibration of the mineral−peptide−water systems within
the classical MD framework, and (e) quantifying peptides
affinity and exploring phenomenological and mechanistic
explanations of unbinding routes by SMD theory. Our
calculations address the adsorption behavior and binding
characteristics of 10 heptapeptides selected via phage display,
showing selective binding to quartz surface (see Table 1 and
Figure S1 for the list of candidates).

In this section, our primary focus is dedicated to character-
izing the SMD simulations to unveil the binding free energies,
the binding mechanism, and the origin of affinity differences of
the solvated peptides. The variations of temperature, COM,
gyration radius, SASA, interaction energies, and hydrogen bond
evolution were monitored to assess the performance of REMD
simulations and to determine if an equilibration state has been
reached. The readers are invited to survey the Supporting
Information for sample results.
4.1. Equilibration of the Mineral−Peptide−Water−Ion

Systems. The final configurations of the peptides close to the
quartz surface in the presence of explicit waters at pH 9 after 50

ns of MD simulations are depicted in Figure 1. The figure
presents only one snapshot of the two sampling approaches (El
or RE) for each peptide (i.e., the one with the higher affinity
toward the quartz surface calculated through SMD simulations).
Different view representations of the same snapshots can be
found in Figure S7. Our observations revealed that for the
weakest peptide−surface configurations, the peptides were
detached from the surface in the first 20 ns of the trajectories.

Previous studies, in general, have captured ion-pairing,
hydrogen bonds, hydrophobic interactions, and conformation
effects as the central binding mechanisms that contribute to
peptide−surface interplays.32 In this study, being in an aqueous
environment at pH > pzc (i.e., point of zero charges is between 2
and 4 for quartz32,33), alkali cations neutralized the negative
surface charge and established an electric double layer
composed of negatively charged siloxide groups and positively
charged alkali ions. The electric double layer formation at the
solid−liquid interface was a key feature in understanding
interfacial chemistry though it complicates recognition of the
dominant interaction mechanisms.68

Within the amino acid sequences in the peptide candidates, K
and R bear a charge of +1, D and E have a charge of −1, and the
rest are neutral at pH = 9. As shown in Table 1, HPVYPQA and
TAWASAA peptides are the two candidates with no charged
amino acid sequences in their structure at pH 9.

Reviewing the snapshots alluded that almost all Na+ cations
remained bound to the surface during the equilibration runs,
consistent with other reports.32,33 The final configurations in
Figure 1 suggest that all the peptides screened by the phage
display would bind to the quartz surface at pH = 9. However, the
top-view snapshots (see the last column in Figure S7) revealed
that the location of minimum-energy configuration on the
quartz surface would differ per peptide sequence (the surface
formulation was the same in all simulations). Moreover, while
some candidates showed a tendency to fold in semiglobular
configurations (e.g., KPLTADL, KPLVAQI, and WSLDPSS),
some others rather extended their structures to align parallel to
the surface and formed flat-on arrangements (e.g., FTPDGAR,
KQPIPEL, MDMNGKY, and TDRDSTT). Further observa-
tions on the proximity of individual residues within the last 5 ns
of equilibration trajectories demonstrated that hydrophobic side

Figure 1. Selected equilibrated conformation of solvated (a) FTPDGAR, (b) HPVYPQA, (c) KPLTADL, (d) KPLVAQI, (e) KQPIPEL, (f)
MDMNGKY, (g) QFNHPKG, (h) TAWASAA, (i) TDRDSTT, and (j) WSLDPSS peptides on quartz surface at pH = 9 at t = 50 ns (H ≡ white, C ≡
gray, N ≡ blue, O ≡ red, S ≡ yellow, Si ≡ orange, and Na ≡ green). Note: the images are presented in the unwrap mode.
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groups have no (or minimal) affinity to the quartz at pH = 9 and
position farther from the surface. This is due to the formation of
the hydration shells of siloxide and Na+ cation on the ionized
quartz slab, which keeps the hydrophobic residue away.34 Our
scrutiny on the trajectory files showed that the hydrophobic
groups were positioned in the opposite direction from the
surface. The negatively charged species mainly anchored to the
surface by electrostatic bridging interactions with the surface-
bounded Na+ ions, while protonated amine groups were most
specifically in contact with the siloxide groups through strong
electrostatic interactions.
4.2. Steered Molecular Dynamics (SMD) Simulation

Results. SMD was utilized to gain insights into the binding
strength of the peptide to the quartz slab through a
nonequilibrium course of simulations. In SMD, the free energy
profile of the peptide as a function of distance, also known as the
potential of mean force (PMF), is extracted through Jarzynski’s
equality.69,70 The PMF profile provides qualitative and possibly
quantitative correlation with the peptide−surface binding
affinities.70

To decipher the adsorption characteristics of the different
peptides, SMD simulations were performed on each system,
where the starting configurations were the final states of the
equilibration stage. The corresponding PMF values as a function
of distance of peptides were calculated during the SMD tests and
are shown in Figure S8. As seen in the figure, two systems,
namely HPVYPQA and MDMDGKY, contain only one set of
foursome sampling. These peptides lost their bound state
conditions within the equilibration simulations upon one of the
initialization samplings.

The inflection points along the PMF−distance curves are
indicative of different regimes during the detachment process
associated with distinct molecular mechanistic processes. For
relatively strong binding peptides (e.g., TDRDSTT and
FTPDGAR), the PMF curves represented the following general
stages: (1) initial perturbation from the stable surface adsorption
configurations, (2) low-tension peptide extension in which
weakly bound species were detached from the surface, (3) high-
tension extension in which the peptides were stretched to the
highest degree while the remaining bound groups are apart, and
(4) dragging peptides through bulk solution indicated with the
plateau in the PMF curves. For the relatively loose peptides (e.g.,
HPVYPQA, TAWASAA, and WSLDPSS), the debonding
primarily lay in the first and (possibly) second regimes, and
the chain extension vanished upon the separation. On the
contrary, the existence of surface−philic amino acid sequences
in the peptides fed the contribution of the high-extension
regime, reflecting the higher peptide−surface interactions.

The distance the peptides were entirely out of the binding site
(i.e., the distance at which the PMF curve became a plateau) also
indicated the tendency of peptides for stretching upon
detachment. The longer the separation distance, the higher
the resistance of peptides to separation by forming extended
conformations. As found in Figure S8, FTPDGAR, KPLVAQI,
KQPIPEL, and TDRDSTT showed the highest separation
distance of ∼10 Å among all candidates.

The PMF difference between the beginning and the separate
states was chosen to rank the affinity of peptides to the quartz
surface. In this regard, the maximum of the average values per
sampling was defined as the main criterion. The sorted peptides,
from highest to lowest affinity, considering the PMF values, are
illustrated in Figure 2. Based on the results, TDRDSTT,

FTPDGAR, and KQPIPEL were the three peptide candidates
with the highest affinity toward quartz surfaces at pH = 9.

Interestingly, all the top three peptides contain at least one
positively charged (i.e., arginine or lysine) and one negatively
charged (i.e., aspartic acid or glutamic acid) amino acid
sequence. This result was expected because the quartz surface
contains silanol, sodium siloxide, and surface-bound Na+
counterions at basic pH. At pH = 9, the cationic groups with
extra hydrogens interact with the surface through the salt
bridging mechanism, i.e., hydrogen bonding with the oxygen-
containing surface species or electrostatically by ion-pairing or
ion exchange with the negatively charged siloxide groups.32

Meanwhile, for the anionic residues on the peptides, the surface-
bounded Na+ ions could electrostatically bridge the peptide
connection to the surface. The deprotonated hydroxyl groups of
aspartic acid (D−) and glutamic acid (E−) could also contribute
to hydrogen bonding only as an acceptor. However, the latter
case is less favorable due to the repulsive forces between these
anionic residues and the negatively charged quartz surface.
Consulting the equilibration images in Figures 1 and S7, the
existence of oppositely charged species, especially D− and R+,
simultaneously in peptide structures resulted in a favorable
elongated adsorption configuration upon equilibration.

HPVYPQA, WSLDPSS, TAWASAA, and QFNHPKG were
rather weakly bound to the quartz surface at pH = 9, as seen in
Figure 2. The PMF value of the least favorable peptide (i.e.,
HPVYPQA) was 5 times lower than the best candidates.
Histidine with pKa ≈ 6 is uncharged in the basic environment. As
a result, HPVYPQA and TAWASAA were the only candidates
with no charged residues in their structure. A solely charged
amino acid sequence in WSLDPSS and QFNHPKG peptides
also appeared to have a less efficient contribution to the
peptide−quartz interactions. However, PMF differences in
KPLVAQI and WSLDPSS peptides indicated that a positively
charged residue (i.e., K+) was more favorable than a single
negatively charged one (i.e., D−) for the quartz surface at basic
pH. Yet, the importance of the residue’s order and the
neighboring amino acids in a sequence should not be neglected.

One should notice that the high occurrence of a peptide
through phage display does not necessarily guarantee its higher

Figure 2. Binding characteristics of the solvated peptides on quartz
surfaces at pH = 9 based on the PMF profiles obtained by the SMD
simulations in Figure 3. The reported values for each peptide are the
maximum of averaged PMF values per initialization conformations.
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binding affinity toward the surface. As previously ob-
served,35,71,72 thermodynamically unstable peptide sequences
may have been overrepresented in the phage display process due
to their high amplification rate rather than an actual surface-
specific adhesion peptide.
4.3. SMD Trajectory Analyses. The analysis of trajectories

during the SMD process provided valuable insight into
adsorption/desorption mechanism of peptides. In this context,
monitoring the interaction energies, close contact, and H-bonds
is highly important. Here, we confine our survey to the most and
minor binding candidates to clearly distinguish the underlying
mechanisms.

4.3.1. TDRDSTT Peptide: Comparing El and RE Samplings.
The evolution of overall interaction energies and the respective
contribution of amino acid sequences in the TDRDSTT (coded
as T1D2R3D4S5T6T7 for clarification) system are shown in
Figure 3. To clarify the difference in the sampling process,
postprocessing was performed for both the elongated (El) and
replica exchanged (RE) TDRDSTT initial conformations. The
quartz surface, Na+ counterions, peptide, and water molecules
were treated as separate groups for energy calculations. The
interaction energy (i.e., the sum of Coulombic and van der
Waals (vdW) interactions) could be either negative or positive,
indicating attraction or repulsion interplays, respectively.
Comparing the overall interactions at a distance of zero in
Figures 3a and 3e show that the two sampling procedures (i.e., El
and RE) had converged to different conformations after
equilibration. For the TDRDSTT−El sampling (Figure 3a),
the peptide−quartz interaction was almost zero at the
equilibrated state (i.e., at a distance of zero in the figures);
however, the residue-specific calculations revealed that the N-
terminus threonine (T1) and arginine (R3) had a considerable
contribution to the peptide−surface interactions (Figure 3b).
Closer observations (i.e., close contact analysis with surface
siloxide groups, not shown here) ascertained that these cationic

groups were coordinated with negatively charged surface sites by
forming ion pairs without exchanging surface-bound Na+ ions.
The C-terminus and the first aspartic acid (D2) residue in a row
repelled from the surface and were attracted to the Na+ ions
positioned on the surface (Figure 3c). As stated earlier, Na+ ions
would keep the negatively charged residues near the surface by
bridging the two homologous termini on the peptide and quartz
surface.

In the case of TDRDSTT−RE sampling (Figure 3e), the
peptide−surface interactions were positive during the pull-out
process (before 10 Å displacement). Further observations in
Figure 3f indicated that the contribution of N-terminus T1 in the
RE sample was much lower than that in the El case, and R3
interactions had almost vanished. Thus, the conformation
obtained in the TDRDSTT−RE prevented arginine residue
from seeing the surface. Based on Figure 3g, the electrostatic
interaction of O−−Na+−O−, where the first O− belongs to the
C-terminus and the second one is for the siloxide surface groups,
was the primary adsorption mechanism in the TDRDSTT−RE
system.

Monitoring the development of interaction energies during
SMD provided information about the mechanism of peptide
detachment. The detachment in the TDRDSTT−EL system
started fromC-terminus T7 and was followed by R3 detachment
around 6 Å (Figures 3bc and S9). The N-terminus side,
including the two neighboring T1 and D2 residues, were the
strongest sequences resisting separation. The detachment path
was quite the contrary in the TDRDSTT−RE sample (see
Figures 3f and 3g). In this case, the separation initiated from the
N-terminus side, followed by D2 detachment, and finally
completed by C-terminus T7 failure. The corresponding pull-
out snapshots can be compared in Figure S10. The side-by-side
separation movies of the El and RE sampling in the TDRDSTT
peptide can be found in Movie S1. Overall, the peptides end

Figure 3. Evolution of the interaction energies during the pull-out process of solvated TDRDSTT (coded as T1D2R3D4S5T6T7 in the figures) from
quartz surface at pH = 9 per elongated (upper row: panels a−d) and replica-exchanged (bottom row: panels e−h) initial conformations. (a, e) Overall
variation of interaction energies. Contributions of each amino acid sequence in the interaction energies between (b, f) peptide−surface, (c, g) peptide−
Na+ counterions on the surface, and (d, h) peptide−water during peptide separation.
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termini seemed to play a pivotal role in quartz−peptide
interactions.

The interaction energy profiles also clarified two major
insights. First, the interaction energy between Na+ ions and the
quartz surface was higher than that of Na+ with negatively
charged peptide residues. The Na+−peptide interaction energies
became zero upon the full separation, suggesting that no ions
would be dragged to the bulk water with the peptide. The claim
is further confirmed by visually analyzing the SMD trajectory
files. Second, in the T1D2R3D4S5T6T7 peptide, D4, S5, and
T6 residues acted neutrally in the peptide−surface interactions.
D4 contributed the most to the peptide−water interactions as
the H-bond acceptor due to the −COO− moiety on its side
group (see Figures 3d and 3h). The C-terminus formed a similar
hydration shell with water molecules after being completely
released from the surface influence.

The strongly binding residues versus the weaker binding were
identified by close contact analysis. Figure 4 summarizes the in-
contact distance of neighboring residues along with the
evolution of pair residue−surface distance for the TDRDSTT
peptide per El and RE samplings during SMD. The term
“distance” in the “in-contact distance” refers to the displacement

of the peptide’s COM during the pull-out process. The residue
and surface were assumed to be in close contact if the distance
between heavy atoms of the residue fragment and the oxygen in
the superficial SiOH/SiO− layer was <4.5 Å (i.e., border shown
as a dashed horizontal line in Figure 4b,d). Comparing the
maximum in-contact distance of amino acid sequences (Figure
4a,c) confirmed the different separation pathways, a fortiori for
different adsorption modes, in the TDRDSTT−El and −RE
samplings. In the El sampling, the amino acid sequences of the
N-terminus side in (N-term)TDRDSTT(C-term) contributed
more to the surface binding, whereas for the RE sampling, the
binding responsibility was delegated to the C-terminus side.

The sequential detachment of the peptide fragments within
the SMD process was captured by the distance analysis, as
shown in Figure 4b,d. In El sampling (Figure 4b), the C-
terminus was the first fragment detaching from the surface at
∼1.5 Å. Upon the detachment, its distance increased with a steep
slope and positioned at the farthest possible distance, greater
than 20 Å. The distance was proportional to the peptide length
in its extended conformation. The guanidinium group in the
arginine side chain was the second bounded residue to lose its
connection to the surface at ∼5.8 Å. The peptide separation was

Figure 4. Maximum in-contact distance of each amino acid sequence of the TDRDSTT (coded as T1D2R3D4S5T6T7 in the figures) peptide from
quartz andNa+ counterions on the surface during the pull-out process of the equilibrated samples obtained by initial (a) elongated (El) and (c) replica-
exchanged (RE) peptide on the surface. Evolution of the in-contact species distance during SMD, primarily initialized by (b) elongated (El) and (d)
replica-exchanged (RE) peptides. The subscript BB denotes the backbone structure.
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completed by rupturing N-terminus T1 and D2 connections at
∼9.1 Å.

Reviewing the close contact characteristics of the RE sampling
(Figure 6d) showed the sequential detachment of the N-
terminus T1, D2, and C-terminus T7 at ∼1.1, 2.3, and ∼9.8 Å,
respectively. The R3 residue, which contributed to El binding,
did not play the same role in RE sampling. Hence, the fewer
binding residues in the RE conformation was themain reason for
the lower PMF values in RE samplings compared to the El ones
in the TDRDSTT peptide (see Figure S8i).

The variation of the total and residue-specific number of H-
bonds in the TDRDSTT−El and −RE systems during the SMD
process is plotted in Figure 5. Based on the figure, the
contribution of H-bonds completely differs in the two
samplings. H-bonds appeared to have play a crucial role in
peptide−quartz interactions in the El case, whereas H-bond
contribution to the RE sampling was negligible (Figure 5a,c).
There were ∼10H-bonds between the peptide and surface in the
bound state per the El sampling (Figure 5a), while less than 2 H-
bonds were found for the equilibrated RE system (see Figure
5c). The guanidinium group of arginine and ammonium of the
N-terminus were the primary fragments associated with
hydrogen bonding in the El sampling (Figure 5b). The hydroxyl
group on the T1 side chain also formed a maximum of two
intermittent H-bonds with the surface, which was ultimately

disrupted at ∼6.4 Å. Before 5 Å, no changes in the average
number of H-bonds were observed. This suggested that H-
bonds were actively involved in keeping the peptide in contact
with the surface. After pulling the peptide for 6.5 Å, more than
two-thirds of the hydrogen bonds were broken. The results
confirmed the simultaneous role of electrostatic and hydrogen
bonding in the TDRDSTT−surface interactions.

For the RE sampling, as shown in Figure 5c, the number of
intrapeptide H-bonds was almost twice the El case. Figure 5d
further confirmed that the formation of the hydrogen bonding in
RE sampling was occasional during the separation process.
Therefore, electrostatic interactions are the dominant binding
mechanism in the TDRDSTT−RE sampling. This observations
here also indicated that the absence of hydrogen bonding was
probably the main reason behind the lower PMF values for the
RE samplings (see Figure S8i).

4.3.2. FTPDGAR Peptide: The Highest Affinity El Sampling.
The results for a system containing FTPDGAR peptide per El
sampling are summarized in Figure 6. The interaction energy
plots (Figure 6a−c) indicate that P3, G5, and A6 sequences of
the FTPDGAR had a negligible contribution to the surface−
peptide interactions. Previous studies revealed that the presence
of proline in a sequence reduces the conformational flexibility of
the peptide, which in turn can improve peptide−quartz affinities
by keeping the extended conformation of the peptide.73

Figure 5. Evolution of the number of H-bonds in the overall system and per-species peptide−surface during the SMD process of the solvated
TDRDSTT/quartz system, initially constructed by (a, b) elongated and (c, d) replica-exchanged peptide on the surface. The peptide has been coded as
T1D2R3D4S5T6T7 in the figures.
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Based on the results, the FTPDGAR peptide was primarily
anchored to the surface by N-terminus F1, D4, and R7 residues.
The arginine sequence, with an interaction energy of ∼−60
kcal/mol, was the highest at the bound state. The position of the
arginine at the peptide’s end tail has kept away the C-terminus
from the surface, though no peptide−Na+ interactions have been
recorded for the C-terminus end. The residue-specific
interaction plots (Figures 6bc) also revealed that the T2 residue
was attracted to both the quartz surface and the bounded Na+
counterions in the adsorption configuration. Threonine did not

play the same role when presented in the TDRDSTT
combination. These observations suggest that although the
individual identity of amino acids is important, their place in the
sequence and the neighboring residues determine their effects
on the nature of the interactions in the system.

Comparing the interaction energy of the FTPDGAR system
with the TDRDSTT at the bound state further revealed that the
FTPDGAR sum of interactions with the surface was higher than
that of the peptide interactions with the surface-bound Na+ ions,
which was a more active mechanism in TDRDSTT adsorption.

Figure 6.Variation of (a) overall interaction energies and sequence-specific (b) peptide−surface and (c) peptide−Na+ ions interactions, (d)maximum
in-contact distance per amino acid sequence, (e) in-contact species distance, (f) the overall H-bond number, and (g) per-species H-bond number
between peptide−surface during the SMDprocess of the solvated FTPDGAR/quartz system, initially constructed by the elongated (El) peptide on the
surface. The subscript BB denotes the backbone structure.
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The peptide−peptide and peptide−water interactions in the
FTPDGAR system were respectively less positive and negative
than in the TDRDSTT system, in agreement with the former
more hydrophobic residues in its chain combination.

The close contact analysis of the surface neighboring species
and the respective hydrogen bond evolution for the FTPDGAR-

EL during the SMD process are shown in Figures 6d−g, while
the separation trajectories are represented in Figure 7 andMovie
S2. Based on the close contact results in Figure 6e, R7 was the
first residue that lost its connection at ∼1.2 Å. Before
detachment, R7 had formed the maximum number of hydrogen
bonds with the surface. D4 was the second residue that detached

Figure 7. Snapshots correspond to the FTPDGAR conformations during the SMD simulations in the aqueous peptide/quartz system at pH = 9. The
systemwas initially constructed by the elongated (El) conformation (H ≡ white, C ≡ gray, N ≡ blue, O ≡ red, Si ≡ orange, and Na ≡ green). Note: the
images are presented in the unwrap mode.

Figure 8. Variation of (a) overall interaction energies and the sequence-specific (b) peptide−surface and (c) peptide−Na+ ions interactions, (d)
maximum in-contact distance per amino acid sequence, (e) in-contact species distance, and (f) the overall H-bond number during the SMD process of
the solvated HPVYPQA/quartz system, initially constructed by the elongated (El) peptide on the surface. The subscript BB denotes the backbone
structure.
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from the surface at ∼3.8 Å. Our analysis captured no H-bonds
between the −COO− side chain of the D4 amino acid and the
silanol group on the quartz surface. Therefore, the Na+ bridging
effect was probably the adsorption mechanism for D4 affinity
toward the surface. The claim was further confirmed by the
maximum in-contact distance of the D4 residue with the quartz
surface and Na+ ions (Figure 6d). T2 was shown to separate
from the surface at ∼6.7 Å. In the close contact analysis, the
threonine side chain was not captured in the surface vicinity, and
the hydrogen bonds were formed between the T2 backbone and
the surface. The H-bond disruption of T2 residue led to an
increase in the H-bond number of the N-terminus in the new
conformation. The N-terminus F1 was finally ruptured at ∼8.6
Å. The separation point of each residue was tantamount to an
inf lection point on the respective PMF−distance curves (Figure
S8a).

It is noteworthy that the proximity of the phenylalanine (F1)
backbone with the surface instead of the hydrophobic benzyl of
its side chain proved that hydrophobic groups were not
favorable to the negatively charged quartz surface at basic pHs
(see Figure 6e). This is consistent with the previous prediction
that the role of hydrophobic interactions would be significant at
a lower degree of silica surface ionization.34 Moreover, having
two positively charged species at both ends of the FTPDGAR
peptide seems to be a positive clue for stabilizing adsorption
configurations on a negatively charged surface.

4.3.3. HPVYPQA Peptide: The Weakest-Bound Peptide
Candidate. The adsorption/desorption characteristics of the
HPVYPQA peptide, as the weakest binding candidate, during
the pull-out process are summarized in Figure 8. As mentioned
earlier, the RE sampling procedure for the peptide came up with
unbound configurations within the equilibration time scale.
Consequently, our observations here are limited to the El
sampling only. On the basis of the overall interaction energies
shown in Figure 8a, the intrapeptide interactions were negative,

indicating attractive intramolecular forces within the peptide
chain. The negative intrapeptide interactions alluded to the
higher tendency of the peptide to fold onto itself in the aqueous
environment. The peptide−water interactions in the HPVYP-
QA system were lower than those of the strongest binding
peptides (Figures 3a and 6a), further confirming that the
HPVYPQA peptide tends to minimize the interaction of its
hydrophobic residues (i.e., V3, Y4, and A7) with water. As
evident in Figures 8b and 8c, C-terminus and N-terminus H1
were the only residues latching HPVYPQA to the surface. The
interaction energy captured for the N-terminus species in
HPVYPQAwas less than one-third of the values recorded for the
TDRDSTT and FTPDGAR peptides. The P2, V3, Y4, P5, and
even the A7 residue at the end tail position had almost no
contributions to the surface binding.

Based on the close contact analysis in Figures 8d and 8e, the
N-terminus was the initial species that lost contact with the
surface at ∼0.8 Å. After that, due to the geometrical restriction,
the N-terminus remained in the vicinity of the surface until the
detachment of H1 residue at ∼2.4 Å. The close contact analysis
in Figure 8e suggested a significant reorganization of HPVYPQA
peptide within 2−3.5 Å of the pulling by the temporary
detachment of the C-terminus from the surface. The snapshots
in Figure 9 and Movie S3 had instructively captured the
intermediate conformations. Within the interval, the peptide
remained loosely bound to the surface with the weak surface−
peptide interactions through the N-terminus H1 residue.
Alanine placement near the endC-terminal with its hydrophobic
side group was probably the main reason behind the observed
phenomenon. After the reorganization, the C-terminus was
reattached to the surface and solely kept the peptide in contact
with the surface upon its ultimate disruption at ∼7.2 Å.

The evolution of the total number of H-bonds in the
HPVYPQA system is presented in Figure 8f. As evident,
hydrogen bonding had thereby trivial contribution to surface−

Figure 9. Snapshots correspond to the HPVYPQA conformations during the SMD simulations in the aqueous peptide/quartz system at pH = 9. The
systemwas initially constructed by the elongated (El) conformation (H ≡ white, C ≡ gray, N ≡ blue, O ≡ red, Si ≡ orange, and Na ≡ green). Note: the
images are presented in the unwrap mode.
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peptide interactions. The N-terminus and histidine side chain
were involved in the observed initial partial intermittent H-
bonds. Therefore, one can conclude that electrostatic and vdW
interactions are the only binding mechanism in the HPVYPQA
systems. Our analysis (not shown here) further reveals that Q6
residue formed the highest number of H-bonds with water
molecules at the bound state. After the full separation, N-
terminus and Q6 residues built more than 70% of the H-bonds
networks in peptide−water interactions.

5. CONCLUSION
In this work, we devised a sequential scheme to perform
atomistic simulations of adsorption and binding characteristics
of peptides on inorganic surfaces, combining classical MD,
replica exchange MD (REMD), and steered MD (SMD).
Within the procedure, the peptide sequences suggested by phage
display screening were initially sampled within the REMD
framework under the implicit water model, continued with
explicit water introduction, equilibrated by classical MD, and
finally characterized by SMD simulations. The introduced
simulation method has several advantages over the common
classical approaches. First, employing REMD would boost
sampling diversity more genuinely than solely using classical
MD theory. Second, the sequential addition of system
components would facilitate the equilibration process, whereas
a high level of convergence in equilibrium structure and energies
was reached. Third, applying SMD simulations would
substantively discriminate between the strongest and weakest
binding peptides and provide a detailed atomistic description of
the unbinding mechanism by clarifying the active from inactive
compounds.

The procedure mentioned above was employed to study the
adsorption of ten 7-mer peptides, experimentally identified by
phage display, on the crystalline quartz surface at pH = 9. The
quartz slab contains silanol and siloxide groups on the exposed
surface layer in a basic environment, leading to an ultimate
negatively charged substrate. Our observations revealed that the
mechanism and extent of binding were mainly controlled by the
local surface environment, the identity of amino acids, the
peptide’s composition, and the placement positions of residues
in the sequence. Generally, at pH 9, the affinity of amino acids
followed the trend of positively charged > negatively charged ≫
uncharged toward the quartz surface. The adsorption of N-
termini and positively charged amino acid residues was more
favorable due to the simultaneous action of polar electrostatic
interactions (i.e., mainly through ion-pairing) and hydrogen
bonding. The C-termini and negatively charged residues mainly
bound the surface with an electrostatic bridging with the surface-
bound Na+ counterions at pH = 9. The uncharged residues
(except the hydrophobic species) formed weak intermittent
contact with the surface through van der Waals and weak
hydrogen bond interactions.

Putting aside the N- and C-termini, R+ and K+ residues were
identified as the most potent binders to the quartz surface in the
peptide sequence. The contribution of D− and E− residues was
also significant due to the prevailing concentration of surface-
bound Na+ ions at pH 9. The adsorption mechanism of weaker-
binding peptides involved a considerable decline in hydrogen
bonding. In particular, our results revealed that the peptides with
a combined association of positively and negatively charged
residues in the sequence showed the highest affinity to the quartz
surface at pH 9. As an extreme, the incorporation of R+ andD− in
the peptide sequence resulted in the most notable contributions

toward surface binding. The proximity of positively charged and
negatively charged residues in the sequence seemed to be the
key point in designing robust selective peptides toward the
quartz surface. However, assessments of more peptides are
needed. One should also be aware of the importance of
intrapeptide interaction in peptide−surface interactions. Our
results suggest that repulsive intrapeptide interactions (as
identified by the positive peptide−peptide interactions), in
accordance with the occurrence of more stretched conforma-
tions, are favorable for strong peptide−quartz binding.

Overall, the proposed approach enables a better description of
the binding process of peptides to quartz by increasing the
system resolution to the atomic level and suggests that the
adsorption mechanism is tunable by manipulating peptide
sequences. Furthermore, the simulations confirm that the recent
developments in computational methods present a unique
opportunity for rational reagent design approaches.
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