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A B S T R A C T

Streaming potential and quartz crystal microbalance measurements, combined with all-atom molecular
dynamics simulations, were used to study the pH dependency of the adsorption of two basic homopolypeptides,
poly-L-lysine (PLL) and poly-L-arginine (PARG), on 𝛼-quartz surface. We report that the observed adsorption
behavior rises from an interplay of 𝑖) the change in the number of possible peptide-surface ion pairs between
the charged moieties and 𝑖𝑖) repulsive electrostatic interactions between the polypeptide molecules. For low
pH values, polypeptide adsorption was strongest and stable monolayers were formed. However, electrostatic
repulsion between the polypeptides led to a relatively low maximum surface coverage. On the other hand,
higher pH led to more weakly bound, but significantly denser, peptide films with limited stability. Simulations
indicate that electrostatic interactions are the main driving force for adsorption, while hydrogen bonding and
non-specific interactions also contribute. Additionally, the important role of the counterions of the negatively
charged quartz surface that form a positively charged ion adlayer is highlighted. Ion release of the condensed
sodium ions at the charged surface occurs via displacement by polypeptide adsorption. The mechanisms
revealed by this work provide systematic guidelines to engineering active surfaces of charged peptides with
controlled surface coverage and reversible binding.
1. Introduction

The biocompatible, biodegradable, bioactive and stimuli-responsive
behavior of polypeptides (PPs) make them perfect candidates for ma-
terials use in biomedical applications [1], such as drug-delivery vehi-
cles [2–4], implantable devices [5,6], or antimicrobial coatings [7].
Even more so, the use of PP materials is gaining interest due to
increasing understanding of peptide structure-function relationships
and the maturation of recombinant DNA technology, which allows for
the synthesis of designed sequence PPs in large yields [1]. For these
applications, PP adsorption at solid/liquid interfaces bears significant
importance because it is the initial step in self-assembled monolayer
(SAM) and multilayered film formation that form the basis of PP
materials [8,9]. We focus here on the adsorption of two cationic PPs
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with mutually different pH responses (i.e. poly-L-lysine (PLL) and poly-
L-arginine (PARG)) onto a well-characterized, common pH-responsive
substrate, silica 𝛼-quartz. Because both the PPs and the substrate are
pH-responsive, a variety of adsorption behaviors are to be expected.

The basis for designing PP-based novel materials is their physical
and chemical properties and stimuli-responsiveness to environment, see
e.g. Refs. [1,10] for reviews. The properties of PPs in bulk solution, such
as secondary structure and ionization degree (ID), dictate for example
PP self-assembly and adsorption [11,12]. PPs that contain amino acid
sequences with ionizable side chain functionalities, such as lysine (Lys)
and arginine (Arg), are especially interesting due to their pH-response
and salt sensitivity which provide tunable interactions [13–15]. No-
tably, pH can alter the PP charge state, and electrostatic screening by
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added salt provides a means to control the formation of smart mate-
rials based on charged PPs or multifunctional films with incorporated
polypeptide chains [14].

PLL (pKa ≈ 9.85 [16]) has been studied extensively as a model
pH-tunable PP. The secondary structure of PLL is influenced by the
protonation state of the chain moieties which can be tailored by the
pH of the solution [13,17]. Prior experimental work shows that the
secondary structure of PLL changes from 𝛼-helix to random coil because
f the electrostatic repulsion of the charged side chains as the PP ID,
nfluenced by the pH and pKa of the PP, increases [13]. The secondary
tructure can further be influenced by the temperature [18] or peptide
hirality [19].
PARG behaves differently due to the relatively high pKa ≈ 12.1 [20]

f the guanidine group on the amino acid (AA) side chain. Because tun-
ng PARG’s ID is limited, PARG remains fully charged and adopts a ran-
om coil configuration at all biologically relevant pH values [21–23].
owever, a random coil to 𝛼-helix transition has been demonstrated
sing divalent and polyvalent ions [24].
Experimental investigations (e.g. quartz crystal microbalance [25],

treaming potential measurements [26] and optical reflectometry [27])
rovide information on adsorption phenomenon at the macroscopic
cale. For example, the physical and chemical characteristics of the
ubstrate surface, such as density and type of functional groups [28]
nd surface roughness and morphology [29–31], have been shown to
ffect PP adsorption. In this work, we focus on silica as the substrate.
esides being pH responsive, silica is also a very well-characterized
ubstrate material [32–38]. Silica is often used as a model substrate
n adsorption studies, being e.g. the most common sensor substrate for
uartz crystal microbalance with dissipation monitoring measurement
echnique, but common also in biomedical applications, such as drug
elivery systems, biocatalyst supports, or biosensors. These applications
ely on biomacromolecule–substrate interactions [34,39–43]. Addition-
lly, silica has been the focus of significant force field development [28,
4], increasing the accuracy of computational modeling and via that
he attractiveness of silica as a modeling substrate.
Computational modeling allows systematic examination of the ad-

orption response by enabling precise control of system variables in-
luding salt species, ionic strength, and ionization degree. Especially,
ll-atom molecular dynamics (MD) simulations offer an ideal tool for
tudying PP adsorption due to the possibility to probe atomic scale
nteractions, i.e. hydrogen bonding and electrostatic interactions at
anosecond time scales [13,28,45–47]. Prior MD simulations work has
ighlighted the main mechanism for adsorption of PPs with basic side
hain functionalities such as arginine and lysine on silica surfaces.
pecifically, electrostatic interactions are major contributors, along
ith hydrogen bonding between polar groups of the AA side chain
nd silanol and siloxide groups on the silica surface [27,28,45,47,48].
dsorption can be modulated by the water solvent structure at the silica
urface [46] and the salt species i.e. counterions in the polyelectrolyte-
ilica system [49]. Quantum chemical methods have indicated that
ydrogen bonding between lysine and silanol (SiOH) groups on the
ilica surface occurs [50,51]. In addition to molecular level modeling,
hermodynamics-based and statistical modeling approaches, such as
he Random Sequential Adsorption (RSA) model [52,53] and Scaled
article Theory [54], have been used to gain insight on large-scale fea-
ures of polypeptide (or other macromolecule) and colloidal adsorption,
.g., maximum surface coverage or adsorption kinetics.
In summary, both experimental and computational studies have

emonstrated that the main driving forces of physical adsorption of
Ps comprise electrostatic interactions, hydrophobic attraction, and
ydrogen bonding [26,28,29,55,55–58]. Mechanisms associated with
lectrostatic interactions include ion pairing, ion exchange, and cation
r anion bridging, see e.g. [28,59,60]. Additionally, ion and solvent
elease entropy contribute, see e.g. Ref. [61] for review. The afore-
entioned mechanisms can rise from the electric double layer (EDL)
2

ffiliated with the substrate’s surface. The structure and dynamics of the o
DL are very complex, and therefore, despite over a century of study,
ignificant advances in the field are still made, especially relating to
he dynamic nature of the interfacial region, i.e. charging dynamics,
on-local charge transfer [62] and phase separation (see recent re-
iew [63]). Atomistic detail molecular dynamics with localized charge
s a versatile tool used to study the structure of the EDL, especially in
egard to polyelectrolyte adsorption, because conventional mean-field
odels are not able to accurately predict the perturbation caused by the
acromolecule on the substrate [64–68]. PP secondary structure type
as also been shown to influence adsorption kinetics and the formed
onolayer structure [11,27,29,69–71].
The literature survey also reveals that studies systematically map-

ing the pH dependency of PP adsorption and the interplay of both
he substrate and PP charge states remain lacking. Additionally, most
dsorption studies in literature have been carried out from concentrated
P suspensions, which despite the greater consumption of the reagents,
esult in less stable and poorly defined PP layers on the substrate. To
ill the gap, we focus here on a model system composed of well-defined
omopolypeptides comprising solely of lysine or arginine residues ad-
orbing on a well-characterized 𝛼-quartz silica surface. Both the PPs and
he surface change their charge state in response to changes in pH, mak-
ng the setup ideal for extracting adsorption dependencies on pH. The
etup allows systematic charting of the pH dependency in the adsorp-
ion and adsorbed film characteristics. Additionally, the use of diluted
P solutions allows precise control of the resulting monolayer, in terms
f surface coverage, stability, and viscoelastic properties, as demon-
trated by the current work. We combine experimental measurements
nd MD simulations to extract these dependencies. Experimentally,
uartz crystal microbalance method allows study of the polypeptide
dsorption, while the streaming potential method enables the determi-
ation of the monolayer stability in terms of surface coverage changes
uring desorption at controlled transport conditions. The use of an 𝛼-
uartz substrate for streaming potential measurements is not common,
dding further value to the work. All-atom detail MD simulations were
sed to interpret the experimental data, elucidate molecular mecha-
isms and systematically map the interactions driving the adsorption
henomena. The significance of the work is that the results offer insight
nto molecular interaction mechanisms responsible for PP adsorption
nd provide guidelines for the construction of PP layers with tunable
dsorption properties and well-defined layer characteristics.

. Methods

.1. Experimental materials

Pure crystalline poly-L-lysine hydrobromide, hereafter referred to as
LL, and poly-L-arginine, hereafter referred to as PARG, constitute the
wo synthetic polypeptides purchased from Sigma Aldrich Merck KGaA,
armstadt, Germany. The molar mass reported by the manufacturer
or the two polypeptides is equal to 150–300 kg mol−1 and 15–75 kg
ol−1, respectively. The exact molar masses, previously determined us-
ng the viscosity method, were equal to 120 kg mol−1 and 38 kg mol−1
or PLL and PARG, respectively [14,23]. Additionally, the length of PLL
nd PARG molecules used in this work were determined previously in a
ide range of ionic strength. The PLL chain length was 192 nm in pure
ater and 67 nm in 0.15 M NaCl [14], whereas PARG chain length was
9 nm in water and 36 nm in 0.15 M NaCl [23].
The stock and dilute solutions used in the experiments were pre-

ared by dissolving the proper amount of solid PLL and PARG in
aCl electrolyte. The analytical grade chemicals used for preparing
he solutions and investigation of ionic strength-dependent and acid-
ase properties of the polypeptides, i.e., NaCl, HCl, and NaOH, were
urchased from Sigma Aldrich Merck KGaA, Darmstadt, Germany, and
vantor Performance Materials, Poland S.A. The NaCl solutions of a
recisely known concentration were prepared using deionized water

btained using Milli-Q Elix & Simplicity 185 purification system from
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Millipore SAS Molsheim, France, with the conductivity less than 0.06
μScm−1.

Silicon wafers (Si/𝛼-SiO2, p-type, boron doped) for examining the
adsorption and desorption mechanisms under in-situ conditions using
the streaming potential method were purchased from Silchem, Freiberg,
Germany. The wafers were cut out to obtain the surface area of 1.0×3.0
cm2 and thickness 0.1 cm. The pieces of silicon were freshly cleaned
before each set of experiments in a 1:1 mixture of H2SO4 and H2O2
or 30 min, rinsed with Milli-Q water and afterwards immersed in 80
C Milli-Q water for 30 min. Finally, the silicon pieces were dried in
flow of nitrogen [72,73]. The thickness of the grown SiO2 layer was
easured to be 3.2 ± 0.4 nm [52].
QCM-D silicon/silica quartz crystals (sensors) were AT-cut silica-

oated gold crystals characterized by a fundamental shear oscillation
requency of 5MHz, purchased from QSense, Sweden. The sensors were
sed in gravimetric measurements using a quartz crystal microbalance
ith dissipation monitoring (QCM-D). Before each measurement, the
CM-D sensors were immersed in piranha (1:1:1 mixture of H2SO4 and
2O2, and ultrapure water, prepared 30 minutes before cleaning) for
.5 min, to obtain the SiO2 layer. Afterwards, the sensors were rinsed
ith Milli-Q water and immersed in 80 ◦C Milli-Q water for 30 min.
inally, the sensors were dried in a flow of nitrogen. The sensors were
reshly cleaned before each experiment. The root mean square (rms)
oughness of the QCM-D silica sensors, previously examined by AFM
onducted in a semicontact mode under ambient conditions, was equal
o 0.87 nm [74,75].

.2. Experimental methods

.2.1. Electrophoretic mobility and diffusion coefficient measurements
The electrophoretic mobility and diffusion coefficients of PLL and

ARG were measured by the combination of electrophoresis with laser
oppler velocimetry (ELDV) and dynamic light scattering (DLS) meth-
ds, using a Malvern Zetasizer Nano ZS device.
Unlike diffusion coefficient 𝐷, the hydrodynamic diameter 𝑑𝐻 is

ndependent of temperature and liquid viscosity which brings an ad-
antage in analyzing suspension stability under various conditions, see
n Ref. [76]. The hydrodynamic diameter was calculated using the
tokes–Einstein relationship:

𝐻 = 𝑘𝑇
3𝜋𝜂𝐷

, (1)

where 𝑘 is the Boltzmann constant, 𝑇 is the absolute temperature, and 𝜂
s the dynamic viscosity of the solution. For polyelectrolyte molecules,
he hydrodynamic diameter can be interpreted as the diameter of
sphere with the same hydrodynamic resistance coefficient as the
olecule under investigation.
Together, the directly measured 𝑑𝐻 and 𝜇𝑒 allow the determination

f the zeta potential values of the PPs based on the Henry’os model [77–
0]:

𝑝 =
3
2

𝜇𝑒𝜂
𝜀𝑓 (𝜅𝑑𝐻 )

, (2)

here 𝑓 (𝜅𝑑𝐻 ) is the correction function [77,78] and 𝜅−1 is the double
ayer thickness.
The electrokinetic charge per single molecule is obtained based on

he electrophoretic mobility from the Lorentz–Stokes relationship:

𝑒 =
𝑘𝑇
𝐷

𝜇𝑒 = 3𝜋𝜂𝑑𝐻𝜇𝑒. (3)

he electrokinetic charge allows one to calculate the number of un-
ompensated charges 𝑁𝑐 responsible for binding the PP molecules to
he surface [80–82], i.e. the stability of obtained monolayers:

𝑐 =
𝑞𝑒
𝑒
. (4)

In this, 𝑒 is the elementary charge 1.602 × 10−19 C. It should be under-
lined that Eq. (4) is valid for an arbitrary charge distribution, molecular
shape, and electrophoretic mobility. However, its accuracy decreases
when the double layer thickness does not exceed the hydrodynamic
diameter of the molecule.
3

2.2.2. Streaming potential measurements
The home-made setup that was used for determining the zeta po-

tential of bare and PP-covered surfaces has been described in detail
elsewhere [83,84]. In brief, the main part of the measurement cell is a
parallel plate channel with dimensions 0.027 × 0.29 × 3.0 cm3, formed
y 𝛼-quartz silica surfaces forming the adsorbing walls, separated by
perfluoroethylene spacer. The streaming potential 𝐸𝑠 was measured
sing a pair of Ag/AgCl electrodes as a function of the hydrostatic
ressure difference 𝛥P which causes the flow of an electrolyte through
he channel. The overall cell electric conductivity, 𝐾𝑒, was determined
sing a pair of Pt electrodes. The slope of the 𝐸𝑠 vs. 𝛥P dependence
llowed calculating the apparent elektrokinetic potential of a substrate
urface (𝜁) based on the Smoluchowski relationship:

=
𝜂𝐾𝑒
𝜀

(

𝛥𝐸𝑠
𝛥𝑃

)

, (5)

where 𝜂 is a dynamic viscosity of the solution, 𝐾𝑒 is the specific
conductivity of the cell, and 𝜀 is the dielectric permittivity.

The procedure of preparing polypeptide monolayers on the 𝛼-quartz
silica (Si/𝛼-SiO2) surface was as follows:

i Streaming potential measurements for characterization of bare
Si/𝛼-SiO2 surface under 0.1 M NaCl solution and varying the pH
over range 2–12 were performed.

ii Polypeptide monolayers of dense coverage were obtained in situ
under diffusion-controlled transport. This was realized by filling
the electrokinetic cell with a polypeptide (either PLL or PARG)
suspension of the concentration of 10 mg L−1, 0.1 M NaCl and
a given pH. For each experimental condition, the monolayer
was formed over 20 min. The concentration and the time of the
monolayer formation were determined on the basis of previous
investigations [52,84,85]. Both parameters were sufficient to
obtain maximum coverage of the polypeptides on the Si/𝛼-SiO2
surface.

iii Afterwards, the cell was flushed with a pure electrolyte of
the same ionic strength and pH, in order to remove weakly
bound polypeptide chains, and the streaming potential of the
PP-covered Si/𝛼-SiO2 surface was measured.

iv In the final step, for the densely packed PP monolayer, des-
orption experiments were performed in order to determine the
influence of pH on the stability of the monolayer. In these exper-
iments, the streaming potential measurements were conducted
during rinsing the monolayer with a pure electrolyte of a given
pH under the volumetric flow rate equal to 2.1 cm3 min−1. The
time interval of data collection was 15 min at the beginning of
the experiment and 40–60 min afterwards, up to 420 minutes.

In the case of bare Si/𝛼-SiO2, the pH was changed starting from
atural pH 5.8 toward the basic pHs. Then, after reaching the pH 12,
he pH was changed backward toward acidic pH, up to pH 2.0. The elec-
rokinetic (uncompensated) charge of the surface was calculated using
he Gouy–Chapman relationship, valid for symmetric, 1:1 electrolytes:

0 =
(8𝜀𝑘𝑇 𝑛𝑏)

1
2

0.1602
sinh

𝑒𝜁𝑖
2𝑘𝑇

, (6)

where 𝜎0 is the electrokinetic charge density expressed in 𝑒 nm−2 and
𝑛𝑏 is the number concentration of ions expressed in m−3.

For a PP-covered surface Eq. (7) allows to convert the zeta potential
to PP monolayer coverage [26,86]:

𝛩 = − 1
𝐶𝑖

ln
𝜁 − 0.71𝜁𝑏
𝜁𝑖 − 0.71𝜁𝑏

, (7)

where 𝐶𝑖 is the dimensionless constant, dependent on the flow damping
caused by adsorbed macroions. Assuming side-on adsorption of PPs, 𝐶𝑖
is equal to 5.6. [87]. 𝜁𝑖 is the zeta potential of bare substrate, 𝜁𝑏 is the
bulk zeta potential of the macroion and 𝜁 is the zeta potential obtained
from the streaming potential measurements for PP monolayer.
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2.2.3. QCM-D measurements
The QCM-D measurements, performed for investigation of adsorp-

tion kinetics of both PLL and PARG monolayers, were carried out using
a QSenseE1 device (QSense, Gothenburg, Sweden) according to the pro-
cedure described in Refs. [75,88,89]. All QCM-D measurements were
performed for PP suspensions, at 10 mg L−1 concentration, with 0.1 M
NaCl electrolyte and for varying pH. In brief, before each measurement,
a stable baseline corresponding to pure electrolyte was attained. The
flow velocity of pure electrolyte was set to 1.33 × 10−2 cm3 s−1. Next,
the PP suspension was introduced into the thermostated QCM-D cell.
The flow velocity of the polypeptide suspension was the same as for
the pure electrolyte. The adsorption of the polypeptides was carried
out for 25 min. The adsorbed wet mass of PP per unit area, hereafter
referred to as the QCM-D mass and denoted by 𝛤 , was calculated from
the Sauerbrey equation:

𝛤 = −𝐶
𝛥𝑓
𝑛

, (8)

here 𝛤 is wet mass per unit area, 𝛥𝑓 is the frequency change, 𝑛
s the overtone number, and 𝐶 is the mass sensitivity constant that
s dependent on the physical properties of the sensor. For the AT-cut
ilica-coated gold crystals, 𝐶 is equal to 0.177 mg m−2 Hz [90].
The mass of the adsorbed monolayers was calculated from the

frequency changes obtained as the average value from 5 overtones. Si-
multaneously, using the same overtones, the dissipation was calculated
as the average value from 5 overtones (3rd-11th).

.3. Simulations

All-atom molecular dynamics simulations were carried out using
he GROMACS software, version 2020.5 [91]. The AMBER-99SB∗-
LDNP [92] force-field was used for the simulations of the PLL and
ARG PPs. A recent force-field comparison by Batys et al. [13] reported
MBER99SB*-ILDNP force-field best in capturing the secondary struc-
ure response to changes in solution pH. For water, the TIP3P water
odel as the AMBER compatible water model was employed [93].
MBER compatible force field parameters for silica 𝛼-quartz aqueous
nterfaces of Emami et al. [44] were used for the silica surface. In prior
work, we have successfully used the model for studying adsorption from
bio oils [94].

PLL is a weak polyelectrolyte with pKa ≈ 9.8 [13,16] while PARG
is a relatively strong base with the guanidine side chain functionality
pKa ≈ 12.1 [20]. Fig. 1(a) shows the chemical structure of the two
tudied PPs with the ionization states present in the examined pH
ange. It is worth noting that the pKa values carry uncertainty as pKa
s dependent on ionic strength, temperature, and the PP chain length
number of AAs) [95]. Additionally, pKa can change when the PP binds
to the substrate [96].

The charge states of the two PPs in the MD simulations were set to
match the mean charge state of the PP at a given pH calculated using
their respective pKas and the Henderson–Hasselbalch equation. It is
worth noting that recently, constant-pH MD methods have emerged for
modeling the changes in the amino acid protonation states caused by
pH [97–99]. The approach, however, requires knowing the pKa value
for the ionizable group. This depends on the molecular neighborhood,
complicating the use for example, for the charged homopolypeptides,
such as PLL or PARG. The PPs were generated using Tinker [100]. All
studied PPs are 15 AAs long homopolypeptides.

Table 1 summarizes the studied PPs and their AA sequences in terms
of charged side chain positioning. The N- and C-termini are capped
with acetyl (ACE) and N-methyl amide (NME) groups, respectively.
Therefore, only the amino-acid side chain groups are responsible for
charge–charge electrostatic interactions. We introduce a notation Lys+
and Lys (PLL) and Arg+ and Arg (PARG) to refer to the charged and
uncharged amino acids. When present, the charged residues are set at
even intervals in the amino acid chain. PARG was only studied as a

+

4

fully charged Arg chain. e
Fig. 1. Chemical structure of a) PLL with charged and neutral side chain and PARG
with charged side chain. (b) 𝛼-quartz crystal slab used in this work. Oxygen, silicon
and hydrogen atoms are red, yellow, and white, respectively. The silanol ≡SiOH and
siloxide groups ≡SiO− are presented on the crystal surface.

The chosen PP chain length in the simulations is long enough
to reproduce secondary structure in agreement with circular dichro-
ism spectroscopy experimental results [13]. Additionally, at low ionic
strength highly charged PPs can be expected to have negligible finite-
size effects from the PP chain length as the electrostatic repulsion
causes the peptide end-to-end distance to be linearly dependent on the
molar mass [14,23,101].

For PLL, the final 1 μs structures from Batys et al. [13] were
used as the secondary structure equilibrated initial configurations for
adsorption studies. For PARG, the secondary structure equilibration
followed Batys et al. [13] protocol but due to the dominance of the
electrostatic interaction in the fully charged PARG chain, 300 ns was
enough to equilibrate the secondary structure. Peptide relaxation was
performed in water solution with 0.1 M NaCl as added salt and Cl−

ions needed to neutralize the PP charge. Dilute solution conditions were
chosen to make comparison between the experimental and modeling
work feasible. At higher salt concentrations, the electrode reactions
make electrophoretic mobility measurements less feasible.

The 𝛼-quartz slab with Q2 surface structure (silanol/siloxide density
of 9.4 nm2) was created using CHARMM-GUI [102]. Four systems with
differing IDs, ID = 0 (pH = 3), ID = 0.1 (pH = 6), ID = 0.233 (pH =
10), and ID = 0.3 (pH = 12), were constructed with pH dependency of
the ID based on Emami et al. [44]. The size of the 𝑥𝑦-periodic crystal
slab was 7.37 × 7.65 × 2.7 nm3 and it was put into a simulation box of
7.37 × 7.65 × 10.5 nm3. Fig. 1(b) shows the 𝛼-quartz slab created and
he silanol and siloxide groups on the crystal surface. Charged 𝛼-quartz
labs were neutralized by Na+ counterions, the equilibrated PP was
nserted into the simulation box so that its center of mass was 2.3 nm
rom the plane defined by the surface oxygen atoms of the 𝛼-quartz
urface, the system was solvated, and the Cl− counterions of the PP
ere added. All simulation systems had one PP per 𝛼-quartz crystal
lab and contained additionally 0.1 M added NaCl. The supplementary
nformation (SI) contains additional information, including Na+ adlayer
quilibration assessment data as Figure S1.
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Table 1
Summary of the simulated polypeptides (PPs) and 𝛼-quartz surfaces. The PP amino acid sequences, peptide and silica
surface ionization degrees (IDs) and corresponding pH are presented. The PP sequences are shown to indicate the
positioning of the charged residues in the models.
pH PP sequence PP ID silica ID

PLL

3.0 ACE-(Lys+)15-NME 1 0
6.0 ACE-(Lys+)15-NME 1 0.1
9.6 ACE-(Lys+)-Lys-(Lys+)2-Lys-(Lys+)2-Lys-(Lys+)2-Lys-(Lys+)2-Lys-Lys+-NME 0.66 0.23
10.2 ACE-Lys-Lys+(Lys)2-Lys+-(Lys)2-Lys+-(Lys)2-Lys+-(Lys)2-Lys+-Lys-NME 0.33 0.23
12.0 ACE-(Lys)15-NME 0 0.3

PARG

3.0 ACE-(Arg+)15-NME 1 0
6.0 ACE-(Arg+)15-NME 1 0.1
10.0 ACE-(Arg+)15-NME 1 0.23
t
s
F
o
d
i
i
n
h
p
i

c
m
o
3

S

z
b
f
z
e
a
𝜁
T
2

After the initial equilibration of the system, a 50 ns unconstrained
NPT simulation was performed. If the PP adsorbed to the 𝛼-quartz
surface, the production run was continued to 500 ns duration. If the
dsorption did not take place within the 50 ns, adsorption tendency
as probed by pulling the peptide center of mass 𝑧-axially with a rate
nm/s toward the surface. Details of the procedure are provided in the
I.
A 20 ns NPT run was performed for three sampling configurations.

or PP desorbing in all three runs, adsorption was concluded unlikely
ut if the PP remained close to the surface, adsorbed for the 20 ns
imulation, the production run was continued until a total simulation
ime of 500 ns was reached. Equilibration was assessed by the root
ean square deviation (RMSD) of the PP as a function of simulation
ime. The last 300 ns were used for the analysis.
The V-rescale thermostat [103] with time constant 𝜏𝑇 = 0.1 ps and

eference temperature of 298 K were used. The PP was thermostated
eparate from water and ions and the 𝛼-quartz slab was considered a
hird thermostatting group. All NPT simulations employ the Parrinello–
ahman barostat [104,105] (𝜏𝑝 = 2 ps). Anisotropic pressure coupling
ith compressibilities of 4.5e−6, 4.5e−6 and 4.5e−5 bar−1 for 𝑥-, 𝑦-,
nd 𝑧-directions were used. The 𝑥- and 𝑦-direction compressibility was
ssumed to be ten times lower than the compressibility of water to
ake into account the rigidity of the 𝛼-quartz slab. The off-diagonal
ompressibilities were set to 0 bar−1. The C-H bond vibrations were
onstrained using the LINCS algorithm [106]. The particle mesh Ewald
ethod [107] was used for long-range electrostatics (cubic interpola-
ion and Fourier spacing set to 0.16). The nonbonded interactions used
1.0 nm cutoff. The Verlet algorithm with a time step of 2 fs was used
or integrating the equations of motion in the production runs.
The adsorption free energy of the PPs was estimated via the poten-

ial mean force (PMF) obtained by umbrella sampling. Each umbrella
ampling window was sampled for 50 ns in NPT ensemble. For hydro-
en bond analysis, standard Gromacs tools were used. For molecular
isualizations, VMD [108] was used. Details of the umbrella sampling
rotocol and performed analyses are provided in the SI.

. Results and discussion

We first provide results on the experimental determination of bulk
LL and PARG properties that influence PP-PP and PP-surface interac-
ions under varying pH. Next, we focus on characteristics of the bare
i/𝛼-SiO2 surface that influence PP adsorption at the same conditions.
hen, experimental PP adsorption to the surface and characterization
f the formed film is examined. For enhanced interpretation, MD
imulation results on PP adsorption at varying pH are provided. The
resented sequence of data gives a clear view on the influence of single
olecule properties on the formation mechanisms and stability of PP
5

ilms adsorbed to an Si/𝛼-SiO2 surface. E
Bulk solution characteristics of PLL and PARG

Essential bulk characteristics influencing molecule–molecule and
molecule–surface interactions include the diffusion coefficient 𝐷 and
the electrophoretic mobility 𝜇𝑒 of PLL and PARG molecules. They were
measured simultaneously by DLS and LDV in the same experiment.
Eqs. (1) and (2)) provide the dependence of the hydrodynamic diameter
and the zeta potential on pH for PLL and PARG molecules (Figs. S2 and
S3). Fig. S2 shows that the zeta potential of PLL molecules remains
positive in the pH range 3.1–7.2, with an average value of 48 ± 2 mV.
At higher pH, the zeta potential monotonically decreases in the pH
range 7.8 – 9.5, vanishing at pH above 10.5. This is defined in literature
as the isoelectric point [109–111]. Analogously, the zeta potential of
PARG molecules remains highly positive in the pH range 3.1 – 8.2,
with an average value of 46 ± 2 mV. For higher pH the zeta potential
decreases slightly attaining the lowest value of 21 ± 3 mV at pH 12.
In contrary to PLL, PARG molecules remain positively charged in the
entire examined pH range.

The hydrodynamic diameter of PLL molecules remains constant (𝑑𝐻
= 18 ± 3 nm) in the pH range 3.1–10.5. The 𝑑𝐻 value is slightly lower
han reported previously for the same molecules but at lower ionic
trength [13]. At pH above that range, aggregation is observed, see
ig. S3. In DLS measurements, aggregation shows as higher friction
f the molecules, reflected by an increased value of the hydrodynamic
iameter. The electrophoretic mobility data is consistent with the DLS
nvestigation. In total, the behavior can be associated with vanish-
ng repulsive electrostatic interactions between the molecules (lower
umber of uncompensated charges per molecule). Analogously, PARG’s
ydrodynamic diameter remains practically independent of pH (up to
H 12), with a value of 8 ± 1 nm. This suggests that only slight changes
n the molecule conformation take place.
The physicochemical parameters, comprised of the diffusion coeffi-

ients, the corresponding hydrodynamic diameters, the electrophoretic
obility and the corresponding zeta potentials, as well as the number
f uncompensated charges per molecule, for the examined pH range
–12 are gathered in Table 2.

urface characteristics

An important factor for the interpretation of PP adsorption is the
eta potential of the bare Si/𝛼-SiO2 surface (𝜁𝑖), which was determined
y streaming potential measurements. The dependence of 𝜁𝑖 on pH
or 0.1 M NaCl, calculated from Eq. (5), is shown in Fig. S4. The
eta potential of the bare Si/𝛼-SiO2 surface remains negative for the
ntire studied pH range. For pH 9–12, 𝜁𝑖 = −52 ± 5 mV. Approaching
cidic conditions, an increase in the zeta potential was observed, with
𝑖 = −32 mV and −10 mV measured for pHs 5.8 and 3.1, respectively.
he isoelectric point of the Si/𝛼-SiO2 surface was determined to be pH
.5, in agreement with the literature [112–114].
Moreover, using the measured zeta potential values and applying
q. (6), the corresponding electrokinetic (uncompensated) charge of the
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Table 2
Summary of physicochemical characteristics of PLL and PARG measured experimentally
various pH. Diffusion coefficient 𝐷, hydrodynamic diameter 𝑑𝐻 , electrophoretic mobil
𝑒, zeta potential 𝜁𝑏, and number of uncompensated charges 𝑁𝑐 per PLL or PARG molec
re presented. 𝑇 = 298 K and 𝐼 = 0.1 M NaCl in all measurements. The conditions mode
y the MD simulations are marked with gray background.
pH 𝐷 × 10−11

[m2 s−1]
𝑑𝐻 [nm] μ𝑒

[mm cm (V s)−1]
𝜁𝑏
[mV]

𝑁𝑐

PLL

3.1 ± 0.1 2.7 18.0 ± 5 2.6 ± 0.2 49 ± 3 28
3.6 ± 0.1 2.9 16.7 ± 3 2.5 ± 0.1 47 ± 2 25
4.5 ± 0.1 3.1 15.7 ± 2 2.4 ± 0.1 46 ± 6 23
5.8 ± 0.1 3.1 16.0 ± 4 2.6 ± 0.2 49 ± 4 25
7.6 ± 0.1 2.7 18.0 ± 4 2.2 ± 0.1 43 ± 2 23
9.5 ± 0.1 3.1 16.0 ± 2 1.7 ± 0.3 26 ± 4 16
10.5 ± 0.1 3.3 15.0 ± 2 0.4 ± 0.2 8 ± 4 4
12.0 ± 0.1 2.6 19.0 ± 6 −0.7 ± 0.1 −12 ± 2 8

PARG

3.1 ± 0.1 6.4 7.7 ± 2 2.4 ± 0.2 44 ± 3 11
5.1 ± 0.1 5.5 8.9 ± 3 2.5 ± 0.1 47 ± 2 13
5.9 ± 0.1 5.8 8.5 ± 2 2.4 ± 0.1 45 ± 2 13
7.4 ± 0.1 6.6 8.3 ± 2 2.5 ± 0.2 48 ± 3 12
8.5 ± 0.1 5.5 8.9 ± 2 2.4 ± 0.1 45 ± 2 13
10.0 ± 0.1 6.2 7.9 ± 2 1.9 ± 0.3 36 ± 4 9
11.9 ± 0.1 6.4 7.7 ± 2 1.2 ± 0.2 21 ± 3 6

surface 𝜎0 was determined to vary between −0.0454e nm−2 for pH 3.1
nd −0.3055e nm−2 for pH 12. The determined surface properties of
he Si/𝛼-SiO2 at varying pH values are collected in Table 3.

H-dependent adsorption response

treaming potential and QCM-d measurements
For PP adsorption, the QCM-D method was employed, allowing for
onitoring real-time changes in adsorbed PP film mass, and therefore
he surface coverage. Fig. 2 shows representative QCM-D data for PLL
nd PARG adsorption at various pH conditions and constant ionic
trength (0.1 M NaCl). For both PLL and PARG, saturation of adsorbed
ass, revealed by the plateau region at longer measurement times,
as observed at all investigated pHs. This indicates that the formed
onolayer no longer grows in mass with increasing deposition time. A
igher total adsorbed mass indicates that the adsorbed layer covers the
urface more densely.
For PLL, see Fig. 2(a), QCM-D determined the highest adsorbed
ass to be at pH 11.0, then 10.5, 9.5, 12, 6.0, and finally 3.0. The
etermined adsorbed mass of the monolayer does not correlate directly
either with the PLL effective charge nor substrate charge, see Tables 2
nd 3. For example, at pH 3.2 where the adsorbed mass is the lowest,
he Si/𝛼-SiO2 surface is only slightly charged but the PLL is highly
nd oppositely charged. Furthermore, at pH 6.2, where a relatively low
dsorbed mass was observed, both PLL and Si/𝛼-SiO2 surface are highly
harged. This could be related with priorly reported side-on orientation
f adsorbed PLL molecules [52], combined with the strong electrostatic
epulsion between them rising from the high charge. In agreement with
his deduction, when the PLL effective charge decreases, at pH 9.5 and
0.2, the surface coverage significantly increases, with pH 10.5 leading
o the highest surface coverage by the PLL monolayer.
At pH 12, PLL is almost neutral in its charge and the Si/𝛼-SiO2

urface is highly charged. Seemingly counterintuitively, under these
onditions, significant adsorption occurred. One explanation for this
ould be that the PLL molecules slowly aggregate in these conditions,
nd the aggregates deposit on the surface. However, this adsorption
echanism would show in the adsorption kinetics, i.e. the initial region
f the adsorption curve in Fig. 2(a). As the adsorption kinetics appear
imilar to the data curves corresponding to the other pH values, we
6

onsider this explanation unlikely. Another possible explanation is that i
Table 3
The Si/𝛼-SiO2 physicochemical characteristics summary. Values for the zeta potential (𝜁
easured via streaming potential method, and the electrokinetic surface charge (𝜎
alculated from the Gouy–Chapman Eq. (6), at various pH. 𝑇 = 298 K and 𝐼 = 0.1 Na
The conditions modeled by the MD simulations are marked with gray background.
pH 𝜁𝑖 [mV] 𝜎0 [e nm−2]

2.2 5 ± 10 0.0226
3.1 −10 ± 4 −0.0454
4.2 −20 ± 4 −0.0925
5.8 −32 ± 8 −0.1816
7.7 −40 ± 3 −0.1991
8.9 −48 ± 4 −0.2493
9.6 −52 ± 4 −0.2766
10.2 −52 ± 8 −0.2765
12.0 −56 ± 8 −0.3055

Fig. 2. QCM-D data showing changes in adsorbed mass 𝛤 of (a) PLL and (b) PARG on
i/𝛼-SiO2 substrate at various pH and 0.1 M NaCl. The insets show the mass adsorbed
fter 25 min as a function of pH.

he highly charged surface induces a shift in the PLL pKa, i.e. protona-
ion. Such shifts in pKa for weak polyelectrolytes have been observed
uring the complex formation [115].
Similarly for PARG, the highest adsorbed mass was observed also

t higher pH, i.e., pH 10.0 and 11.0, followed by pH 9.0 and 6.0,
ee Fig. 2(b). As before, the charging of the surface and the PP do
ot directly explain the response. At pH 6.0, where the adsorbed mass
s the lowest, the Si/𝛼-SiO2 substrate is only slightly charged. Little
ncrease in adsorbed mass is observed for pH 9.0, where the charge
f PARG molecules is similar to one calculated for pH 6.0 and only the
ncrease in the absolute value of the surface charge is observed. The
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increase in the adsorbed mass is observed for pH 10 and 11 where the
surface charge increases in absolute value, whereas the charge of PARG
molecules decreases.

This behavior can be explained by the effect of the silica substrate
whose negative charge increases with pH. The presence of the charged
substrate decreases the repulsion between adsorbing PARG chains. This
promotes adsorption, which is explicitly seen comparing the results
obtained for pH 6–9 and 10–11. This effect was described and quan-
titatively interpreted in terms of attractive three-body interactions for
PAMAM dendrimers [90].

The pH-related response of PARG adsorption, i.e., the higher surface
coverage at higher pH, is similar to the PLL adsorption response. As
PARG remains fully charged in the examined pH range, this suggests
that the behavior described for PLL could be universal for linear
molecules of this size with similar surface and molecule charging
response to pH changes.

The changes in dissipation at various pH values, see Fig. S5, allow
for a qualitative discussion of the film’s structure. The lowest dissi-
pation occurs for pH 6, which suggests the side-on orientation of the
adsorbed molecules. At this pH, the PPs are fully charged and can
adsorb on the substrate to form a thin and well-attached monolayer,
which was previously observed in Ref. [26]. At lower and higher pH
values, the changes in the dissipation are much higher, indicating that
the film is thicker and softer than the case of pH 6. For a value
of pH 3, the end-on orientation of the PP can attributed to the low
surface charge density of the substrate, (i.e., only few adsorption sites
are available for a single PP chain). Similar end-on adsorption has
been reported for fibrinogen, see Ref. [116]. On the other hand, at
igher pH values, the PP is less charged, and the number of contacts
ith the substrate is therefore limited. Also, at higher pH values, one
an observe changes in the PP secondary structures, as indicated by
revious circular dichroism studies, see Refs. [13,23]. This results in
ore compact PP structures.
To examine the adsorption of PP in more detail, the binding of

he PPs and the coverage of the PP monolayer on the surface after
he adsorption and during the rinsing process was determined in situ
y direct streaming potential measurements. Eq. (7) allows for deter-
ination of the dimensionless coverage of the polypeptide monolayer
ased on the zeta potential at each step of the rinsing experiment
f the streaming potential measurement (Fig. S6), the zeta potential
f the macromolecules in bulk (Table 2), and the Si/𝛼-SiO2 substrate
eta potential (Table 3), respectively. The resulting coverage vs the
esorption time is shown in Fig. 3.
The data of Fig. 3(a) show that the PLL monolayers undergo des-

rption at all examined pHs. Rinsing with pure electrolyte of a given
H leads to loss in initial coverage. After 420 min of rinsing at pH 3.0
r 6.0, 50% of the initial PLL coverage had desorbed. For higher pHs,
ignificantly greater loss was observed, with desorption reaching 80%
nd 90% of the initial coverage at pH 9.5 and 10.5, respectively. At pH
2.0, due to the very low effective charge of PLL, the streaming poten-
ial measurements were unfeasible. Analogous results are obtained for
ARG. Fig. 3(b) shows that PARG monolayers also undergo desorption
at all examined pHs. Specifically, 420 min of rinsing at pH 6.0 led
to desorption of 60% of the initial coverage. Desorption reached c.a.
80% of the initial coverage at pH 10.0. This can result from the higher
effective charge of PARG at higher pH, in comparison to the PLL.

Jointly, the surface coverages, determined via QCM-D, and des-
orption behavior, determined from streaming potential measurements,
allow conclusions regarding the general features of the adsorbed PP
monolayers at various pH. At pH close to 7, which corresponds to
highly charged PPs, the adsorption is very strong which leads to a
stable monolayer. However, at these conditions, the maximum surface
coverage remains limited due to electrostatic repulsion of the PPs. In
consequence, the highest packing density is obtained at a pH in which
the PPs are slightly less charged. Even though electrostatic binding
of the PP to the oppositely charged surface becomes weaker by this,
7

Fig. 3. Dependence of the normalized surface coverage (𝛩/𝛩0) of (a) PLL and (b)
PARG monolayer on the desorption time 𝑡 at varying pH. The coverage is determined
from streaming potential measurements via Eq. (7). The initial (at 𝑡 = 0 min) coverage
𝛩0 is used as the normalization coverage. Solid lines provide a guide to the eye. All
data corresponds to 𝐼 = 0.1 M NaCl, measured at 𝑇 = 298 K. The measured zeta
potential values are provided in the SI, Fig. S6.

the decreased PP-PP electrostatic repulsion allows for a higher packing
density. However, the result is a less stable monolayer, i.e., desorption
is faster. Consistent with the observations here, it is worth mentioning
that PLL monolayers with higher packing density can also be obtained
by increasing the ionic strength [52].

Molecular simulations and the interaction mechanisms of PP adsorption
MD simulations of the corresponding PLL, PARG, and the Si/𝛼-SiO2

urface charge states at a selected set of pH conditions (marked in gray
n Tables 2 and 3) were performed to obtain insight into the molecular
mechanisms of PP adsorption. The results of PP adsorption simulations
are summarized in Figs. 4 and 5. In the simulations, the effect of pH
is represented by changing the fraction of charged AAs in the peptides
or silanol vs siloxide groups at the 𝛼-quartz surface, as captured by the
ionization degree.

Fig. 4(a) summarizes the PLL adsorption results of the MD simu-
lations. In the MD simulations, the 15 monomer PLL oligomers did
not adsorb at conditions corresponding to pH 3.0 or 12.0, but readily
adsorbed at charge states corresponding to pH 6.0, 9.6 and 10.2;
however, the latter pH case was successful only after guiding the
adsorption energy landscape via initially pulling the peptide toward
the surface, see SI for precise protocol. Adsorption free energy was
estimated via umbrella sampling: the 𝛥𝐺 values in Fig. 4(b) indicate
ads
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Fig. 4. Molecular simulations results summary of PLL adsorption at conditions corresponding to different pH values. a) Representative simulation snapshots of PLL molecular
conformations in bulk solution and as adsorbed on the surface. Color bars show the negative charge of the 𝛼-quartz surface and the positive charge of the PLL by ionization degree
ID in blue and red, respectively. ID is calculated as the fraction of charged groups in the PLL and at the 𝛼-quartz surface. In the visualizations, the green beads show the sodium
ons but water molecules and chloride ions are omitted for clarity. b) The corresponding adsorption free energies 𝛥𝐺ads estimated by umbrella sampling PMF calculations. The
rror is estimated by bootstrapping based standard deviation.
trong adsorption at pH 6.2 and decreasing adsorption strength with
ncreasing pH.
Fig. 5(a) is the corresponding summary of the PARG adsorption re-

ults in the simulations. PARG adsorbed in the simulations at conditions
orresponding to pH 6.0 and 10.0 but at conditions corresponding to
H 3.0, PARG desorbed even after guiding the adsorption pathway by
ulling the PP toward the surface. The adsorption free energy estimates
n Fig. 5(b) show a decrease in adsorption strength with increasing
H despite the increasing 𝛼-quartz surface charge. Consistent with the
𝐺ads, also the root mean square fluctuations of PARG at conditions
orresponding to pH 10.0 indicate decreased surface binding stability,
ee SI Figure S7.
The decrease in adsorption free energies observed in MD simulations

ith increasing pH explains well the lower stability of experimentally
ormed monolayers at higher pH (see Fig. 3 for the corresponding
streaming potential data). Also, the MD modeling suggests that PARG
should interact with the substrate more strongly than PLL, which is in
line with other experimental studies comparing the binding strength
of lysine and arginine [117]. It should be noted, however, that in this
work different molar mass of PARG and PLL is used in the experiments,
while the same PP length corresponding to short oligomers is used in
the MD simulations. Therefore the desorption experiments of PLL and
PARG cannot be directly compared with each other.

Simulations allow for analysis of the adsorption mechanisms at the
molecular level. Both the PLL and PARG simulations results directly
suggest that the adsorption is driven by attractive electrostatic interac-
tions between the positively charged AAs and the negatively charged
𝛼-quartz surface (≡SiO− groups), as expected. The conditions where
adsorption took place correspond to those where PLL and PARG AA
residues were positively charged and the 𝛼-quartz surface negatively
charged by siloxide groups (≡SiO−). Notably at pH 3.0, the 𝛼-quartz
surface is neutral (ID = 0), and both PLL and PARG desorb in the
simulations. The case of PLL at pH 12.0 is discussed below.

The results also suggest that, besides direct PP-surface electrostatic
attraction driving adsorption, the Na+ ions have a role in PP adsorption
by forming an adlayer on the 𝛼-quartz. Fig. 6 shows the cumulative
number count of Na+ ions vs distance from the substrate at varying
8

pH. The data are calculated based on a radial distribution function
Fig. 5. Molecular simulations results summary of PARG adsorption at conditions
corresponding to different pH values. a) Representative simulation snapshots of PARG
molecular conformations in bulk solution and as adsorbed on the surface. Color bars
show the negative charge of the 𝛼-quartz surface and the positive charge of the PLL
by ionization degree ID in blue and red, respectively. ID is calculated as the fraction
of charged groups in the PARG and at the 𝛼-quartz surface. In the visualizations, the
green beads show the sodium ions but water molecules and chloride ions are omitted
for clarity. b) The corresponding adsorption free energies 𝛥𝐺ads estimated by umbrella
sampling PMF calculations. The error is estimated by bootstrapping based standard
deviation.

determined between the oxygen atoms on the crystal surface and the
Na+ ions. The Na+ ion adsorption curves are shifted to the right with
PP adsorption. This implies that the number of Na+ ions on the 𝛼-
quartz surface decreases when PLL or PARG adsorbs. Because PLL and
PARG carry positive charge at the conditions where adsorption was
observed, the results suggest that the adsorption between the Na+
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Fig. 6. Cumulative number count of sodium ions per 𝛼-quartz surface area vs distance
or a) PLL and b) PARG at varying pH conditions. The data is calculated based on
adial distribution function between the oxygen atom on the 𝛼-quartz surface and the
odium ions. For each pH value, the data corresponding to Na+ ions both with the PP
dsorbed (colored curves) and without the PP in the simulation setup (black curves)
re presented. For the simulation setup, an approximation that the 𝛼-quartz ionization
egree remains same at pH 9.6 and 10.2 has been made.

ons and the positively charged PPs is competitive, see Fig. 7. Peptide
inding releases the ions to the solution. In the simulations data, this
hows also in the strong decrease of 𝛥𝐺ads values at higher pH where
ore Na+ ions are on the 𝛼-quartz surface, see Figs. 4(b) and 5(b).

Support for the observations is provided by the desorption kinetics of
PARG (see Fig. 3(b)): the slope decreases faster with increasing pH.
Both experimental and computational data show that the EDL structure
on the 𝛼-quartz substrate surface, altered by the surface charge and
resulting change in Na+ ion density, affects PP film stability and
density.

In addition to long-range electrostatic interactions, shorter range
localized attractions such as hydrogen bonding can contribute to ad-
sorption. Fig. S8 presents the hydrogen bonds per AA residue for the
PPs in the simulations. Hydrogen bonding between the PP and the
surface becomes an evident contributor to adsorption at pH values
where the charge difference between the PP and the 𝛼-quartz surface
is minor or not present. The data show that PARG can form the largest
number of hydrogen bonds per AA residue. This is because all three
nitrogen atoms of the guanidine group of the arginine side chain can
act as hydrogen bond donors [118].

The experimental and MD simulations data align well, supporting
the electrostatically driven adsorption behavior. However, some dis-
crepancy exists for the adsorption of PLL at extreme values of pH,
(i.e. conditions corresponding to pH 3.0 and 12.0, where adsorption
is observed experimentally but simulations do not predict adsorption).
There are several possible reasons for this. In the simulation setup,
the conditions assigned to correspond to pH 3.0 assume that the 𝛼-
quartz surface has zero total charge; however, in experiments, the zeta
potential at this pH is slightly negative (see Table 3). Thus, although the
modeling setup refers to ‘‘pH 3.0’’, the modeled conditions correspond
more to the experimental surface charge observed for pH below 2.5. At
the other extreme pH of 12.0, the highly charged surface can induce
a shift in the pKa of PLL, thus altering the protonation state. The
employed simulation model assumes a constant protonation state, and
therefore the performed modeling cannot capture such shifts in pKa.
The modeling considers the PP with the most likely ID and even, regu-
larly spaced charge distribution as the best representation model for a
specific pH. The approach is naturally a simplification that is not taking
into account the presence of multitude of PPs with dynamically chang-
ing, mutually differing IDs and charge distributions in the experiments.
Additionally, the modeling considers one PP molecule per simulation,
therefore omitting PP-PP interactions in the adsorption response. It is
worth noting that PP-PP interactions can alter both the IDs and the
dynamics of adsorption through structural reorganization of the PP
film during consecutive PP adsorption. However, the simplifications in
9

Fig. 7. Schematic illustration of competitive adsorption between the PP and Na+ ions
on 𝛼-quartz surface and MD simulation snapshot of PARG at pH = 10.0. The atomistic
detail level model highlights the ion exchange mechanism with no Na+ ions in the
close vicinity of guanidine groups that are interacting with the surface.

the modeling of this work allow extracting the basic dependencies and
are set to capturing the interaction mechanisms between the PP and
𝛼-quartz surface.

Further limitations of the modeling efforts result from the use of
empirical force field and localized point charges which disregard elec-
tronic polarization and charge redistribution effects. Previous works
have discussed the resulting overbinding of ions in MD simulations
and suggested improvements in the form of a polarizable force field,
see e.g. Refs. [119–121]. Electrostatics in adsorption can be enhanced
because of this, especially in conditions differing from bulk aqueous so-
lution [122]. The silica force field developed by Emami et al. [44] used
in this work has addressed the issue by rigorous parameterization and
comparison with experimental data, such as zeta potential of the silica
surface. The experimental validation demonstrates good performance
of the model in regards to 𝛼-quartz interfacial properties, such as Na+
on binding, that play a fundamental role in PP adsorption.
Finite-size affects, i.e. short PPs in the simulations, can also af-

ect simulation prediction. However, in systems with relatively low
onic strength and highly charged PPs such as herein, PP chain length
ffects should be negligible as the electrostatic repulsion causes the
eptide end-to-end distance to be linearly dependent on the molar
ass [14]. However, PPs with low ionization degree are likely to fold
nto themselves as longer chains, and this cannot be observed with the
hort segments studied by the MD simulations here. Additionally, MD
imulations results of PPs are highly affected by the employed force-
ield [13], and the force-field choice here was carefully based on prior
experimental validation on the PP secondary structure vs pH [13].

4. Conclusions

The effect of pH on PLL and PARG adsorption on a silica surface

was investigated experimentally via streaming potential and QCM-D
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methods, complemented by MD simulations. As polypeptide monolay-
ers are often applied as functional coatings, the possibility to control
their surface coverage and adsorption stability is especially important.
In this work, we showed how pH can be used as a means to control
PP monolayer surface coverage and adsorption stability. The molecular
interaction mechanisms responsible for the macroscopic film properties
and pH response were probed by combining experiments with all-atom
molecular dynamics.

At pH close to neutral, stable PP monolayers with relatively low
surface coverage formed. At higher pH, the monolayers formed were
highly packed and desorbed more easily. At moderate pH, i.e., close
to 9, the adsorbed monolayer had both surface coverage and stability
to a reasonable degree. Interestingly, a similar response was observed
for both PLL and PARG, which suggests that the mechanism could be
universal for PP layer formation between oppositely charged PPs and
surfaces. The MD simulations of the corresponding systems showed that
adsorption of both PLL and PARG is mainly driven by electrostatic
interactions between the positively charged PPs and the negative 𝛼-
uartz surface, while hydrogen bonding was also demonstrated. The
D simulations predicted competitive adsorption of PLL and PARG
ith Na+ ions. Analysis of the simulation data showed that Na+ ions are
isplaced to the bulk solution when the positively charged PPs adsorb.
his indicates an ion exchange mechanism. Both MD simulations and
he streaming potential measurements highlight that PP film adsorption
tability is influenced by the Na+ ions in the adlayer on the 𝛼-quartz
urface.
We conclude that the observed adsorption behavior rises from the

nterplay of 𝑖) the change in the number of possible PP-surface ion pairs
nd 𝑖𝑖) repulsive electrostatic interactions between the PP molecules.
n total, the trends for pH-sensitive adsorption for PLL and PARG
lign well with similar studies on weak and strong polyelectrolyte
dsorption on charged surfaces [123–125]. The adsorption mechanism
redicted by the atomistic detail MD simulations in this work have
een previously demonstrated experimentally for similar systems of
olyelectrolyte [126,127] and protein adsorption [128–130]. Notably,
he theoretical modeling work of Evers et al. [123] suggests that a max-
ma in adsorbed polyelectrolyte arises when electrostatic interactions
ominate and a low contribution of non-electrostatic interactions to
he free energy is present — in agreement with the current work. Sum-
arizing, our work provides a systematic characterization of charged
P adsorption to an oppositely charged surface and demonstrates how
xperiments and MD simulations can be used jointly as a highly valu-
ble combination in extracting molecular level guidelines in terms of
nteractions and bottom-up tuning of molecular systems for materials
esign.
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