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Abstract
A wide class of biosensors can be built via functionalization of gold surface with proper bio
conjugation element capable of interacting with the analyte in solution, and the detection can be
performed either optically, mechanically or electrically. Any change in physico-chemical
environment or any slight variation in mass localization near the surface of the sensor can cause
differences in nature of the transduction mechanism. The optimization of such sensors may
require multiple experiments to determine suitable experimental conditions for the
immobilization and detection of the analyte. Here, we employ molecular modeling techniques to
assist the optimization of a gold-surface biosensor. The gold surface of a quartz-crystal-
microbalance sensor is functionalized using polymeric chains of poly(ethylene glycol) (PEG) of
2 KDa molecular weight, which is an inert long chain amphiphilic molecule, supporting biotin
molecules (bPEG) as the ligand molecules for streptavidin analyte. The PEG linkers are
immobilized onto the gold surface through sulphur chemistry. Four gold surfaces with different
PEG linker density and different biotinylation ratio between bPEG and PEG, are investigated by
means of state-of-the art atomistic simulations and compared with available experimental data.
Results suggest that the amount of biotin molecules accessible for the binding with the protein
increases upon increasing the linkers density. At the high density a 1:1 ratio of bPEG/PEG can
further improve the accessibility of the biotin ligand due to a strong repulsion between linker
chains and different degree of hydrophobicity between bPEG and PEG linkers. The study
provides a computaional protocol to model sensors at the level of single molecular interactions,
and for optimizing the physical properties of surface conjugated ligand which is crucial to
enhance output of the sensor.

Supplementary material for this article is available online
Keywords: nanoscale biosensor, surface functionalization, molecular dynamics

(Some figures may appear in colour only in the online journal)

1. Introduction
Original content from this work may be used under the terms
BY of the Creative Commons Attribution 4.0 licence. Any .
further distribution of this work must maintain attribution to the author(s) and Nanoscale biosensors [1] have emerged as one of the pro-
the title of the work, journal citation and DOL mising techniques in clinical analysis associated with bio-
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molecular recognition; particularly because of its sensitive yet
label free detection. Apart from effective spatial and chemical
specificity of the substrate coverage [2, 3] followed by sui-
table immobilization of the bio-receptor [4—6], the underlying
interfacial phenomena can also yield guidelines to optimize
performance of a biosensor. Due to the experimental com-
plexity to investigate the sensor [7, 8] at the atomistic level,
computational studies can be considered as an alternative
treatment to understand potential role of surface chemistry in
biosensors. Nevertheless, owing to complex architecture of a
biosensor, extensive atomistic simulation incorporating
explicit contribution from both the surrounding and the
‘substrate-receptor-analyte’ conjugate is limited till date. In a
recent study, Lowe et al [9] provided proof-of-concept that
molecular dynamics (MD) simulation can be used as a
complementary tool to experiments for potentiometric bio-
sensor response prediction, by performing extensive MDs of
silica—electrolyte-biomolecule interface. On the other hand,
Pang et al [10] provided guideline for the performance
optimization of the sensors, using first-principle calculations
and MDs to disclose the role of temperature fluctuation, along
with material thickness on a graphene/Au based surface
plasmon resonance biosensor. Similarly, Cholko et al [11]
used MDs to explain the implications of the behavior of
ssDNA targets near differently functionalized gold surface
(hydrophobic, hydrophilic, and oppositely charged surfaces)
for nucleic acid biosensing. The potential role of modification
of different surface properties of carbon nitride materials in
accordance with tuning the structural properties of a geneti-
cally engineered metalloenzymes is being highlighted using
atomistic simulations by Puente-Santiago et al [12], leading to
improvement in their electron-transfer efficiency for the fab-
rication of highly sensitive amperometric biosensors.
Ghoshdastider et al [13] reported atomistic simulations to
unravel the nature of the enzyme—graphene interface for the
design of graphene-based biosensors. The design of a bio-
sensor by means of atomistic simulations is suggested by
Ogorzalek et al [14], identifying biomaterials with high
thermal stability. Wang er al [15] also showed that it is
possible to understand at the molecular level the interactions
and conformation transition of ssDNA upon binding with
graphene by MD simulations.

Moreover, recent computational findings suggest that
MD simulations can disclose [16—18] the favorable orienta-
tion and binding location of the analyte in aptasensors,
namely sensors which utilize aptamers (single stranded DNA
or RNA oligonucleotide) as bioreceptors, as well as the ani-
sotropic distribution of ions [17] which is found to contribute
towards the binding affinity of the sensors.

In the present paper, the sensitivity of an acoustic wave
(AW) sensor, namely a quartz-crystal-microbalance sensor, is
addressed from computational perspectives. To the best of our
knowledge this is the first time that the optimization of the
analyte binding region of an AW gold-surface biosensor is
pursued, by means of atomistic simulations. AW based
technology is widely used in biosensors [19, 20], where the
transduction mechanism is manifested in terms of propagation
of AW along surface of the substrate. Any kind of change in

physico-chemical environment or any slight variation [21, 22]
in mass localization near the surface of the sensor can cause
differences in nature of AW. Functionalization of transducer
surface with proper bio conjugation element should [21, 22]
maximize coverage of the surface, while minimizing non-
specific bindings for the bio-receptor. Moreover, the detection
of the bio-molecule is known to vary as a function [23-28] of
the thickness of the chain length as well as the flexibility of
the linker groups. Thus, optimizing the physical properties of
surface conjugated ligand is crucial to enhance output of the
sensor. Revealing the precise density of the attached ligands
with discrete knowledge of their distribution pattern over the
transducer could be tricky for experiments. In this context,
atomistic simulations can be considered as an alternative
treatment to understand potential role of surface chemistry in
biosensors.

In a recent experimental work [19], the detection of
streptavidin on a Rayleigh surface AW based resonator bio-
sensor has been achieved involving the immobilization of
biotinylated polyethylene glycol (bPEG) on the gold surface of
the electrode with a detection limit of 104 picomolar (pM) and
a normalized sensitivity of —296 m®kg~'. PEG is a hydro-
philic polymer composed of the subunit -(CH2-CH2-0O),—,
which has been often covalently attached to surfaces, with a
process called PEGylation; its main goal is to passivate the
underlying inorganic surface to prevent unspecific binding of
biomolecules [1, 2].

However, the molecular level understanding of the
experimental evidence still remains elusive. Streptadivin
[29-31], the homotetrameric bacterial protein has strong non
covalent binding affinity towards biotin, a B class Vitamin,
and thus the protein-ligand system plays a pivotal role in
molecular biology and biotechnological applications. The
protein has multiple biotin binding sites and can get adsorbed
as a top layer on functionalized surface, which can further
bind additional biotinylated ligands through their free binding
sites [32, 33]. In principle, a range of different conformations
are possible for the immobilized ligand due to the random
distribution of biotin sites towards water. In this work, we
disclose the effects of different surface coverage densities on
biotin site distribution along with its exposure to water, by
tuning the surface coverage densities and linker biotinylation
ratio. We provide proof-of-concept that MD can be used as a
complementary tool for AW biosensor response prediction.
Effects that are conventionally neglected due to inherent
atomistic complexiety, such as discrete surface morphology,
biotins exposure to water and surface chemistry dynamics, are
explicitly modeled.

2. Computational methods

2.1. (PEG)n and biotin—(PEG)n in water set-up

A PEG molecule of 2 KDa molecular weight, i.e. with n = 45
repetitive  subunits —(CH,—CH,-0O),—, was built using
Schrodinger (Maestro) software [34]. The topology and force
field (FF) parameters were generated via Topolbuild 1.2.1



Nanotechnology 32 (2021) 095702

S Dutta et al

software [35] to be consistent with standard OPLS/AA (all
atom) FF [36]. The same procedure was applied for the
preparation of the bPEG, after downloading the crystal
structure of biotin (PDB: 2BDO) [37] and covalently attach-
ing it to the PEG chain via the peptide bond.

200 ns MD [38, 39] were performed for both PEG and
bPEG molecules in water with OPLS and explicit SPC/E [40]
water model implemented in GROMACS-5.0.4 version
[41, 42]. The PEG system was simulated in a rectangular box
of dimension 4.2 x 4.2 x 20.7 nm® and it consisted of 318
PEG atoms (figure S1(a), available online at stacks.iop.org/
NANO/32/095702 /mmedia) and 12062 water molecules
(figure S1(b)). For bPEG, the set-up comprised of 348 of
atoms of bPEG (figure S1(c)) and a total number of 35 608
water molecules (figure S1(d)). In this latter case, the box
dimensions were 8.9 x 5.9 x 21.1 nm® respectively. Peri-
odic boundary condition [38, 39] was applied to all simula-
tions. The systems were firstly minimized with the steepest
descent algorithm [43] for 50000 steps. The classical
equations of motion was integrated employing leap-frog
algorithm [38, 39] by using a time step of 2 fs. The temper-
ature was maintained at 300 K in terms of V-rescale modified
Berendsen thermostat [44], whereas for pressure coupling (1
bar) Parrinello-Rahman barostat [45] was used. NVT (iso-
thermal isochoric) and NPT (isothermal isobaric) equilibra-
tion were performed for 100 pico second (ps). Short range cut
off for van der Waals as well as for electrostatic interaction
~1.2 nm, were applied. Long range electrostatic interaction
was taken into account via particle mesh ewald method [46].
Bond lengths were constrained using LINCS algorithm
[38, 39] and velocities were assigned as per Maxwell Boltz-
mann distribution at prescribed temperature. Trajectories were
saved in every 2 ps. All the analyses were performed on 200
nano second (ns) long isothermal isobaric simulated
trajectories.

2.2. (bPEG),-linked gold surfaces set-up

A crystalline slab of atomic gold with the (111) facet exposed,
namely Au(111), was constructed, with surface dimensions of
100 x 100 A% The slab was four atomic layers thick in the
direction normal to the surface and was held rigid during the
simulation. Au(111) surface was chosen as the most stable
and the most widely targeted gold facet by proteins and
peptides [47, 48]. Experimental [19] surface density of PEG
molecules on top of Au(l11) surface was provided, namely
100-200 ngem 2 corresponding to 0.6 molecule nm 2. In
order to mimic the experimental set-up, two atomistic mole-
cular mechanics models were investigated having a surface
density of PEG molecules of 0.4 moleculenm > and 0.8
molecule nm 2, respectively. For each system the effect of
having 100% of biotin-PEG (bPEG) as well as, 50% of
b-PEG and 50% of PEG, was studied. To summarize, we
considered four systems with two different surface functio-
nalization density and different biotinylation ratio:

System 49-bPEG. For the lowest density system with 0.4
molecule nmfz, one bPEG was attached to each gold slab of
15 x 15 A? unit surface area and the unit slab was replicated

using gmx genconf command of GROMACS-5.0.4 version
[41, 42] to construct a surface of 100 x 100 Az

System 25-bPEG/24-PEG. On top of system 49-bPEG, a
surface with the same density of PEG molecules but including
a mixture of 50% of bPEG and 50% PEG, was constructed
with a 100 x 100 A? surface area.

System 98-bPEG. For the highest density system with
0.8 molecule nmfz, two bPEG, instead of one, were attached
to the gold slab unit of 15 x 15 A? surface and further
replicated to obtain the surface of 100 x 100 A

System 49-bPEG /49-PEG. On top of system 98-bPEG, a
surface with the same density of PEG molecules but including
a mixture of 50% of bPEG and 50% PEG, was constructed
with a 100 x 100 A? surface area.

In the case of bPEG and PEG mixture, different head
groups were homogeneously distributed on top of Au(111)
surface.

The description of the Au(111) surface atoms was based
on the GolP all-atom classical FF for the protein-Au(111)
interaction developed and extensively tested by our group
[47-53]. GolP quantitatively reproduced experimental
adsorption energies for small molecules on Au(111) [47] and
allowed the prediction of binding affinity scale for amino
acids on Au coherent with available experiments [49]. SPC
water was used being compatible with OPLS/AA, thus with
GolP. In GolP, polarization of the gold surface atoms is taken
into account.

The covalent chemical bond between the gold surface
atom (AU) and the S atom of the terminal thiol groups of the
linkers (either bPEG or PEG) were created using Schrodinger
(Maestro) software. The AU-S bond length were restrained,
while AU-S-C angle and dihedral AU-S-C-C were free to
rotate during the simulations. Bonded and non-bonded LJ FF
parameters, were taken according to a previous study [54].
The modeled system was simulated for 500 ns in explicit
water model. The box dimensions of the systems were
10.7 x 10.3 x 22.0 nm. The analyses were reported for last
400 ns trajectories over 500 ns for each system.

2.3. Analyses

2.3.1. Structural analyses. Visual molecular dynamics
(VMD) [55] is used to observe the MD trajectories of
systems and both VMD along with PyMOL [56] are used to
make the snapshot of the systems over simulated trajectories.
Root mean square deviations (RMSD), solvent accessible
surface area (SASA) and radius of gyration are computed
with the module of GROMACS-5.0.4 Tools. Details of the
analysis protocol are in supporting information (SI).
Additional analyses of representative structures of MD
simulations were extracted from their trajectories by
selecting the terminal O atom of biotin which is known
[29, 31] to be directly involved in the binding with the
Streptavidin analyte protein. Analysis performed with in
house codes are used to disclose the distribution of distances
between O ligands terminal atoms and AU surface atoms over
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Figure 1. (a) Top view of the relaxed structure of bPEG-Au(111) for
System 49-bPEG, green: bPEG and purple: biotin, yellow: gold
surface, (b) the side view of the same system in a snapshot after
500 ns simulation. (c)—(d) Top side view representation of the final
structure of System 25-bPEG/24-PEG, pink: PEG without biotin.
Explicit water molecules are omitted for clarity.

simulated data and to generate distribution of distance
fluctuations.

3. Results and discussion

3.1. MD simulations of (PEG) and (bPEG) in water

PEG and bPEG polymers were freely equilibrated in water
and the RMSD indicated that the systems were well equili-
brated upon the time scale of the simulation (figures S2(a)—
(b)). A structure representative of the final conformational
ensemble of PEG after simulation is depicted in figure S2(c).
The mean value of the radius of gyration for the PEG system
resulted equal to ~1.1 nm, (figure S2(d)) in good agreement
with experimentally available data [57]. The final conforma-
tion of bPEG is shown in figure S2(e). Overall the PEG chain
retained similar conformations upon biotin attachment with
respect to its native conformation, being the mean value of the
radius of gyration of bPEG ~1 nm, as also supported by
available NMR data [58]. Additionally, the RMSD of biotin
computed with respect to its crystal structure, (figure S3)
indicated that the structure of biotin is conserved throughout
the entire simulation.

3.2. MD simulation of (bPEG),-linked gold surfaces

3.2.1. System 49-bPEG. Final conformation after 500 ns
MD simulation of System 49-bPEG is reported in
figures 1(a)—(b). In figure 1(a) a top view and in figure 1(B)
a side view of the surface structure, is depicted, respectively.
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Figure 2. System 49-bPEG: (a) distribution of distances between O3
end-atom of biotin and AU surface atoms, categorized in four
different groups. (b) Distribution of SASA of biotins belonging to
each groups. (c) Distribution of the z component of radius of
gyration of bPEG grouped in three different ranges of values, and
(d) SASA computed for bPEG belonging to the same groups.

RMSD of bPEG generated over the entire simulated trajectory
is reported in figure S4(a) of SI.

We remark that the oxygen end-atom of biotin, namely
03 atom, is known [29, 31] to form hydrogen bond with the
Streptavidin protein, thus representing one of the key element
for sensitivity and selectivity of the biosensor. The dynamics
of O3 end-atom of bPEG is analyzed through the entire MD
to disclose the influence of the PEG chain on biotin exposure
to water (and consequently its availability towards the
streptavidin analyte protein). In figure 2(a) the distance
between O3 end-atom of each biotin and AU of surface gold
atoms (dp3_ay) are reported over simulated data and the
distance distribution (H(dos_ay)), is plotted. This analysis
shows that biotin molecules arrange on top of gold surface,
assuming different ranges of distances of the end-group
towards Au(111) (figure 2(a)). The distribution of distances
are clustered in four groups: (i) setl in which biotins are
largely distant from gold, lying on an average distance of
10-30 A from Au(111), (i) set2 in which biotins are very
close to the surface, namely with a mean distance of
doz_ay) ~ 5 A, (ii1) set3 in which biotins lie in an
intermediate layer with respect to setl and set2, namely with
an average distance of (doz_ay) ~ 7 A and finally (iv) set4 in
which biotins exhibit random fluctuations, undergoing back
and forth motion between set2 and set3.

In order to correlate the distance fluctuations of the end-
atom of biotin with the biotin solvent exposure, the SASA
was evaluated for each single biotin along the entire
trajectory. Using g_sasa command of GROMACS it was
possible to collect the SASA of biotins (SASAy,,) and to plot
the corresponding histogram (H(SASAy,)). More details on
the SASA calculation can be found in the SI. We provided an
estimation that the SASA of a fully solvent exposed biotin is
equal to ~4 nm?, then in figure 2(b) it is shown that biotins
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belonging to setl are maximally exposed to solvent, even if
with a broad range of possible values of SASAyy,
(figure 2(b)), together with a small fractions of biotins
belonging to intermediate layer (set3) which exhibit a similar
trend. However, the remaining biotins experienced very small
value of SASAy, as depicted by the unimodal nature of
H(SASA,). Thus, biotin end-atom distance fluctuation
resulted to be highly correlated to the relative magnitude of
SASA for that biotin. The largest the distance, the largest the
magnitude of SASA.

Several studies [24, 59] on atomistic and coarse grained
simulation of PEG demonstrate that this polymer is prone to
form a globular shape in aqueous medium. Thus, in
figures 2(c)—(d), the structural compactness of the entire
linker was investigated by evaluating the radius of gyration of
the single bPEG chains from atomistic simulations, in
particular the z component namely R;PEG. Initially, both the
bPEG/PEG chains are elongated along z axis, the longest
dimension of our simulation box; during the course of
simulation the linkers achieve crumbled conformation which
is significantly reflected in anisotropic nature of radius of
gyration along z axis. Thus, we primarily focus on addressing
z component of radius of gyration vector in our analysis. The
obtained distribution of values were plotted in figure 2(c) (H
(R;PEG)) and they were correlated to the corresponding SASA
(SASAppgg) in figure 2(d). From figure 2(c) we find
that the bPEG with approximately a globular shape but less
compactness having a mean value of R;PEG ~ 1.7 nm,
experienced a broad distribution of SASA values, as reported
for (H(SASAppeg)) in figure 2(d). On the contrary, the
comparatively rigid bPEG linkers with a small mean value of
R;PEG ~ 0.7 nm, reported small value of SASAppgg. This
correlation between radius of gyration and SASA highlighted
the importance of globular shape of the bPEG linkers.
Moreover, the results resemble [60] enhancement of SASA
for series of globular proteins in accordance with increased
value of their radius of gyration. In most of the cases, once the
terminal group of the linker was bound to the Au(111), the
biotins attached to those linkers remained buried from the
solvent for the rest of the simulation. As we shall discuss in
the next sections the collective entanglement as well as the
compactness of the linkers are strongly influenced by the
variation of the surface density (i.e. grafted linker spacing)
of bPEG.

3.2.2. System 25-bPEG/24-PEG. In order to understand
whether the surface chemistry of the biosensor could be
affected by the biotinylated ratio of the linkers, a surface with
the same surface density of linkers as in section 3.2.1 but with
a 1:1 ratio of biotinylated and non-biotinylated linkers was
prepared and simulated, and the system was called 25-bPEG/
24-PEG. In figure S4(b) we report RMSD for the entire
trajectory. In figures 1(c)—(d) the final structure of the surface
after relaxation are reported from different viewpoints.

For this system it was found that in analogy with System
49-bPEG, there existed an amount of biotins attached to the
25 bPEG linkers, which remained at large distances from the

gold surface, and those were also the more exposed to water
(figures S5(a)—(b)). Instead, the group of biotins lying close to
AU ~ 5A, remained buried from the solvent, displaying very
low values of SASA. Overall, the amount of non-biotinylated
linkers, PEG, did not affect the atomistic behavior of the
biotinylated linkers. Further analysis, comparing the corresp-
onding component of radius of gyration of both bPEG and
PEG with SASA were conducted. Some of the bPEGs could
be classified in two regimes, the first having R;PEG < 1 nm,

the latter, having R;pEG ~ 72 nm (figure S5(c)). The
distribution of SASA for both biotinylated and non
biotinylated linkers (figure S5(d)) indicated that the ligands
with larger value of radius of gyration are more exposed to
water, similarly the more compact ones are buried close to the
gold (surface). These distinguishable behaviors associated
with the radius of gyration for both bPEG and PEG along
with their SASA observed in System 25-bPEG/24-PEG is
similar to that for 49-bPEG. However, due to the introduction
of more hydrophilic PEG in this mixed system, some of the
PEGs also showed a more extended, ‘brush like’ cylindrical
conformation corresponding to smaller value of the radius of
gyration (figure S6(a)). Conversely, they showed larger
values of SASA (figure S6(b)). Therefore, due to the
collective effects associated to the coexistence of rigid
‘mushroom like’ spherical bPEG linkers with more ‘brush
like’ extended PEG, the fraction of linkers exhibiting smaller
values of the radius of gyration is increased with respect to
49-bPEG (table S1). Conversely, the overall percentage of
linkers with larger SASA is enhanced (table S2).

3.2.3. System 98-bPEG. We comment here on the effect of
increasing the density of bPEG linkers on top of the Au(111)
surface. To investigate this aspect we built a system with a
surface density which was two times larger with respect to 49-
bPEG system, namely system 98-bPEG. The final snapshot
in different angles are reported in figures 3(a)-(b) RMSD
analysis of the bPEG linkers is reported in figure S4(c).
From the analysis of the plots reporting the distances
between O3 end-atom of each biotin and AU of surface gold
atoms (doz_ay) (figure 4(a)) we observed an important
change in the range of distances experienced by the biotin
end-atoms namely, most of the biotins were lying at larger
distance from the gold surface (compare with figure 2(a)). The
most distant biotins, setl, stabilized at ranges of distances
dos_au ~ 20-50 A, whereas other groups of biotins, set3,
remained confined between 10 and 20 A. A third group of
biotins instead was experiencing fluctuations back and forth
between those two ranges of distances. The computed SASA
values were comparable with those obtained for the previous
systems (figure 4(b)). More specifically, biotins belonging to
setl and a most from set2 reported broad values of SASA,
H(SASA,,). For the bPEG, the linkers atoms are distributed
at a larger distance over gold surface, but the values of the
radius of gyration and SASA (figures 4(c)—(d)) can still be
grouped into three categories as remain consistent to system-
49bPEG. The key difference is given by an increased number
of linkers with a more extended, ‘brush like’ cylindrical
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Figure 3. (a) Top view of the final structure of bPEG-Au(111) for
System 98-bPEG, green: PEG & purple: biotin, yellow: gold surface,
(b) that from a side angle. (c)-(d) Final snaphot of system 49-bPEG/
49-PEG, pink:PEG with two different views. Explicit water
molecules are omitted for clarity.
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Figure 4. System 98-bPEG: (a) distribution of distances between O3
end-atom of biotin and AU surface atoms, divided in three different
groups, (b) distribution of SASA of biotins belong to each groups.
(c) Distribution of the radius of gyration of bPEG computed along z
axis of simulation box and grouped in three different ranges of
values and (d) SASA computed for bPEG belonging to the same
groups.

conformation corresponding to smaller value of the radius of
gyration (table S1) and figures S6(c)—(d).

The present results are in line with previous lower
resolution simulations of PEG chains grafted to a non
adsorbing surface [24]. To summarize, at very low linker
density, the linker chains behaves like an isolated chain in
solution, leading to the so called ‘mushroom like’ conforma-
tion. As the grafted linker density increases, a larger number

of the polymer chains become crowded and repel each other,
leading to a ‘brush like’ conformation with a larger distance
of the end-groups from the surface. In particular, the scenario
is a mixed state of ‘mushroom-brush’ conformations,
however the end group of linkers exhibiting ‘mushroom-like’
shape are situated far from the gold surface with respect to 49-
bPEG system, whereas some bPEGs are in elongated ‘brush-
like’ form. Although, due to the highly crowded linker
environment, the collective SASA of the linkers is reduced
(table S2), the overall solvent exposure of biotin is increased
(table 1) as explained in details in discussion.

3.2.4. System 49-bPEG/49-PEG. For completeness, a
surface with the same surface density as 49-bPEG system
but with a 1:1 ratio of biotinylated and non-biotinylated
terminal groups was prepared and simulated. The final
structures obtained after relaxation are reported in
figures 3(c)-(d). The RMSD is reported in figure S4(d).
Similar characteristics of , dosz_au, SASApu, R;PEG, RgP £G,
SASApprg and SASApgg (figures S7(a)—(d)) with respect to
System 98-bPEG, are observed.

4. Discussion of the results

Here we focus on the discussion of the collective behavior of
the linkers’ terminal groups, namely biotins. The SASAy,, for
each single biotins was computed over the simulation trajec-
tories and the values were grouped in different SASAy,
domains, corresponding to different degree of solvent expo-
sure. Finally, after counting the number of individual contrib-
ution in each domains, the values were normalized by the total
number of biotins as well as number of configurations. In
table 1, System 49-bPEG and System 25-bPEG/24-PEG, were
shown to exhibit more than 60% of biotins buried and una-
vailable towards solvent. Whereas, the number of partially
available biotins is enhanced in System 98-bPEG and the
maximum exposure is found for System 49-bPEG/49-PEG.
In table 2 the distance between O3 end-atom of each biotin
and the Au(111) atoms are grouped with respect to a threshold
value ~ 10 A for all the systems. From the reported values, a
clear trend is outlined as a function of the linkers density,
namely at low linkers density the majority of biotins are lying
close to the gold surface, namely in System 49-bPEG and
System 25-bPEG/24-PEG, whereas increasing the linkers den-
sity, the repulsion between linker chains is pushing the biotins
end-group far from the gold surface, namely in System 98-bPEG
and System 49-bPEG/49-PEG. In the case of mixed linkers 49-
bPEG/49-PEG the different hydrophobicity between the bPEG
and PEG chains, induced the more hydrophilic PEG linkers to
assume a more extended conformations (tables S1, S2) at larger
distances between the terminal end-atom (C90) and the gold
surface, as reported in table 3. The radial distribution function
between oxygen atoms of water molecules and the entire PEGs
generated through the simulated trajectory is shown in figure S8.
Similar analysis for bPEGs (figure S8) indicate that PEG is more
hydrophilic than bPEG. This collective behavior seems to favor
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Table 1. Three different domains of SASA exhibited by all of the biotins for different systems.

SASA of Biotin >0.25 nm? < 2.1 nm?

SASA of Biotin >2.1 nm?>

System SASA of Biotin <0.25 nm?
System 49-bPEG 66.3%
System 25-bPEG/24-PEG 65.1%
System 98-bPEG 53.7%
System 49-bPEG/49-PEG 44.9%

31.9% 1.7%
33.8% 1.1%
45.1% 1.2%
53.9% 1.2%

Table 2. Collective distances between O3 end-atom and Au(111) surface.

Distance of O3 of biotin from AU <10 A Distance pf O3 of biotin from AU >10 A

System

System 49-bPEG 72.7%
System 25-bPEG/24-PEG 65.6%
System 98-bPEG 7.8%
System 49-bPEG/49-PEG 2.8%

27.3%
34.4%
92.1%
97.2%

Table 3. Different percentage of PEG’s terminal atom (C90) around different surface.

Distance of terminal C90 of PEG  Distance of terminal C90 of PEG from

Distance of terminal C90 of PEG

AU >10 A <20 A from AU > 20 A

System from AU <10 A

System 25-bPEG/ 20.5%
24-PEG

System 49-bPEG/ 3.2%
49-PEG

39.8% 39.7%

14.3% 82.5%

the transition of a larger number of PEG linkers to the so called
‘brush like’ cylindrical conformation, increasing the amount of
biotins of the bPEG linkers lying at larger distances from the
surface, which is going from 92.1% to 97.2%, as reported in
table 2. Thus, from our simulation we can propose larger
number density of linkers and the suitable biotinylation ratio are
the two trigger points that can optimize performance of a
biosensor.

4.1. Conclusions

Fully atomistic MD simulations have been applied to reveal
the structure and dynamics of functionalized gold surfaces of
a AW biosensor, which cannot be easily captured by
experiments. Recent advances in computer power and simu-
lation methods allowed fully atomistic simulations of large
PEGylated gold surfaces, functionalized with a different
number and types of linkers.

The main goal of the paper was to clarify the role of the
grafted linker density of bPEG chains on a gold surface and to
disclose the influence of the pegylation ratio on the sensitivity
of the biosensor. Results suggested that at lower linker den-
sity, namely system 49-bPEG and 25-bPEG/24PEG, the
linker chains mostly maintained their high ‘mushroom like’
conformation typical of the isolated chain in solution.
Increasing the linker density from 0.4 to 0.8 molecule nm ™2,
the repulsion between linker chains, cause the extension of
the chains leading to an increased number of structural con-
formations with large distances of the end-groups from the
gold surface, namely System 98-bPEG. This latter behavior

favors the exposure of biotin and thus the sensitivity of the
biosensor. Moreover, including a 1:1 ratio of pegylation in
System 49-bPEG/49-PEG, the accessibility of biotin mole-
cules towards solvent improve, due to the increased different
hydrophobicity of the linkers chains introduced by the PEG
polymer chains, which strongly favor the availability of bio-
tins molecule towards the protein analyte.

Acknowledgments

GB acknowledges Oak Ridge National Laboratory by the
Scientific User Facilities Division, Office of Basic Energy
Sciences, US Department of Energy is acknowledged for the
supercomputing

project CNMS2018-338. GB acknowledges Facilities of the
National Energy Research Scientific Computing

Center (NERSC), which is supported by the Office of Science
of the US Department of Energy under Contract No. DE-
AC02-05CH11231, are also acknowledged. The ISCRA staff
at CINECA (Bologna, Italy) is acknowledged for computa-
tional facilities and technical support.

ORCID iDs

Luca Bellucci
Mariacristina Gagliardi
5860-3141

Giorgia Brancolini

https: //orcid.org /0000-0003-2031-064X
https: // orcid.org /0000-0002-

https: // orcid.org /0000-0002-1083-9198


https://orcid.org/0000-0003-2031-064X
https://orcid.org/0000-0003-2031-064X
https://orcid.org/0000-0003-2031-064X
https://orcid.org/0000-0003-2031-064X
https://orcid.org/0000-0002-5860-3141
https://orcid.org/0000-0002-5860-3141
https://orcid.org/0000-0002-5860-3141
https://orcid.org/0000-0002-5860-3141
https://orcid.org/0000-0002-5860-3141
https://orcid.org/0000-0002-1083-9198
https://orcid.org/0000-0002-1083-9198
https://orcid.org/0000-0002-1083-9198
https://orcid.org/0000-0002-1083-9198

Nanotechnology 32 (2021) 095702

S Dutta et al

References

(1]
(2]

(3]

(4]
(3]

(6l

(71

(8]

(91

[10]

[11]

[12]

[13]

(14]

[15]

[16]

[17]

[18]

Reimhult E and Hook F 2015 Design of surface modifications
for nanoscale sensor applications Sensors 15 1635-75

Oliverio M, Perotto S, Messina G C, Lovato L and
De Angelis F 2017 Chemical functionalization of plasmonic
surface biosensors: a tutorial review on issues strategies, and
costs ACS Appl. Mater. Interfaces. 9 29394411

Mariani S, Robbiano V, Strambini L M, Debrassi A, Egri G,
Dahne L and Barillaro G 2018 Layer-by-layer
biofunctionalization of nanostructured porous silicon for
high-sensitivity and high-selectivity label-free affinity
biosensing Nat. Commun. 9 5256

Masson J F 2017 Surface plasmon resonance clinical
biosensors for medical diagnostics ACS Sens. 2 16-30

Nguyen H H, Park J, Kang S and Kim M 2015 Surface
plasmon resonance: a versatile technique for biosensor
applications Sensors 15 10481-510

Gorodkiewicz E and Lukaszewski Z 2018 Recent progress in
surface plasmon resonance biosensors (2016 to mid-2018)
Biosensors 8 1-18

Sin M L, Mach K E, Wong P K and Liao J C 2014 Advances
and challenges in biosensor-based diagnosis of infectious
diseases Expert Rev. Mol. Diagn. 14 225-44.

Wu Y, Tilley R D and Gooding J J 2019 Challenges and
solutions in developing ultrasensitive biosensors J. Am.
Chem. Soc. 141 1162-70

Lowe B M, Skylaris C K, Green N G, Shibuta Y and Sakata T
2018 Molecular dynamics simulation of potentiometric
sensor response: the effect of biomolecules, surface
morphology and surface charge Nanoscale 10 8650-66

Pang J, Tao L, Lu X, Yang Q, Pachauri V, Wang Z,
Ingebrandt S and Chen X 2019 Photothermal effects induced
by surface plasmon resonance at graphene/gold
nanointerfaces: a multiscale modeling study Biosens.
Bioelectron. 126 470-7

Cholko T, Kaushik S and Chang C A 2019 Dynamics and
molecular interactions of single-stranded DNA in nucleic
acid biosensors with varied surface properties Phys. Chem.
Chem. Phys. 21 16367-80

Puente-Santiago A R, Rodriguez-Padron D, Quan X,

Batista M J M O, Martins L. O, Verma S, Varma R S,
Zhou J and Luque R 2019 Unprecedented wiring efficiency
of sulfonated graphitic CarbonNitride materials: toward
high-performance AmperometricRecombinant CotA laccase
biosensors ACS Sustain. Chem. Eng. 7 1474-84

Ghoshdastider U, Wu R, Trzaskowski B, Mlynarczyk K,
Miszta P, Gurusaran M, Viswanathan S,
Renugopalakrishnan V and Filipek S 2015 Molecular effects
of encapsulation of glucoseoxidase dimer by graphene RSC
Adv. 5 13570

Ogorzalek T L, Wei S, Liu Y, Wang Q, Brooks C L 3rd,
Chen Z and Marsh E N 2015 Molecular-level insights into
orientation-dependent changes in the thermal stability of
enzymes covalently immobilized on surfaces Langmuir:
ACS J. Surf. Colloids 31 6145-53

Wang R E, Zhang Y, Cai J, Cai W and Gao T 2011 Aptamer-
based fluorescent biosensors Curr. Med. Chem. 18
4175-84

Rhinehardt K L, Srinivas G and Mohan R V 2015 Molecular
dynamics simulation analysis of Anti-MUCI1 aptamer and
mucin 1 Peptide binding J. Phys. Chem. B 119 6571-83

Ruan M, Seydou M, Noel V, Piro B, Maurel F and Barbault F
2017 Molecular dynamics simulation of a RNA aptasensor
J. Phys. Chem. B 121 4071-80

Phanchai W, Srikulwong U, Chompoosor A,

Sakonsinsiri C and Puangmali T 2018 Insight into the
molecular mechanisms of AuNP-based aptasensor for

[19]

[20]

[21]

[22]

(23]

[24]

[25]

[26]

[27]

(28]

[29]

[30]

[31]

(32]

[33]

[34]

[35]

[36]

[37]

colorimetric detection: a molecular dynamics approach
Langmuir: ACS J. Surf. Colloids 34 6161-9

Agostini M, Greco G and Cecchini M 2018 A Rayleigh surface
acoustic wave (R-SAW) resonator biosensor based on
positive and negative reflectors with sub-nanomolar limit of
detection Sensors Actuators B 254 1-7

Agostini M, Greco G and Cecchini M 2019 Full-SAW
microfluidics-based lab-on-a-chip for biosensing /IEEE
Access 7 70901-9

Bhalla N, Jolly P, Formisano N and Estrela P 2016
Introduction to biosensors Essays Biochem. 60 1-8

Saha K, Agasti S S, Kim C, Li X and Rotello V M 2012 Gold
nanoparticles in chemical and biological sensing Chem. Rev.
112 2739-79

Yifei L and Haining Z 2015 Binding of streptavidin to surface-
attached biotin with different spacer thicknesses J. Wuhan
Univ. Technol.—Mater. 13 1304-9

Lee H 2020 Molecular simulations of PEGylated biomolecules,
liposomes, and nanoparticles for drug delivery applications
Pharmaceutics 12 1-23

Lee H, de Vries A H, Marrink S J and Pastor R W 2009 A
coarse-grained model for polyethylene oxide and
polyethylene glycol: conformation and hydrodynamics
J. Phys. Chem. B 113 13186-94

Heinen S and Weinhart M 2017 Poly(glycidyl ether)-based
monolayers on gold surfaces: control of grafting density and
chain conformation by grafting procedure, surface anchor,
and molecular weight Langmuir: ACS J. Surf. Colloids 33
2076-86

Taylor W and Jones R A 2013 Protein adsorption on well-
characterized polyethylene oxide brushes on gold:
dependence on molecular weight and grafting density
Langmuir: ACS J. Surf. Colloids 29 6116-22

Ren C L, Carvajal D, Shull K R and Szleifer I 2009
Streptavidin-biotin binding in the presence of a polymer
spacer. A theoretical description Langmuir: ACS J. Surf.
Colloids 25 12283-92

Le Trong I, Wang Z, Hyre D E, Lybrand T P, Stayton P S and
Stenkamp R E 2011 Streptavidin and its biotin complex at
atomic resolution Acta Crystallogr. D 67 813-21

Freitag S, LeTrong I, Klumb L, Stayton P S and Stenkamp R E
1997 Structural studies of the streptavidin binding loop
Protein Sci. 6 1157-66

Song J, Li Y, Ji C and Zhang J Z 2015 Functional loop
dynamics of the streptavidin-biotin complex Sci. Rep. 5 7906

Zhen G, Eggli V, Voros J, Zammaretti P, Textor M,
Glockshuber R and Kuennemann E 2004 Immobilization of
the enzyme beta-lactamase on biotin-derivatized poly(L-
lysine)-g-poly(ethylene glycol)-coated sensor chips: a study
on oriented attachment and surface activity by enzyme
kinetics and in situ optical sensing Langmuir: ACS J. Surf.
Colloids 20 10464-73

Kossek S, Padeste C and Tiefenauer L 1996 Immobilization of
streptavidin for immunosensors on nanostructured surfaces
J. Mol. Recognit. 9 485-7

Schrodinger Release 2020-3: Maestro, Schrodinger, LLC, New
York, NY (https://schrodinger.com/maestro)

Pronk S et al 2013 GROMACS 4.5: a high-throughput and
highly parallel open source molecular simulation toolkit
Bioinformatics 29 845-54

Jorgensen W L, Maxwell D S and TiradoRives J 1996
Development and testing of the OPLS all-atom force field on
conformational energetics and properties of organic liquids
J. Am. Chem. Soc. 118 11225-36

Roberts E L, Shu N, Howard M J, Broadhurst R W,
Chapman-Smith A, Wallace J C, Morris T,

Cronan J E Jr and Perham R N 1999 Solution structures of
apo and holo biotinyl domains from acetyl coenzyme A
carboxylase of Escherichia coli determined by triple-


https://doi.org/10.3390/s150101635
https://doi.org/10.3390/s150101635
https://doi.org/10.3390/s150101635
https://doi.org/10.1021/acsami.7b01583
https://doi.org/10.1021/acsami.7b01583
https://doi.org/10.1021/acsami.7b01583
https://doi.org/10.1038/s41467-018-07723-8
https://doi.org/10.1021/acssensors.6b00763
https://doi.org/10.1021/acssensors.6b00763
https://doi.org/10.1021/acssensors.6b00763
https://doi.org/10.3390/s150510481
https://doi.org/10.3390/s150510481
https://doi.org/10.3390/s150510481
https://doi.org/10.3390/bios8040132
https://doi.org/10.3390/bios8040132
https://doi.org/10.3390/bios8040132
https://doi.org/10.1586/14737159.2014.888313
https://doi.org/10.1586/14737159.2014.888313
https://doi.org/10.1586/14737159.2014.888313
https://doi.org/10.1021/jacs.8b09397
https://doi.org/10.1021/jacs.8b09397
https://doi.org/10.1021/jacs.8b09397
https://doi.org/10.1039/C8NR00776D
https://doi.org/10.1039/C8NR00776D
https://doi.org/10.1039/C8NR00776D
https://doi.org/10.1016/j.bios.2018.11.007
https://doi.org/10.1016/j.bios.2018.11.007
https://doi.org/10.1016/j.bios.2018.11.007
https://doi.org/10.1039/C9CP02441G
https://doi.org/10.1039/C9CP02441G
https://doi.org/10.1039/C9CP02441G
https://doi.org/10.1021/acssuschemeng.8b05107
https://doi.org/10.1021/acssuschemeng.8b05107
https://doi.org/10.1021/acssuschemeng.8b05107
https://doi.org/10.1039/C4RA16852F
https://doi.org/10.1021/acs.langmuir.5b01735
https://doi.org/10.1021/acs.langmuir.5b01735
https://doi.org/10.1021/acs.langmuir.5b01735
https://doi.org/10.2174/092986711797189637
https://doi.org/10.2174/092986711797189637
https://doi.org/10.2174/092986711797189637
https://doi.org/10.2174/092986711797189637
https://doi.org/10.1021/acs.jpcb.5b02483
https://doi.org/10.1021/acs.jpcb.5b02483
https://doi.org/10.1021/acs.jpcb.5b02483
https://doi.org/10.1021/acs.jpcb.6b12544
https://doi.org/10.1021/acs.jpcb.6b12544
https://doi.org/10.1021/acs.jpcb.6b12544
https://doi.org/10.1021/acs.langmuir.8b00701
https://doi.org/10.1021/acs.langmuir.8b00701
https://doi.org/10.1021/acs.langmuir.8b00701
https://doi.org/10.1016/j.snb.2017.07.014
https://doi.org/10.1016/j.snb.2017.07.014
https://doi.org/10.1016/j.snb.2017.07.014
https://doi.org/10.1109/ACCESS.2019.2919000
https://doi.org/10.1109/ACCESS.2019.2919000
https://doi.org/10.1109/ACCESS.2019.2919000
https://doi.org/10.1042/EBC20150001
https://doi.org/10.1042/EBC20150001
https://doi.org/10.1042/EBC20150001
https://doi.org/10.1021/cr2001178
https://doi.org/10.1021/cr2001178
https://doi.org/10.1021/cr2001178
https://doi.org/10.3390/pharmaceutics12060533
https://doi.org/10.3390/pharmaceutics12060533
https://doi.org/10.3390/pharmaceutics12060533
https://doi.org/10.1021/jp9058966
https://doi.org/10.1021/jp9058966
https://doi.org/10.1021/jp9058966
https://doi.org/10.1021/acs.langmuir.6b03927
https://doi.org/10.1021/acs.langmuir.6b03927
https://doi.org/10.1021/acs.langmuir.6b03927
https://doi.org/10.1021/acs.langmuir.6b03927
https://doi.org/10.1021/la4005483
https://doi.org/10.1021/la4005483
https://doi.org/10.1021/la4005483
https://doi.org/10.1021/la901735d
https://doi.org/10.1021/la901735d
https://doi.org/10.1021/la901735d
https://doi.org/10.1107/S0907444911027806
https://doi.org/10.1107/S0907444911027806
https://doi.org/10.1107/S0907444911027806
https://doi.org/10.1002/pro.5560060604
https://doi.org/10.1002/pro.5560060604
https://doi.org/10.1002/pro.5560060604
https://doi.org/10.1038/srep07906
https://doi.org/10.1021/la0482812
https://doi.org/10.1021/la0482812
https://doi.org/10.1021/la0482812
https://doi.org/10.1002/(SICI)1099-1352(199634/12)9:5/6<485::AID-JMR288>3.0.CO;2-R
https://doi.org/10.1002/(SICI)1099-1352(199634/12)9:5/6<485::AID-JMR288>3.0.CO;2-R
https://doi.org/10.1002/(SICI)1099-1352(199634/12)9:5/6<485::AID-JMR288>3.0.CO;2-R
https://www.schrodinger.com/maestro
https://doi.org/10.1093/bioinformatics/btt055
https://doi.org/10.1093/bioinformatics/btt055
https://doi.org/10.1093/bioinformatics/btt055
https://doi.org/10.1021/ja9621760
https://doi.org/10.1021/ja9621760
https://doi.org/10.1021/ja9621760

Nanotechnology 32 (2021) 095702

S Dutta et al

[38]
[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

(48]

[49]

resonance nuclear magnetic resonance spectroscopy
Biochemistry 38 5045-53

Allen M P and Tildesley D J 1989 Computer Simulation of
Liquids 2nd edn (New York: Oxford Science Publications)

Frenkel D and Smit B 2002 Understanding Molecular
Simulation From Alogorithms to Applications (New York:
Academic)

Mark P and Nilsson L 2001 Structure and dynamics of the
TIP3P, SPC, and SPC/E water models at 298 K J. Phys.
Chem. B 105 24a

Hess B, Kutzner C, van der Spoel D and Lindahl E 2008
GROMACS 4: algorithms for highly efficient, load-
balanced, and scalable molecular simulation J. Chem.
Theory Comput. 4 435-47

Van Der Spoel D, Lindahl E, Hess B, Groenhof G,

Mark A E and Berendsen H J 2005 GROMACS: fast,
flexible, and free J. Comput. Chem. 26
1701-18

Mcsherry T M 1976 General steepest descent algorithm /EEE
Trans. Aerosp. Electron. Syst. 12 12-22

Bussi G, Donadio D and Parrinello M 2007 Canonical sampling
through velocity rescaling J. Chem. Phys. 126 014101

Parrinello M and Rahman A 1981 Polymorphic transitions in
single-crystals—a new molecular-dynamics method J. Appl.
Phys. 52 7182-90

Essmann U, Perera L, Berkowitz M L, Darden T, Lee H and
Pedersen L G 1995 A smooth particle mesh ewald method
J. Chem. Phys. 103 8577-93

Jori F, Di Felice R, Molinari E and Corni S 2009 GolP: an
atomistic force-field to describe the interaction of proteins
with Au(111) surfaces in water J. Comput. Chem. 30
1465-76

Brancolini G, Bellucci L, Maschio M C, Felice R D and
Corni S 2019 The interaction of peptides and proteins with
nanostructures surfaces: a challenge for nanoscience Curr.
Opin. Colloid Interface Sci. 41 86-94

Hoefling M, Iori F, Corni S and Gottschalk K E 2010
Interaction of amino acids with the Au(111) surface:
adsorption free energies from molecular dynamics
simulations Langmuir: ACS J. Surf. Colloids 26 8347-51

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[571

[58]

[59]

[60]

Brancolini G, Corazza A, Vuano M, Fogolari F, Mimmi M C,
Bellotti V, Stoppini M, Corni S and Esposito G 2015
Probing the influence of citrate-capped gold nanoparticles on
an amyloidogenic protein ACS Nano 9 2600-13

Cantarutti C et al 2017 Citrate-stabilized gold nanoparticles
hinder fibrillogenesis of a pathological variant of beta2-
microglobulin Nanoscale 9 3941-51

Brancolini G, Maschio M C, Cantarutti C, Corazza A,
Fogolari F, Bellotti V, Corni S and Esposito G 2018 Citrate
stabilized gold nanoparticles interfere with amyloid fibril
formation: D76N and DeltaN6 beta2-microglobulin variants
Nanoscale 10 4793-806

Brancolini G, Kokh D B, Calzolai L, Wade R C and Corni S
2012 Docking of ubiquitin to gold nanoparticles ACS Nano
6 9863-78

Bizzarri A R, Costantini G and Cannistraro S 2003 MD
simulation of a plastocyanin mutant adsorbed onto a gold
surface Biophys. Chem. 106 111-23

Humphrey W, Dalke A and Schulten K 1996 VMD: visual
molecular dynamics J. Mol. Graph. 14 33-8

Grell L, Parkin C, Slatest L and Craig P A 2006 EZ-Viz, a tool
for simplifying molecular viewing in PyYMOL Biochem. Mol.
Biol. Educ. 34 402-7

Ling K, Jiang H'Y and Zhang Q Q 2013 A colorimetric method
for the molecular weight determination of polyethylene
glycol using gold nanoparticles Nanoscale Res. Lett. 8 1-10

Salem A K, Cannizzaro S M, Davies M C, Tendler S J,
Roberts C J, Williams P M and Shakesheff K M 2001
Synthesis and characterisation of a degradable poly(lactic
acid)-poly(ethylene glycol) copolymer with biotinylated end
groups Biomacromolecules 2 575-80

Peng L X, Das S K, Yu L, Howell S B and Gough D A 2011
Coarse-grained modeling study of nonpeptide RGD ligand
density and PEG molecular weight on the conformation of
poly(gamma-glutamyl-glutamate) paclitaxel conjugates
J. Mol. Model. 17 2973-87

Wu H, Zhang R, Zhang W, Hong J, Xiang Y and Xu W 2020
Rapid 3-dimensional shape determination of globular
proteins by mobility capillary electrophoresis and native
mass spectrometry Chem. Sci. 11 4758-65


https://doi.org/10.1021/bi982466o
https://doi.org/10.1021/bi982466o
https://doi.org/10.1021/bi982466o
https://doi.org/10.1021/jp003020w
https://doi.org/10.1021/ct700301q
https://doi.org/10.1021/ct700301q
https://doi.org/10.1021/ct700301q
https://doi.org/10.1002/jcc.20291
https://doi.org/10.1002/jcc.20291
https://doi.org/10.1002/jcc.20291
https://doi.org/10.1002/jcc.20291
https://doi.org/10.1109/TAES.1976.308210
https://doi.org/10.1109/TAES.1976.308210
https://doi.org/10.1109/TAES.1976.308210
https://doi.org/10.1063/1.2408420
https://doi.org/10.1063/1.328693
https://doi.org/10.1063/1.328693
https://doi.org/10.1063/1.328693
https://doi.org/10.1063/1.470117
https://doi.org/10.1063/1.470117
https://doi.org/10.1063/1.470117
https://doi.org/10.1002/jcc.21165
https://doi.org/10.1002/jcc.21165
https://doi.org/10.1002/jcc.21165
https://doi.org/10.1002/jcc.21165
https://doi.org/10.1016/j.cocis.2018.12.003
https://doi.org/10.1016/j.cocis.2018.12.003
https://doi.org/10.1016/j.cocis.2018.12.003
https://doi.org/10.1021/la904765u
https://doi.org/10.1021/la904765u
https://doi.org/10.1021/la904765u
https://doi.org/10.1021/nn506161j
https://doi.org/10.1021/nn506161j
https://doi.org/10.1021/nn506161j
https://doi.org/10.1039/C6NR09362K
https://doi.org/10.1039/C6NR09362K
https://doi.org/10.1039/C6NR09362K
https://doi.org/10.1039/C7NR06808E
https://doi.org/10.1039/C7NR06808E
https://doi.org/10.1039/C7NR06808E
https://doi.org/10.1021/nn303444b
https://doi.org/10.1021/nn303444b
https://doi.org/10.1021/nn303444b
https://doi.org/10.1016/S0301-4622(03)00156-X
https://doi.org/10.1016/S0301-4622(03)00156-X
https://doi.org/10.1016/S0301-4622(03)00156-X
https://doi.org/10.1016/0263-7855(96)00018-5
https://doi.org/10.1016/0263-7855(96)00018-5
https://doi.org/10.1016/0263-7855(96)00018-5
https://doi.org/10.1002/bmb.2006.494034062672
https://doi.org/10.1002/bmb.2006.494034062672
https://doi.org/10.1002/bmb.2006.494034062672
https://doi.org/10.1186/1556-276X-8-538
https://doi.org/10.1186/1556-276X-8-538
https://doi.org/10.1186/1556-276X-8-538
https://doi.org/10.1021/bm010030+
https://doi.org/10.1021/bm010030+
https://doi.org/10.1021/bm010030+
https://doi.org/10.1007/s00894-011-0989-4
https://doi.org/10.1007/s00894-011-0989-4
https://doi.org/10.1007/s00894-011-0989-4
https://doi.org/10.1039/D0SC01965H
https://doi.org/10.1039/D0SC01965H
https://doi.org/10.1039/D0SC01965H

	1. Introduction
	2. Computational methods
	2.1.(PEG)n and biotin-(PEG)n in water set-up
	2.2.(bPEG)n-linked gold surfaces set-up
	2.3. Analyses
	2.3.1. Structural analyses


	3. Results and discussion
	3.1. MD simulations of (PEG) and (bPEG) in water
	3.2. MD simulation of (bPEG)n-linked gold surfaces
	3.2.1. System 49-bPEG
	3.2.2. System 25-bPEG/24-PEG
	3.2.3. System 98-bPEG
	3.2.4. System 49-bPEG/49-PEG


	4. Discussion of the results
	4.1. Conclusions

	Acknowledgments
	References



