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The study presents a multiscale framework that integrates
Classical Molecular Dynamics, Brownian Dynamics,

and SPR experiments to investigate the interactions of
Interleukin-6 (IL-6), a key cancer biomarker, with self-
assembled monolayers (SAMs). Mixed-component SAMs
(M-SAMs) demonstrate superior, reversible binding - ideal
for reusable biosensors - whereas single-component
SAMs exhibit irreversible interactions. This work highlights
combined computational and experimental approaches to
explore biomolecule-surface interactions, paving the way
for developing advanced biosensing platforms for cancer
diagnostics.
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A multiscale approach is employed to investigate the interaction dynamics between interleukin-6, a key
cancer biomarker, and alkyl-functionalized surfaces, with the ultimate goal of guiding biosensor design.
The study integrates classical molecular dynamics, Brownian dynamics simulations, and binding experi-
ments to explore the adsorption dynamics and energetics of IL-6 on surfaces modified with self-
assembled monolayers (SAMs). The comparative analysis reveals a dramatic effect on the interaction
strength of IL-6 with a SAMs comprising a mix of charged and hydrophobic ligands. Solvent accessible
surface area analysis shows enhanced exposure of charged terminal groups on the mixed SAM surface.
Experimental investigations using surface plasmon resonance reveal that IL-6 interactions enhance with
increased charged ligand content in mixed SAMs, retaining high binding affinity even under high ionic
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strength conditions. Computational studies further highlight hydrophobic and electrostatic interactions as
key factors driving the high affinity of IL-6 on the mixed SAMs surface. This research offers insights into
optimizing surfaces for enhanced IL-6 recognition, which can be extended to other protein biomarkers,
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1. Introduction

Nanoscale biosensors have attracted considerable interest in
the field of medical diagnostic analysis due to their sensitive,
label-free detection capabilities for biomolecular recognition.
These biosensors, which can be finely tuned for various appli-
cations, are often constructed by functionalizing noble metal
surfaces with appropriate bio-receptors that can interact with
target analytes in solution." Among the various methods avail-
able, self-assembled monolayers (SAMs) on gold surfaces have
emerged as a pivotal technology in the development of bio-
sensors due to their ability to create well-defined and stable
interfaces for the immobilization of biomolecules.>* SAMs are
typically formed by the spontaneous adsorption of thiol-con-
taining molecules onto gold surfaces, resulting in a densely
packed and highly ordered monolayer. This method offers
several advantages, including ease of preparation, versatility in
chemical modification, and robustness under various experi-
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by combining experimental and computational approaches to improve biosensing performance.

mental conditions.”” The use of mixed SAMs, incorporating
different functional groups, further allows for the modulation
of surface properties to optimize the interaction with biologi-
cal targets.®*°

The interaction between proteins and SAMs plays a funda-
mental role in optimizing the surface properties necessary for
biosensor applications. The use of mixed SAMs, which incor-
porate different functional groups, allows for fine-tuning the
surface characteristics to enhance interactions with biological
targets.'’ In particular, the ability to control the density, orien-
tation, and binding affinity of biomolecules, such as proteins,
is critical for improving the performance of SAM-based
systems. Given these properties, SAMs with mixed functional
groups provide an excellent platform for studying the behavior
of proteins at the molecular level. For example, the presence of
amine head groups on a mixed SAMs with alkyl-terminated
alkanethiols significantly enhanced the strength of hydro-
phobic interactions with a helical B-peptide, compared to a
SAM composed solely of the alkyl component.* Furthermore,
the subnanoscale distance between the ionic head groups and
the hydrophobic surface on a mixed SAM comprising ionic
functional groups and alkyl-terminated alkanethiols has been
shown to significantly influence interactions with bio-
molecules in solution.”® Although substantial progress over
the past decade has advanced our understanding of hydro-
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phobic interactions in simple model systems,"* " including
SAM-modified surfaces, the role of nanometer-scale chemical
heterogeneity, such as structures containing non-polar
domains in close proximity to polar and charged functional
groups, remains not fully understood, particularly regarding
their interactions with peptides and proteins.

In this study, we exploit a combination of computational
modelling and experimental investigations to understand the
interactions between interleukin-6 (IL-6) protein and gold sur-
faces functionalized with SAMs. IL-6, a critical biomarker
associated with immune responses and various pathological
conditions, including cancers and inflammatory diseases,” is
a protein of clinical interest. Detecting IL-6 at low concen-
trations in biological fluids requires surfaces that promote
specific and stable interactions with the target protein.'®"°
The surface chemistry of SAMs, especially in terms of how they
influence protein adsorption, is crucial in enabling these
interactions.*®

The focus is on understanding how mixed SAMs, composed
of alternating alkyl thiols and ammonium alkyl thiols, influ-
ence protein binding and stability with respect to single-com-
ponent SAM. Detailed molecular simulations reveal infor-
mation of protein-surface interactions that experiments alone
cannot access. Simulations provide information about the
dynamics, energetics and stability of such interactions, allow-
ing to probe the molecular mechanisms underlying protein
adsorption, orientation and binding on functionalized sur-
faces. Atomistics simulations are directly compared with
protein-binding experiments obtained by surface plasmon
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resonance (SPR), providing valuable insights into the diffusion
dynamics, binding energetics, and stability of IL-6 on SAM-
functionalized surfaces. These surface-binding analyses are
essential for validating key aspects of the simulation results,
strengthening confidence in the theoretical models and advan-
cing our understating of these complex systems. By integrating
experimental data with computational modeling, the design of
nanoscale biosensors can be optimized more effectively, pro-
viding also insights across different scales.>® This approach
provides reliable tools for creating new technologies based on
rational design of nano-bio interactions.>**?

2. Results and discussion

2.1 Simulations results

MD of individual SAM-surfaces. Two types of SAM surfaces
were considered: the mixed SAM (M-SAM) and the single-com-
ponent SAM (S-SAM). In the simulation set-up the M-SAM
surface consists of 504 ligands, divided into two distinct types.
One type is positively charged, featuring an 8-carbon alkyl-
thiol chain with a terminal ammonium group (S(CH,)sNH;").
The second type is neutral, composed of a 7-carbon alkyl-thiol
chain terminated with a neutral methyl group (S(CH,),CHj,).
In contrast, the S-SAM comprises 480 ligands of the neutral
type, S(CH,),CHj, functionalized on the gold surface. They
were simulated in a cell of the same size, 10 nm x 10 nm X
13 nm. Key elements of the SAM surfaces and surface confor-
mations after relaxation, are illustrated in Fig. 1.

(A) Chemical sketch of mixed-component self-assembly monolayer (M-SAM) and (B) single-component self-assembly monolayer (S-SAM).

(C) shows the structure of the M-SAM surface after 300 ns of relaxation, and (D) shows the structure of the S-SAM. Each surface structure is depicted
from both the top and side views, with Au atoms in yellow, alkyl chains in cyan, and terminal NHz* charged groups in blue.
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After initial relaxation with 300 ns of fully atomistic MD, on
the individual surfaces in the presence of explicit solvent and
counterions, a notable distinction was observed in the behav-
ior of the M-SAM (shown in panel C of Fig. 1) compared to the
S-SAM (shown in panel D of Fig. 1).

In the S-SAM, some ligands bent inward toward the gold
surface, primarily due to strong electrostatic repulsion
between neighboring positively charged NH;" terminal groups.
In contrast, the M-SAM did not exhibit this behavior because
of the alternation of charged ligands with neutral ligands,
namely terminated with hydrophobic CH; groups. The latter
thus resulting in elongated ligands, with a “brush-like”
distribution.

To quantify the stability of the ligands, RMSD values were
calculated. The RMSD analysis of the 300 ns trajectories is
shown below, with the reference structure being the first frame
is reported in ESI, Fig. S11 panel A. The plots indicate that the
SAM-based surfaces achieved stability throughout the simu-
lation, with RMSD remaining constant around 0.125 nm after
5 ns and 0.145 nm after 150 ns for M-SAM and S-SAM, respect-
ively. The counterions located near the surface became
trapped between ligands of varying heights, resulting in
tighter packing and reduced ligand mobility in the M-SAM. In
contrast, the S-SAM exhibited the highest RMSD due to
increased chain mobility.

The GROMACS tool gmx sasa was employed to calculate the
solvent accessible surface area (SASA). This is crucial for
understanding molecular interactions in a solvent environ-
ment, particularly for protein-surface interactions. The
average SASA values were found to be 316.660 nm?* for M-SAM
and 276.673 nm” for S-SAM, indicating a 14.52% difference.
This difference is due to the presence of two types of ligands
with varying heights in M-SAM, one of which is shorter, allow-
ing more accessible area for the solvent (see Fig. S1T panel B).

Furthermore, the SASA per ligand value was calculated for
the NH;" terminal groups in both systems. As shown in panel
C of Fig. S1,7 the SASA per ligand for the M-SAM system is
notably higher than for the S-SAM system. This suggests that
the NH;" groups in M-SAM are more exposed to the solvent
compared to those in S-SAM. The greater exposure of these
terminal groups implies that the M-SAM modified surface is
more prone to interact with the target protein. Thus, the SASA
of NH;" spacers is increased in the mixed surface compared to
the non-mixed one. Since the overall SASA of amino groups in
the second and third groups is larger for the mixed-SAM com-
pared to the S-SAM, fully functionalized high-density surfaces
are expected to reach saturation earlier than their half-functio-
nalized counterparts.

The analysis also determined the number density of CI™
counterions along the z-axis using the GROMACS tool gmx
density. This involved computing the number density of par-
ticles by dividing the box into slices and calculating the tem-
poral average over time. A layer of 217 Cl™ ions formed near
the ligands of the M-SAM, and 432 Cl™ ions formed near the
S-SAM. The peak of the S-SAM appears slightly right-shifted
compared to the M-SAM peak, as the S-SAM comprises a single

This journal is © The Royal Society of Chemistry 2025
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type of ligand, leading to a consistent ion monolayer for-
mation, see Fig. S2.}

Additionally, ions were observed within 2.3 nm of the
surface due to ligand repulsion, causing the ligands to bend
inwards and allowing Cl~ ions to approach the gold surface
closely in the S-SAM. In contrast, the M-SAM structure had
ligands at different heights, resulting in ions near the hydro-
phobic (CHj) ligands being relatively closer to the gold
surface, though not as significantly as in the S-SAM due to the
absence of bent ligands. This distinction is evident as the
M-SAM exhibits two peaks at different z-coordinates.

MD of individual IL-6 and IL-6-noTER proteins. IL-6 differs
from IL-6-noTER because it includes an N-terminal tail, which
was not part of the original IL-6 PDB structure, potentially
influencing its structural and functional characteristics. A
comparative analysis of the two trajectories was conducted to
obtain structural information on both protein structures and
highlight potential differences attributable to the N-terminal
tail of the IL-6 protein.

The stability of the proteins in each system was assessed
using the root mean square deviation (RMSD) calculated for
their structures over time, relative to the initial structure at the
start of the production simulation. RMSD calculations were
performed for the backbone atoms of each structure. Panel A,
Fig. S31 shows the RMSD of the two protein structures over a
500 ns MD simulation. For IL-6-noTER, the average RMSD
value was 0.304 + 0.013 nm, while for IL-6, it was 0.290 +
0.010 nm. IL-6-noTER reached a plateau faster than IL-6, indi-
cating that IL-6 stabilized after 400 ns.

The total radius of gyration (R;) was calculated for both
protein structures to assess their compactness. As shown in
panel B of Fig. S3,f IL-6-noTER (red graph) was slightly less
compact compared to IL-6 (violet line). The average R, for IL-6-
noTER was 1.681 + 0.007 nm, and for IL-6, it was 1.662 +
0.006 nm. The smaller R, for IL-6 suggests that the protein
structure is more compact in the presence of the N-TER tail,
which could imply some stabilization of the protein.

The root mean square fluctuation (RMSF) of the protein
backbones was analyzed to identify which residues deviated
most from the starting structure and which maintained rigid-
ity during the dynamics. The RMSF analysis, shown in panel C
of Fig. S3,7 compared the two protein structures, IL-6-noTER
and IL-6. The red line represents IL-6-noTER, and the violet
line represents IL-6. Three regions were highlighted: the first
region (residues ALA1 to PRO19) showed fluctuations of the
flexible tail of the IL-6 structure, ranging from 0.13 nm to
1.22 nm. The AB-loop (residues SER48 to ASN80) and the CD-
loop (residues LYS132 to GLN155) showed slightly higher fluc-
tuations, with IL-6 exhibiting larger fluctuations in the AB-loop
and IL-6 in the CD-loop. The E o-helix (within the CD-loop)
did not show substantial differences in fluctuations between
the two structures.

The GROMOS clustering algorithm, based on an RMSD
cutoff, was used to determine similar structures sampled
during the MD simulation. Clustering analysis with different
cutoffs ranging from 0.08 nm to 0.2 nm was performed, and

Nanoscale, 2025,17, 4389-4399 | 4391


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4nr04199b

Open Access Article. Published on 16 January 2025. Downloaded on 11/21/2025 6:33:25 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

the corresponding number of clusters is shown in Fig. S4.1 A
cutoff of 0.13 nm for IL-6-noTER and 0.18 nm for IL-6 was
chosen as the best cutoff, providing a reasonable number of
clusters (less than 40), with 90% of the trajectory contained in
a few clusters, and avoiding many single-member clusters.

Overall, these analyses provided comprehensive insights
into the stability, flexibility and compactness of the protein
structure upon inclusion of its N-terminal showing that the
addition of the N-TER tail has a minor influence on the overall
structure of the protein. Since the tail is making the structure
slightly more compact and stable, the complete structure of
IL-6, including a N-terminal tail, is used to perform all the fol-
lowing simulations.

Protein-surface docking. To disclose the IL-6 protein’s inter-
actions with M-SAM and S-SAM surfaces, Brownian dynamics
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(BD) followed by molecular dynamics (MD) simulations were
conducted. BD simulations determined the most favorable
initial protein orientation, while MD simulations refined the
binding process. The BD simulation was conducted using the
SDA7.2.2 code,”* comparing low and high ionic strengths,
specifically 10 mM and 200 mM. The latter mimics physiologi-
cal ionic strength, a key requirement for biosensors to main-
tain stability under such conditions.

At low ionic strength (10 mM), two clusters were identified
as the final docking arrangement for M-SAM (Fig. 2, panel A),
sharing similar contacting residues at the nano-bio-interface
(distances <3.5 A). Conversely, only one cluster was identified
for the S-SAM. Surprisingly, the M-SAM exhibited a more nega-
tive electrostatic interaction energy, approximately —1.12 x 10°
k] mol™!, compared to —9.40 x 10> k] mol™" for the S-SAM.

A "'::*":'.":?"f"".’. ord
10S 10 mM M-SAM, Pose 1 M-SAM, Pose 2 S-SAM, Pose 1
Utor -1119.5 -1095.7 -931.5
Uete -1125.5 -1109.8 -940.5
Ued 9.4 19.6 10.9
Una? -34 -5.5 -1.9
Cluster size 339 67% 99%
Contact GLU100, GLU107, ASP141, ASN104, GLU107, ARG114, ASN104, GLU107, GLU110,
residues® PRO142, THR143, ALA146, MET118, ASP141, PRO142, PRO142, THR143
SER147, THR150 THR143, ALA146
~J ¢ ‘
(.' Pl " '“L
L A { ) [, ¢ i'p
“’éd\lm %\\Q\&%f
%@%ﬁ&?ﬁ&%ﬁ%ﬁ%ﬁ %iiéﬁ%ﬁiﬁ%%ﬁﬁiﬁfﬁ%ﬁ%ﬁ
B RO, R R
10S 200 mM M-SAM, Pose 1 M-SAM, Pose 2 S-SAM, Pose 1
Utor* -1085.4 -888.3 -745.4
Uec? -1089.8 -896.3 -778.0
Ued® 9.7 13.4 35.9
Una4 -5.3 5.4 -3.3
Cluster size 78% 22% 100%

Contact
residues®

GLU100, GLU107, GLU110,
ASP141, PRO142, THR143,
ALA146, THR150

ASN104, GLU107, GLU111,
ARG114, MET118, PRO142,

GLU100, GLU110, MET118,
GLN125, THR143, PRO142
THR143

Fig. 2 Most populated encounter complexes of IL-6 on M-SAM and S-SAM obtained by BD simulation are reported. In panel A results from
protein—surface docking at low ionic strength (10 mM) and in panel B at high ionic strength (200 mM). The structures of most representative com-
plexes for are shown, ordered by decreasing energy. The tables in panel A and panel B show: ° total cluster interaction energy in kT with T = 300 K;
btotal electrostatic energy, in kT: ©surface desolvation energy, in kT: ¢ nonpolar (hydrophobic) desolvation energy, in kT; ©residues with atoms in
contact with surfaces at distances <3.5 A.
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This difference is primarily due to the difficulty of accommo-
dating the protein in different orientations on S-SAM, due to
the rigidity of the fully charged residues resulting in slightly
larger protein-surface center-to-center distances compared to
M-SAM. Additionally, M-SAM exhibited a larger non-polar
hydrophobic contribution to the binding energy due to a stron-
ger attraction to hydrophobic regions, characterized by term-
inal CH; groups present in the mixed surface but absent in the
S-SAM.

The results indicate that the interaction between the
protein and both surfaces is predominantly electrostatic.
However, the M-SAM binds with both negatively and positively
charged residues of the protein, whereas the S-SAM primarily
binds with negatively charged residues. Hydrophobic inter-
actions are important in shaping the overall binding affinity
(see Fig. 2 for more details).

At high ionic strength (200 mM), two clusters were identi-
fied for the M-SAM with similar binding poses, while only one
cluster was identified for the S-SAM (Fig. 2 panel B). The
screening effect of high ionic strength decreased the electro-
static contribution to the binding energy, especially for the
highly charged S-SAM surface. Specifically, the electrostatic
energy decreased from the order of 10° to 10* k] mol™* when
comparing the low to high ionic strength simulations of IL-6
with S-SAM.

Consistent with previous results, the M-SAM surface
demonstrates greater binding robustness compared to S-SAM.
The S-SAM exhibited slightly stronger electrostatic desolvation
energy, indicating that an amount of energy is required to
remove solvent molecules due to the strong stabilization by

View Article Online
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electrostatic interactions in the solvation shell. Notably, the
binding between IL-6 and M-SAM involves both hydrophilic
and hydrophobic components, with stability preserved at high
ionic strength due to compensatory hydrophobic interactions
when electrostatic interactions are weakened by ion screening.

Association complexes refinement. The final, most stable
protein-surface complexes were used as starting points for MD
refinements, each lasting 500 ns and following the same proto-
cols and parameters as the initial MD simulations with indi-
vidual SAMs in water and ions. Residues interacting with the
SAM surfaces were identified by analyzing MD trajectories for
residues within 3.5 A of the surface. Over the 500 ns simu-
lations, proteins established stable interactions with a variety
of residues: polar (e.g,, ASN104, THR150), charged (e.g,
GLU107), and nonpolar (e.g., ALA154). For M-SAM, the protein
consistently interacted with residue GLU107 and MET118,
while for S-SAM, key residues were mainly negatively charged
(e.g., GLU96, ASP135) (Fig. 3).

RMSF analysis showed how binding to the SAM surfaces
affected protein flexibility with respect to solvent (Fig. 4). For
M-SAM, rigidity increased in specific regions, notably from
SER22 to LEU40, THR90 to THR120, and GLN160 to ARG180,
with fluctuations below 0.20 nm. The second cluster of M-SAM
displayed additional rigidity from LYS130 to PRO140. In con-
trast, on S-SAM the protein exhibited higher fluctuations, up
to 0.7 nm, indicating possible unfolding and therefore a ten-
dency of irreversible binding to the surface. In order to deepen
our understanding of how surface charge density influences
protein dynamics and binding reversibility, in Fig. S5 we have
compared the adsorption energy terms extracted from 500 ns
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Fig. 3 Panel A and B: final most representative association complexes of IL-6 on M-SAM and time evolution of contacting residues (i.e. protein residues
within 3 A from the surface), extracted from the total 500 ns MD. Binding to the M-SAM is conserved during the entire length of MD since the protein
remains anchored through the following key residues, GLU94, GLU96 (B a-helix), GLU100, ASN104, GLU107, GLU110, GLU111, ARG114 (C a-helix), ASP135,
ASP141 (CD loop). Panel C: final most representative association complexes of IL-6 on S-SAM and time evolution of contacting residues. For S-SAM, key
residues are all negatively charged indicating a dominant electrostatic interaction with the surface and the protein remains anchored through the B-a helix
residues (GLU94, GLU96) and C-a helix residues (GLU100, GLU110, GLU111) and partially with CD-loop (ASP135, ASP141).
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Fig. 4 Root mean square fluctuations (RMSF) of the IL-6 protein on M-SAM cluster 1, cluster 2, on S-SAM and in water.

molecular dynamics (MD) simulations of IL-6 protein inter-
actions with S-SAM and M-SAM surfaces. Adsorption energy
profiles derived from simulations confirm that Coulomb inter-
actions dominate protein binding. For M-SAMs, the simu-
lations (cluster 1 and cluster 2) showed stable yet reversible
adsorption energies, aligning with k. values obtained from
SPR measurements. This agreement highlights how a balanced
surface charge and hydrophobicity in M-SAMs moderate
protein binding, allowing stable yet reversible adsorption
(Fig. S57).

Effects of the ions and water. The radial distribution func-
tion (RDF) of water oxygen atoms and of Cl~ ions with respect
to the NH;" groups has been computed to gain insights into
the hydration and distribution of ions near the ligands’ head
groups (Fig. 5A and B). The first peaks of water molecules in

Radial Distribution of Cl Ions

the RDF for both M-SAM and S-SAM appear around 2.7 A
(Fig. 5A), corresponding to the first solvation shell of the NH;"
terminal groups. The presence of chloride anions near the
NH;"* groups shift the position of the first RDF peak to 3.1 A in
Fig. 5B. However, in M-SAM, two additional peaks are observed
at 4.8 A and 5.7 A, whereas only one peak is present in S-SAM.
This occurs because the hydrophobic methyl groups in M-SAM
hinder the oxygen atoms of water molecules from approaching
closely, with the resulting vacancies being occupied by ions.
This reduces the penetration of water molecules into the inter-
facial region of the methyl-terminated M-SAM, which is
instead occupied by Cl™ ions. In contrast, for S-SAM, only one
secondary peak is observed at 4.8 A. Once chloride ions
approach the positively charged surface, they remain bound to
it, and the ions stay solvated by water molecules.
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Fig. 5 Panel A, radial distribution function of water oxygen atoms around the NH3* terminal groups and panel B, radial distribution function for Cl™
ions (in logarithmic scale). Panel C, protein center of mass distance to the M-SAM and S-SAM surfaces along the z axis.
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To identify differences in the adsorption of the protein on
the different SAM, the distance fluctuation over time between
the z coordinate of the center of mass of the protein to the
M-SAM and S-SAM surfaces were computed in the three cases,
as reported in panel C of Fig. 5. The distance between the
center of mass (COM) of the protein and the M-SAM is shorter
compared to the S-SAM, as observed over time. This is
expected due to the different length and chemistry compo-
sition of the two investigated surfaces.

To summarize, the behavior of the target protein greatly
influences the detection limit of the biosensor. The results
demonstrate that the adsorption stability of IL-6 on the M-SAM
and S-SAM persists over extended timescales, indicating a
robust interaction. MD refinement simulations confirm that
once the protein is adsorbed, it forms stable interactions with
both SAMs, with minimal changes in orientation.

However, in the case of S-SAM, the interaction leads to a
partial unfolding heralding irreversible binding, which makes
this surface less suitable for biosensor applications since irre-
versible binding can result in faster saturation of the biosensor
surface. On the contrary, promising adsorption stability on
M-SAM highlights the potential for practical applications in
biosensors for capturing IL-6 at the surface-liquid interface.

2.2 Experimental investigation of the interaction of IL-6 on
SAM

The interaction between IL-6 and the SAMs of alkanethiolates
on gold was investigated using SPR spectroscopy. SPR is par-
ticularly well-suited for these studies as it enables label-free
detection of binding events in real time.>> We prepared SAMs
with different ratios of alkanthiols with terminal ammonium
group (S(CH,)sNH;") and alkylthiols with terminal methyl
group (S(CH,),CHj). Fig. 6A shows the sensorgrams obtained
when solutions of IL-6 were passed over mixed SAMs with
different molar fractions of S(CH,)gNH;'. The amount of
protein adsorbed onto the mixed SAMs increased as the mole
fraction of alkanethiols with terminal ammonium groups

View Article Online
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(S(CH,)gNH;") increased, whereas SAMs composed solely of
alkylthiols with terminal methyl groups (S(CH,),CH3) showed
only minimal adsorption. Upon removing the protein from the
buffer flowing over the surface, the signal largely recovered
(>85%) for SAMs with molar fractions of S(CH,)sNH;" at 0.2
and 0.5, indicating that protein binding to these mixed SAMs
was largely reversible. In contrast, adsorption of IL-6 on SAMs
with higher molar fractions of S(CH,)gNH;" was mostly irre-
versible, as confirmed by the low signal recovery after flushing
the surface with PBS. The dependence of IL-6 adsorption on
S-SAM with ammonium groups aligns with MD simulations,
which demonstrate partial protein unfolding over a highly
charged SAM surface likely leading to the irreversibility of
binding.

Given that the charges of the SAM strongly influences IL-6
binding, as demonstrated by our model, we investigated the
effect of ionic strength of the solution on IL-6 adsorption to
SAMs with terminal NH;" groups and mixed SAMs, namely
M-SAM with a 0.5 molar fraction of S(CH,)sNH;" alkanethiol.
The adsorption of the protein on the S-SAM decreased signifi-
cantly with increasing ionic strength of the buffer,
accompanied by improved binding reversibility, as evidenced
by the higher signal recovery after washing with the buffer.
IL-6 adsorption on the M-SAM was only slightly affected by the
increased ionic strength, with signal recovery comparable to
that observed at lower ionic strength.

By following the time varying SPR angle shift due to
binding molecular processes occurring at the sensor surface in
real time, it is possible to evaluate the association and dis-
sociation kinetics of the interaction. The SPR sensorgrams,
shown in Fig. 6D, have been obtained by injecting IL-6 at
different concentrations, ranging from 0.8 to 49 mM, onto the
SAM with a 0.5 molar fraction of S(CH,)sNH;" alkanethiol. The
SPR response increased with increasing IL-6 concentration up
to 31 mM, and the binding observed in all cases was largely
reversible. The rate for association (k) and dissociation (ko)
of the protein on the SAM surface was evaluated according to a
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Fig. 6 Panel A. Sensorgrams obtained by passing IL-6 (31 pM) over mixed SAMs with different molar fractions of S(CHz)sNHs" (ynn,) in PBS (pH 7.2,
10 mM). Panels B and C. Effect of the ionic strength (low salt: 10 mM PBS; high salt: 10 mM PBS with 200 mM NaCl) on the binding of IL-6 (31 pM)
over SAMs with yny, 0.50 (B) and 1.0 (C). Panel D. Sensorgrams obtained by passing IL-6 at different concentrations over a mixed SAM (ynp, = 0.50).
Best fits (dotted black lines) were performed by using nonlinear regression analysis to a reversible bimolecular interaction model.
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predefined bimolecular interaction model,*® obtained from
the kinetic analysis of the SPR sensorgram. A k. of 0.082 s~
and a k,, of 1920 M s~ is determined from the fitting, yielding
a dissociation constant (Ky) of 0.42 mM. For comparison, the
adsorption rate of cytochrome c was measured using quartz
crystal microbalance with dissipation (QCM-D) on SAMs with
terminal arginine and guanidine groups. The guanidine-termi-
nated SAM showed a four-fold increase in adsorption rate com-
pared to the hydrophobic arginine-terminated SAM, which had
an adsorption rate of 1 x 10* M~ s, In contrast, the adsorp-
tion rate of a-chymotrypsin showed only a minor difference
between the two SAMs.>” The adsorption of bovine carbonic
anhydrase II on a mixed SAM with a benzenesulfonamide
terminal group yielded a K4 of 0.68 mM.*® The binding of IL-6
to nucleic acid ligands, in particular aptamers, has been exten-
sively studied to elucidate how these ligands interact with the
protein surface and to develop new therapeutic agents.”® These
studies revealed that aptamers with substantial hydrophobic
groups overlapping the binding surfaces of IL-6 enhance
binding affinity. Therefore, alternating charged and hydro-
phobic domains on the ligand surface can provide a means to
fine-tune the ligand binding surface and enhance specificity.

3. Conclusions

The comparison between multiscale simulations and SPR
experiments for the association between IL-6, a key biomarker
in various cancers, and two types of SAM surfaces demon-
strates a strong agreement, confirming that mixed M-SAMs
outperform single-component S-SAMs in terms of stability and
suitability for potential biosensing applications. M-SAMs offer
a more favorable surface for protein binding, characterized by
stable and reversible interactions, which is essential for the
repeated use of biosensors. In contrast, while S-SAMs also
show stable binding, the interaction tends to be irreversible, as
evidenced both by MD simulations and SPR experiments,
potentially leading to earlier saturation of the sensor surface
and consequently limiting its performance.

The MD simulations reveal that the M-SAM surface, due to
its combination of hydrophobic and charged groups, allows
for a greater surface-accessible area, promoting more effective
protein docking and better exposure of binding sites. This is
supported by SASA analysis and root mean square deviation
(RMSD) calculations, which indicate faster stabilization of the
M-SAM system compared to S-SAMs.

Furthermore, BD simulations demonstrate that IL-6 interacts
with both types of surfaces primarily through electrostatic inter-
actions. However, only the M-SAM maintains stable binding
even at high ionic strength, where electrostatic forces weaken
but are compensated by hydrophobic interactions and desolva-
tion effects. These factors contribute to the superior perform-
ance of M-SAM in maintaining stable protein adsorption over
time, with minimal alteration in protein conformation.

In summary, the combined experimental and compu-
tational data show that M-SAM surfaces, with their enhanced
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stability and reversible binding, are preferable over S-SAMs for
biosensor applications. The stability and adaptability of the
M-SAM surface in maintaining robust protein interactions at
the surface-liquid interface highlight its promise for practical
applications in detecting IL-6 and similar biomarkers. For
example, M-SAMs could enhance electrochemical and optical
biosensors, such as those using surface plasmon resonance or
quartz crystal microbalance, by improving sensitivity and
reproducibility. These surfaces could also be integrated into
microfluidic systems for point-of-care diagnostics and wear-
able biosensors for continuous cytokine monitoring in
dynamic environments. Additionally, M-SAMs hold potential
for applications in environmental monitoring and food safety,
where reliable protein binding and release are crucial for accu-
rate detection.

4. Methods
4.1 Construction of the Au(111)-SAM surface model

Experimental studies have shown that the adsorption of
n-alkane thiols onto gold substrates, with the general structure
HS(CH,),X, results in the formation of highly dense, oriented,
and ordered films that can be indexed as (n4/3 x 1/3) R x 30°,
where n varies from 1 to 6. This is attributed to the strong
affinity of the Au-S bond.*

The choice of the Au(111) surface for this study is motivated
by several key factors.>® This surface has been extensively
studied in experimental settings, particularly for small mole-
cule adsorption under controlled conditions. It exhibits robust
stability in the presence of air and water, even if susceptible to
contamination by hydrophobic molecules. The typical 22\/3
reconstruction of Au(111) is well-documented in both air and
aqueous environments, and this reconstruction minimally
affects the surface reactivity of Au(111).*"

In nanobioelectronics, Au(111) serves as a crucial substrate,
commonly employed to establish contacts between nano-
objects and the macroscopic world. Additionally, it plays a
pivotal role in optical detection systems, notably in techniques
like surface plasmon resonance (SPR) for studying bio-
molecular interactions.>*

The Au(111) surfaces used in the model consist of four
atomic layers. The force field parameters for the gold atoms
were defined using the GolP classical force field,* recognized
for its suitability in modeling biomolecule-surface inter-
actions. The ligands used in the SAM model were modeled
with parameters derived from the OPLS/AA (all-atom) force
field. Bonded and non-bonded parameters were adopted from
previous studies, ensuring consistency and reliability in the
model construction. Specifically, parameters for the covalent
bond between the gold surface atoms, the sulfur atoms, and
the first two carbon atoms of the alkyl chain.**>*

To assemble the self-assembled monolayer (SAM) on the Au
(111) surface, a gold unit cell containing a covalently bound
ligand was replicated using the GROMACS tool genconf to
create the SAM’s final configuration. Each ligand occupies an
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area of 21.6 A® on average. The SAM was structured on a gold
substrate with dimensions of 10 x 10 nm?, forming a hexag-
onal \/3 X \/3 X R x 30° overlayer, mirroring experimental
observations of thiol adsorption on Au(111).*

The interaction between the ligands and the Au(111)
surface primarily occurs through a metal-sulfur interface. This
interface involves covalent bonds between the gold surface
atoms (AU) and the sulfur atoms (S) within the ligands. These
bonds are crucial for stabilizing the surface atoms and modu-
lating their electronic properties.

4.2 Interleukin-6 protein model

To perform the simulations, the IL-6 structure determined by
NMR (nuclear magnetic resonance) was initially downloaded
(PDB code: 1IL6 *°). This structure included 166 amino acids,
numbered 20 to 185, omitting the first 19 residues of the com-
plete 185 amino acid sequence of IL-6, named IL-6-noTER. To
address the lack of the N-TER tail, a homology model was
created using the I-TASSER web server.>” I-TASSER predicts the
3D structure of proteins by threading amino acid sequences
onto known templates, followed by replica exchange Monte
Carlo simulations. The quality of the models is estimated
using a confidence score (C-score), ranging from —5 to 2, with
higher scores indicating greater confidence. The model with
the highest C-score for IL-6’s complete sequence was chosen
and named IL-6. IL-6 consists of 185 residues, numbered from
1 to 185, with the first 19 residues forming a tail at the
N-terminus.

To determine the best-predicted protein IL-6 model, several
criteria were used. First, five models of the IL-6-noTER protein
were generated using Al-based methods, including AlphaFold
23% and Robetta®® with the RoseTTAFold method.*® These Al-
predicted models (Fig. S6t1) were then compared with struc-
tures obtained through traditional non-AI methods.

The first model from AlphaFold 2 was excluded from con-
sideration because its straight tail conformation did not match
the expected protein structure and because it was inconsistent
with the low disorder predicted for IL-6 by IUPRED3.*' To
evaluate the remaining models, the RMSD was calculated
using the Gromacs tool, specifically the gmx rms function,
which performs least-squares fitting of one structure onto
another to assess structural similarity, results are reported in
Fig. S6.F

Model 3 emerged as the best choice due to its lowest RMSD
value with respect to its initial reference structure, compared
to the non-Al predicted structures. Consequently, model 3
was selected for further studies based on its superior agree-
ment with the validated protein structure and its effective
representation of the IL-6 protein. This model, shown in
Fig. S6,1 was used as the starting structure for subsequent
simulations.

4.3 Relaxation by molecular dynamics (MD)

SAM-surfaces. Classical MD simulations in explicit water
solvent were carried out using GROMACS 2020.1 software,*>
with OPLSAA GolP + SPC/E as force field and water model.*?

This journal is © The Royal Society of Chemistry 2025
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The systems containing the SAM on top of the gold surface
were assembled and solvated in a rectangular box with dimen-
sions of 10 nm x 10 nm x 13 nm, with periodic boundary con-
ditions (PBC). Solvation was accomplished using the gmx
solvate tool in GROMACS2020.1, employing SPC/E (single
point charge) water molecules. For the M-SAM, 252 counter-
ions were included to neutralize the simulation box, while 480
counterions were added for the S-SAM.

The first step involved (i) energy minimization of the
system, relaxing the structures through a protocol ensuring
appropriate geometry. The steepest descent minimization
algorithm was used, and the Particle-Mesh Ewald (PME)
method treated long-range electrostatic interactions; (ii) sub-
sequently, an NVT equilibration step was performed. Initially,
a 1 ns equilibration involved only the solvent molecules, with
both the gold surfaces and the ligands kept fixed. The solvent
and the functionalized surfaces were separately weakly
coupled to an external temperature bath set to 300 K. Pressure
coupling was not performed, as NPT is not suitable for rigid
surfaces. (iii) After completing the two equilibration phases,
the systems were well-equilibrated, allowing the position
restraints to be released and the production MD to commence
for data collection. The simulations were run for 300 ns, with
coordinates, velocities, and energies saved every 10 ps.

For the MD, the equations of motion were integrated using
the Leap-Frog algorithm with a time step of 0.001 ps. The
LINCS algorithm was used to constrain all bonds containing
hydrogen atoms, and the neighbor list (non-bonded pair) was
updated every 10 steps. The PME switch method was used to
handle long-range electrostatic interactions with a Verlet cutoff
scheme, setting both the short-range electrostatic and van der
Waals cutoffs to 1.2 nm.

An initial NVT equilibration was performed, keeping all
systems fixed except for water molecules and ions. The second
equilibration was then performed for 1 ns, keeping only the
gold surfaces fixed while allowing ligands, solvent, and ions to
move.

After 300 ns of MD without restraints, the systems main-
tained consistent values for temperature, potential, and other
properties compared to their initial configuration.

The gold surfaces coated with SAM were subjected to clus-
tering analysis using the GROMOS clustering algorithm in
GROMACS. For this analysis, cutoffs of 0.11 nm for the M-SAM
and 0.10 nm for the S-SAM were selected to yield an appropri-
ate number of clusters. The cluster structures were used as
starting points for the docking simulations.

IL-6 protein. Two distinct 500 ns MD simulations were per-
formed: one for the IL-6-noTER system and one for the IL-6
system. The same protocol was followed for both protein struc-
tures. The structures were first protonated at physiological pH
using the H++ server. After protonation, they were solvated in a
cubic box with dimensions of 7.5 x 7.5 x 7.5 nm using SPC/E
water molecules and OPLS/AA FF parameters. Counterions
were added to neutralize the systems: no ions were added for
IL-6, while one Na' ion was added for IL-6. Periodic boundary
conditions (PBC) were applied.
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First, energy minimization was performed, followed by NVT
and NPT equilibration for 100 ps each. During the equili-
bration runs, a velocity rescale thermostat maintained the
temperature at 300 K, and a Parinello-Rahman barostat main-
tained the pressure close to 1 bar. The production simulations
ran using NPT conditions with the Parinello-Rahman barostat
applied every 2 ps, and each system was simulated for 500 ns.
The equation of motion was integrated using the Leap-Frog
algorithm with a time step of 2 fs. All hydrogen bond lengths
were constrained with the LINCS algorithm. Electrostatic inter-
actions were treated using the PME scheme. Short-range
electrostatic and van der Waals interactions were computed up
to 1.0 nm and treated with a Verlet-buffer, with the list
updated every 10 time steps. Standard structural analysis on
the MD trajectories as RMSD and RMSF was performed using
GROMACS. Trajectories and structures were visualized using
VMD** and PyMOL.

4.4 Brownian dynamics of IL-6 onto SAM-surfaces

BD simulations were used to create encounter complexes
between IL-6 and SAM-based gold surfaces, treating both as
rigid bodies. Electrostatic calculations were performed with
APBS (Adaptive Poisson-Boltzmann Solver) and the ProMetCS
protein-metal force field. During BD simulations, only electro-
static interactions and desolvation were considered. For each
system, 5000 docked binding poses were collected, encounter
complexes were clustered based on their size and energy,
leading to the identification of several potential binding poses.

4.5 MD refinement of the docked complexes

The final, most stable protein-surface complexes obtained from
protein-surface docking, were used as initial structures for MD
refinements. For each gold SAM surface, MD refinements were
conducted, each lasting 500 ns. The MD refinement process
employed the same protocol, algorithm, and parameters as
those used for MD simulations involving the individual SAM
surfaces and protein, as described in paragraph 2.3. The ana-
lysis included the evaluation of the protein-surface complexes
after refinements, analysis of the contacting residues at the
short distances (distances <3.5 A) to explore the stability of the
contacts during the entire length of the dynamics, root mean
square fluctuation (RMSF) to compare changes in the most flex-
ible regions of the protein associated to the binding with the
SAM surfaces, the SASA of M-SAM and S-SAM during the
binding with the target protein and the number of solvated CI~
ions condensed to M-SAM compared to the S-SAM.

4.6 Surface plasmon resonance experiments

SPR experiments were performed with Biacore 1000 instrument
(GE Healthcare, Sweden). Substrates for SPR measurements
were prepared by electron beam evaporation of Ti and then Au
(thickness 50 nm) onto glass cover slips. Self-assembled mono-
layers (SAMs) were prepared by immersing the substrates into
ethanolic solutions containing mixtures of the thiols (2 mM
total concentration) for 18 h. Upon removal from the solution,
substrates were rinsed thoroughly with ethanol and water, and
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then dried with nitrogen. Analysis of the SPR sensorgrams was
performed by using nonlinear regression fit procedure derived
from a reversible bimolecular interaction model:*’

kon
A+B+= AB

where A is the IL-6 protein in solution and B is the SAM-modi-
fied surface. ko, (M s™) and k¢ (s™') are the association and dis-
sociation rate constants for protein-SAM interaction. The
quality of the fits was judged by the residuals and the normal-
ized chi square of the fitting model. The equilibrium dis-
sociation constant (Ky, M) was determined from the ratio of the
measured dissociation and association rate constants.
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