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Adsorption of amino acids (AAs) onto Ag and Au surfaces has attracted much interest in the past years,
owing to their ability to control and tune the structure of Ag and Au nanoparticles (NPs) during the
synthetic procedure and to enhance their stability under various conditions. Despite this, the molecular
recognition events that are responsible for such stabilization as well as the role of the AA residue
moieties is still not completely understood. To tackle this point, we computationally evaluated the weak
interactions involved in the AA.--Ag/AuNP recognition process from a theoretical perspective. In more
detail, we analysed the strength and physical nature of the interactions established between twenty
essential AAs and Ag/AuNPs at the PBEO-D3/def2-TZVP level of theory. The structural and energetic
studies were complemented by the use of the quantum theory of atoms in molecules (QTAIM), non-
covalent interaction plot (NClplot) and energy decomposition analysis (EDA) techniques, providing new
insights into the nature and spatial extension of the interactions studied herein. We believe that the
results reported in this exploratory study will be useful for researchers working in the fields of
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bioinorganic chemistry, biotechnology and supramolecular chemistry by shedding light on the weak
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Introduction

Nanotechnology has revolutionized various scientific disciplines,
particularly in the fields of medicine," materials science,> and
biochemistry.> Among the vast number of nanomaterials studied,
silver and gold nanoparticles (AgNPs and AuNPs) have attracted
significant attention in recent years due to their unique physico-
chemical properties, including their high surface area-to-volume
ratio, tunable optical properties, and remarkable biocompatibility,*
exhibiting immense potential for application in various fields
ranging from drug delivery and biosensing® to antimicrobial treat-
ment and cancer therapy.®

A crucial aspect of their functionality in biological systems is
their interaction with biomolecules, particularly peptides, pro-
teins, and amino acids (AAs),” for instance, for controlling the
structure of Ag/AuNPs during synthesis and improve their
stability under various conditions.® In this context, studies
have demonstrated that the binding affinity of a given peptide
for a particular region of the metal surface is related to the
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binding phenomena that are crucial for achieving AA. - -Ag/AuNP recognition.

peptide’s ability to control nanoparticle synthesis and enhance
stability.>*°

Peptides, proteins, and AAs exhibit a diverse range of inter-
actions with metallic nanoparticles, influenced by factors such
as nanoparticle size, shape, surface charge, and functionaliza-
tion, as well as the intrinsic properties of the biomolecules
themselves."" These interactions can lead to the formation of stable
protein coronas,” affect protein conformational stability,"* and
influence cellular uptake and biological responses.™* In fact, the
ability of AAs to bind to metal surfaces through functional groups
such as thiols, amines, and carboxyls plays a pivotal role in
modulating nanoparticle behavior and stability."> In this regard,
previous experimental and computational studies have delved into
the atomic-level details of binding between peptides and Ag
surfaces.'®"” However, the nature of the interactions governing
the AA.--NP molecular recognition mechanism is not completely
understood, and its study is essential for designing novel NPs for
specific biomedical applications (e.g. to increase therapeutic effi-
cacy or to improve targeting specificity in drug delivery systems).

This study aims to explore the noncovalent interactions
(NCIs) between AAs and Ag/AuNPs from a theoretical perspec-
tive. To achieve this, we have used twenty natural AAs and a
model of Ag/AuNPs (see Fig. 1 and the Methods section).
In more detail, we have computationally simulated the
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Fig. 1 Schematic representation of the AAs used in this study (brown = non-
polar, green = aromatic, red and blue = polar charged, orange = polar neutral).

supramolecular complexes formed when the AAs are adsorbed
onto the metallic surface, leading to the characterization of the
NClIs responsible for this process. The supramolecular assem-
blies found were further studied using quantum mechanical
techniques including the molecular electrostatic potential
(MEP), the quantum theory of atoms in molecules (QTAIM),
the non-covalent interaction plot (NCIplot) and the energy
decomposition analysis (EDA) methodologies.

Methods

The interaction energies of all complexes included in this study
were computed at the PBE0*®*°-D3%%/def2-TZVP*" level of the-
ory. The calculations were performed using the program TUR-
BOMOLE version 7.7.>* Concretely, the Ag and Au layers were
built using the geometries retrieved from the study of Sawabe
and collaborators,>® by utilizing a moiety of 26 atoms belonging
to the 282-atom cluster (which belongs to one of the “faces” of
the metal decahedron structure). The metal layer was kept
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frozen, while the AA was left freely to explore the most favour-
able disposition. The conductor like screening model for real
solvents (COSMO-RS)** was used within the TURBOMOLE 7.7.
framework during the calculations using water as a solvent. The
interaction energies were calculated using the supermolecule
aPPI'OXimation (AE = EAg/Aulayer—AAcompIex — Ean — EAg/Aulayer)-
The optimizations were carried out without imposing symmetry
on the system. The initial disposition of AA over the metallic
layer was set to be with the carboxylate group of the zwitterion
moiety pointing outwards, to not overestimate the energetic
results. This group is also supposed to be solvated and not
involved in the formation of the AA---NP supramolecular
complex. The optimized structures do not correspond to fully
relaxed geometries since we wanted to preserve the original
geometry of the metal layer when extracted from the cluster,
and therefore frequency analysis calculations were not
performed.

The MEP surfaces were computed at the PBE0-D3/def2-TZVP
level of theory using the Gaussian 16 software® and analyzed using
the GaussView 5.0 program.>® The calculations for the wavefunc-
tion analysis®” were also carried out at the PBE0-D3/def2-TZVP level
of theory and analyzed using the AIMAII software.”®

In addition, the energy decomposition analysis (EDA)**°
scheme was used to understand the role of electrostatics,
exchange-repulsion, orbital, dispersion and electron correla-
tion contributions in the formation of the noncovalent com-
plexes studied herein at the PBEO0-D3/def2-TZVP level of
theory using TURBOMOLE 7.7 software and the COSMO-RS
approximation.

Lastly, the NCIplot®! isosurfaces correspond to both favor-
able and unfavorable interactions, as differentiated by the sign
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Fig. 2 Optimized geometries at the PBEQ-D3/def2-TZVP level of theory of complexes 4, 7, 14, 30 and 32. The AA. - -Ag,s/Auss distance is also given in A.
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of the second-density Hessian eigenvalue and defined by the
isosurface color. The color scheme is a red-yellow-green-blue
scale, with red indicating repulsive (pey') and blue indicating
attractive (peyc ) NCI interaction densities. Yellow and green
surfaces correspond to weak repulsive and weak attractive
interactions, respectively. The surfaces were visualized using
the Visual Molecular Dynamics (VMD) software.*>

Results and discussion
Structural and energetic features of the AA- - NP recognition

Fig. 2 and Table 1 presents the results from calculations for
complexes 1-20 involving Ag26 and complexes 21-40 involving
Au26. As noted, for both sets of complexes, attractive inter-
action energy values were found, ranging between —18.7 and
—3.8 keal mol™" in the case of Ag-involving complexes and

Table 1 Interaction energy values (AE, in kcal mol™), equilibrium dis-
tances (d, in A) and distance/sum of the vdW radii ratio (d/3" vdW),
including the interacting amino acid (AA) for Ag and Au complexes 1-40
at the PBEO-D3/def2-TZVP level of theory

Complex AA AE d d/y vdW
AA- - -Ag complexes

1 GLY —-3.8 2.787 0.75
2 ALA —4.4 3.142 0.84
3 VAL —-8.0 2.528 0.68
4 LEU —-9.5 2.793 0.75
5 ILE -9.9 2.701 0.72
6 PHE —18.2 3.039 0.71
7 TYR —18.7 3.098 0.77
8 TRP —18.6 2.995 0.70
9 ASP —14.6 2.721 0.68
10 GLU -9.5 2.593 0.64
11 LYS —6.5 2.829 0.76
12 ARG —13.0 3.610 0.84
13 HIS —13.5 3.048 0.73
14 MET —-13.7 2.853 0.65
15 CYS —10.0 3.115 0.70
16 SER —10.6 3.278 0.81
17 THR —5.8 3.022 0.75
18 ASN 7.2 2.855 0.71
19 GLN —10.6 2.884 0.72
20 PRO —7.4 2.882 0.78
AA- - -Au complexes

21 GLY —=5.7 2.673 0.73
22 ALA —6.3 3.118 0.85
23 VAL —11.5 2.484 0.68
24 LEU —-13.1 2.771 0.76
25 ILE —13.5 2.645 0.72
26 PHE —24.8 2.959 0.70
27 TYR —25.6 3.135 0.79
28 TRP —27.6 3.006 0.71
29 ASP —18.5 2.564 0.70
30 GLU —-14.1 2.556 0.65
31 LYS —10.4 2.802 0.77
32 ARG —-17.9 3.557 0.84
33 HIS —18.6 3.025 0.74
34 MET —-21.3 2.675 0.62
35 CYS —13.5 2.994 0.69
36 SER —-11.3 3.299 0.84
37 THR —6.5 3.312 0.84
38 ASN —10.2 3.011 0.76
39 GLN —14.6 3.001 0.76
40 PRO —10.5 2.881 0.79
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between —27.6 and —5.7 kcal mol ™" in the case of Au-involving
complexes, which achieved more favourable interaction energy
values in all the cases. Furthermore, as it can be observed from
Fig. 2, for most of the computed supramolecular complexes
(except for complexes 9 and 29), it is the AA residue that makes
the most intermolecular contacts between both entities, and
thus the interaction energies obtained are closely related to the
size and electronic nature of the residues involved.

Firstly, from complexes 1 and 21 (GLY) to complexes 5 and
25 (ILE), we observed a progressive reinforcement of the
interaction energy value, in line with the increase in the
extension of the AA residue. These aliphatic AAs based their
interaction with the metallic surface on CH-Rg (Rg = Ag and
Au) contacts, similarly to the results obtained in our previous
study involving aryl substituted aromatic VOCs.** These NCIs
can also be understood as hydrogen bonds (HBs), since the
electrostatic potential surface of the metallic layers exhibits
both positive (holes) and negative (lumps) regions, thus being
able to act as both an electron donor and an acceptor moiety
(see Fig. 3).

Secondly, for complexes 6-8 and 26-28 (PHE, TYR and TRP),
the interaction energy values obtained were similar in the case
of Ag26 (—18.2, —18.7 and —18.6 kcal mol ', respectively),
while more noticeable energetic differences were found among
the Au26-involving complexes (—24.8, —25.6 and —27.6 kcal mol ",
respectively). In both sets, we observed a strengthening of the
interaction from PHE to TYR owing to the alcohol group that
establishes an additional regium bond (RgB)**>° with the
metallic layer (see also Fig. 4a and b). However, we found that
in the case of Ag26, complex 8 involving TRP achieved a very
similar value to complex 7 involving TYR, while in the case of

Fig. 3 MEP surfaces of Ag26 (a) and Au26 (b) layers. The energy values at
concrete parts of the surface are given in kcal mol™ (0.002 a.u.).
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Fig. 4 NClplot analysis and QTAIM distribution of intermolecular bond critical points (bcps in red spheres) and bond paths in complexes 4, 7, 10, 12
and 14 involving Ag (a) and 24, 27, 30, 32 and 34 involving Au (b). The names of the NCls involved in the AA..-Ag/AuNP recognition are indicated
inside the square parts of the figure. NClplot surfaces only include intermolecular contacts between the AA and the NP. NClplot colour range:

—0.04 a.u. < (signiy)p < +0.04 a.u. Isosurface value (RDG) =

Au26 we obtained an increase of 2 kcal mol ™" in stability, which
is likely due to the higher stability exhibited by Au Rg-n bonds
involving extended aromatic systems.*’

For complexes involving charged AAs, that is, 9-12 and
29-32 (ASP, GLU, LYS and ARG), we also observed the same
behaviour comparing the Ag26 with the Au26 series. Concretely,
complexes involving ASP (9 and 29) and ARG (12 and 32)
achieved higher interaction energy values than those involving
GLU (10 and 30) and LYS (11 and 31). This is likely due to a
larger contact area in the case of ARG-involving complexes
owing to the presence of the guanidinium group, while between
ASP and GLU, the latter showed the interaction of both carbox-
ylate groups with the metal layer, thus partly overestimating the
interaction energy value obtained.

9466 | Phys. Chem. Chem. Phys., 2025, 27, 9463-9469

0.5 and p cutoff = 0.05 a.u.

Lastly, among the polar and neutral AAs (complexes 13-20
and 33-40), several interesting points are worth discussing. For
instance, between the two S-containing AAs (MET and CYS), a
larger interaction energy value was obtained for complexes 14
(—13.7 kcal mol™") and 34 (—21.3 kcal mol ') involving the
former, owing to its slightly higher basicity (in line with the
shorter MET---NP distances). On the other hand, among
the O-containing AAs (SER, THR, ASN and GLN), SER com-
plexes (16 and 36) and GLN complexes (19 and 39) obtained the
largest interaction energy values (—10.6 and —11.3 kcal mol ™"
and —10.6 and —14.6 kcal mol '), owing to the formation of
moderately strong O---Ag/Au RgBs. Furthermore, ASN com-
plexes (18 and 38) obtained lower interaction energy values
(~7.2 and —10.2 kcal mol ') compared to those involving GLN,

This journal is © the Owner Societies 2025
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likely due to the shorter aliphatic chain present in the former.
Moreover, HIS complexes (13 and 33) and PRO complexes
(20 and 40) also exhibited moderately strong Rg-n and CH-
Rg interactions, being HIS complexes more stable than their
PRO analogues by around 6-8 kcal mol ™",

Since most of the molecular recognition events occur due to
a charge complementarity between the electron donor and
acceptor molecules, we have computed the -electrostatic
potential surfaces of the two metallic layers used herein, Ag26
and Au26. As noted in Fig. 3, we found positive electrostatic
potential regions (located over the Ag and Au atoms), which
accounted for the presence of holes, and also negative potential
regions (located in between the metal atoms), confirming the
presence of lumps. These positive and negative potential
regions allowed the metal layers to favorably interact with both
electron-rich and electron-poor AA residues from an electro-
static point of view. Also, the MEP value over the holes is
similar for both metal clusters (+3.5 kcal mol " in Ag26 and
+3.3 keal mol ™" in Au26), while the lumps present in the Ag26
cluster exhibited a more negative potential (—4.8 kcal mol ™)
compared to the Au26 cluster (—1.9 kcal mol ™). In general,
although the positive and negative electrostatic potential values
obtained for both metal surfaces are useful to understand the
role of electrostatics, the slight differences observed in the MEP
values are not sufficient to completely rationalize the inter-
action energy values obtained; therefore, an energy decomposi-
tion study was also performed to further understand these
energetic results (see below).

Analysing the physical nature of AA- - -NP contacts using QTAIM
and NClIplot techniques

We have also explored the AA- - -NP interactions from a charge
density perspective by conducting the QTAIM and NCIplot
analyses (see Fig. 4 and Table 2) of a series of representative
complexes (see Table S1, ESI, T for the data regarding the rest of
the complexes).

As shown in Fig. 4, for complexes 4 and 24 involving LEU,
the interaction between the AA and the metallic layer is
characterized by the presence of several bond critical points
(bcps) and bond paths connecting the alkyl group of LEU to the
Ag/Au layer, thus confirming the presence of CH-Rg (Rg = Ag
and Au) contacts. For complexes 7 and 27 involving TYR, the
beps and bond paths mainly connect the C atoms from the
aromatic ring with the Ag/Au atoms from the metallic layer,
thus characterizing these complexes as Rg-n bonds. In addi-
tion, the O atom from the alcohol group also shows a bep and a
bond path that connects it to a metal atom, thus also con-
tributing to the overall stabilization of these complexes through
the formation of a O- - -Rg RgB.

For complexes 10, 12, 30 and 32 involving GLU and ARG
residues, several beps and bond paths denote the presence of
(i) CH-Rg interactions, (ii) RgBs, with the electron donor moiety
being the AA in the case of complexes 10 and 12, and (iii) Rg-n
interactions in the case of complexes 30 and 32. The CH-Rg
contacts are characterized by the presence of bcps and bond
paths connecting the CH bonds and the metal atoms, while
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Table 2 Values of the density at the bond critical points (p x 100, in a.u.)
that characterize the NCls present in complexes 4, 7, 10, 12, 14, 24, 27, 30,
32 and 34, along with the values of the Laplacian of p (V2p x 100) and the
potential (V x 100), kinetic (G x 100) and total energy densities (H x 100)
as well as the —G/V ratio given in a.u.

Complex” p x 100 V?p x 100 V x 100 G x 100 H x 100 —G/V

4 0.61 2.32 —0.53 0.56 0.03 1.06
7 1.06 3.81 —0.72 0.84 0.12 1.17
10 2.85 11.25 —-3.20 3.01 —-0.19 0.94
12 0.80 3.04 -0.72 0.74 0.02 1.03
14 3.26 8.17 —-2.77 2.40 0.13 0.87
24 1.15 2.94 —0.63 0.68 0.05 1.08
27 1.17 4.26 —0.83 0.95 0.08 1.14
30 3.68 13.19 —3.60 3.45 —-0.15 0.96
32 1.16 3.48 —0.74 0.81 0.07 1.09
34 5.31 11.57 —4.69 3.79 —-0.90 0.81

“ Only the beps exhibiting the largest density values were considered.

RgBs and Rg-r interactions are denoted by O- - -Rg and N- - -Rg
beps and bond paths that involve either the carboxylate group
or the guanidinium group of the AA and the metal layer.

Lastly, for complexes 14 and 34 involving MET, very similar
bep and bond path distribution were observed, including the
presence of CH-Rg beps and bond paths as well as a S- - -Rg bep
and a bond path that characterizes the presence of a RgB.

On the other hand, regarding the NCIplot analyses, in all the
complexes a greenish isosurface was found, located between
the AA and the metallic layer, which denotes the presence of
weak but attractive NCIs. Additionally, in the case of the O- - -Rg
and S- - -Rg interactions present in complexes 10, 14, 30 and 34,
a more bluish isosurface colour was observed, thus indicating
the presence of a stronger interaction that likely dictates the
molecular recognition event between both counterparts.

Table 2 presents the values of the Laplacian at the beps that
characterize the AA---NP interaction (V?p x 100), resulting in
positive values in all cases, as it is common in closed shell
calculations. Furthermore, the values of the potential (V x 100)
and kinetic (G x 100) energy densities lie within the same range
in all the cases, leading to —G/V ratios around 1, which confirm
the noncovalent nature of the AA- - -NP interactions.

An EDA study to reveal the energetic contributions responsible
for the AA. - NP recognition

As the final stage of our research, we have performed an EDA
study on the supramolecular complexes shown above. Five
representative examples involving AAs of different nature
(charged, aromatic, aliphatic and neutral) are included in
Fig. 5 (see Table S2 and Fig. S1, S2, ESLt for the rest of the
complexes). The used energy partition scheme unveiled the
contribution of electrostatics (Ele), exchange-repulsion (Ex-rep),
orbital (Orb), dispersion (Disp), and electron -correlation
(Cor) terms.

As noted, in the case of the Ag26 layer, the dispersion term
was the most noticeable contributor in the case of complexes
involving ARG (12), TYR (7) and LEU (4), followed by correlation
and orbital terms, which exhibited very similar values, and
lastly electrostatics being the least favorable contributor to the
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Fig. 5 Graphical representation of the Ele, Orb, Cor and Disp terms for
complexes 4 and 24 (LEU), 7 and 27 (TYR), 10 and 30 (GLU), 12 and 32
(ARG) and 14 and 34 (MET).

stability of these supramolecular assemblies. This behavior was
also observed for their Au26 analogues (complexes 32, 27 and
24). Additionally, in the case of complexes involving GLU (10)
and MET (14), the orbital contribution was the most favorable
one, followed by electrostatics and correlation, which exhibited
very similar values in the case of complex 10 involving GLU.

In the case of complex 14, the dispersion term exhibited a
close value to electrostatics and correlation, while for complex
10 it was the least favorable energy term. On the other hand,
complex 30 involving GLU exhibited the same tendency as its
Ag26 analogue (10), while in the case of complex 34 involving
MET, electrostatics and dispersion terms inverted their behav-
ior compared to complex 14, with the latter being the least
favorable energy contributor.

Conclusions

In conclusion, we have evaluated the stability and structural
features of a series of AA:--Ag/AuNP complexes at the PBEO-D3/
def2-TZVP level of theory. The interaction energies were favourable
in all the cases, ranging between —18.7 and —3.8 kecal mol " in the
case of the Ag-involving complexes and between —27.6 and
—5.7 keal mol ' in the case of the Au-involving complexes. The
QTAIM and NCIplot analyses revealed that several NCIs (e.g:
CH-Rg, RgB and Rg-n) are responsible for the molecular recogni-
tion phenomena between the AA and the NP, which has not been
previously described in the literature. Lastly, the EDA analyses
highlighted dispersion and orbital terms as the most prominent
contributions in the overall stabilization of the AAs onto the Ag and
Au metallic surfaces. The results reported in this exploratory study
will be useful to account for the presence and physical nature of
these weak bonds that ultimately regulate the AA.--Ag/AuNP
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recognition phenomena, a crucial molecular event related to
the fields of bioinorganic chemistry, biotechnology and supra-
molecular chemistry.
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