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with epinephrine is governed by Au-X (X = N and O) anchoring y ‘:‘ Sk
bonding and Au--H-X conventional hydrogen bonding. The w

interaction mechanism of epinephrine with gold nanoclusters is Op"::f:'::zl-DHD C“
investigated in terms of electronic energy and geometrical properties. l

The adsorption energy values for the most favorable configurations
of AusNC@epinephrine, AugNC@epinephrine, and Au,(NC@
epinephrine were calculated to be —17.45, —17.86, and —16.07
kcal/mol, respectively, in the gas phase. The results indicate a
significant interaction of epinephrine with Au,NCs and point to the
application of the biomolecular complex Au,NC@epinephrine in the
fields of biosensing, drug delivery, bioimaging, and other applications. In addition, some important electronic properties, namely, the
energy gap between HOMO and LUMO, the Fermi level, and the work function, were computed. The effect of aqueous media on
adsorption energy and electronic parameters for the most favorable configurations was also studied to explore the influence of
physical biological conditions.

ABSTRACT: In this study, the interaction between the neuro-
transmitter epinephrine and small gold nanoclusters (Au,NCs) with
n = 6, 8 and 10 is described by density functional theory
calculations. The interaction of Aug,, Aug, and Au;, nanoclusters
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1. INTRODUCTION delivery, and catalysis.'*~** Because of their small size and high
surface area-to-volume ratio, AuNPs exhibit special optical,
electrical, and catalytic functions.” AuNPs/AuNCs are one of
the most extensively studied nanomaterials in recent years due
to their potential in a variety of applications. Consequently,
there is an expanding amount of research on the synthesis,
characteristics, and uses of AuNPs and AuNCs.

A number of investigations focused on the various aspects of
the AuNP/AuNC interaction with biomolecular systems.**~>
Kyriazi et al.”* designed DNA-AuNP assemblies with multiple
and synergistic functions, proposing the potential to advance
sensing and drug delivery in cells. To understand the
interactions of AuNPs with common blood proteins, an array
of photophysical measurements were performed by Lacerda et

Nanomaterials such as nanoparticles (NPs) or nanoclusters
(NCs) have shown considerable potential for a range of
biomedical and industrial applications including medication
administration, plasmonics, chemical sensors, photonics,
antimicrobial activities, cell electrodes, antimicrobial coating,
optical devices, hyperthermia therapy, and diagnostics.' ™
Therefore, a detailed understanding of the binding or
adsorption mechanism of biomolecules with NPs and NCs is
a very important task. There are a number of theoretical and
experimental studies on the adsorption behavior of different
types of nanomaterials, namely, silver nanoparticles, gold
nanoparticles (AuNPs), carbon nanotubes, fullerenes with
nucleic acids, biomolecules, proteins, peptides, and neuro-
transmitters, to explore their efficacy for drug delivery and

biosensor applications.g_17 Among the various available Received: ~September 3, 2023
inorganic nanomaterials, AuNPs/gold nanoclusters (AuNCs) Revised:  December 20, 2023
have been attracted substantial research due to their distinctive Accepted: December 21, 2023

characteristics, which make them appropriate for a variety of Published: January 8, 2024

applications in diverse sectors such as biomedicine, detection
of cancer cells, wound healing, electronics, targeted drug
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al”* They reported that AuNPs _strongly associate with
essential blood proteins. Li et al.”® in 2014 performed an
antibacterial tactic for dealing with multidrug-resistant bacteria
that uses self-therapeutic AuNPs. They reported that the
correlation between the NP ligand structure and activity
showed that surface chemistry had a significant impact on
AuNP’s antimicrobial capabilities, offering a design factor for
forecasting and logically designing novel antibiotic NPs. The
adsorption mechanism of oxygen on the isolated and nitrogen
(N)-doped graphene monolayer supported by gold clusters
was explored by density functional theory (DFT) calculations.
The results showed that oxygen interacts with odd-numbered
Au clusters stronger than even-numbered Au clusters.”® An
electrochemical sensor to expose tartrazine as a synthetic azo
dye customarily found in commercial soft drinks was
developed by Cardenas-Riojas et al. based on a carbon paste
electrode with AuNPs anchored in carbon nanofibers.”’
Insights into the molecular interactions between small
AuNCs with N = 6, 8, and 20 and S-fluorouracil (5FU)
anticancer drug were explored by means of DFT calculations
by Ghazali et al.”® Accordingly, the surface-enhanced Raman
scattering (SERS) spectra of SFU adsorbed on the Au surfaces
show that the stretching vibrations of N—H and C=0 bonds
play a major role in the SERS phenomenon.”® In another
study, the potential of AuNCs for the delivery of the p-
penicillamine anticancer drug was proposed by El-Mageed et
al.>’ Moreover, the interactions of the Au;; NC and Au,
fullerene nanocage with nucleobases and amino acids were
evaluated in detail by means of DFT calculations and MD
simulations, respectively.”® Nhat and co-workers carried out a
theoretical investigation on pramipexole—Au cluster inter-
actions for the applications of drug delivery and detection.
Three AuNCs with sizes N = 6, 8, and 20 were used as reactant
models to simulate the metallic nanostructured surfaces.”’
Shukla and co-workers®" investigated the binding mechanism
and molecular interactions of AuNCs with nucleic acid base
guanine and the Watson—Crick guanine-cytosine base pair
through DFT calculations. In their study, they considered
AuNCs with sizes of 2, 4, 6, 8, 10, and 12 atoms. Sierpe et al.
experimentally studied the interaction of the p-cyclodextrin
phenylethylamine inclusion complex with AuNPs to under-
stand photothermal drug release.”> Recently, a theoretical
study by Tandiana et al. reported the chemical interactions of
aromatic compounds with AuNPs and predicted noncovalent
interactions with dative, dispersive, and repulsive nature.”
The interactions of NPs with neurotransmitters, which are
necessary for brain cell communication, are one of the
attractive areas of research. The development of novel
treatment strategies for neurological disorders can be improved
by an understanding of how NPs interact with neuro-
transmitters. It has been found that the interaction of
neurotransmitters with nanomaterials can change the neuro-
transmitters’ functionality.** ™" Epinephrine is an essential
hormone, neurotransmitter, and medication. It is bein
produced by adrenal glands in the central nervous system.’
Epinephrine plays crucial roles in fight to responses through
increasing the level of pupil dilation and blood sugar.’”** This
neurotransmitter is normally found in animals and some single-
cell organisms.*"** Tt is worn in the treatment of anaphylaxis,
superficial bleeding, and asthma.” Its abnormal use may lead
to various side effects such as shakiness, anxiety, and
sweating.***> The involvement of nanotechnology in biology,
nanomedicine, and scientific usefulness of epinephrine inspired
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us to perform a detailed in silico investigation on the
interaction of the epinephrine neurotransmitter with AuNCs
to explore deep insights into the molecular interactions
involved between AuNCs and epinephrine and the potential
application of AuNCs in the field of sensing and drug delivery
applications for the diseases related to the epinephrine
neurotransmitter.

2. COMPUTATIONAL DETAILS

Geometry optimization, vibrational frequency modes, and
electronic structure calculations have been carried out using
the DFT/B3LYP functional available in Gaussian09 suite
without any symmetry restrictions.** The Lanl2DZ and 6-31+
+G(d,p) basis sets are applied for Au atoms and epinephrine
molecules, respectively. The magnitude of adsorption energies
for Au,NC@epinephrine biomolecular conjugates has been
computed using the following equation:

E,4 = E(AuNC + epinephrine) — E(AuNC)

— E(epinephrine) + BSSE (1)

where E (AuNC + epinephrine) represents the energy of
AuNC@epinephrine. The E (AuNC)and E (epinephrine)
terms represent the total energy of the isolated AuNC and
epinephrine neurotransmitter, respectively. The counterpoise
method is applied to correct the basis set superposition error
(BSSE) for the adsorption energy. The energies of the
individual components, namely, AuNCs and epinephrine,
were individually optimized in their isolated forms. The
negative adsorption energy implies a thermodynamically
favorable complex. Furthermore, the Gibbs (free) energy46
has been estimated from the following relation:

AG0(298) = Z (80 + Gcorr)Final - Z (80 + Gcorr)lnitial
(2)

where (g, + G.,,,) is the addition of electronic and thermal free

energies.

corr.

3. RESULTS AND DISCUSSION

Theoretical and experimental studies that provide insights into
the molecular interactions of metal NPs or NCs with
biomolecules are very crucial due to their involvement in
various applications such as sensors, biomedical diagnostics,
and many others.”” The conformational and vibrational
spectroscopic investigation of epinephrine was reported by
us™ already where we predicted possible low-lying energy
conformers of epinephrine and its interaction with HCI to
explore intermolecular hydrogen bonding. In addition, we also
reported a natural bond orbital (NBO) analysis of both
epinephrine and the epinephrine—HCI conjugate. Now, the
interaction of epinephrine with even-numbered (n = 6, 8, and
10) Au clusters has been performed to explore the binding or
adsorption mechanism of epinephrine with Au clusters, and the
charge transfer is also being understood. The optimization of
Au, NC@epinephrine biomolecular conjugates by placing Au
clusters at different possible interaction sites around
epinephrine has been performed at the DFT/B3LYP/Lanl2DZ
level/6-31++G(d,p) level. A wide range of positions and
orientations of epinephrine relative to the clusters were
applied. By systematically varying the initial positions and
orientations of the epinephrine molecule, we aimed to cover
the entire spatial region surrounding the clusters. Furthermore,

https://doi.org/10.1021/acsomega.3c06382
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we performed multiple independent simulations with different
starting configurations to enhance sampling of the conforma-
tional space. This approach allowed us to capture a diverse set
of local minima and potentially identify the global minimum.
Full geometry optimization ensued four possible configurations
for each Au,NC@epinephrine, ie., a total of 12 possible
configurations. These stable configurations have been consid-
ered for further investigation. Noticeably, all of the possible
sites available in epinephrine while performing the interaction
with all Au, clusters were taken into account. The magnitude
of adsorption energy is a crucial parameter for using an NC-
based biomolecular complex in practical applications such as
biosensing and life-saving medical treatments. Thus, the
adsorption energy values for the considered configurations
are computed and are listed in Table 1. The results infer the

Table 1. Adsorption Energies for Various Configurations

configurations E,45(kcal/mol)

AuNC@epinephrine(a) —17.45
AugNC@epinephrine(b) —11.00
AugNC@epinephrine(c) —-7.53
AugNC@epinephrine(d) —15.74
AugNC@epinephrine(a) —17.86
AugNC@epinephrine(b) —12.69
AugNC@epinephrine(c) -9.31
AugNC@epinephrine(d) -12.26
Au,,)NC@epinephrine(a) —14.75
Au;(NC@epinephrine(b) —10.61
Au,,)NC@epinephrine(c) -7.23
Au;(NC@epinephrine(d) —16.07

global minima for configurations of AudNC@epinephrine(a),
AugNC@epinephrine(a), and Au,(NC@epinephrine(d) com-

plexes. The optimized electronic structures of Au,NC@
epinephrine, AugNC@epinephrine, and Au,;)NC@epinephrine
biomolecular complexes with various prominent intermolecu-
lar contacts between Au,NCs and the epinephrine neuro-
transmitter are shown in Figures 1, 2, and 3, respectively.

All the 12 possible configurations are simulated in the gas
phase. Moreover, biomolecular complexes resulting from the
interaction of Au,NCs with epinephrine contain even-
numbered electrons, so they offer a singlet multiplicity and
neutral charge. The adsorption mechanism of AuNCs with
biomolecules generally governs through the Au-X (X = N and
O) anchoring bond and Au---H-X hydrogen bonding, which is
conventional for Au complexes.” The Au-X (X = N and O)
anchoring bond and Au--H-X hydrogen bonding play a
significant role in the total adsorption energy because the Au
interaction with X, ie., N and O atoms, involves sharing of
electrons, leading to the formation of a chemical bond, while
Au---H-X hydrogen bonding can play a crucial role in the
stabilization of the adsorbate on the metal surface. The Aug
NC interacts with epinephrine via the Au—N anchoring bond,
Au---H—-C electrostatic bond, and Au---H—O hydrogen
bonding with interaction distances of 2.29, 3.48, and 2.42 A,
respectively. For this configuration, the adsorption energies are
computed to be —17.45 kcal/mol (without BSSE) and —13.83
kcal/mol including BSSE, which is higher than rest three
configurations of AusNC@epinephrine biomolecular com-
plexes. Configurations (b) and (d) involve a polar covalent
Aug—O bond and Au---H—C electrostatic bond, while
configuration (c) stabilizes through Au--H—O hydrogen
bonding and Aus—O bond. These interactions play a crucial
role in the stability of Au-based biomolecular complexes. In
these configurations, the corresponding adsorption energies are
—11.00, —7.53, and —15.74 kcal/mol. The adsorption energy
calculations reveal that the Aug NC interacts more intensively

(c)

(@

Figure 1. Optimized structures (a—d) of AuyNC@epinephrine complexes for the various configurations.
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Figure 2. Optimized structures (a—d) of AusNC@epinephrine complexes for the various configurations.
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Figure 3. Optimized structures (a—d) of Au;)NC@epinephrine complexes for the various configurations.

with the side chain of epinephrine and prefers chemical epinephrine is stabilized via the Au—N anchoring bond, Au--
adsorption. Moreover, the NBO analysis was performed H—C electrostatic bond, and Au---H—O hydrogen bonding.
through the NBO3.1 program of Gaussian09 to infer a charge The magnitude of adsorption energy varies in the range of
transfer of 0.201e from epinephrine to the Aug cluster. Similar —9.31 to —17.86 kcal/mol for AugNC@epinephrine and —7.23
to the Aug NC, the interaction of Aug and Au,, clusters with to —16.07 kcal/mol for the Au(NC@epinephrine complex.
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The remarkable adsorption energies of —17.86 and —16.07
kcal/mol without BSSE and —12.22 and —10.11 kcal/mol with
BSSE for the most favorable adsorption configurations
corresponding to the AugNC@epinephrine and Au (NC@
epinephrine biomolecular complexes further infer that the
adsorption of AuNCs is chemical adsorption in nature.
Furthermore, charge transfers of 0.404e and 0.173e take
place from epinephrine to Aug and Au, clusters, respectively.
The adsorption energies of the most favorable configurations
for the interaction of even-numbered gold clusters with
epinephrine are in consistent with the earlier reported values
for various nanomaterial-based biomolecular complexes,**™°
which supports that the Au,NC@epinephrine biomolecular
complex can be utilized for different biological applications.
Some relevant electronic parameters, namely, highest
occupied molecular orbital (HOMO) and lowest unoccupied
molecular orbital (LUMO) energies, energy gap (E, = Ejymo
— Eyomo), and Fermi level (Ep) of Au, Aug Au,
epinephrine, and all 12 possible Au,NC@epinephrine
complexes, are computed and summarized in Table 2. These

Table 2. Calculated HOMO Energy (Ey), LUMO Energy
(Er), HOMO—LUMO Energy Gap (E,), Fermi Level Energy
(Eg), and Work Function (¢h)

structure Ey E_ E, Eg (1]

epinephrine -5.76 -0.14  5.62 -2.95 2.95
AugNC —6.91 —3.43 3.48 =5.17 5.17
AugNC —6.71 -3.94 2.77 -5.33 §5.33
Au (NC —6.33 —4.06 227 =520 5.20
AuNC@epinephrine(a) ~ —6.06  —2.82 324 —444 444
AuNC@epinephrine(b) —-624  —2.87 337 —456  4.56
AuNC@epinephrine(c) —6.28 -2.96 3.32 —4.62 4.62
AugNC@epinephrine(d) -592  -265 327 —429 429
AugNC@epinephrine(a) —5.84 -3.03 2.81 —4.44 4.44
AugNC@epinephrine(b) —-620 —334 286 —477 477
AugNC@epinephrine(c) —-629  —345 284 —487  4.87
AuNC@epinephrine(d) ~ —6.12  —341 271  —477 477
Au,(NC@epinephrine(a) -546  —-330 216 —438 438
Au (NC@epinephrine(b) —5.81 -3.62 2.19 —4.72 4.72
Au,]NC@epinephrine(c) -5.69 =357 212 —463 463
Au,(NC@epinephrine(d) -5.33 -3.11 222 —422 422

“All data are in eV.

are key parameters that can provide valuable information
related to various properties including chemical reactivity and
kinetic stability.*® The schematic representation of isosurfaces
corresponding to the HOMOs and LUMOs of the most
favorable configurations of AugNC@epinephrine, AugNC@
epinephrine, and Au,(NC@epinephrineare is depicted in
Figure 4. This figure clearly shows that both the HOMOs
and LUMOs in AusNC@epinephrine, AugNC@epinephrine,
and Au;(NC@epinephrine are predominantly contributed by
AuNCs. The magnitudes of energy of HOMOs and LUMOs in
the most favorable configurations are computed to be —6.06
and —2.82 eV for Au]NC@epinephrine, —5.84 and —3.03 eV
for AugNC@epinephrine, and —5.33 and —3.11 eV for
Au(NC@epinephrine. Therefore, the corresponding energy
gaps are 3.24, 2.81, and 2.22 eV. The energies of both HOMO
and LUMO of the most favorable configurations become more
unstable than isolated Aug, Aug, and Au;y AuNCs. As a result,
the energy gaps significantly decrease in the case of Au,NC@
epinephrine and Au,()NC@epinephrine by 6.89 and 2.20%
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with respect to the isolated AuNCs. However, there is no
significant change in energy gap upon the interaction of
epinephrine with the AugNC. The decrement in energy gap in
the case of AuNC@epinephrine and Au;(NC@epinephrine
enhances the electrical conductivity (6) in an exponential
manner because the energy gap is directly proportional to the
electrical conductivity accordingly:>">*

_Eg
O X exp —KT
2 3)

where T and K stand for the absolute temperature and
Boltzmann constant, respectively. Therefore, if the considered
AuNCs are used as a portion of an electric circuit, it can
produce an electrical signal, depending on the magnitude order
of energy gap decrease after the epinephalue of Adsorption
Energies for the M rine adsorption process. Therefore, the
presence of epinephrine could be also determined based on its
effect on the energy gap and thereby on the conductivity.
Hence, epinephrine can be detected by converting the
electrical conductivity into electrical signals.

The total densities of states (DOS) are utilized using
GaussSum software” in evaluating the electronic structure of
epinephrine adsorption on the surface of AuNCs. A basic
representation of the properties of the molecular orbitals in a
specific energy range is shown in Figure S along with a
population analysis for each orbital. Based on the provided
figure, a comparison of the DOS spectra between isolated gold
clusters and AuNC@epinephrine complexes demonstrates that
the presence of epinephrine leads to the destabilization and
upward shift of both the HOMO and LUMO levels in the
complexes relative to the isolated AuNCs. This adsorption-
induced energy shift consequently alters the energy gap
between the levels. Additionally, the DOS spectra reveal that
epinephrine adsorption predominantly affects the occupied
orbital energies, influencing both their occupation and energy,
while having a lesser impact on the unoccupied orbitals.

It is critical to understand how AuNCs@epinephrine
systems behave in aquatic environments in a number of
disciplines, including biochemistry, nanotechnology, and
materials science. We have adopted a polarizable continuum
model®* to evaluate the effect of the aqueous medium on the
interaction of Au,NCs with the epinephrine molecule. The
adsorption energies (Table 3) in the water phase for the most
favorable configurations of AugNC@epinephrine, AusNC@
epinephrine, and Au;)NC@epinephrine have been computed
to be —16.73, —15.39, and —13.14 kcal/mol, respectively,
indicating a decrement in the adsorption energies in the water
phase. Moreover, the negative sign reveals that the adsorption
process of epinephrine over the AuNCs surface is of a
spontaneous nature. The HOMO—LUMO energies, energy
gap, and Fermi energy values in the aqueous phase are listed in
Table 4. This table infers that the energy gaps increase by a
little amount for all three most favorable configurations of
Au,NC@epinephrine, AugNC@epinephrine, and Au;]NC@
epinephrine by 0.06, 0.19, and 0.08 eV, respectively. However,
this change is more significant for AugNC@epinephrine in
comparison to AusNC@epinephrine and Au,(NC@epinephr-
ine. The increment in the energy gap of AugNC@epinephrine
by 0.19 eV is noteworthy, and it infers a slight decrement in
reactivity in the aqueous phase compared to the gas phase. In
addition, the dipole moments are computed to be 7.78, 11.60,
and 13.62 D in the gas phase for the most favorable
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Figure 4. (a—c) HOMO and LUMO isosurfaces of AuyNC@epinephrine, AusNC@epinephrine, and Au,,NC@epinephrine in the most stable

configurations.
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Figure 5. DOS for AugNC, AugNC, Au,(NC, AugNC@epinephrine, AusNC@epinephrine, and Au,()NC@epinephrine complexes.

configurations of AusNC@epinephrine, AugNC@epinephrine,
and Au,(NC@epinephrine, respectively. However, these
increase by 2.83, 2.32, and 4.75 D in the aqueous phase,
respectively. Thus, the symmetry arrangements of config-
urations are also influenced by the impact of the aqueous
medium. Also, the increment of dipole moment infers an
improved solubility of the above-cited configurations.
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Furthermore, the Gibbs (free) energy has been calculated for
all the three most favorable configurations in gas and aqueous
phases as well. The values of Gibbs (free) energy are —6.23,
—4.29, and —2.48 kcal/mol in the gas phase while —3.85, 0.46,
and —2.47 kcal/mol in the aqueous phase for the most
favorable configurations. The negative sign infers an exergonic
interaction of epinephrine with AuNCs.
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Table 3. Value of Adsorption Energies for the Most
Favorable Configurations in the Aqueous Phase

configurations E,g5(kcal/mol)
AugNC@epinephrine(a) —-16.73
AugNC@epinephrine(a) -15.39
Au,(NC@epinephrine(d) —13.14

Table 4. Calculated HOMO Energy (Ey), LUMO Energy (E
L), HOMO-LUMO Energy Gap (Eg), Fermi Level Energy
(Eg), and Work Function (¢) in the Aqueous Phase”

structure Ey E_ E, Er D

epinephrine —6.02 —-0.38 564 =320 320
AugNC —6.26 -2.59 3.67 —4.43 443
AugNC —6.11 -3.14 297 —4.63 4.63
Au \NC —5.61 -3.27 2.34 —4.44 4.44
AugNC@epinephrine(a) 585 =255 330 —420 420
AugNC@epinephrine(a) —5.87 —2.87 3.00 —4.37 4.37
Au,2NC@epinephrine(d) -5.27 -2.97 2.30 —4.12 4.12

“All data are in eV.

The electron localization function (ELF) is a crucial
computational chemistry tool utilized for both quantitative
and visual analyses of electron distribution within molecules. It
offers a precise quantitative evaluation of electron localization
or delocalization, achieved through mathematical analysis of
electron density.”>° In this study, we generated ELF maps
using Multiwfn software®” from the optimized structure of the
Au,NC@epinephrine, AugNC@epinephrine, and Au;]NC@
epinephrine. This method reveals areas with varying electron
concentrations, effectively characterizing the nature of the
chemical bonds. ELF, by delineating electron sharing or
localization, provides invaluable insights into the electronic
structure, thereby enhancing comprehension of molecular
behavior, reactivity, and bonding patterns. Its particular
strength lies in elucidating intricate systems, rendering ELF
an indispensable asset for researchers in the fields of quantum
chemistry and materials science. The ELF maps of AugNC@
epinephrine, AusNC@epinephrine, and Au,)NC@epinephrine
are depicted in Figure 6. In these ELF maps, the red hues
denoted the areas of a higher electron density, highlighting
pronounced electron localization in specific molecular regions.
Notably, these red regions were predominantly concentrated
around hydrogen atoms, suggesting a significant accumulation
of localized electrons in their vicinity. This finding offers
valuable insights into the electron-rich nature of chemical

bonds involving hydrogen. In contrast, the blue areas on the
ELF maps indicated the regions with a lower electron density,
signifying a higher degree of electron delocalization. The
electron cloud delocalized around some carbon and Au atoms
(C2 and C10) and (C10, C23, and all Au atoms) is
represented by the blue regions in AugNC@epinephrine and
AugNC@epinephrine. However, in the case of Au;(NC@
epinephrine, the delocalization of the electron cloud is at (C6,
C2, Au28, Au29, Au30, Au3l, Au32, Au33, Au34, and Au3$).
The sites at (H7, H11, H24, and H26) and (HS8, H11, H14,
H18, H22, H2S, and H26) show a strong electronic
localization for Au,NC@epinephrine and AugNC@epinephr-
ine. However, in the case of Au;)NC@epinephrine, the
location of the electron cloud is at (H13, H14, and H26) sites.

The total and vibrational contributions of some standard
thermodynamical parameters such as thermal energy, entropy,
and specific heat have been computed as these help in
estimating the direction of chemical reactions and per the
second law of thermodynamics.”® The magnitudes of the
corresponding parameters are listed in Table S. A perusal of
this table infers that thermal energies and specific heats in the
case of the most favorable configurations of AudNC@
epinephrine, AugNC@epinephrine, and AugNC@epinephrine
are predominately contributed due to the vibrational motion in
both gas and aqueous phases. However, in the case of the
entropy of these systems, the electronic and rotational motion
is equally involved in addition with vibrational motion.
Moreover, the zero point vibrational energies (ZPVE) are
computed to be 137.698, 138.163, and 138.738 kcal/mol,
respectively, in the gas phase, and there are no significant
changes on ZPVE seen in the aqueous phase.

The thermal stability of the most stable complexes is studied
in a box of 25 X 25 X 25 A with an NVT ensemble at 300 K
with a time step of 1 fs in 3000 steps with a massive
generalized Gaussian moment thermostat utilizing the
molecular dynamics (MD) simulations actualized in the
DMol® module. In the NVT ensemble, N, V, and T are a
steady number of atoms, volume, and temperature, respec-
tively. The obtained results presented in Figure 7 approved the
thermal stability of the Au,@epinephrine complexes. Fluctua-
tion of the total energy that is a criterion for the thermal
stability of the studied systems is less than 0.002 Ha for the
considered Au,@epinephrine complexes. Thus, the structure is
structurally and dynamically stable under the studied
conditions. In other words, the desired structure has no
structural and dynamic changes after this time in the imposed
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Figure 6. ELF plots of the Au,NC@epinephrine, AugNC@epinephrine, and Au;]NC@epinephrine complexes.

3379

https://doi.org/10.1021/acsomega.3c06382
ACS Omega 2024, 9, 3373-3383


https://pubs.acs.org/doi/10.1021/acsomega.3c06382?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c06382?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c06382?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c06382?fig=fig6&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c06382?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

Table 5. Some Standard Thermodynamical Parameters of AuyNC@Epinephrine(a), AuyNC@Epinephrine(a), and Au;(NC@

Epinephrine(d)

parameters

thermal energy

(kcal/mol)

specific heat (CV)
(cal/(mol K))

entropy (S)
(calI}}Emol K))

AugNC@epinephrine(a)

AugyNC@epinephrine(a)

Au,;,)NC@epinephrine(d)

gas phase
154.717 (152.939)

84.761 (78.800)

214.924 (128.085)

aqueous phase

154.705 (152.927)
84.819 (78.857)

210.061 (123.249)

gas phase
158.226 (156.449)

96.083 (90.121)

242,151 (153.911)

aqueous phase

157.916 (156.138)
95.576 (89.615)

235.666 (147.452)

gas phase
161.824 (160.046)

107.857 (101.895)

269.219 (179.537)

aqueous phase

161.484 (159.707)
107.556 (101.595)

265.885 (176.196)

ZPVE (kcal/mol) 137.698 137.713 138.163 138.073 138.738 138.527
1900.721 2324029
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Figure 7. Alterations of the total energy (NVT) vs dynamic steps in the MD simulation at 300 K for the Au,NC@epinephrine complexes.

conditions and has thermal stability. So, the thermal stability of
these systems is confirmed at 300 K.

This study also explores NBO calculations for the
interaction of epinephrine with Aug, Aug, and Au,y NCs. The
second-order Fock matrix was employed to determine the
donor—acceptor interactions in the NBO. The formula of the
second-order perturbation approach was used to deduce the
hyperconjugative energy (E®).77%* Relevant transitions and
corresponding interaction energies of core and lone pair
orbitals to antibonding orbitals are considered and collected in
Table S1, respectively. NBO analysis is a powerful technique
for investigating intra- and intermolecular bonding inter-
actions. It is also an important framework for studying charge
transfer or conjugative interactions in molecular systems.
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Intramolecular interactions are formed through the overlap of
bonding and antibonding orbitals, resulting in intramolecular
charge transfer and system stabilization.”® The energy required
for the stabilization of the various allowed transitions within
bonding and antibonding levels is referred to as hyper-
conjugative energy. The transitions with the highest magnitude
of hyperconjugative energy (E?) are considered to be the
most probable compared to other transitions.

In AugNC@epinephrine, the following transitions exhibit
interaction energies: LP2(019) — #*(C2—C3) (25.70 kcal/
mol), LP2(017) — z*(C4—HS) (21.81 kcal/mol), LP2(021)
— ¢%(C10—C12) (7.69 kcal/mol), LP1(019) — ¢*(C3—C4)
(6.92 kcal/mol), LP1(017) — ¢*(C4—C5) (6.50 kcal/mol),
and LP1(N15) — o¢*(C23—H26) (4.23 kcal/mol). These
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findings indicate that the LP2(019) — z*(C2—C3) transition
is particularly strong, resulting in a significant charge transfer
between them. In AugNC@epinephrine, the most probable
transitions are LP2(019) — #*(C2—C3) (26.11 kcal/mol),
LP2(017) — n*(C4—HS) (21.07 keal/mol), LP1(019) —
6*(C3—C4) (721 kcal/mol), LP1(N1S) — o¢*(C23—H26)
(6.63 kcal/mol), LP1(017) — ¢*(C4—CS) (6.20 kcal/mol),
LP1(021) — 6*(C10—H11) (6.12 kcal/mol), and LP1(N15)
— ¢*(C12—H14) (5.70 kcal/mol). These transitions have
hyperconjugative energy (E®) values associated with them.
Moreover, in Au;)NC@epinephrine, the intensive transitions
are LP2(019) — 7*(C3—C4) (24.62 kcal/mol), LP2(017)
— m#(C3—C4) (20.29 kcal/mol), LP1(N15) — c*(021—
H22) (15.21 keal/mol), LP1(N15) — ¢*(C23—H26) (6.70
kcal/mol), LP1(019) — o¢*(C3—C4) (6.69 kcal/mol),
LP1(017) — ¢*(C4—CS) (6.67 kcal/mol), and LP1(N15)
— ¢*(C12—H14) (5.87 kcal/mol).

Table S1 provides the E® energy values for the interactions
between epinephrine and Au atoms. In AusNC@epinephrine,
there are intense transitions such as LP1(N15) — LP6(Au27)
(44.66 kcal/mol) and LP1(N15) — LP*7(Au27) (10.35 kcal/
mol). Similarly, in AugNC@epinephrine, notable transitions
include LP3(019) — LP*1(H20) (474.95 kcal/mol), LP3-
(017) — LP*1(H18) (473.08 kecal/mol), LP3(021) —
LP*1(H22) (391.85 kcal/mol), LP2(021) — LP*6(Au32)
(23.88 kcal/mol), and LP2(021) — LP*6(Au32) (5.51 kcal/
mol). Finally, in Au;,NC@epinephrine, the highly intense
transitions are LP2(021) — LP*6(Au29) (21.20 kcal/mol),
LP2(019) — LP6(Au27) (3.34 kcal/mol), and #(C1—C2) —
LP*6(Au28) (7.08 kcal/mol). Moreover, the adsorption
energies for the most stable configurations in the gas phase
are computed using the Lanl2DZ and 6-311++G(d,p) basis
sets, and the results are given in the Supporting Information.

4. CONCLUSIONS

In conclusion, this study focused on optimizing the Au,NC@
epinephrine biomolecular conjugates by exploring various
configurations through DFT simulations. By systematically
varying the positions and orientations of epinephrine relative
to the gold clusters, multiple stable configurations were
identified, and their adsorption energies were computed. The
results revealed that the most favorable configurations were
AugNC@epinephrine(a), AugNC@epinephrine(a), and
Au,(NC@epinephrine(d), indicating the presence of strong
chemical adsorption between the clusters and epinephrine.
The computed adsorption energies and charge transfer values
support the potential use of these biomolecular complexes in
various biological applications. This study investigated the
electronic parameters and electronic structures of AuNC@
epinephrine complexes. The computed values for HOMO,
LUMO, and the energy gap showed that the presence of
epinephrine significantly influenced the electronic properties of
the complexes. Specifically, the energy gap decreased, leading
to an increased electrical conductivity. These findings suggest
that these complexes can be used for the detection of
epinephrine based on changes in electrical conductivity. The
analysis of the total DOS further supported these observations.
AuNCs@epinephrine systems were studied in aquatic environ-
ments by using computational methods. The adsorption
energies of AuZNC@epinephrine, AusNC@epinephrine, and
Au,()NC@epinephrine in water were found to be —16.73,
—15.39, and —13.14 kcal/mol, respectively. The adsorption
process was spontaneous. Energy gaps increased slightly in the
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aqueous phase, indicating a decreased reactivity. Dipole
moments and solubility also increased. Gibbs (free) energy
values confirmed the exergonic interaction. MD simulations
showed a good thermal stability of these at 300 K. Overall, this
study provides insights for the development of sensing
technologies for epinephrine detection.
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