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ARTICLE INFO ABSTRACT

Keywords: Understanding how anticancer drugs interact with metallic nanoclusters is essential for developing next-

SERS generation sensing and delivery platforms. In this study, we investigate the adsorption behavior, spectroscopic

Aug cluster response, reactivity, and biological binding characteristics of Palbociclib (PCB) on a gold triatomic cluster (Aus)

MD simulations using an integrated computational framework. Density functional theory (DFT) calculations reveal strong and
site-selective adsorption of PCB on Auz accompanied by pronounced charge transfer and significant modulation
of the molecule’s electronic structure including reduced HOMO-LUMO gaps, enhanced polarizability, and
improved nonlinear optical (NLO) characteristics. Vibrational and SERS analyses show characteristic red shifts
and intensity enhancements, confirming stable coordination through key nitrogen and oxygen bearing functional
groups. Solvent-phase calculations further demonstrate that PCB-Aus complexes gain substantial stabilization in
aqueous media, reinforcing their potential in biological environments. Molecular docking and 100 ns molecular
dynamics simulations with the 5GS4 protein indicate that both free PCB and PCB-Aus form thermodynamically
favorable and dynamically stable complexes, with PCB-Aus exhibiting enhanced interaction diversity through
hydrophobic, hydrogen-bonding, and Au-induced electronic effects. MM-GBSA analysis supports these findings,
revealing competitive binding energies for both ligands. Collectively, these results highlight Aus nanoclusters as
promising nanoscale scaffolds for SERS-based detection and controlled delivery of PCB, providing valuable in-
sights for cancer diagnostic and theranostic applications.

1. Introduction

Because of their NLO characteristics, organometallic compounds
have attracted a lot of interest and can be used in a variety of sectors,
including medicine and photonics devices [1]. Due to their lower cost
and simpler chemical transformation, these materials could be used as a
substitute for typical inorganic NLO compounds [2]. The manufacture of
metal nanoparticles with the aim of improving their surface-to-volume
ratio is becoming more and more popular these days. Thus, their ap-
plications are important as analytical instruments [3,4]. For biochem-
ical, pharmaceutical, environmental, and dietary analyses, SERS
spectroscopy is a very promising alternative to traditional analytical
methods. Coinage nanoparticle-based SERS has been found to be a
successful technique for detecting contaminants [5]. The interactions
between drugs and gold and silver, have been the subject of several
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investigations [6]. In the medical field, silver nanoparticles have long
been used for antimicrobials, cosmetics, food preservation, textile
coatings, and a few environmental uses [7-16]. Wen et al., investigated
SERS analysis of carboxylic acids using SERS [17,18].

Coinage metals have unique characteristics that make them highly
desirable for a range of uses [19-24]. These materials’ unusual electrical
topologies make them particularly intriguing in its technological
importance [25-27]. Dihydropyrimidine drugs have studied for their
therapeutic potential [28,29]. The oral route of pharmaceutical distri-
bution is considered the greatest alternative available due to its
affordability, safely, and patient compliance. The solubility of an active
ingredient is the most important factor affecting its oral bioavailability
[30]. Using drug inclusion complexes with suitable hosts is a practical
strategy for improving the solubility of pharmaceuticals [31]. A
cyclin-dependent kinase inhibitor called palbociclib has been authorized
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by the US FDA to treat breast cancer [32]. By preventing the abnormal
protein that tells cancer cells to multiply from doing so, PCB helps
prevent or slow the spread of cancer cells [33]. Given that breast cancer
is usually the most common cancer in women and the second most
common disease overall, research into PCB’s molecular binding inter-
action with metal clusters is essential to comprehending its mode of
action and pharmacological effect [34]. Pyrazole and spiropyrazoline
derivatives were chosen as template compounds because they are
well-established bioactive scaffolds, widely reported to possess anti-
cancer and kinase-inhibitory activity, including activity relevant to CDK
targets. Their heterocyclic frameworks offer strong binding interactions,
structural diversity, favorable drug-likeness, and excellent synthetic
tunability, all of which make them highly suitable for molecular docking
and rational drug design. Recent literature supports their use as prom-
ising lead structures in anticancer research [35,36]. Khaldan et al., re-
ported an integrated computer aided methods to design potent
glucosidase inhibitors based on bioactive derivatives [37]. A combined
study of reverse docking, MD simulations, pharmacokinetics with DFT
studies of garlic, triazole derivatives and trisubstituted thiazoles as an
effective antifungal inhibitor was reported recently [38-40]. The
development of more water-soluble alternative solid formulations could
improve oral drug absorption. We have examined the interaction be-
tween the metal clusters in the anticancer drug PCB in light of these
considerations.

The DFT technique can be used to calculate a molecule’s chemical
properties with high accuracy and at a low cost [41-46]. Recent years
have seen the publication of numerous studies of metal clusters and
therapeutic compounds [47-55]. In this work, a quantum computing
technique is used to investigate various features of PCB adsorbed on Aus
cluster. DFT techniques were applied to investigate the PCB-Au inter-
action mechanism.

2. Computational methods

The molecular structure, optical characteristics, and interactions of
PCB with metal cluster for various configurations were analyzed using
Gaussian16 at B3LYP/SDD level [56]. For optimal interaction, the PCB
molecule is positioned in close proximity to the most reactive sites
(PCB1, PCB2, PCB3 and PCB4 near to N6 atom of piperazine ring, N7
and N8 atoms, C22 =02 and C16 =01, respectively), maintaining a 3 A
spacing between them. In part, the core potential foundation was
selected due to its capacity to do calculations more rapidly while pre-
serving a somewhat greater degree of accuracy and structures [57].
FMOs and MEP analyses shed light on the structural characteristics and
adsorption mechanism. Using Raman spectroscopy, the systems’
adsorption behavior was investigated. The system was visualized using
GaussView [58]. Since PCB is a medication used to treat breast cancer,
molecular docking was used to shed light on the binding propensities of
5GS4 protein with the ligands PCB and PCB2-Aus. The aim of this work
is to shed light on the 5GS4 protein’s binding preferences with the li-
gands PCB and PCB2-Aus. In order to conduct docking studies on the
molecules in issue, the PDB structure was first cleaned for their geometry
by eliminating water and adducts using Autodock vs 4.2.6. Using the
web-based P2RANK program, the binding sites for PCB and PCB2-Aus
were identified [59]. After non-polar hydrogens were combined, both
the target drug and the receptor were saved in pdbqt format. A grid box
dimension for 22 x 50 x 39 A was used for docking. Grid boxes with
specific dimensions and 0.3 A spacing have to be designed. The
protein-ligand complex docking experiments were conducted using the
Lamarckian Genetic Algorithm (LGA). Each of the three molecular
docking inquiry replicates had 50 solutions, a population size of 500,
2500000 evaluations, a maximum generational number of 27, and all
other parameters were set to their default levels. Following docking, the
RMSD clustering maps were produced by re-clustering using the clus-
tering tolerances of 0.25, 0.50, and 1 to identify the optimal cluster with
the greatest number of populations and the lowest energy score.
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5GS4 protein MD simulations, in conjunction with ligand PCB and
PCB2-Augs, were executed using vs 2020.1 Desmond simulation engine
[60,61]. The simulations used a transparent model solvent with SPC
molecules of water and were carried out at a physiological temperature
of 37°C. The key elements of water-protein and water-ligand in-
teractions, including as hydrogen bonding and electrostatic interactions,
can be captured by the SPC water model. We have investigated the
conformational changes, binding affinities, and dynamic behavior of the
protein-ligand complex in a more realistic environment by solvating it
with SPC water molecules. A 10 x 10 x 10 A periodic boundary sol-
vation box was used with the OPLS-2005 force field. Na+ ions were
supplied to neutralize the system and a 0.15 M NaCl solution was added
to replicate natural biological conditions. The OPLS_2005 force field is
especially useful for researching the interactions between tiny molecules
and the conformational behavior of proteins and nucleic acids [62]. In
order to equilibrate the protein-ligand complexes, the system first went
through a 10 ns stabilization phase in the NVT ensemble. After the, the
NPT ensemble underwent a 12-ns equilibration and minimization. The
Nose-Hoover chain coupling approach controlled the NPT ensemble by
maintaining a temperature with relaxation durations set at 1.0 ps and a
pressure control fixed at 1 bar during the run. For pressure control, the
Martyna-Tuckerman-Klein chain coupling barostat method with a 2 ps
relaxation period was used. While Coulomb interactions were limited to
a9 A cut-off, long-range electrostatic interactions were calculated using
the Ewald technique with particle mesh. The RESPA integrator with a
time step of 2 fs was used to compute bonded forces for every trajectory.
The simulation’s production phase lasted for 100 nanoseconds in total.
Several metrics, such as SASA, Rg, RMSF, and RMSD, were used to assess
the system’s stability during the simulation.

2.1. Binding free energy analysis

In this study, the binding affinities of ligand-protein complexes were
analyzed using the Generalized Born Surface Area (MM-GBSA) tech-
nique, integrated with molecular mechanics. This method thoroughly
evaluates binding free energies by considering molecular interactions
and the impact of solvation. Binding free energy calculations via MM-
GBSA were performed with the Python-based script which processed
the final 50 frames from the simulation trajectory using a single-step
sampling approach to enhance the precision of energy assessments.
MM-GBSA computes binding free energy (AGbind) through an additive
framework, accounting for various energetic factors.

The components contributing to the binding free energy included:
Electrostatic Interactions - Forces between charged atoms within the
system; Hydrogen Bonding - Stabilizing effects created when hydrogen
atoms form bridges with electronegative atoms; Van der Waals Forces -
Weak attractive forces occurring between nonpolar regions; Covalent
Bonding - Strong bonds formed through shared electron pairs between
atoms; Intra-molecular Interactions - Forces acting within the mole-
cule itself; Solvation Energy - The energetic changes due to protein
salvation; Hydrophobic Effects - Influences arising from the interaction
between the ligand and non-polar regions; Ligand-specific Energies -
Energetic properties intrinsic to the ligand itself.

AGbind= AGMM + AGsolv - AGSA and here’s a breakdown of the
terms: AGbind: The overall binding free energy of the ligand-protein
complex; AGMM: The total molecular mechanics energy of the
protein-ligand system in isolation, reflecting their inherent interactions
without any external influences; AGsolv: This represents the difference
in solvation energies, determined by subtracting the combined solvation
energies of the unbound receptor and ligand from the solvation energy
of the ligand-protein complex in its bound state; AGSA: The change in
surface area energies between the ligand and the protein accounts for
the surface area exposure changes upon binding. Understanding the
interaction kinetics and stability of the ligand-protein complexes is
made easier by this thorough study, which sheds light on how various
chemical components affect the binding affinity of the complexes.
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3. Results and discussion
3.1. Adsorption properties

The majority of the time, structural characteristics controls the
interaction between PCB and metal cluster. The optimized PCB, Aus and
PCB-Aus are shown in Fig. 1, S1 & Fig. 2.

In order to maximize interaction and likely find an adsorption site
with metal clusters, PCB is first placed to the metal clusters, with a
separation of less than 3 A. This is based on the most reactive zones seen
in the MEP of PGB (Fig. 1c). Bond length (A) changes for PCB during
adsorption are: C24-N5 (from 1.4844 to 1.4797), C24-C27 (from 1.5373
to 1.5369), C27-N6 (from 1.4728 to 1.5076) and C26-N6 (from 1.4728
to 1.5071) for PCB1; C25-N8 (from 1.3751 to 1.3612), C25-N4 (from
1.3449 to 1.3430), C25-N7 (from 1.3834 to 1.3984), C30-N8 (from
1.4212 to 1.4262) and C20-N7 (from 1.3400 to 1.3533) for PCB2; C22-
02 (from 1.2569 to 1.2825), C22-C29 (from 1.5190 to 1.5086) and C22-
C18 (from 1.5090 to 1.4797) for PCB3 and C16-0O1 (from 1.2640 to
1.2860), C16-N3 (from 1.4187 to 1.3982) and C16-C18 (from 1.4771 to
1.4589) for PCB4. Importantly, the bond length data show significant
variation following addition of Aus, showing that PCB is adsorbed on
metal cluster. In the case of PCB1/3/4 complexes, Au atom is at a dis-
tance of 2.1982 from N6, 2.1788 from 02 and 2.2026 A from O1,
respectively, while for PCB2, N7 atom is bonded to Au with a bond
length of 2.1375 A. All modifications to PCB’s structural characteristics
are linked to the charge transfer between metal and PCB [63]. The
adsorption energy E, = Ec - Epcp - En, where E, Epcp, and E, are energies
of the PCB-Aus cluster, PCB, and Aus [42,43] and E, are —28.64,
—31.40, —19.77 and —16.86 kcal mol~! in vacuum for PCB1/2/3/4
with Aug cluster (Table 1). The configuration PCB2 gives highest
adsorption energy. The complexes are simulated at geometric gCP,
which can treat both inter- and intra-molecular BSSE [64,65]. The
B3LYP-gCP-D3/SDD energy corrections are also made from Gimme’s
web service [66-68] and the obtained adsorption energy after BSSE
correction is —27.82/-30.68/-18.12/-14.97 kcal mol ! in air and
—39.55/-50.27/-35.78/-34.13 kcal mol ! in water, for PCB1 to PCB4
complexes.

3.2. Chemical properties

MEP is one method for looking the reactive sites [69]. The charge
density and reactive site can be found using the potential surface of
carious colors red/blue/green (electrophilic/nucleophilic/neutral),
which indicates the negative/positive/zero potential, respectively. For
PCB, electrophilic sites are seen at nitrogen and oxygen (Fig. 1). The
hydrogen atoms are surrounded by a positive electric potential.
Following adsorption, there was a positive potential in Auz and a
negative potential on the O and N atoms due to the potential’s redis-
tribution (Fig. 3). Potential changes show that charge is transferred
between metal and PCB during the adsorption process [70].
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From the IR spectrum (Figure S2) the important functional groups
are: 3244, 3169, 1560,685 (NH), 3010, 2924, 1426, 1205, 1037, 962
(CH3), 2852, 1451, 907, 832, 812 (CH2), 1592 (C=0), 1401, 1265,
1243 (CN), 1152 (CH), 1072 cm ™! (CC) and at 3486, 3417, 1553, 676
(NH), 3009, 2922, 1423, 1208, 1036, 954 (CH3), 2879, 1450, 908, 833,
814 (CH2), 1588 (C=0), 1403, 1269, 1242 (CN), 1151 (CH), 1084 em™!
(CCQ) theoretically [71-73].

TD-DFT is used to model UV-Vis spectra for PCB and PCB-Aus.
Figures S3 to S5 (PCB, PCB-Aus in vacuum and water) give peaks for PCB
(227, 273, 281 and 359 nm as experimental with DFT values 334 and
415 nm), while that of PCB-Aug are at higher values (Table S1) [74]. For
PCB-Aus, one peak is seen in the visible region at 625 (PCB3) and 653
(PCB4) for Aug cluster systems in vacuum, while in aqueous medium it is
at 592 (PCB4). Higher oscillatory power and a high energy transition
have been attributed to these theorized peaks [75]. Shift to higher value
results from surface Plasmon resonance shifting to lower energies when
Au is adsorbed on PCB. The red shift figures show how the system size
grows [76-79]. The observed red-shift in the TDDFT-calculated excita-
tion is consistent with the well-known tendency of B3LYP to underes-
timate excitation energies for transitions with long-range or partial
charge-transfer character, confirmed by our orbital analysis; tests with
larger basis sets show that the functional, rather than the basis, is
responsible for this deviation. While long-range-corrected functionals
can improve quantitative accuracy, their substantially higher compu-
tational cost for this system and the need for methodological consistency
with prior studies justified our use of B3LYP/SDD; nevertheless, we now
include a CAM-B3LYP calculation in the Supporting Information, which
reproduces the expected shift and supports our explanation (Figure S6).

The FMOs study provides information on the kinetic stability and
reactivity of the system [80]. The system’s chemical reactivity is
revealed by the energy differential. A soft molecule is one that has a
small energy gap (Eg), high polarizability, and high reactivity [81].
HOMO of PCB are over the piperzine and pyridine rings mainly and 02
atom (Fig. 1) while the LUMO is over the other rings, in addition to C=0
groups. The HOMOs are also localized over the N4-N7 ring and Aus for
PCB1; N4-N7 ring, N9 ring, C=0 groups and Aus for PCB2; N9 atom ring
and Auj for PCB3 and PCB4 and LUMO is over N4-N7 and N3 rings
without over N3 atom for PCB1; N9 atom ring, C22 =02 and Aug for
PCB2; N9 ring and Aus for PCB3 and PCB4 (Fig. 4).

The shifting of MOs indicates the mechanism of charge transfer (CT)
from the metal clusters to PCB [72,82]. The Eg vlaues of PCB- Aug
clusters (2.0297, 1.9635, 1.2337 and 1.4114 eV for PCB1 to PCB4) are
less than that of PCB (3.3372eV) in vacuum (Table 2). Generally
speaking, the energy gap helps determine the CT and NLO characteris-
tics; a lower Eg denotes a more reactive system [52]. The NLO activity is
enhanced by PCB-adsorbed metal clusters’ increase polarizability, as
seen by the decrease in the Eg from 3.3372 eV of PCB following
adsorption. Adsorption process’s lowering of energy gap values is sup-
ported by the DOS spectra (Figure S7a & S7b). Higher polarizability
values are frequently linked to more active NLO characteristics. After

Fig. 1. PCB’s (a) optimized geometry (b) FMOs (c) MEP plots.
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Fig. 2. Optimized geometries of (a) PCB1 (b) PCB2 (c) PCB3 (d) PCB4.

Table 1
Energies, dipole moments, polarizability and adsorption energies.

Systems  Energies (a. Dipole Polarizability Adsorption Egcp-

u.) moments (a.u) energy D3
(Debye) (kcal (kcal
mol 1) mol 1)

PCB -1465.498 9.3785 345.4333 -
471

Aug -407.367 901 0.3372 139.841

Vacuum

PCB1 -1872.912 7.1839 405.46 -28.64 -27.82
017

PCB2 -1872.916 7.9355 496.991 -31.40 -30.68
412

PCB3 -1872.897 17.6689 605.1953 -19.77 -18.12
874

PCB4 -1872.893 15.1592 502.857 -16.86 -14.97
240

Water

PCB1 -1872.931184  11.2967 818.9537 -41.08 -39.55

PCB2 -1872.947645 7.6683 834.8053 -51.00 -50.27

PCB3 -1872.925207  21.8218 1117.9243 -36.92 -35.78

PCB4 -1872.923424  17.4195 752.255 -35.80 -34.13

adsorption on metal clusters, PCB exhibits increased polarizability
(Table 1) [83]. To observe the effect of a higher functional, the chemical
descriptors of the complex having highest adsorption energy is calcu-
lated using PBEO functional and the values are: EH
=-5.9130/-4.6729/-4.2479 eV; EL= -3.9279/-2/6626/-3/2637 eV; Eg
=1.9851/2.0103/0.9842 eV; Hardness = 0.9926,/1.0052/0.4921 eV;
chemical potential = -4.9205/-3.6678/-3.7558 eV and electrophilicity
index =12.1959/6.6916/14.3325 eV, for Aus/PCB/PCB2 systems,
respectively and for PCB2 complex, the adsorption energy was found as
—41.13 keal mol ! [84].

In PCB adsorption with metal clusters, the O1 (-0.30) and 02 (-0.27)
atom’s charge (obtained from NBO analysis) becomes —0.28, —0.29 and
—0.40 for PCB2 to PCB4 and —0.26, —0.26, —0.37 and —0.25 for PCB1
to PCB4 (Table S2). Similarly, the charge of N4 (-0.05) becomes —0.02
for PCB1 and —0.04 for PCB3 and PCB4 and that of N5 (-0.22) and N6
(-0.32) becomes —0.20 and —0.49 for PCB1 without any change for
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Fig. 3. MEP plots of (a) PCB1 (b) PCB2 (c) PCB3 (d) PCB4.

other complexes. N7 (-0.08) and N8 (-0.40) of PCB becomes —0.09,
—0.37 for PCB1, —0.37 and —0.44 for PCB2, —0.07 and —0.40 for PCB3
and PCB4. PCB’s C11 (-0.44) becomes —0.72 for PCB4 and C16 (0.11)
becomes 0.09 and 0.23 for PCB2 and PCB4. PCB’s C17 (0.17) becomes
0.15 and 0.16 for PCB2 and PCB3. PCB’s C18 (-0.08) becomes —0.07,
—0.05 and 0.00 for PCB2 to PCB4. For PCB3, C22 has a charge value of
0.31 while that of PCB is 0.15. For PCB1, C23and C24 has a charge value
of —0.37 while that of PCB is —0.29 and also C27 value becomes —0.28
with pristine charge as —0.36. The hydrogen atoms are all positively
charged. Based on the Mulliken charge on the PCB after adsorption over
the Aus, for the complexes, the charge values are 0.32, 0.23, 0.27 and
1.97 for PCB1 to PCB4 and a positive sign indicates that the charge is
transferred from PCB to Aug [85]. Strong interaction and charge transfer
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Fig. 4. FMOs plots of (a) PCB1 (b) PCB2 (c) PCB3 (d) PCB4.

Table 2
Chemical descriptors (eV).

Systems EH EL Eg Hardness Chemical potential Electrophilicity index
PCB -5.4678 -2.1306 3.3372 1.6686 -3.7992 4.3252
Aug -6.3785 -3.3739 3.0046 1.5023 -4.8762 7.0136
Vacuum

PCB1 -4.4583 -2.4286 2.0297 1.0149 -3.4435 5.8416
PCB2 -4.6919 -2.7284 1.9635 0.9818 -3.7102 7.0102
PCB3 -4.1910 -2.9573 1.2337 0.6169 -3.5742 10.3538
PCB4 -4.1592 -2.7478 1.4114 0.7057 -3.4535 8.4502
Water

PCB1 -4.1334 -2.7823 1.3511 0.6756 -3.4579 8.8490
PCB2 -4.2653 -3.0283 1.2370 0.6185 -3.6468 10.7511
PCB3 -4.1437 -3.3410 0.8027 0.4014 -3.7424 17.4454
PCB4 -4.6038 -2.5989 2.0049 1.0025 -3.3044 5.4458

are connected; hence, a strong interaction will occur when the charge
transfer between the adsorbents and adsorbates is higher, and vice versa
[86]. According to Table S3, the process is exothermic and spontaneous
since all of the changes in thermo dynamical values for PCB and PCB-Augs
are negative.

3.3. SERS analysis

Raman spectra were examined to gain a better understanding of PCB
adsorption on metal clusters (Figure S8 for PCB and Figures S9 to S12 for
PCB1 to PCB4). According to the Raman intensity values, some of the
PCB peaks had grown allowing adsorption on the metal clusters. The
peaks in the PCB-adsorbed metal clusters below 300 cm ™! are caused by
the interaction between metals and PCB. The oNH mode of PCB at 3486
and 3417 cm™ ! is red shifted to 3479, 3323 (PCB1), 3420, 3293 (PCB2),
3487, 3420 cm ! (PCB4) due to adsorption with Aus. It demonstrates
how the NH group allows PCB to be adsorbed with Aus. The red shift of
PCB’s dNH at 1553, 676, 592 cm ! becomes 1530, 663 (PCB1), 1458,
618 (PCB2), 1492 (absent in PCB) 672 (PCB3), and 1543, 663 em™!
(PCB4) after adsorption with Aus. The vCH3 mode of PCB at 3009,
2922 cm ™! are shifted to 3025, 2937 (PCB1), 3015, 2937 (PCB2), 3008,
2931 cm™! (PCB4) due to the adsorption with Aug cluster. The 8CH3
modes of PCB at 1423, 1208, 1036, 954 cm ! are shifted to 1422, 1223,
1026 (PCB1), 1387, 1228, 1035, 965 (PCB2), 1431, 1223, 1026, 952
(PCB3) and 1239, 1028 cm ™! (PCB4). The vCH2 of PCB at 2879 cm ™! is
shifted to 2891 (PCB2), 2889 cm~! (PCB4) due to the adsorption with
Aus cluster. The SCH3 modes of PCB at 1450, 908, 833, 814 cm ™! are
shifted to 1464 (PCB1), 1457 (PCB2), 1460, (PCB3) and 1475, 933,
842,815 cm ™! (PCB4). The vG=O0 of PCB at 1588 cm™! is shifted to

1586 (PCB1), 1555 (PCB2), 1567 (PCB3), 1576 em ™! (PCB4) due to the
adsorption with Aus cluster. The CN stretching mode of PCB at 1403,
1269, 1242 em™! is shifted to 1391, 1244, (PCB1), 1401, 1253, 1225
(PCB2), 1399, 1276, 1239 (PCB3), 13390, 1271, 1244 cm™! (PCB4).
Also, a number of modes which are absent in PCB appear in PCB-
metal clusters after adsorption. Based on the Raman intensity values,
SERS effect also causes an rise in intensity in certain PCB-metals system
frequencies via the N6, N7, O2 and O1 for the configurations, PCB1,
PCB2, PCB3 and PCB4 due to the shifts in wavenumbers and changes in
Raman intensity, which suggest a tilted orientation for PCB [87-89].

3.4. Solvent effect

Because solubility can limit or expand the usage of materials, it is
beneficial in a variety of areas [90-93]. To model aqueous effects we
used CPCM with water (¢ = 78.4) and the default UFF radii (Gaussian
implementation), using identical electronic-structure settings. Since the
solvation energies (SEs) for PCB1/2/3/4 are
—41.08/-51.00/-36.92/-35.80 kcal mol ™}, PCB-Aug is stable in an
aqueous media (Table 1) [55]. With the exception of PCB2, the PCB-Aug
clusters DM increased in the water phase (Table 1). Increase in DM in
water confirms that PCB delivery demonstrating its superior drug
deliver properties [94]. According to Table S3, the process is exothermic
and spontaneous since all of the changes in thermo dynamical values for
PCB and PCB-Augs clusters are negative. In gaseous medium, PCB-metal
clusters - aside from PCB4 water-have the largest change in Gibbs en-
ergy. Gibbs energy and enthalpy changes are increasing in aqueous
fluids relative to gaseous media [95].
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3.5. Reactivity analysis

In multiwave function analysis [96], the Electron Localization
Function (ELF) [97] is a useful indicator for comparing electron pairing
and localization among computational techniques. By superimposing
ELF on wavefunctions derived from Hartree-Fock, DFT, and correlated
techniques, one can evaluate method-dependent changes in bonding
descriptions. This comparison technique allows for a more thorough
assessment of whether electron localization is maintained or altered at
various theoretical levels. ELF is thus a chemically comprehensible
benchmark against which to validate electronic structure predictions in
a range of quantum chemical theories.

Different electronic characteristics between PCB and PCB-Aus are
revealed by the ELF analysis, emphasizing the effect of functional sub-
stitution on electron distribution. High electron localization (ELF =
0.85-0.90) is uniformly seen along the conjugated core in the PCB’s ELF-
colored map (Figure S13a), suggesting strong covalent character and
extended n-delocalization. Bonding uniformity and delocalized electron
density are further confirmed by the symmetrical and closely clustered
contours surrounding the C-C bonds in the aromatic ring in the corre-
sponding contour plot (Figure S13b). However, the PCB-Aus ELF-
colored map (Figure S14a) shows changed localization close to the Au
substituent, where ELF values drop to roughly 0.72-0.78, indicating
electron density distortion that is probably caused by the substituent’s
steric influence or electron-withdrawing effects. Furthermore, areas
around heteroatoms in the Au fragment show increased ELF values over
0.90, assigned to localized lone pair electrons. Figure S14b confirms
these variations by showing distortion and elongation of valence basins
close to the replacement site on the ELF-contour plot of PCB-Au as
opposed to the symmetric pattern observed in PCB. Both systems
maintain significant core localization (ELF > 0.98) around inner atomic
areas, indicating little disturbance to core electronic structure. These
results taken together imply that the Au moiety in PCB-Au disturbs
electronic symmetry and creates localized polarization, therefore
possibly increasing chemical reactivity, changing donor-acceptor
behavior, and changing non-covalent interaction potential relevant for
functional material and supramolecular uses.

The Localized Orbital Locator (LOL) (based on kinetic energy den-
sity) complements ELF in multi wavefunction studies by emphasizing
localized orbital properties [98]. When applied to wavefunctions from
various electronic structure approaches, LOL facilitates in the finding of
tiny orbital localization and bonding character changes. Its responsive-
ness to kinetic distribution adds another level to which electronic
properties can be compared across theories. LOL is thus useful in un-
derstanding bonding details and verifying electronic explanations in
multi-method investigations [99]. The LOL analysis provides a thorough
view on electron localization in molecular systems. Especially in the
aromatic framework, the LOL contour (Figure S15a) and colored map
(Figure S15b) for the compound PCB show well-defined areas of high
localization (LOL > 0.8) along the o-bonds. Indicating strong covalent
character and minimal electron delocalization, these areas show as
dense contours and intense red patches. The LOL diagrams for PCB-Au
(Figure S15c and S15d), on the other hand, show a more widespread
distribution of electron density. With LOL values between 0.3 and 0.6
around the Au-substituted segment, the contour lines are more disperse
and the colored plot indicates notable green to light blue regions. This
implies partial delocalization, probably caused by r-conjugation or
electron-donating influences generated by the Au moiety. The observed
delocalization in PCB-Au suggests a redistribution of electron density
over extended molecular orbitals, which could lower the HOMO-LUMO
energy gap and enhance electronic interaction throughout the structure.
Therefore, although PCB keeps a mostly localized electronic character,
PCB-Au shows notable electronic delocalization, a difference with
possible consequences for its optical behavior and chemical reactivity.

Assessing weak intermolecular forces is essential for determining the
stability, reactivity, and supramolecular assembly of molecules. The
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Reduced Density Gradient (RDG) approach [100], paired with Density
Functional Theory (DFT), is a popular visualization technique for
finding and describing non-covalent interactions. RDG plots use electron
density and gradient to identify favorable hydrogen bonding, n-n in-
teractions, and repulsive steric forces. In the present work, RDG analysis
was carried out using a multiwavefunctional DFT model to investigate
and compare the non-covalent interaction. In Figure S16a, the RDG
scatter diagram for PCB displays a typical symmetric profile around the
origin, with dominating spikes in the low-gradient zone at near-zero Azp
values. This implies that the molecule is mostly influenced by weak van
der Waals forces. In Figure S16b, the isosurface plot is shown. It shows
diffuse green surfaces over the molecular backbone, emphasizing the
importance of dispersion interactions and the absence of significant
electrostatic or hydrogen bonding interactions. On the other hand, the
RDG profile of PCB-Au shows a more abundant and diverse interaction
environment. In Figure S16c, the RDG scatter plot shows more promi-
nent spikes pointing into the negative Azp area, indicating strong
attractive interactions, particularly hydrogen bonding and n-n stacking
effects. The related isosurface diagram in Figure S16d displays blue
patches near the Au-substituted regions, which indicate greater electron
delocalization and the appearance of specified, stabilizing forces. The
presence of red patches also indicates steric repulsion, particularly near
the big Au group, which contributes to the molecule’s overall confor-
mational rigidity.

This comparative RDG analysis clearly demonstrates the impact of
Au functionalization on the parent PCB structure’s electrical and inter-
action profiles. The Au substitution not only enhances electron-rich
areas, but it also introduces a balance of attractive and repulsive in-
teractions, which may alter molecule stability as well as its potential
utility in supramolecular applications or sensor design.

3.6. Sensor properties

Recovery of a sensor is crucial and can be accomplished by either
heating it to a higher temperature or exposing to light [101]. The re-
covery time, T = vt exp(-Ey/kT) [102,103]. In contrast to the weaker
metal-drug interaction, which promotes rapid reversibility, the stronger
metal-drug interaction causes slower desorption and prolonged recov-
ery, which is consistent with its higher binding energy and charge
transfer. According to these findings, the metal-based devices provide
the best balance between recovery rate and sensitivity for sensing ap-
plications. For instance, AEg aids in determining the drug’s presence
and how it adheres to the clusters [50]. The drug can be identified by
generating an electrical pulse, which will cause the conductivity to in-
crease due to the decrease in Eg. As a result, the findings show that the
drug may be identified by the sensor using the metal moieties. A process
called desorption can occur when a drug is exposed to light. A higher
temperature should be used to speed up the desorption process or
shorten recovery times. Actually, at 400 K, drug recovery from metal
surface happens rapidly (Table 3). Therefore, Aus could be a good choice
for developing small sensors for drug-specific detections. The drug’s

Table 3
Recovery time (second) for the recovery of PCB from the metal surfaces at 400 K.

Complex Binding energy (kcal/mol) Attempt frequency (Hz)

3.0 x 10" 7.5x 1014 4.3 x 1010
Vacuum
PCB1 -27.82 5.29E-02 2.12E+ 00 3.69E+ 04
PCB2 -30.68 1.93E+00  7.73E+ 01 1.35E+ 06
PCB3 -18.12 2.65E-07 1.06E-05 1.85E-01
PCB4 -14.97 5.04E-09 2.02E-07 3.51E-03
Water
PCB1 -39.55 1.36E+ 05 5.43E+ 06 9.46E+ 10
PCB2 -50.27 9.76E+ 10  3.91E+ 12 6.81E+ 16
PCB3 -35.78 1.18E+ 03  4.73E+ 04 8.24E+ 08
PCB4 -34.13 1.48E+ 02  5.93E+ 03 1.03E+ 08
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recovery time from Aug surface will be calculated using different try
frequency. These results indicate that most Aus-PCB systems benefit
from a litter recovery period.

3.7. Docking and MD simulations

The docking result presented in the image illustrates (Figure S17a)
the binding mode of PCB within the active site of the 5GS4, with a
predicted binding energy (BE) of —8.6 kcal mol™! indicates a moder-
ately strong and thermodynamically favorable interaction. Based on
methodological and structural factors, PDB, 5GS4 was selected as the
receptor structure for docking studies. 5GS4 is the ligand-binding
domain of the human estrogen receptor-o (ERa), a protein that is
essential to the biology of hormone-driven breast cancer, even though
palbociclib is traditionally known to target CDK4/6. We want to deter-
mine whether palbociclib had any potential for off-target or auxiliary
interactions with ERa that could contribute to its biological activity of
therapeutic synergy because it is clinically utilized in conjunction with
endocrine therapy for ER-positive breast cancer.

The left side of the image shows the 3D protein-ligand complex
where PCB, colored in red, is positioned snugly within the binding
pocket formed by several hydrophobic and aromatic residues, visualized
within a semi-transparent surface and ribbon structure. On the right, a
detailed 2D interaction diagram provides a comprehensive view of the
specific residues engaged in different non-covalent interactions stabi-
lizing the complex. Key van der Waals interactions are observed with
residues like LEU402, LEU391, MET388, LEU387, and LEU384,
contributing to the overall hydrophobic environment of the binding
cavity that favors the lipophilic character of PCB. Additionally, alkyl and
pi-alkyl interactions involving LEU428, MET388, MET343, VAL347, and
LEU350 further stabilize the ligand through dispersive forces, enhancing
binding affinity. Notably, n—n stacking interactions are in aromatic rings
of the ligand and residues such as PHE404, PHE425, and TRP438, which
play a critical role in anchoring the planar moiety of PCB, a crucial
determinant in drug-like molecules targeting hydrophobic cavities.
Carbon-hydrogen bonds, albeit weaker, contribute to specificity and
additional stabilization through interactions with nearby residues.
Furthermore, residues such as HIS524, LYS529, and ALA544, although
not directly forming strong bonds, are spatially positioned to modulate
the local environment and potentially participate in dynamic hydrogen
bonding or electrostatic interactions during molecular dynamics simu-
lations. Collectively, this diverse array of non-covalent interactions
underscores the ligand’s complementary fit and favorable energetic
profile within the 5GS4 binding pocket, offering valuable insights for
structure-based optimization of PCB analogs with improved binding
affinity and pharmacological potential.

The docking interaction analysis between the 5GS4 protein and the
PCB2 ligand, presented with a BE of —8.4 kcal mol ™}, reveals a well-
stabilized and multifaceted binding environment within the receptor’s
active pocket. The 3D and 2D interaction diagrams demonstrate that the
PCB2 ligand is firmly accommodated within the hydrophobic core of
5GS4, engaging in diverse non-covalent interactions that collectively
stabilize the complex (Figure S17b). The ligand is primarily stabilized by
several hydrophobic alkyl and pi-alkyl interactions involving residues
such as MET A:388, LEU A:387, ALA A:350, and LEU A:346. These in-
teractions contribute to the snug fitting of the ligand’s aromatic and non-
polar moieties within the receptor’s hydrophobic cleft. Notably, van der
Waals forces, represented by residues like LEU A:428, MET A:522, and
GLY A:420, play a significant role in complementing the binding
through close, non-specific contacts that enhance packing efficiency.
Conventional hydrogen bonds formed by MET A:421 and carbon-
hydrogen bonds involving GLY A:421 further augment the binding
specificity by providing directional stabilization. Additionally, pi-lone
pair interactions with GLU A:353 highlight electronic complementarity,
while pi-alkyl interactions with residues like PHE A:404 and PHE A:425
further anchor the ligand’s aromatic systems. Interestingly, the presence
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of an Au cluster attached to the ligand structure likely influences binding
affinity by influencing the electronic density distribution of the ligand,
thereby modulating its interaction with the surrounding polarizable
amino acid side chains. The Au cluster may also promote pi-metal co-
ordination-like interactions or stabilize aromatic stacking, indirectly
strengthening van der Waals contacts or polar interactions. The com-
bined effect of hydrophobic, hydrogen bonding, and possible metal-
lophilic contributions from the Au cluster underscores the ligand’s
improved binding profile and highlights the multifactorial nature of
effective molecular recognition in this protein-ligand system.

PCB and PCB2 show comparable binding energies, but the nature of
their stabilization differs. PCB primarily relies on strong n—r stacking
(PHE404, PHE425, and TRP438) and dense hydrophobic packing deep
inside the pocket. In contrast, PCB2-due to the presence of a gold clus-
ter—shifts toward rn—alkyl, hydrogen bonding (MET421), n-lone pair
interactions (GLU353), and enhanced electronic complementarity,
resulting in a more diverse but slightly less n-stack-dependent mode of
interaction. The Au cluster likely increases ligand polarizability,
allowing new interaction modes not observed in PCB (Table 4).

The superimposition analysis of the three structural overlays
-5GS4-PCB vs. native 5GS4, 5GS4-PCB2 vs. native 5GS4, and 5GS4-PCB
vs. 5GS4-PCB2 reveals minimal conformational deviations, reflected by
RMSD values of 0.353 A, 0.240 A, and 0.184 A, respectively, indicating
that ligand binding induces only subtle local adjustments without dis-
turbing the global fold of 5GS4. In the first comparison, the slightly
higher RMSD (0.353 A) suggests that PCB binding produces minor
rearrangements primarily around the active-site helices and loop re-
gions, yet the overall a-helical architecture remains intact. The second
overlay, involving PCB2, shows an even lower deviation (0.240 A),
implying that the Au-conjugated ligand fits more snugly into the pocket
with minimal structural perturbation, likely due to enhanced electronic
complementarity and tighter packing interactions. The third comparison
between the PCB- and PCB2-bound structures exhibits the smallest
RMSD (0.184 A), reflecting that both ligands occupy nearly identical
spatial orientations and induce comparable micro-adjustments in sur-
rounding residues. Collectively, the very low RMSD values across all
overlays confirm that both ligands bind stably within the catalytic
pocket while preserving the native conformation of 5GS4, and the Au
cluster subtly refines rather than disrupts structural alignment.
Figure S18 gives the superimposition of 5GS4 with 5GS4-PCB, 5GS4
with 5GS4-PCB2 and 5GS4-PCB with 5GS4-PCB2 illustrating structural
alignment and conformational stability upon ligand binding.

The provided graph illustrates the RMSD (100 ns) MD simulation for
two protein-ligand complexes: 5GS4_PCB and 5GS4_PCB2, presumably
representing the 5GS4 protein bound to ligand PCB alone and the PCB2
complex, respectively (Fig. 5a). RMSD is a critical term in MD simula-
tions used to assess the structural stability of bio-molecular systems by
measuring the average deviation of a protein’s atomic positions over
time relative to a reference structure, typically the initial conformation.
In this plot, both systems display an initial rapid rise in RMSD within the
first 5 ns, which is expected as the complexes adjust to simulation
conditions. Subsequently, the 5GS4_PCB complex (red line) stabilizes at
an RMSD value around 2.0 [o\, whereas the 5GS4_PCB2 complex (black
line) fluctuates more, settling near 2.5-3.0 A. These observations indi-
cate that the 5GS4_PCB complex maintains higher structural stability
throughout the simulation compared to the 5GS4_PCB2 complex, which
exhibits greater conformational flexibility or possible destabilization
due to the binding of the PCB2 adduct. A generally accepted threshold
for a well-behaved protein system in MD simulations is RMSD stabili-
zation below 3.0 A [104].

The fact that both complexes remain under this threshold suggests
acceptable simulation quality, though the lower RMSD of 5GS4_PCB
signifies a comparatively more stable binding interaction with the PCB
ligand alone. The increased fluctuations in the 5GS4_PCB2 complex
could stem from steric hindrance or altered electrostatic interactions
introduced by the Au moiety, potentially disrupting native contacts
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Table 4
Quantitative comparison of the key modulator interactions formed by ligands
PCB and PCB2 within the active site of the 5GS4 protein.

Interaction
Feature

PCB-5GS4
complex

PCB2-5GS4
complex

Comparative insight

Binding energy

-8.6 keal mol ™!

-8.4 kcal mol™?

Nearly identical
affinity: PCB slightly
stronger by

0.2 keal mol ™! (not
significant)

Primary Hydrophobic Hydrophobic Both rely heavily on
stabilizing + m-7 stacking + m-alkyl hydrophobic
forces dominant -+ metallophilic packing; PCB2 gains
effects electronic
modulation through
Au cluster
van der Waals LEU402, LEU428, MET522, PCB forms vdw
contacts LEU391, GLY420 contacts deeper in
MET388, the pocket; PCB2
LEU387, LEU384 shifts interactions
toward more
surface-proximal
residues.
Hydrophobic LEU428, MET388, LEU387, PCB2 shows more
(Alkyl/Pi- MET388, ALA350, LEU346 compact alkyl
Alkyl) MET343, interactions around
interactions VAL347, LEU350 residue cluster
346-388 region.
Aromatic PHE404, PHE404, PHE425 PCB shows stronger
interactions PHE425, TRP438 (n-alkyl; reduced classical n—n
(n-n/n-alkyl) (strong n—n -T) stacking; Au
stacking) conjugation shifts

PCB2 toward n—alkyl
and lone-pair

interactions.

Hydrogen Weak C-H bonds Conventional H- PCB2 forms stronger,

bonding with nearby bond: MET431; C- defined hydrogen
residues H bond: GLY421 bonding, improving
specificity.

Other No significant n-lone pair Unique to PCB2;
electronic observation interaction with indicates enhanced
interactions GLU353 electronic

complementarity
due to Au cluster.

Influence of Au  No significant Enhances Distinguishing

cluster observation polarizability; may  feature: PCB2 gains
support T—-metal stabilizing electronic
and metallophilic effects absent in
interactions PCB.

Nearby but HIS524, LYS529, Not applicable PCB interacts with
Non-bonded ALA544 more distal residues
modulating that may influence
residues MD behavior.

Overall Strong aromatic Multi-factor PCB anchors deeper
binding anchoring stabilization: via n-n stacking;
character + hydrophobic hydrophobic + H- PCB2 relies on

pocket fit bond + Ag- diverse interactions
mediated boosted by metal

electronic tuning

presence.

within the binding pocket. This pattern aligns with findings by Hol-
lingsworth and Dror [105], who emphasized that ligand modifications
often impact protein flexibility and stability, observable through RMSD
analysis.

In MD simulations, RMSF is an essential statistic that assesses the
mobility and flexibility of individual residues within a protein structure
throughout the simulation (Fig. 5b). It provides residue-wise insights by
calculating the average deviation of a particular residue from its mean
position throughout the trajectory, with higher RMSF values typically
indicating greater flexibility and lower values suggesting rigidity and
stability. In the provided RMSF plot, the residue indices of the protein
structure 5GS4 bound to two different ligands, PCB (red) and PCB2
(black line), are compared. Notably, both profiles exhibit similar fluc-
tuation patterns with marked peaks and troughs across specific residue
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regions, reflecting consistent structural motifs within the protein.
However, certain differences in amplitude suggest ligand-induced
modulation of flexibility. The most prominent peak is observed around
residue index 35 for both complexes, though the amplitude is signifi-
cantly higher for the 5GS4_PCB2 complex, indicating a local region of
enhanced flexibility upon binding with PCB2. Additionally, secondary
peaks around residue indices 150 and 200 also show higher fluctuations
for 5GS4_PCB2 compared to 5GS4_PCB, implying that PCB2 binding
induces overall increased mobility in certain regions of the protein
(Fig. 5b). This suggests that while the overall structural framework of
5GS4 remains conserved, ligand binding subtly affects local flexibility
profiles, which may have implications for protein function and ligand-
induced conformational dynamics. The overall RMSF values for both
complexes largely remain within the acceptable range (0.5-3 10\) across
most residues, barring specific flexible loops, indicating a good quality
simulation without unrealistic atomic displacements [106]. The RMSF
profile thus reflects a balanced simulation where structural integrity is
preserved while capturing functionally relevant dynamic motions, sup-
porting its reliability and interpretive value for studying protein-ligand
interactions [107].

The Rg is a parameter in MD simulations that measures the distri-
bution of a protein’s atoms relative to its center of mass, providing
insight into the protein’s overall compactness and folding behavior
throughout a simulation. Lower Rg values generally signify a more
compact and tightly folded structure, while higher values indicate
structural expansion or partial unfolding. In the presented Rg plot, the
temporal evolution of the 5GS4 protein complexed with two ligands,
PCB (red) and PCB2 (black), is checked over a 100 ns simulation time-
frame. Average Rg for both complexes fluctuate within a narrow range
of approximately 18.1-18.6 A (Fig. 5¢), suggesting overall structural
stability without drastic unfolding events. The 5GS4_PCB2 complex
demonstrates a slightly lower average Rg than the 5GS4_PCB2 complex
during most of the simulation, implying that binding of PCB2 may confer
marginally greater compactness to the protein compared to PCB.
Notably, transient fluctuations are observed in both systems, which are
typical in MD simulations and reflect natural protein breathing motions.
Around the 60 ns mark, both complexes exhibit a brief convergence
toward lower Rg values, suggesting transient compaction, before
returning to their respective baseline averages (Fig. 5¢). The absence of
sustained high Rg values and the maintenance of Rg within a narrow,
biologically plausible range throughout the simulation indicates a high-
quality, well-equilibrated simulation without artifacts such as protein
denaturation or unnatural expansion. This behavior aligns with findings
from comparable protein-ligand MD studies, where minimal Rg fluctu-
ation is considered indicative of simulation reliability and protein
structural integrity [108]. Overall, these results suggest that both li-
gands sustain the folded state of 5GS4, with PCB2 marginally promoting
a more compact and potentially stable conformational ensemble [109].

Hydrogen bonding is a pivotal non-covalent interaction that con-
tributes significantly to the stability and specificity of protein-ligand
complexes in molecular dynamics (MD) simulations. It provides valu-
able insight into the strength and consistency of molecular interactions
over time. In the presented hydrogen bond plot for the 5GS4 protein
bound to ligands PCB (red line) and PCB2 (black line), the number of
hydrogen bonds is monitored across a 100 ns simulation period
(Fig. 5d). Both complexes predominantly maintain between zero and
one hydrogen bond throughout the trajectory, with occasional transient
increases to two in the 5GS4_PCB2 system, particularly after the 70 ns
mark. This suggests that while the interaction interface between the
protein and both ligands involves intermittent hydrogen bonding, it
remains relatively modest, which is not uncommon in systems where
hydrophobic or van der Waals interactions also play substantial roles in
stabilizing the complex [110]. Notably, the slightly higher frequency
and number of hydrogen bonds in the 5GS4_PCB2 system indicates
marginally stronger or more dynamic intermolecular interaction
compared to the 5GS4_PCB system. The quality of the simulation
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Fig. 5. (a) RMSD (b) RMSF (c) Rg (d) Number of hydrogen bonds for PCB and PCB2.

appears robust, as indicated by the absence of unnatural surges or pro-
longed absences of hydrogen bonds, supporting a consistent and realistic
depiction of biomolecular behavior under simulated conditions.

The SASA is a parameter in MD simulations, offering a measure of the
surface area of a biomolecule accessible to solvent molecules and thus
reflecting conformational dynamics and interaction behavior upon
ligand binding. In the provided SASA plot (Fig. 6), the receptor (5GS4) in
its unbound (red line) and ligand-bound (black line) states is monitored
over the course of 1000 simulation frames. The unbound receptor
consistently exhibits a higher SASA, averaging between 450-550 A2,
indicating a more solvent-exposed conformation. In contrast, the
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receptor bound to the PCB ligand maintains a notably lower SASA,
predominantly within the range of 300-400 A2, signifying reduced sol-
vent exposure due to complex formation. This marked reduction in SASA
upon ligand binding suggests that the interaction induces a more
compact conformation or shields solvent-accessible regions of the re-
ceptor, enhancing its structural stability. Throughout the simulation,
both states exhibit mild fluctuations — a natural outcome of protein
dynamics — but no significant spikes or destabilizing deviations are
observed, reflecting a high-quality, equilibrated simulation. Such SASA
behavior is typical of stable protein-ligand complexes, corroborating
previous findings where ligand binding reduces solvent exposure,
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Fig. 6. SASA plots (a) 5GS4 and 5GS4-PCB (b) 5GS4 and 5GS4-PCB2.
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contributing to structural stabilization [111]. In the presented SASA plot
for the 5GS4 protein, monitored across 1000 simulation frames, the
behavior of the unbound receptor (red line) is compared to its confor-
mation when bound to the PCB2 ligand (black line). The unbound state
consistently exhibits higher SASA values, predominantly fluctuating
between 600-800 A2, indicating a more solvent-exposed and con-
formationally open protein structure. In contrast, the receptor-ligand
complex maintains notably lower SASA values, ranging around
200-350 A2, throughout the simulation. This substantial reduction in
solvent exposure upon ligand binding reflects a clear compaction of the
protein structure and the partial burial of residues at the binding
interface, stabilizing the complex and reducing its dynamic flexibility.
The relatively consistent SASA profile of the bound state, with no
excessive fluctuations or spikes, highlights the stability and equilibra-
tion quality of the simulation. These findings align with established MD
simulation outcomes, where ligand-induced reductions in SASA corre-
late with increased structural compactness and stabilization of
protein-ligand complexes [112], supporting the robustness of the
modeled interactions in this system.

For the 5GS4 bound to PCB, the binding free energy (BE) and addi-
tional energies in the form of MM-GBSA were calculated using MD
simulation trajectory (Table 5). MM/GBSA BE components for the 5GS4
bound to PCB and PCB2 are in Table 5. AGbind for the 5GS4-PCB is
slightly more favorable at —58.45 compared to —56.61 for 5GS4-PCB2,
suggesting that while both ligands form stable complexes, PCB displays
marginally higher affinity for the receptor. Subtle variations in inter-
action characteristics are revealed by breaking down the energies.
Stronger hydrophobic contacts for PCB are indicated by the much more
favorable AGbindLipo contribution in the 5GS4-PCB complex (-26.22)
compared to the 5GS4-PCB2 (-15.23). On the other hand, PCB2 (-23.21)
exhibits much more favorable AGbindvdW interactions than PCB
(-14.45), suggesting a tighter steric complementarity between PCB2 and
the binding pocket. Both have favorable electrostatic interactions (16.65
for PCB and 11.54 for PCB2), although the PCB2 combination is
marginally less destabilizing. PCB has small but more favorable
AGbindHbond (-4.01 vs. —2.99), which indicates that the compound has
stronger hydrogen bonds. The fact that PCB2 has a lower AGbindSolvGB
(38.12) than PCB (48.23), which usually opposes binding due to des-
olvation penalties, suggests improved solvation balance upon binding.
PCB2 is marginally favored by packing (-7.28), although GbindCovalent
and AGbindPacking terms are still equivalent. Overall, PCB2 compen-
sates with superior van der Waals and solvation energy terms, indicating
unique but competitive binding profiles, in line with proven MM/GBSA
applications in ligand affinity prediction, even though PCB achieves
greater lipophilic and hydrogen bonding interactions [113].

4. Conclusion

This work provides a comprehensive computational assessment of
Palcociclib adsorption on gold nanoclusters and its implication for
sensing, electronic modulation, and biological recognition. Our DFT
analysis reveals that Aus adsorption induces substantial charge redis-
tribution within PCB, lowering its energy gap while enhancing polar-
izability and nonlinear optical response features highly desirable for
optical and SERS-based sensor technologies. Spectroscopic simulations
confirm strong and oriented adsorption through nitrogen and oxygen
centers, while solvation studies show that these complexes remain
highly stable under physiological conditions. Protein-ligand modeling
further demonstrates that both PCB and PCB-Aus maintain stable
binding within the 5GS4 receptor, with the gold-modified ligand
engaging in a broader spectrum of non-covalent interactions. Although
PCB exhibits slightly stronger overall binding, the Aus-linked complex
benefits from enhanced van der Waals and solvation contributions,
underscoring how metal functionalization subtly tunes binding ener-
getics. The consistent behavior across RMSD, RMSF, Rg, hydrogen
bonding and SASA metrics confirms the structural reliability of both
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Table 5
Binding free energy components for the 5GS4 bound to PCB and PCB2 calculated
by MM-GBSA.

Energies (kcal/mol) 5GS4 bound to PCB 5GS4 bound to PCB2
AGpind -58.45 -56.61
AGpingLipo -26.22 -15.23
AGpinavdW -14.45 -23.21
AGpingCoulomb 16.65 11.54
AGpindHbond -4.01 -2.99
AGpinaSolvGB 48.23 38.12
AGpingCovalent 2.09 2.22
AGpingPacking -6.99 -7.28

complexes over long-timescale MD simulations. Overall, our findings
establish Aus nanoclusters as an effective platform for improving the
optical detectability, stability, and biomolecular interactions of Palbo-
ciclib, opening avenues for their application in drug sensing, targeted
delivery, and theranostic strategies in breast cancer management.
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