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Pramipexole (PPX) is known in the treatment of Parkinson's disease and restless legs syndrome. We carried
out a theoretical investigation on pramipexole—Au cluster interactions for the applications of drug delivery
and detection. Three Auy clusters with sizes N = 6, 8 and 20 were used as reactant models to simulate the
metallic nanostructured surfaces. Quantum chemical computations were performed in both gas phase and
agueous environments using density functional theory (DFT) with the PBE functional and the cc-pVDZ-PP/
cc-pVTZ basis set. The PPX drug is mainly adsorbed on gold clusters via its nitrogen atom of the thiazole ring
with binding energies of ca. —22 to —28 kcal mol™ in vacuum and ca. —18 to —24 kcal mol™t in aqueous
solution. In addition to such Au—N covalent bonding, the metal-drug interactions are further stabilized by
electrostatic effects, namely hydrogen-bond NH---Au contributions. Surface-enhanced Raman scattering
(SERS) of PPX adsorbed on the Au surfaces and its desorption process were also examined. In
comparison to Aug, both Aug and Auyg clusters undergo a shorter recovery time and a larger change of
energy gap, being possibly conducive to electrical conversion, thus signaling for detection of the drug. A
chemical enhancement mechanism for SERS procedure was again established in view of the formation
of nonconventional hydrogen interactions Au---H—N. The binding of PPX to a gold cluster is expected to
be reversible and triggered by the presence of cysteine residues in protein matrices or lower-shifted
alteration of environment pH. These findings would encourage either further theoretical probes to reach
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NPs,' and other inorganic compounds.””™** In terms of chem-
ical stability, environmental compatibility and high mechanical
strength, the inorganic groups are likely to prevail over the

1. Introduction

In recent years, nanomaterials have become more and more
15-17

widely used in biomedical fields as a promising approach for
the design of drug delivery systems, diagnosis agents, imaging
and biosensors.”> Numerous nanostructures are applicable in
medicine thanks to their peculiar properties that greatly differ
from those observed in fine particles or bulk materials. Gener-
ally, nanomaterials relevant for biomedical applications can be
categorized as either those with organic origins including
liposomes,*® dendrimers,*” and polymers,®® or inorganic
backgrounds such as noble nanoparticles (NPs),' iron oxide
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organic counterparts.

Of the common inorganic nanostructures, those consisting
of gold have peaked much interest as they exhibit valuable
impacts and clear-cut advantages.'® Firstly, gold nanoparticles
(AuNPs) are highly compatible with a variety of bimolecular
systems and exhibit a much lower inherent toxicity to humans
than many others." They also pose a remarkable stability and
are willing to be functionalized by a number of biological
systems, such as drugs, genes and targeting ligands.** More-
over, AuNPs with various sizes/shapes, i.e. spherical, rod-like,
cage-like forms and so on, can be easily synthesized.”* Such
particles enhance optical properties, distinctive surface and
macroscopic quantum tunneling effects, along with surface
plasmon resonance (SPR) phenomenon,” and are able to
penetrate through the cell membrane without creating pores on
the cell membrane.?® As a result, AuNPs become one of the most
applications
including bio-sensing, molecular imaging, drug delivery,
etc.>*?° The presence of gold particles in drugs results in several
beneficial outcomes, i.e. enhancing the therapeutic effect of the

efficient materials for various biomedical
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drug,* allowing an effective drug delivery*® in increasing the
therapeutic retention time in the circulation,* and improving
the target specificity of treatments.**°

Numerous theoretical and experimental studies have been
carried out to validate the advantages of NPs by exploring the
nature of their interactions with drugs and biomolecules, as
well as to elucidate inherent physicochemical properties.** At
the molecular scale, metallic cluster models are commonly used
to examine the adsorption/desorption mechanism of a mole-
cule on the nanoparticle surface. In a recent study,**> we
demonstrated that gold nanoclusters exhibit promising char-
acteristics of bio-sensing and targeted drug delivery of some
thione-containing drugs. The mercaptopurine and thioguanine
binding on small gold clusters was found to be reversible
processes with adsorption energies ~34 to 40 kcal mol ' in
vacuum and ~28 to 32 kcal mol ! in aqueous solution. The
drugs are in addition able to detach from the gold surface due to
either a slight change of pH in tumor cells, or a presence of
cysteine residues in protein matrices. Besides, the gold clusters
undergo a rather short recovery time and a large change of
energy gap, which could be conducive to electrical signaling
conversion for selective detection of the drugs. In addition, gold
nanoclusters typically provide a suitable surface for loading
various therapeutic agents, such as small biomolecules,
peptides, proteins, and nucleic acids.” El-Mageed and co-
workers® also examined the interactions of p-penicillamine
with some small gold clusters (Au,, n = 2, 4, and 6) and
observed rather strong interactions between them which are
governed by the anchoring Au-O/S/N bond, unconventional
hydrogen Au---H-S bonding, and electrostatic Au---H-C
coupling. Likewise, a variety of drugs and biomolecules such as
methimazole,* tamoxifen,* amino acids,*® DNA bases,?7:3®
curcumin,* pectin,’ and others®* have also been found to
strongly be adsorbed on the surface of gold nanoclusters with
significant electronic responses.

Pramipexole (PPX), whose structural formula is shown in
Fig. 1, is commonly commercialized under the Mirapex brand
name along with several other ingredients to treat the Parkin-
son's disease and restless legs syndrome.** However, the ther-
apeutic intake of this compound may result in many
undesirable effects such as nausea, headache, fatigue,
including heart failure and hypotension.**** Use of this drug
during pregnancy and lactation is of unclear safety.** Therefore,
it is of importance to find a suitable carrier to deliver the drug
where it is needed, with the aim to improve its therapeutic
efficacy. In addition, design of simple and powerful sensors for
selective detection of PPX is also of great interest. In this context
we set out to investigate in the present theoretical work using
quantum chemical calculations as an attempt to reveal the
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Fig. 1 The chemical structure of PPX molecule.
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potentiality of using gold nanostructures for detection and
delivery of PPX. Small Auy clusters including N = 6, 8, and 20
are considered as reactant models to simulate the surfaces of
gold nanoparticles. Structural features, energetic properties,
along with spectroscopic and electronic properties of the
resulting complexes were determined by DFT calculations and
analyzed in detail. Effects of aqueous solution are evaluated
using the continuum IEF-PCM model. The triggering factors for
drug release are also investigated. In particular, a chemical
enhancement mechanism for the surface-enhanced Raman
scattering (SERS) spectroscopy is again demonstrated on the
basis of the collected results in an effort to provide us with
deeper insights into the surface enhanced Raman
phenomenon.

2. Computational methods

Quantum chemical calculations for all studied compounds are
performed using the Gaussian 16 package.** The Perdew-
Burke-Ernzerhof (PBE) exchange-correlation method® is
mainly used throughout this work in conjunction with a mixed
basis set of the effective core potential (ECP) cc-pVDZ-PP*® for
gold atoms and the cc-pVTZ for PPX. The PBE functional and
the cc-pVDZ-PP/cc-pVTZ basis sets have been shown to describe
properly the interactions between gold atoms and the sulfur-
containing molecules.**** The effect of solvent, i.e. an aqueous
solution in this study, is simulated using the continuum model
known as the Integral Equation Formalism-Polarizable
Continuum Model (IEF-PCM).*® To carry out the electronic
density of states (DOS) simulations, the GaussSum program® is
used. Concerning the dispersion correction, the Grimme-style
D3 is not used in this study as a sufficient convergence can be
reached by the current level of theory. Otherwise, hitherto no
experimental evidence is available to confirm either the opti-
mized structures or the calculated energies, thus no experi-
ment-theory comparison can be made so far.

The value of binding energies (E;), which is defined as the
total energy difference between that of Auy~PPX complexes and
those of isolated species, is computed using the following
expression (1):

Ey = Epu, ppx — (EAu, + Eppx) (1)

where Ex, ppx is the total energy of the Ex, ppx complexes,
while E,, and Eppy are the energies of pristine Auy nanocluster
and PPX, respectively. As for a convention, a negative value of E},
corresponds to an exothermic adsorption.

The enthalpy and Gibbs free energy of the interaction are
calculated as follows:

AH® = (E + Hcorr)Au,rPPX - [(E + Hcorr)AuN + (E + Hcorr)PPX][Z)

AG° = (E + Gcorr)AuN—PPX - [(E + Gcorr)AuN + (E + Gcorr)PPX] (3)

where (E + Hop) is the sum of electronic energy and thermal
enthalpies, (E + G.orr) the sum of electronic and thermal free
energies.>

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Equilibrium structures of two PPX lowest-energy conformations.

(PBE/cc-pVT2).

Energies of frontier orbitals HOMO/LUMO, the HOMO-
LUMO gap (E,), and the change of E, upon the binding of the
drug to gold clusters are also determined to evaluate the effect
of interacting species on each other. The energy gap E, is
a useful parameter for determining the kinetic reactivity of
materials,* and its change upon the adsorption process can be
used to evaluate the sensitivity of an adsorbent to an adsorbate.
For the frontier orbital energy gaps and excitation energy
predictions, we employ the long-range correction LC-BLYP
functional, which composes of the Becke 1988 (B88) exchange
and Lee-Yang-Parr correlation (BLYP)**** instead of using the
pure GGA PBE functional. Previous studies proved that DFT
approaches within the GGA framework, such as the PBE, tend to
significantly underestimate the HOMO-LUMO gaps in many
chemical systems and in solids as well.>”*® Such gaps are not
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Values in brackets are their relative energies (kcal mol™) in gas phase

internally consistent within different methods and greatly
depend on the amount of the Hartree-Fock exchange.” Some
recently developed functionals with corrections for long-range
interactions have been found to perform much better than
the traditional GGA approaches in predicting the orbital ener-
gies.>>* In fact, inclusion of long-range exchange effects in the
LC-BLYP functional was demonstrated to improve the calcu-
lated orbital energies in noble clusters.*>*®

3. Results and discussion
3.1 Structures and energetics

Muthu and co-workers® carried out in 2013 a combined
computational and experimental study on structural and spec-
troscopic properties of PPX, confirming that the molecule

Aue

Aus

Auzo

Fig. 3 Equilibrium geometries and NBO charges of Auy clusters considered (N = 6, 8, 20). Color range in a.u.: green, more positive than 0.07;

red, more negative than —0.07; black, less positive than 0.02.
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prefers a twisted form ¢-PPX as shown in Fig. 2. However, these
authors were likely to overlook an important configuration that
could be more stable. In vacuum, the straight conformation PPX
(Fig. 2) is located to be around 1.2 kcal mol~" above ¢-PPX,
computed at either PBE/cc-pVTZ or B3LYP/6-311G(d,p) level of
theory. The energy difference is slightly reduced to
1.0 kcal mol™' in water solution. Henceforth, the former
tautomer will be considered for most calculations and discus-
sion in this study. For further information, some basic molec-
ular properties of PPX such as vibrational (IR, Raman) spectra,
energies of frontier orbitals, band gaps, proton affinities are
also investigated and presented in Table S1 and Fig. S1 of the
ESI file.t

The ground state structures of Aus and Aug are regular
triangle (D3p,) and square planar (Dyy,), respectively, while that of
Au,, is a pyramidal structure with Ty symmetry (Fig. 3).°> The
gold clusters are expected to interact with PPX molecule
through positions with high electron density, aka. sulfur and
nitrogen atoms. It was found that both forward or backward
donation are mostly important factors governing the interac-
tions between S-containing drugs and gold clusters.** Accord-
ingly, gold clusters are not only able to receive electrons from
heteroatom lone pairs but also able to donate back some
negative charges to the antibonding orbitals of the PPX mole-
cule. In addition, they can play an important role as a proton
acceptor by forming a nonconventional Au---H-N hydrogen
bond.** An analysis of NBO charge (Fig. 3) for Auy clusters at the
same theoretical level shows that the cornered Au atoms (green
color) contain a more positive charge than those of others (red
color). Therefore, the former is likely to be more suitable for
nucleophilic attacks.

Lower-lying structures located for complexes of PPX and t-
PPX tautomers with three Auy, clusters are presented in Fig. 4-6.
They are denoted as Auy~-PPX_Z and Auy—t-PPX_Z, respectively,
with N = 6, 8, 20 and Z = 1-4 being the number of isomers with
increasing relative energy (kcal mol ). For interaction with PPX
tautomer, the Aug cluster tends to anchor perpendicularly on
the nitrogen atom of the thiazole ring, forming the most stable
complex Aug-PPX_1 with a binding energy ca. —25 keal mol .
This is followed by Aue-PPX_2, whose the corresponding
configuration is of direct binding the Aug to the N atom of the
secondary amine group. The energy gap between these two
complexes is insignificant, being only ~3 kcal mol™" (PBE
value). Another isomer Aug-PPX_3, which is constructed by
anchoring the Aug on the S atom of the thiazole, is computed to
hold ~7 kecal mol™" higher in energy than Aug-PPX_1. The
remaining isomer (Aus-PPX_4) with an Aug-NH, bond is much
less stable, indicated by the energy of ~11 keal mol " above that
of the most stable form Aus-PPX_ 1. Similarly, the #PPX
tautomer also prefers to anchor on Aug via the N atom of the
thiazole giving rise to most stable complex Aug-t-PPX_1. Other
lower-lying conformations are lying from 3-11 kcal mol " above
Aug-t-PPX _1 (Fig. 4).

As in Aug-PPX, the nitrogen atoms of the thiazole ring and
the secondary amine group are also the most active sites for the
Aug-PPX interaction. As shown in Fig. 5, the lowest-energy Aug-
PPX_1 and Aug-PPX_2 isomers have the same structural
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Fig. 4 Lower-lying structures located for the Aug—PPX (above) and
Aug—t-PPX (below) complexes in gas phase. Relative energies (kcal
mol™?) to the lowest-energy isomer are given in parentheses.

arrangements as observed from Aug-PPX_1 and Aus-PPX_2. At
PBE/cc-pVDZ-P/cc-pVTZ level, the energy of Aug-PPX 2 is
computed to be ~3 kcal mol ™" above the corresponding figure
for Aug-PPX_1. Other conformations, i.e. Aug-PPX_3 and Aug—
PPX_4, which contain the Aus-S and Aug-NH, bonds, are pre-
dicted to be around 8-12 kcal mol ™" higher in energy than that
of the most stable form Aug-PPX_1. Contrary to the mono-
dentate interactions of Aug-PPX complexes, the ¢PPX
tautomer tends to play as a bidentate ligand when binding to
Aug. Four local minima located for Aug-¢t-PPX are also presented
in Fig. 5.

Regarding the interactions of Au,, cluster with the drug, four
stable complexes are presented in Fig. 6. In particular, Au,g-

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig.5 Lower-lying structures located for the Aug—PPX (above) and Aug—t-PPX (below) complexes in gas phase. Relative energies (kcal mol™) to
the lowest-energy isomer are given in parentheses.

PPX_1 registers a binding energy of —23 kcal mol ". Similar to most stable Au,,-PPX_2 complex. This form is calculated at ca.

observations obtained from Aug-PPX and Aug-PPX, the Au,, 3 kcal mol " less stable. Finally, two local minima Au,,-PPX_3
binding to the secondary nitrogen atom results in the second and Au,,-PPX_4, in which the PPX molecule is adsorbed from

© 2021 The Author(s). Published by the Royal Society of Chemistry RSC Adv, 2021, 11, 16619-16632 | 16623
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Fig. 6 Lower-lying structures located for the Au,o—PPX (above) and Au,o—t-PPX complexes in gas phase. Relative energies (kcal mol™?) to the

lowest-energy isomer are given in parentheses.

its sulfur atom and amino head on a vertex gold atom of Au,,
are ca. 8-11 kcal mol™" (PBE value) energetically above the
normalized ground state. Overall, the most energetically
preferred site for gold binding is the nitrogen atom of the
thiazole cycle, while the amino group is predicted as the least
favored position. PBE calculated results consistently demon-
strate that complexes with Au-Nija0e bond are ~2-
12 kecal mol™* lower in energy than those with other interac-
tions. In addition, we find a predominance of mono-dentate
interactions in the low-energy populations of the Au,,-PPX
complex. However, a strong competition between both mono-
dentate and bidentate conformations emerges for the binding
of Au,, to the +PPX tautomer. The energy difference between

16624 | RSC Adv, 2021, 11, 16619-16632

these structural motifs amounts to only around 0.7 keal mol *
(Fig. 6).

Binding energies, changes of enthalpy and Gibbs free energy
for the adsorption processes, which are denoted as Ey,, AH and
AG, respectively, allow the strength of interactions between the
drug and its targeted gold cluster-structures to be evaluated.
Numerical data for these energetic properties of Auy-PPX_1
complexes are given in Table 1, whereas those of Auy-t-PPX_1
counterparts are given in Table S1.1 Overall, both PPX and ¢-PPX
tautomers exhibit a comparable affinity to gold clusters. For the
most stable Auy—-PPX_1 complexes, the binding energies are
calculated to be about —25, —28 and —23 kcal mol™* for N =6, 8
and 20, respectively, whereas the corresponding Gibbs energies

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Binding energy E,, enthalpy AH°, Gibbs energy AG® (kcal
mol™!) and bond lengths ra._x (A) with X = N, S atoms in Auy—PPX
complexes (PBE/cc-pVDZ-PP/cc-pVTZ)

In gas phase In water
Complex E, AH® AG° Taux Eb AH® AG°  Taux
Aug-PPX_ 1 -—-24.5 -—-23.1 -14.2 2.16 -—-21.5 -20.1 —-11.1 2.15
Aug-PPX_ 2 —21.8 —20.0 —11.0 2.27 -20.9 —-189 -—8.6 2.24
Aue-PPX 3 -17.4 -172 —6.0 2.50 -15.2 —15.0 —3.8 2.50
Aug-PPX 4 -134 -11.7 -—-3.7 2.29 -11.8 -99 -0.7 2.27
Aug-PPX_ 1 —-28.0 —26.7 —17.5 2.14 —24.7 —-23.3 —-13.6 2.13
Aug-PPX 2 —25.2 —-23.3 —13.2 2.24 -24.1 -22.1 -12.7 2.22
Aug-PPX 3 -19.6 —184 —9.5 2.48 -16.3 —15.7 —5.2 2.47
Aug-PPX 4 -16.2 -—-14.4 —5.0 2.25 -14.4 -12.5 -3.5 2.23
Auy,-PPX 1 -22.8 —-21.5 —-13.2 2.18 -18.5 -17.7 -9.4 2.18
Au,,-PPX_2 —-20.0 -82 —-9.9 2.29 -184 -17.1 —8.3 2.27
Au,,-PPX 3 -15.2 —-14.7 —5.2 2.53 —-12.7 —-12.1 2.5 2.53
Au,,-PPX 4 —-11.5 -9.8 —-2.7 234 —-94 -7.6 0.7 2.31

decline to —14, —18, and —13 kcal mol™"' (in vacuum). The
smaller negative values of Gibbs energies as compared to those
of the binding energies are no doubt due to the entropic effect,
i.e. the entropy is decreased upon adsorption processes. As ex-
pected the higher reactivity toward the drug molecules of Aug in
comparison with Aug can be explained by its smaller HOMO-
LUMO gap and lower stability.**

When the effects of water solvent are included, these ther-
modynamic parameters become overall less negative, even
though a similar tendency to gas phase processes is still regis-
tered. In particular, the E, and AG values for Au,,-PPX_1 are
now computed to be —19 and —9 kcal mol ", in comparison to
the corresponding values of —23 and —13 kcal mol™" in gas
phase. Besides, the PPX interacting with Augs and Aug also turns
out to be more breakable in water. Numerical data obtained for
interactions of PPX and Auy (N = 6, 8, 20) clusters in aqueous
environment are presented in Table 1, which shows that the Aug
cluster also exhibits the highest affinity with PPX molecule
among the three clusters investigated.

The equilibrium distances of Au-N bond in Aug-PPX_1, Aug—
PPX_1 and Au,y-PPX_1 are 2.16, 2.14 and 2.18 A, respectively
(Table 1). In principle, it can be expected that the shorter the
bond length equates the stronger interaction. As found in Table
1, the interaction energy correlates well with the interaction
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distance when the same atoms are considered. Note that such
a correlation does not hold true for Auy~PPX 3 complexes
which contain an Au-S bond, rather than an Au-N as in other
species. In addition, distances for the anchoring bonds Au-N in
these complexes are slightly shorter than the sum of the cova-
lent radii of nitrogen (0.75 A) and gold (1.44 A) atoms.** For Au-
N interactions, the Au-S bond lengths Aue-PPX_1, Aug-PPX 1
and Au,,-PPX_1 correspond to 2.50, 2.48 and 2.53 A, which are
apparently longer than the sum of covalent radii 2.46 A of Au
(1.44 A) and S (1.02 A).** Therefore, the results indicate elevated
effectiveness of the interactions between the thiazole N atom
and metallic surface.

3.2 Electronic properties

To obtain deeper insights into the nature of interactions, we
further examine the energies of frontier orbitals, i.e. HOMO and
LUMO, of the PPX molecule, gold clusters and their resulting
complexes. The LC-BLYP functional is used to compute such
parameters since long-range correction approaches are nor-
mally more reliable than pure GGA functional in predicting
orbital energies.*»***® The change of HOMO-LUMO band gap
(AE,) is then calculated by the following expression (4):

E, —E,
AE, = —82_8 %100

E,

£

(4)

where E; and Eg are the energy gaps of gold clusters and Auy~-
PPX_1 complexes, respectively.

As found in Table 2, the relatively larger HOMO-LUMO gap
of Aug correlates well with its lower reactivity toward the drug
molecules, as compared to Aug. However, this does not hold
true for PPX binding to Au,,. In fact, Aue is more likely to react
with the drug than Au,,, even though the former has a larger
energy gap than the latter. Thus it can be expected that the
affinity of gold clusters towards PPX tends to decrease with
respect to the numbers of gold atoms. Information from fron-
tier orbitals clarifies the mechanism of bonding between the
drug and cluster. The most important combinations relate to
the HOMO and the LUMO states of the drug and those of gold
clusters. Depending on their symmetry and energy gap, the
forward or backward donation registers the dominance.

The energy differences between the HOMO of PPX and
LUMO of Auy are in the range of 6.6 to 7.1 eV, which are
significantly smaller than the values of 10-11 eV between the

Table 2 Energies (eV) of frontier orbitals, HOMO-LUMO band gap (Eg) and change of E4 upon PPX drug adsorption gold clusters (LC-BLYP)

In gas phase In water
Species HOMO LUMO Eg AE, HOMO LUMO E, AE,
Aug —8.80 -1.29 7.51 — —8.36 —0.49 7.87 —
Aug —8.54 —1.84 6.70 — —8.12 —-1.13 6.99 —
Au,, —7.89 -1.71 6.18 — —7.42 —1.01 6.41 —
PPX —8.39 2.20 10.6 — —8.50 2.12 10.6 —
Aug-PPX_1 —7.81 —0.56 7.25 —3.5% -7.97 —0.43 7.54 —4.2%
Aug-PPX_1 —7.81 —1.09 6.72 0.3% —-7.93 —0.84 7.09 1.4%
Au,o-PPX 1 —7.35 —1.40 5.95 —3.7% —-7.15 —1.02 6.13 —4.4%

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Shapes of frontier orbitals of Aug cluster and PPX molecule
before and after interaction (isovalue for the orbital rendering is 0.02).

HOMO of Auy and LUMO of PPX. Hence, the forward donation
(PPX — Auy) should be more effective and the nature of these
interactions is mainly characterized by an electron transfer
from the PPX to gold atoms. In other words, gold clusters tend
to serve as electron acceptors, and the drug is likely to play a role
of an electron donor. This charge-flow tendency, from organic
molecules to metallic surfaces, is also consistent with previous
reports.®”® The nature of Au-PPX bond is basically analogous to
that of gold clusters interacting with lone-pair ligands® and
mostly dominated by a o bond with the distribution of
unshared electrons in the HOMO of PPX molecule and the
LUMO of gold clusters. As illustrated in Fig. 7, an overlap
between the LUMO of Aug with the HOMO of PPX gives rise to
an o-type bonding orbital. In addition, the LUMO of PPX can
also interact with the HOMO of Aug, forming further m-type
bonding orbital. However, the forward donation still plays
a much more important role than the back transfer, and there
exists some charge flow from the drug to Au metals.

Since an overlap between the frontier orbitals of gold clusters
and PPX molecule is normally followed by a charge transfer, we
further examine the NBO charge distribution of systems to gain
more insight into the problem. It is found that the Aug moiety in
Aug-PPX 1 is likely to gain more negative charge from PPX
molecule, as compared to Aug and Au,, counterparts in Aug-
PPX_1 and Au,,—PPX 1, respectively. Indeed, the net charge of
Aug in Aug-PPX 1 is computed to be —0.21 au, which is
marginally more negative than the corresponding value of
—0.20 au in Aug-PPX_1. A more effective charge transfer in Aug-
PPX complex corresponds to a better overlap between frontier
orbitals of Aug and PPX, resulting in a stronger interaction.

The above observation can further be confirmed by analysis
of the density of states (DOS) of relevant species. The DOS plots
for PPX and Auy clusters before and after interaction are pre-
sented in Fig. 8. Overall, the HOMO and LUMO energies of both
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Fig. 8 Density of states of stable complexes. Orbitals shown are
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PPX and Auy species change significantly due to the complex-
ation. First, the disappearance of the peak corresponding to the
PPX lone pair at around —8.4 eV in the DOS of the resulting
complexes is most profound. This clearly indicates that the drug
is adsorbed on gold clusters by partly donating electron densi-
ties to the metals. Regarding Aue—PPX_1 and Au,,-PPX_1
complexes, both HOMO and LUMO levels of clusters shift to
a more positive region, and the former registers a more signif-
icant shift. Consequently, the E, values of Aug and Au,, are
decreased by ~4% (LC-BLYP value). In terms of Aug-PPX_1,
both HOMO and LUMO levels shift rather equally to the higher-
energy region. Thus, the energy gap of Aug remains almost
unchanged following interaction. The change in the energy gap
due to drug adsorption may induce an adjustment of fluores-
cence emission, which in turn can help detect the drug by
relevant spectrophotometers.

Due to their tendency to give unbalanced electron correla-
tions, most available DFT functionals tend to provide large
errors for energies of both occupied and unoccupied levels.””*
Therefore, the band gaps have been often evaluated by

© 2021 The Author(s). Published by the Royal Society of Chemistry
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subtracting the vertical electron affinities (VEA) from the vertical
ionization energies (VIE), i.e., VIE-vEA.?> The band gap in Au,, is
experimentally measured to be >5 eV.” Calculations using the
PBE functional yield a very small band gap of 1.8 eV which is
smaller by ~3 eV as compared to the value of 4.6 eV obtained by
subtracting its vEA from the vIP. On the other hand, the LC-
BLYP values of 6.3 and 5.8 eV for HOMO-LUMO and vIE-VEA
gaps, respectively, are comparable to each other, but both rather
overestimate the experimental result. In general, such an energy
gap is greatly modified with respect to different functionals
depending on the amount of Hartree-Fock exchange
included.**’*”> Thus, it is hard to predict the insulating
behavior of these systems merely relying on the band gap
computed from a single functional.

It was well established in recent literature that the change of
band gap can be a proper indicator for recognizing the presence
and attachment of the drug to the clusters.” Indeed, the E,
value is closely related to the electrical conductivity (o) of the
material through the three-parameter expression (5):”*

o= AT3/267EE/21\'BT (5)

where k and T are the Boltzmann's constant and thermody-
namic temperature, respectively, and A is a constant.

It can be argued that a close relationship between the
sensitivity and properties exists, especially the band gap.
According to eqn (5), the electrical conductivity of the cluster
will exponentially increase with respect to a decrease of E,. Such
a change then can be converted to an electrical signal, helping
to identify the drug. In addition, the change in E, computed
from eqn (4) can be employed to evaluate the electrical
conductivity of clusters. With PPX adsorption, the changes in
energy gaps (AEg) of Aus and Au,, are predicted to decline
around 4% in both vacuum and water environments. However,
such a change obtained for Aug appears to be slightly different,
i.e. increasing by 0.3% (vacuum) and 1.4% (water).

View Article Online
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3.3 SERS spectra of PPX on gold surfaces

Analysis of vibrational features and SERS spectra of the drug is
of great interest as they can be reproduced in experimental
studies, and serve as an important role in the rationalization of
adsorption mechanism of the drug on metal surfaces. In prin-
ciple, Raman spectroscopy detects vibrational modes of func-
tional groups of molecules. However, for detection of molecules
at trace concentrations, this approach is inherently restricted
due to the very weak Raman intensity. Therefore, the surface-
enhanced Raman scattering (SERS) techniques are often
employed to amplify the Raman intensity.” Of the broad variety
of biological and spectroscopic approaches established to
detect biomolecules, SERS methods have attracted much
attention from scientific community and have been extensively
applied to biosensors.”®””

When discussing the SERS phenomenon, two important
mechanisms are frequently put forward, including the electro-
magnetic and chemical enhancements.” Indeed, in the former
mechanism, some Raman modes of a molecule in close vicinity
of a metallic surface get remarkably enhanced because the
Raman intensity is proportional to the squared local electro-
magnetic field intensity. Moreover, the Raman-scattered light
induces an additional enhancement when the Raman mode
overlaps with a plasmonic resonance.” The latter mechanism,
on the contrary, primarily refers to a chemical interaction or/
and a charge transfer between nanoparticles and molecules.*
For interpretation of Raman spectral features as well as the
SERS chemical enhancement mechanism of organic molecules
adsorbed on metal surfaces, quantum chemical calculations
provide us with appropriate information with the use of small
metallic clusters as models to simulate the nanoparticle
surfaces. Although the normal Raman spectrum of PPX could be
found in the literature,** its SERS procedures remain ambig-
uous. To support further experimental studies, we now perform
some analysis of the SERS spectra of PPX molecules adsorbed

Table 3 Selected Raman band positions (in unit of cm™Y) and intensities (in unit of km mol™) computed for PPX isolated and adsorbed on Auyg

cluster®

PPX Au,-PPX_1 PPX Au,o-PPX_1

Position Intensity Position Intensity Position Intensity Position Intensity
Modes In vacuum In water
Vas (NHp) 3579 14 3596 16 3582 26 3589 62
vs (NH,) 3471 63 3393 445 3476 90 3443 794
Vas (CHa) 3037 32 3040 56 3034 63 3025 131
Vas (CHy) 3014 29 3027 35 2988 278 3023 108
vs (CH3) 3028 32 2965 54 3024 67 2961 475
vs (CHy) 2995 63 2970 106 2945 233 2944 179
6 (NH,) 1587 52 1582 57 1579 154 1573 1400
v (NC) 1529 36 1505 436 1519 50 1499 173
v (CC) 1563 68 1598 451 1563 184 1597 1100
8 (CH;) 1357 27 1362 32 1350 65 1350 82
6 (CH,) 1289 33 1263 46 1286 78 1221 44

“ v,s — asymmetric stretching; vg -

© 2021 The Author(s). Published by the Royal Society of Chemistry
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on Aug, Aug and Au,, clusters. The spectra of free PPX molecule
and its complexes with gold clusters in wavelength range of
1000 to 4000 cm™ ' are generated in Fig. 7, and their highly
intense Raman signals are given in Table 3.

The normal Raman spectrum of PPX (Fig. 9) consists of three
low-intensity bands in the N-H stretching region at near
3400 cm !, which correspond to the asymmetric and symmetric
stretching modes of NH, and NH groups. Previously, the
stretching mode of NH group was also detected at 3379 cm ™' in
the experimental study by Muthu and co-workers.®* In aqueous
solution, these stretching modes are slightly shifted to the
lower-energy region but with higher intensity. The C-H
stretching modes of CH, and CH; groups are computed
vibrating in the range of 2827-3037 cm™ ' in vacuum and
between 2840-3035 cm™ ' in water solution, which are compa-
rable to experimental data of 2925-3027 ecm ™ '.®* It is rather
difficult to clearly assign other intense peaks in the range of
1250-1600 cm ™' as they arise from a mixing of several vibra-
tions such as C-X stretching and XH, (X = N, C) bending
modes. When taking the effects of water solvent into accounts,
the positions of these vibrational modes remain almost
unchanged but their intensities consistently become much
stronger.

In the computed SERS spectra of PPX on gold clusters, some
significant modifications as compared to the normal Raman

In water

In gas phase
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Fig. 9 Calculated Raman spectrum of PPX and SERS spectra of the
most stable complexes Auy—PPX_1 (N = 6, 8, 20).
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spectrum could be observed (Fig. 9). Accordingly, the NH,
bending and C-N stretching modes turn out to be the highest
intensity bands, rather than the overlapped bands around
3000-3200 cm " arising from C-H stretching modes as in free
PPX. The intensities of signals associated with C-N stretching
and NH, bending vibrations, that are centered at ~1500 and
1590 cm ™', represent the most significant increase. This can be
understood by the fact that these bonds directly relate to the
adsorption of PPX molecules on the gold surfaces. Indeed, while
the nitrogen atom of the CN moiety is the preferable site of PPX
to bind to gold metals, a weak Au---H-N coupling exists between
the amine head with metallic surface. Other significant
enhancements are found for signals associated with C-S and H-
NH stretching vibrations, which are located near 700 and
3400 cm ™', respectively, in the Auy~PPX_1 complexes.

The cluster size also contributes differently to the SERS
chemical enhancement. Although the positions of distinctive
signals are almost similar, the relative intensities in the SERS
spectrum of PPX on Au,, cluster see significant changes, in
comparison to those of smaller clusters. From the SERS spec-
trum of Au,o-PPX_1, a particularly characteristic peak emerges
either at 3394 cm™" in vacuum or at 3444 cm ™' in water, which
is produced from the symmetric stretching of the amine group.
The intensity of this peak in the SERS spectrum of Au,,-PPX_1
is much more enhanced than that of Aug-PPX_1 and Aug-
PPX_1. Such a phenomenon can be explained by formation of
a stronger Au---H-N bonding in Au,y-PPX_1, which is less
significant in Aug-PPX 1 and Aug-PPX_1. Formation of such
nonconventional hydrogen interaction, along with an N-Auy
covenant bond, is likely the main factor leading to a SERS
chemical enchantment of PPX on gold nanostructured surfaces.

3.4 The recovery time and drug release

When exposed to light, a drug desorption process may occur.
According to the transition state theory,* the recovery time 7 for
the drug desorption from the gold surfaces can be calculated as

eqn (6):

1 =y lg BT (6)
where T is the temperature of the system, k the Boltzman's
constant, and » an attempt frequency. Eqn (6) indicates that
a larger E;, value results in a longer recovery time. If the drug
desorption from the metallic surfaces is too long, it is not
appropriate for an effective sensor process. In general, mole-
cules exhibit characteristic absorption frequencies, depending
not only on the fundamental rotational and vibrational energy
transitions within the wavelength region but also on tempera-
ture as well. For example, while the attempt frequency of the
CO, molecule is 10" Hz, the light with » = 10'* Hz should be
applied for NO,.*

The time for the desorption process of PPX molecules from
the gold surfaces at 298 K are given in Table 4. Overall, the
recovery time of in the gas phase is consistently much longer
than in water environment. For example, if an attempt
frequency of » = 6.0 x 10" Hz (500 nm) is applied, the recovery
of PPX molecules from the Aug surface is about 1.5 x 10°

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 4 The time (in second) for the recovery of PPX molecules from the gold surfaces at 298 K

In gas phase In water
Attempt frequency Aug-PPX 1 Aug-PPX 1 Au,-PPX 1 Aug-PPX 1 Aug-PPX 1 Au,-PPX 1
3.0 x 10"® Hz (10 nm) 31 12 x 10° 2 0.2 45 1.2 x 107°
7.5 x 10" Hz (400 nm) 1233 5.0 x 10° 65 7.8 1818 0.05
6.0 x 10" Hz (500 nm) 1541 6.0 x 10° 82 9.7 2273 0.06
4.3 x 10" Hz (700 nm) 2150 8.5 x 10° 114 14 3171 0.09

seconds in gas phase, in comparison to a corresponding value
of 10 seconds in aqueous medium. Similarly, the recovery time
amounts to in the range of 82 seconds (in vacuum) to 0.06
seconds (in water) for Au,,-PPX_1 complex. On the contrary,
due to its higher affinity with the drug, Aug undergoes much
longer recovery times (Table 4).

We now consider the ability to release the drug from the
carrier in target cells, which is one of the most vital steps in drug
delivery process. To detach the drug from the carrier, either
external stimuli or internal stimuli operating within a biologi-
cally controlled manner such as the pH change or amino acid
residues such as glutathione and cysteine can be used.*® As
a result of the excessive lactic production, a tumor cell is typi-
cally more acidic than normal cells. In fact, tumor cells usually
have lower pH (below 6) as compared to the blood (pH = 7.35-
7.45).%* In this context, we examine the effect of protons on the
stability of the Auy-PPX complexes. The protons can attack any
rich-electron site of the drug, but such an attack to the thiazole
nitrogen atom may affect the drug release more significantly.
Based on the computed proton affinities (Table S1 of the ESIf),
the thiazole nitrogen atom is the most preferable site for
protonation. The binding of PPX to gold clusters is a reversible
process. Thus, the molecule can be found in an isolated form at
any moment in solution. In addition, it seems that even after
interacting with Au, this N-atom remains the most negatively
charged site open for protonation. Therefore, we consider the
effects of protons on the stability of Auy-PPX by protonation of
the N atom of the thiazole ring, and then perform the optimi-
zation for resulting Auy-PPXH" products. The effects of water
solvent are also considered using the IEF-PCM model.

Aus-PPXH" (=9.1)

o

Aus-PPXH" (=9.0)

With the presence of protons, interactions between the PPX
drug and gold clusters becomes more easily breakable as it is
now characterized by weaker H-bonds as illustrated in Fig. 11,
rather than the covalent bond as in Auy-PPX. The binding
energies of PPX on gold clusters are substantially reduced to
~—9 kecal mol™!, as compared to the value from —23 to
—28 kecal mol ™" in neutral condition. Therefore, it is expected
that in an acidic environment the PPX drug molecule binding to
the carrier is getting weaker, thereby able to be released faster.

Another factor contributing crucially to drug release is an
internal force related to amino acids present in the protein
matrices.** Some amino acid constituents containing sulfur
element such as cysteine and methionine are found to be the
most preferred binding sites for noble metals.*>*® At physio-
logical pH, cysteine mainly exists as the deprotonated forms by
proton cleavage of either the carboxyl group (pK, = 1.7) or thiol
group (pK, = 8.3),** as shown in Fig. 10. At the PBE/cc-pVTZ
level, two forms Cys(—H')_1 and Cys(—H")_2 are nearly iso-
energetic, with a marginal energy difference of 2.0 keal mol .
However, Cys(—H")_2 tends to interact much more strongly
with gold clusters than Cys(—H')_1 due to formation of
a hydrogen bond in the resulting complexes. To probe further
into the drug release from gold nanostructured surfaces, we
examine the following ligand interchange reaction (7):

AuN-PPX(aq) + CyS(7H+)(aq) - AU(,'CyS(*H*—)(aq) + PPX(aq)(7)

In agreement with a recent report,* the cysteine molecule
prefers binding to Auy clusters via its S-atom of the thiolate

e
i

Aux-PPXH" (-8.9)

Fig. 10 Optimized structures of Auy—PPXH* complexes. Values in parentheses are binding energies (kcal mol™, PBE/cc-pVTZ/cc-pVDZ-PP +

ZPE).

© 2021 The Author(s). Published by the Royal Society of Chemistry

RSC Adv, 2021, 11, 16619-16632 | 16629


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ra02172a

Open Access Article. Published on 05 May 2021. Downloaded on 1/22/2026 4:51:43 AM.

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

(cc)

RSC Advances

¥

Cys-H" 1 (0.0)

View Article Online

Paper

¢
@
(%

Cys-H") 2 (2.0)

Aug-Cys(-H*) (-23.9)

Aus-Cys(—H")

(-32.8) Auy-Cys (-H*)  (=35.1)

Fig. 11 Global minima located for the deprotonated cysteine and its resulting complexes with Auy (N = 6, 8, 20) clusters. Values in parentheses

are binding energies (kcal mol™, PBE/cc-pVTZ/cc-pVDZ-PP + ZPE).

group in aqueous solution with the binding energies of —39,
—43 and —35 kcal mol ™" for N = 6, 8 and 20, respectively. These
values are much more negative than the binding energies of
PPX on gold clusters, being in the range of —18 to
—25 keal mol™" (Table 1). Therefore, it can be concluded that
gold nanoparticles have much higher affinity with cysteine
residues than with PPX and the drug releasing from the gold
surface in target cells is likely to ensue as a result of this internal
force. The Gibbs energies for the ligand interchange reaction
above are up to —14 kcal mol ', indicating that these processes
are spontaneous.

4. Concluding remarks

The most favored state is the interaction between the nitrogen
of the thiazole ring and the positively charged atoms of gold
clusters with binding energies in the range of ca. —23 to
—28 keal mol™" in vacuum and ca. —18 to —25 keal mol™" in
aqueous continuum. Adsorption processes occur spontaneously
with rather negative Gibbs energies, ca. —13 to —18 kcal mol !
in vacuum and ca. —4 to —14 kcal mol " in water, respectively.
In the resulting complexes, the Au-Nipiaz0le bond length is
getting shorter, while the Au-S bonds are somewhat longer than
the sum of covalent radii of binding atoms, indicating the
elevated interactive effectiveness regarding the former. The
energy gap of clusters are also modified due to the drug
attachment that may result in a change of optical properties.
Analysis on the basis of frontier orbitals suggests the forward
donation from the HOMO of PPX to LUMO of Auy as primary
contribution for PPX-Au bonding formation. While the normal
Raman spectrum of PPX exhibits several main peaks related to
C-H stretching vibrations, C-X stretching and XH, (X = N, C)
bending modes, a significantly-enhanced shaped peak of SERS
spectrum of PPX on Au,, corresponds to the stretching vibra-
tions of N-H bonds. This lends support for applicability of such
nanostructures for drug detection at trace concentration.
Regarding drug release mechanism, the triggering factors could

16630 | RSC Adv, 2021, 11, 16619-16632

be referred to either the presence of cysteine residues (usually
found in protein matrices) or low pH (often reported for those of
cancerous tissues). The results altogether propose gold-surface
nanostructures of high potentiality for design of drug carriers
and detectors, especially in cancer-tissue physiological
mediums. This study represents a preliminary but necessary
contribution to applications of gold nanoparticles for PPX
delivery and detection. We would expect that relevant experi-
mental work could soon be carried out to verify further the gold
nanocluster model.
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