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Abstract

Engineering multifunctional nano-systems with programmable electronic transport remains a
fundamental challenge for integrating optical, catalytic, and biomedical functions within a
single nanomaterial. Herein, a new aromatic-amide functionalized chiral small ligand, (R)-5-
(1,2-dithiolan-3-yl)-N-(napthalen-1-yl)-pentanamide (NDLA), has been synthesized to
construct atomically precise gold nanoclusters (NDLA-AuNCs) with tailored electronic and
interfacial properties. The resulting NDLA-AuNCs exhibit near-infrared emission (800-1200
nm), pronounced exciton-coupled circular dichroism, and intrinsic semiconducting behaviour
governed by a correlated barrier hopping mechanism, with a Mott temperature of 1.4 x 10°K,
localization length of 0.3 nm, and density of states at fermi level of 4.9 x 10! states- eV™!. cm®
3. demonstrating ligand-directed chirality transfer and charge migration through localized
electronic states. The resulting electronic architecture promotes rapid interfacial charge transfer
that drives superior electrocatalytic hydrogen evolution compared with reported bare AuNCs.
In a biological environment, the same charge-transport dynamics drive ROS generation under
dark and light, inducing mitochondrial dysfunction and potent triple-negative breast cancer
cytotoxicity, while preserving excellent in vitro and in vivo biocompatibility. By directly
correlating ligand chemistry with electronic transport, this work establishes electronic structure
engineering as a proof-of-concept for programming multifunctionality in nanoscale materials
and provides an integrated “energy-bio interface” framework for designing next-generation

catalytic and therapeutic nano-systems.

Keywords: Ligand engineering, NIR-emitting gold nanoclusters; Exciton coupling; Interfacial
charge transfer; Hydrogen evolution reaction; Reactive oxygen species; Cancer nano-
theranostics

1. Introduction

The convergence of nanotechnology with sustainable energy production and precision
biomedicine has become a promising frontier representing a new opportunity to address
multiple interconnected global challenges through a unified material platform.[1-4] In this
context, metal nanoclusters (MNCs) with precise atomic structures have gained significant
attention as an exceptional nanomaterial that bridges the gap between individual atoms and
larger nanoparticles.[5—7] Recent progress in synthetic control and atomic-scale
characterization has revealed that the discrete electronic energy levels of MNCs produce highly

structure-dependent physicochemical properties, permitting broad functionality across the
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catalytic energy conversion and biomedical applications.[8,9] However, among the MNCs
derived from transition, noble and coinage metals, gold nanoclusters (AuNCs) have emerged
as promising candidates for translational applications, owing to their exceptional chemical

stability, biological compatibility, and catalytic versatility.[10—13]

The versatility of noble metal-based nanomaterials in catalysis is particularly significant in the
context of sustainable energy production, as the catalytic activity plays a central role in
enhancing the efficient conversion of renewable energy through electrocatalytic pathways.[!415]
The development of high-performance catalysts with optimized active sites and long-term
durability under experimental conditions critically depends on the electronic structure and
interfacial charge-transfer kinetics of the catalyst.[16,17] The atomically precise AuNCs with
size-dependent electronic structures offer a powerful handle to finely tune the hydrogen free
energy (AGu*) towards thermoneutral values, while facilitating efficient electron transfer
across the catalyst-electrolyte interface.[ 18] This optimization of adsorption energy and charge
transport capability is essential for accelerating the hydrogen evolution reaction (HER) during
water electrolysis. These properties lead such materials to emerge as highly promising
electrocatalysts for efficient and scalable hydrogen production. Beyond energy production, the
same atomic precision and tunable electronic properties also provide additional functionalities.
Further, the ultrasmall size (< 2 nm), strong near-infrared (NIR) absorption/ emission, and
controlled surface modification allow their applications in deep-tissue imaging, photothermal
or photodynamic therapy (PTT/ PDT), and reactive oxygen species (ROS) modulation.[19]
Their ultrasmall size reduces long-term organ accumulation via renal clearance and potential
toxicity associated with larger nanomaterials, making them suitable for in vivo applications. In
addition, the high surface-to-volume ratio of the AuNCs facilitates tunable surface
functionalization with targeting ligands, peptides, antibodies, or drug molecules for targeted
drug delivery and theranostic platforms. These nanomaterials are particularly significant
because of their NIR photoactivity in biotherapy and their ability to control ROS generation
for inducing selective apoptosis or ferroptosis in targeted diseases.[20—22] Conversely, in the
context of cyto-protection and anti-inflammatory purposes, the surface chemistry of AuNCs
can also be engineered to scavenge excess ROS for treating neurogenerative diseases, ischemic
injury, and inflammatory disorders.[23,24] This dual functionality to amplify or quench ROS
highly depends on the design and surface functionalization of the nanoclusters and underscores
remarkable therapeutic versality of these wultrasmall AuNCs for next-generation

nanomedicine.[25]
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Although catalytic and biological activities may appear to address different objectives, the
underlying physicochemical processes, such as charge transfer, surface reactivity and light-
matter interactions, are fundamentally similar in both applications.[26—28] The aforementioned
processes enable absorption, activation, and conversion of reactant species in catalysis,
whereas the interfacial electron transfer plays a crucial role in enzyme activation,
photosynthetic and redox signalling pathways in a biological system. These shared mechanisms
establish a conceptual bridge between energy production and biomedicine, thereby facilitating
the development of a multifunctional nanocluster platform. Despite these complementary
advantages, the existing studies on metal based nanomaterials typically focus on either catalysis
or biomedical applications, and have rarely been integrate both areas within a single entity.[29—
33] One of the major challenges in combining these functional attributes depends on the nature
of surface ligands present in the metal based nanoclusters, as well as their design strategy. In
most biomedical applications, specifically AuNCs are usually capped with peptides, proteins,
or other biopolymers to improve biocompatibility and enhance target-specific binding with
biological molecules.[34-36] However, these large and flexible ligands can block catalytic
sites and hinder the electron transfer processes, which reduces their effectiveness in
electrochemical applications.[37,38] Conversely, the AuNCs employed in catalysis are
typically stabilized with small thiol or phosphine-containing ligands. These smaller ligands
facilitate better electron transfer and maintain catalytically accessible sites, but are unable to
provide the biomolecular recognition for selective therapeutic applications. Consequently,
achieving a balance between catalytic efficiency and biological functionality of ligand-

stabilized nanomaterial remains a major challenge.[39]

The present study intends to overcome these limitations by adopting an alternative strategy,
called ‘integration by design.” Instead of combining multiple components with different
functions, the currently proposed methodology is based the integration of both catalytic and
therapeutic functions directly into a single material. To address this, a small organic ligand,
containing an aromatic-amide structure with a chiral anchoring group, was considered as a
better alternative to conventional peptidic and biomolecular ligands.[40—43] In this design
strategy, the amide group provides hydrogen bonding and maintains hydrophilic balance,
which supports selective interaction with biomolecular targets. The aromatic framework tends
to improve NIR photophysical properties through extended delocalization. In addition, the
small size of the ligand reduces tunnelling or hopping barriers for electron transfer, enabling

efficient electrochemical and biological redox processes.[44,45] Furthermore, the introduction
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of chirality in the ligand design provides an additional control over both domains. In catalysis,
a chiral surface can modulate the adsorption geometry and binding energies of the reaction
intermediates, thereby influencing the reaction kinetics and selectivity.[46,47] While in
biomedicine, the same chiral environment can promote enantioselective recognition of

biomolecules and improve cellular uptake through stereospecific interactions.[48,49]

Keeping in mind the importance of ligand structure, this study presents the synthesis of a newly
designed aromatic, dithiolane functionalized chiral (R)-5-(1,2-dithiolan-3-yl)-N-(napthalen-1-
yl)-pentanamide (abbreviated as NDLA) ligand capped AuNCs to explore their potential
applicability across the interdisciplinary field. The distinctive structural features of this
material exhibit exceptional multifunctionality, such as NIR photoluminescence, exciton
coupling-assisted chiroptical property, electrical semi-conductivity, redox activity, efficient
electrocatalytic HER, and ROS-mediated anticancer properties. To the best of our knowledge,
this study represents the first report of a direct “energy-bio interface” material in which
catalytic hydrogen production and biological activities are intrinsically coupled through a
common electronic structure and interfacial charge transfer pathways, rather than

independently engineered.

2. Result and Discussion:

Atomically precise gold nanoclusters (AuNCs) are fundamentally governed by their ligand
framework to achieve atomic-level precision and provide tunable functional properties. [35]
Beyond providing structural control, the ligand environment tends to stabilize the nucleation
process and influence the relationship between photophysical and electronic properties, both
of which factors are essential for achieving application-specific performance. [44,45] In this
study, a new aromatic chiral NDLA ligand has been synthesized [ Scheme 1(a)] and
characterized using NMR and mass spectrometry [Figure S1-S3]. This ligand framework was
intentionally designed as it exhibited a distinctive tripartite molecular structure that
synergistically combines multiple functional elements i.e. (1) a stereo-chemically defined (R)-
lipoic acid derived bidentate 1,2-dithiolane moiety that anchors to the curved and atomically
discrete surface of the gold core; (ii) a conformationally flexible pentyl spacer chain that
provides optimal geometric positioning and dynamic adaptability during cluster assembly; and
(i11) an electron-rich naphthalene group which covalently linked through an amide bond that

imparts both electronic modulation and potential intermolecular n-n stacking capabilities.
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Scheme 1: Scheme for (a) chemical synthesis of NDLA ligand, (b) synthesis of gold nanoclusters
(NDLA-AuNCs) with a pictorial representation outlining stepwise synthetic procedure.

Following the synthesis of chiral NDLA ligand, the atomically precise AuNCs were
synthesized via a NaOH-mediated NaBH4 reduction method using isopropanol-water (1.5:1)
solvent system [Scheme 1(b)]. The formation of these NDLA-AuNCs were subsequently
confirmed using high-resolution transmission electron microscopy (HRTEM) analysis which
revealed well-dispersed nanoclusters with an average core diameter of 1.17 £ 0.22 nm,
indicating the formation of uniform and well-dispersed nanostructures [Figure 1(a-b) & S4].
Complementary dynamic light scattering (DLS) measurements showed a single narrow peak,
having an average hydrodynamic diameter of 4.1 nm, which confirmed the presence of surface
ligands and the surrounding solvent layer [Figure SS]. This ultrasmall size, along with the
colloidal stability of AuNCs is well known to facilitate their clinical translation by enabling
rapid renal clearance and preventing bioaccumulation in organs, thereby enhancing their
suitability as molecular probes in biomedical applications, particularly in diagnostic

imaging.[50,51]
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Figure 1. (a) High-resolution TEM (HRTEM) image of NDLA-AuNCs (scale 10 nm); (b) Size
distribution histogram of NDLA-AuNCs derived from HRTEM analysis; (¢) AFM analysis of NDLA-
AuNC:s (yellow colour arrow depicts aggregated AuNCs during deposition); (d) 3D- topographic image
of NDLA-AuNCs showing multiple nanospikes like morphology (scale 2.5 x 2.5 um?); (e) ESI-MS
spectrum of NDLA-AuNCs recorded in positive-ion mode; (f) Survey XPS spectra of NDLA-AuNCs

Further, the surface morphology and height distribution of the NDLA-AuNCs were evaluated
using atomic force microscopy (AFM) analysis [Figure 1(c)], in which the three-dimensional

topographic image, recorded over a 2.5 x 2.5 um? area, revealed a discrete nanoscale spike-
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like island [Figure 1(c-d)]. The statistical analysis of the topographic data yielded an average
cluster height of 2.43 nm [Figure S6 & Table S1]. Notably, the high degree of dispersity and
the presence of isolated nano-spikes can directly modulate the functional performance of the
AuNCs across catalysis, sensing, and biomedical applications.[52,53] To assess the
homogeneity and structural integrity of the NDLA-AuNCs, the native polyacrylamide gel
electrophoresis (PAGE) analysis was performed, which revealed a single, well-defined band,
indicating that these nanoclusters existed as a homogeneous and intact species under non-
denaturing conditions (Figure S7). In contrast, electrospray ionization mass spectrometry
(ESI-MS) analysis showed the dominant monoisotopic peak at m/z 6664.17 Da, corresponding
to the intact singly charged [Aui7L10]" nanoclusters (theo. Mass 6664.42 Da), several lower
intensity peaks assigned to smaller gold-ligand fragments such as [AuisLg+Na]" and
[AwLs+(C3HgO),]" [Figure 1(e)]. These fragments can be attributed to gas-phase
fragmentation during the electrospray ionization process.

Similarly, the structural properties of the newly synthesized ligand (NDLA) and the ligand-
metal coordination environment were analyzed by using Fourier-transform infrared (FTIR)
spectroscopy [Figure S8]. The prominent absorption bands of N-H stretching at 3298 cm’!
confirmed the presence of amide functionalities within the ligand and nanoclusters system. The
strong absorption at 1645 cm™! corresponds to the amide-I (C=O stretching) band, and the
complementary amide-II (N-H bending or C-N stretching) band at 1553 c¢cm™ provides
additional confirmation of the amide linkage. The C—N stretching vibration at 1252 cm™! also
confirmed the presence of the amide functional group. Notably, a clear peak at 644 cm’!
corresponded to the S—S stretching vibration of the disulfide bond present in the (R)-lipoic acid
moiety [Figure S8 (inset)]. Following the synthesis of AuNCs, this characteristic disulfide
peak completely disappeared, which directly provides the spectroscopic evidence for the
formation of Au—S coordination bond.

The X-ray photoelectron spectroscopic (XPS) analysis was performed to investigate the
oxidation states of the NDLA-AuNCs system, and confirmed the presence of Au, S, C, N, and
O elements [Figure 1(f)]. The Au 4f spectrum depicted two characteristic peaks at 84.34 eV
(Au 4f7) and 88.05 eV (Au 4f5p), with a spin-orbit splitting of 3.71 eV. Further, the
deconvolution of the Au spectrum indicated the contribution from both Au (0) and Au (I)
oxidation states [Figure 2(a)]. This analysis suggested that a core-shell electronic structure has
been formed during the synthesis of AuNCs. The additional photoelectron peaks were observed
at 162.53 eV (S 2p3p), 284.58 eV (C 1s), 399.7 eV (N 1s), and 531.71 eV (O 1s), which
corresponded to the elements present in the ligand structure [Figure S10]. The peak at 162.93

8
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eV indicated the presence of thio-protected gold surfaces. The C 1s peak at 284.58 eV is
characteristic of sp? hybridized carbon atoms in the aromatic rings. The N 1s (399.7 eV) and O
Is (531.70 eV) peaks confirmed the amide groups within the ligand structure. Additionally, the
presence of Au, S, C, N, and O in the bulk sample was verified using energy-dispersive X-ray
spectroscopy (EDS) and elemental mapping analysis [Figure S(11-12)]. The EDS spectrum
exhibited peaks at 2.12 keV and at 9.71 keV, which corresponded to the Mal and Lal signals
of elemental gold. The elemental sulphur was identified by its characteristic ka peak at 2.31
keV. Additionally, the presence of carbon, oxygen, and nitrogen was detected with signals
observed at 0.28 keV, 0.52 keV, and 0.39 keV, respectively.

The morphological nature of the NDLA-AuNCs along with NDLA ligand was further analyzed
using powder X-ray diffraction (PXRD) in which the presence of intense and well-defined
diffraction peaks of the NDLA-ligand in the 26 range of 10° to 25° indicated a high degree of
structural ordering within the ligand system [Figure 2(b)]. The selected area electron
diffraction (SAED) pattern of NDLA-AuNCs exhibited a combination of distinct bright
diffraction spots and concentric rings, which are characteristic of nanocrystalline materials with
partially ordered domains [Figure 2(c)]. The observed diffraction rings were indexed to the
(111), (200), (220), and (311) lattice of the face-centred cubic structure of Au. The PXRD
pattern of the AuNCs depicted peaks at the 20 values of ~38.22 (111), ~44.58 (200), ~64.79
(220), ~77.98 (311), and ~81.7 (222), which were associated with the cubic crystalline nature
of gold (JCPDS no. 04-0784) [Figure 2(d)].

The electronic and chiroptical properties of synthesized NDLA-AuNCs were further explored,
in which the UV-vis spectrum from 200-800 nm of the nanoclusters revealed the absence of a
broad surface plasmon resonance band near 540-560 nm [Figure 2(e)]. This validated the
atomically precise nature of the nanoclusters, although the presence of a band at 290 nm
revealed that the aromatic ligands were successfully bound with the nanocluster system and
displayed m-n* transition. The fluorescence emission spectrum displayed a prominent NIR
emission peak from 800-1200 nm, centered at 935 nm upon excitation at 690 nm, which is
attributed to ligand to metal charge transfer and inter-band transitions within the confined gold
core [Figure 2(f)]. This emission profile strategically bridges the NIR-I (780-950 nm) and NIR-
IT (1000-1700 nm) biological transparency windows, thereby presenting this nanocluster as a
possible versatile dual-region optical imaging agent. The NIR-II overlap offers significant
advantages for deep-tissue bioimaging because it allows light to penetrate tissues more

effectively and reduces interference from autofluorescence in biological samples.[54,55]
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Figure 2. (a) XPS spectra of deconvoluted gold (Au) 4f region of NDLA-AuNCs; (b) SAED pattern of
NDLA-AuNCs displaying ring-like features consistent with the FCC lattice of gold; (c) PXRD pattern
of ligand NDLA; (d) PXRD pattern of NDLA-AuNCs ; (¢) UV-vis absorption spectra of NDLA ligand
and NDLA-AuNCs ; (f) Photoluminescence spectra of NDLA-AuNCs upon excitation at 690 nm,

collected using an 800 nm long band pass filter.

The chiroptical properties of both the ligand (NDLA) and the NDLA-AuNCs were analyzed

using circular dichroism (CD) spectroscopy. The ligand alone exhibited typical chiral signals,
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including negative peaks around 208 nm and 234 nm, a positive peak near 275 nm, and a weak
negative band near 330 nm arising from its inherent chiral electronic transitions [Figure 3(a)].
After the formation of nanoclusters, the AuNCs demonstrated different CD features, including
an intense band near 220 nm, a strong positive signal around 265 nm, a clear negative band
near 330 nm, and a chiral signal extending to about 430 nm [Figure 3(b)]. These changes in
the spectrum suggest that the ligand structure rearranges after binding to the nanocluster,
thereby transferring its molecular chirality to the AuNCs core. This ligand-induced chirality
for the nanocluster framework concurs with the previously reported chiral AuNCs systems.>
Therefore, the relevance of ligand structure is crucial for overall stability and chirality of
AuNC s, as the ligand not only leads to stabilization of nanoclusters but also tends to impose a
chiral environment on the AuNCs system.

The spectral analysis of the AuNCs was systematically investigated using a combined CD and
UV-vis spectroscopic approach to better understand whether the CD signals arise from
individual molecular electronic transitions (monomeric transitions) or from interactions
between multiple electronic states (excitonically coupled states). The CD spectrum displayed
a bi-signate signal with a zero crossing at 294 nm, which closely overlapped with the exciton
absorption wavelength of the ligand and AuNCs system, with a calculated exciton coupling
constant (J) of 0.48 eV [Figure 3(c)]. The appearance of such bi-signate CD couplet clearly
indicated that the exciton coupling occurs between the adjacent clusters, spatially well
separated by the chiral ligand shell.[55,56] This finding is especially significant for several key
implications, as firstly it follows the condition for Frenkel exciton coupling, which include
degenerate transition energies, sufficient dipole-dipole interaction, and atomic-level
uniformity.[57,58] These conditions tend to avoid the spectral broadening as typically
observed for conventional nanoparticles. Secondly, the zero-crossing feature also provides
direct insight into the structural framework of nanoclusters, where the sign of the couplet
reflects the helical arrangements of the ligands.[59,60] Finally, and more broadly, these
findings establish a much-needed pathway for rational engineering of ligand-shell framework
leading into tailored functionalities including light harvesting, chiroptical sensing and quantum

photonic probe at the sub-2nm scale.[61-63]

11
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Figure 3. (a) Circular dichroism (CD) spectra of NDLA ligand; (b) Circular dichroism (CD) spectra of
NDLA-AuNCs; (c) CD and UV-vis spectra of NDLA-AuNCs showing excitonic coupling, with the
absorption band located near the zero crossing of the CD signal; (d) Anisotropy factor analysis of
AuNCs; (e) DSC profiles of NDLA ligand and corresponding NDLA-AuNCs; (f) TGA profiles of
NDLA ligand and the NDLA-AuNCs.

The quantitative evaluation of the induced optical activity was further evaluated by calculating
the wavelength-dependent anisotropy factor, g(A), over the relevant spectral region using the
following eq. 1,

12
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gA)=0(1)/ (32,980 x A (4) (1)
where 0 (1) is the ellipticity in millidegrees (mdeg) and A (1) is the corresponding absorption.
The g-factor spectrum shows alternating positive and negative Cotton effects with a positive
maximum at 270 nm (5 x 10"*) and a negative minimum at 340 nm (2 x 10~%), consistent with
the previously reported values on atomically precise AuNCs [Figure 3(d)].[64] The
pronounced negative peak near 340 nm indicated a strong chiral response associated with
electronic states that bridge ligand-derived orbitals and the delocalized Au core states. Here,
the wavelength dependence of the g-factor highlights a complex interplay of electronic
coupling within the cluster, which is attributed to direct interaction of the chiral ligands with
the gold core at the interface, further re-enforcing the ligand-induced chirality
phenomenon.[65]

Differential scanning colorimetry (DSC) and thermogravimetric analysis (TGA) were carried
out to probe the thermal stability and ligand environment of the NDLA-AuNCs in comparison
with the free ligand. The DSC thermogram of the ligand displayed a sharp endothermic melting
peak with an onset at 141 °C and a maximum at 144 °C [Figure 3(e)]. The small peak width
and the large enthalpy change (AH = 92 J g'!) exhibited that the material is highly crystalline
in its bulk form. This crystallinity likely arises from the n—m interactions and van der Waals
forces between the aromatic groups and aliphatic units. The sharp decomposition peak
observed at around 250 °C is attributed to the degradation of the ligand and cleavage of the
bonds within its organic backbone. In contrast, the thermogram of AuNCs exhibited a different
thermal profile. The broad endothermic peak extending from 30 °C to 48 °C (AH~=27J g') is
attributed to the desorption of weakly bound solvents or moisture. Interestingly, the absence of
the prominent sharp endotherm of the free ligand indicated complete loss of long-range
crystalline order upon coordination with the gold core. This is probably due to the chiral nature
of the ligand, which hinders the ordered packing on the curved gold surface and adopts a
conformationally disordered arrangement. A minor endothermic transition is also observed
between 211 °C and 216 °C (AH = 4.4 J g'), which can be assigned to the onset of the ligand
decomposition or structural reorganization of the gold surface.

Further, the complementary insights from the TGA showed a sharp weight loss of the NDLA
ligand starting around ~250 °C, which almost completely decomposed at ~400 °C [Figure
3(0)]. In contrast, the NDLA-AuNCs exhibited weight loss below 150 °C, corresponding to the
desorption of the solvent or moisture residues, followed by a broader decomposition between

250400 °C associated with the breakdown of strongly bound di-thiolate ligands. Beyond 400
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°C, the AuNCs retained ~69 % weight, which can be attributed to the thermally robust metallic
Au core. Taken together, the DSC and TGA analyses establish the fact that the ligand anchoring
onto the AuNCs core not only disrupts the crystalline order but also confers superior thermal
stability by strengthening interfacial bonding.

Following the comprehensive physicochemical analysis of the NDLA-AuNCs system, the
charge transfer behaviour and the underlying transport mechanism were investigated to
determine the efficiency of the charge carriers propagating through the nanoclusters network.
Such an insight is critical for rational optimization of material, as even structurally well-defined
nanomaterials may exhibit suboptimal functionality if charge transfer remains restricted or
inefficient. Keeping this in mind, the temperature-dependent electrical conductivity of AuNCs
was measured in the range of 100-300 K. An incrementation of direct current (DC)
conductivity with temperature was observed, which pointed towards the semiconducting
behaviour as electrical conductivity of 4.18 x 10 S/m was noted at 300 K for the NDLA based
nanoclusters system [Figure 4(a)].

To gain a deeper insight into the charge transport mechanism, the data was analyzed using the

Arrhenius equation (eq. 2),

E
o(T) = o(0) exp [— ks :T] (2)

where E. is the activation energy, ks is the Boltzmann constant, and T is the absolute
temperature. The analysis of the Arrhenius plot (Inc vs. 1/T) revealed two distinct linear
regions corresponding to different temperature ranges [Figure 4(b)]. In the lower temperature
range (100- 200 K), a low activation energy of 0.03 eV was observed, suggesting that the charge
transport in this region is likely governed by thermally activated hopping conduction.
Conversely, at an augmented temperature range (200-300 K), a comparatively higher activation
energy of 0.23 eV is observed, suggesting the presence of thermally activated semiconducting
behaviour. This dual-conducting behaviour holds significant implications for the next-
generation functional nanomaterials, particularly in room-temperature gas sensing,
thermoelectric energy conversion and low-power neuromorphic devices, where precise control
over thermally activated and hopping-mediated conduction mechanisms is important for

achieving optimal device performance.[66,67]
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Figure 4 (a) Temperature-dependent conductivity of NDLA-AuNCs illustrating semiconducting
behaviour; (b) Analysis of conductivity data using the Arrhenius model reveals two distinct activation
energies; (c) Conductivity data of the NDLA-AuNCs fitted to the Mott 3D VRH model (Inc vs T-4);
(d) Frequency-dependent conductivity showing a temperature-dependent increasing pattern; (e) linear
variation of In [G..(f)] with In (f) at temperatures of 100-300K; (f) the correlated barrier hopping (CBH)

model indicates the decrease of ‘s’, with increasing temperature.

For the investigation of the mechanistic aspect of low-temperature conduction, the data was

analyzed using Mott’s variable-range hopping (VRH) theory.[68,69] According to this theory,

the conductivity was calculated using eq. 3 and 4,
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where the exponent y specifies the effective dimensionality of the charge-transport network.
The corresponding values of y were taken as 1/4, 1/3 , and for three-dimensional, two-
dimensional, and one-dimensional systems, respectively. The o, denotes the conductivity in
the limit of infinite temperature, Tmor is the characteristic Mott temperature, kg represents the
Boltzmann constant, N(EF) is the density of electronic states at the Fermi level, and Lio. is the
localization length. The charge-transport mechanism and the electrical conduction behaviour

4 plot [Figure 4(c)]. The observed linear

of the AuNCs was analyzed using the Ino(T) vs T~
variation in the plot indicated that these nanoclusters follow a three-dimensional (3D) charge
transport (for y =1/4) mechanism with a corresponding Tmox value of 1.4 x 10°K.

The exploration of the dc conductivity under the influence of magnetic field strength (1T)
demonstrated a decrease in magnetoconductivity with increasing temperature from 100 K to
300 K. This behaviour can be explained by the wave function shrinkage model.[70,71]
According to this model, the wave functions of electrons contract under the influence of a
magnetic field and reduce the average hopping length, which leads to negative

magnetoconductivity [Figure S13]. For a small magnetic field, the magnetoconductivity ratio

can be expressed by eq. 5,

3
a(BT) _ €2}y (TMott\2 p2
In (—a(o,r)> = —t; (—T ) B (5)

where the numerical constant of order unity (t1) = 5/2016, B is the magnetic field, Tmor 1s the
characteristic Mott temperature, and Lioc is the localization length. [71] The experimental data
was fitted in equation 5, and the values of Lioc and density of states (DOS) at the Fermi level
[N(EF)] were calculated to be 0.3 nm and 4.9 x 102! states- eV™!. cm™.

The alternative current (AC) conductivity of the AuNCs was evaluated by measuring the
capacitance (Cp) and dissipation factor (D) as a function of frequency, over the same
temperature range (100-300 K) [Figure 4(d)]. In many amorphous semiconductors or
disordered materials, the electrical conductivity typically includes a dc-contribution (odc),
along with the ac-conductivity (cac). Thus, over a broad frequency range at a fixed temperature,
the overall conductivity generally follows the pattern, known as universal dielectric response,

which is described in the eq. 6,
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o'(f) = dac + 0ac(f) = 0gc + af* (6)
where a is a temperature-dependent constant, f is the measuring frequency, and ‘s’ is the
frequency exponent.[72] The resultant data demonstrated that the variation of conductivity at
higher frequencies was due to the dc-contribution. In addition, the frequency-dependent part,
cac(f), can be calculated by subtracting the dc-contribution from the total conductivity. The
linear variation of In [cac(f)] with In (f) at different temperatures revealed that the slope of the
plot decreases as the temperature increases. [Figure 4(e)].

In general, the charge transport mechanism for the discrete systems is governed by two physical
processes, one being correlated barrier hopping (CBH) and the other being quantum
mechanical tunnelling.[73,74] The decrease in the frequency component (s) with increasing
temperature as observed in the NDLA-AuNCs suggested that the charge conduction process is
governed by the CBH model [Figure 4(f)]. Collectively, the temperature-dependent electrical
conductivity measurements revealed that the m-conjugated ligand (NDLA) stabilized AuNCs
assembly follow the Mott VRH transport model in the temperature range of 100-300 K. The
calculated localization length of 0.3 nm indicated that the inter-cluster electronic coupling is
weak and the charge transport occurs predominantly through phonon-assisted hopping between
spatially localized states rather than through extended metallic conduction pathways. These
results represent an important class of granular metallic nanostructures in which electron
transport is governed by inter-cluster hopping and disorder-induced localization rather than
extended band conduction. The tunable transport behaviour through cluster size and ligand
chemistry makes this material as an ideal candidate for exploration of quantum-confined charge
transport and for the developing chemically tailorable nanoscale electronic materials.

The key charge transport parameters, such as activation energies, localization length and the
hopping conduction behaviour, are strongly influenced by the distribution of the oxidation
states and surface redox chemistry within the lattice of the nanomaterials. Therefore, it becomes
essential to investigate the redox behaviour of the synthesized AuNCs. For this purpose, cyclic
voltammetry (CV) analysis was performed in 0.1 (M) TBAF/acetonitrile electrolyte, using an
Ag/AgNOs reference electrode [Figure S14]. The resultant voltammogram displayed a well-
defined redox pair, characterized by distinct anodic and cathodic peaks at -0.33 V and -0.63 V,
respectively. The anodic peak exhibited a current (Ia) of + 5 pA, while the cathodic peak
showed a current (Ic) of -10 pA. The electrochemical band gap of the NDLA-AuNCs was also
determined to be 0.8 eV, with corresponding HOMO and LUMO energy levels of 5.042 eV

and 4.242 eV, respectively. The presence of distinct anodic and cathodic peaks indicates that
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the AuNCs undergo redox processes rather than exhibiting featureless metallic behaviour,
thereby confirming their redox activity with well-defined electron-transfer capabilities. The
electrochemically accessible surface area was further evaluated using CV analysis in the non-
faradic region at different scan rates (20 to 140 mVs™) [Figure 5(a)]. The gradual increase of
symmetric anodic and cathodic current density with increasing scan rate supported the
capacitive nature with a high electroactive surface area of the NDLA-AuNCs. To quantify the
double-layer capacitance (Cai), capacitive current densities at a fixed potential were plotted as
a function of scan rate, which disclosed a linear dependence on scan rate. From the slope of
this plot, double-layer capacitance (Ca) was determined to be 11.21 mF/ cm? [Figure 5(b)].
This Ca value is notably higher than any previously reported values for pristine, unmodified
gold nanoclusters, which have been typically between 0.001-0.120 mF/ cm?, suggesting that
the higher capacitance arises from both the nanocluster core and surface ligand
induction.[75,76] The relatively high Cq value reflects a large electrochemically active surface
area (ECSA) of 280.2 cm?, which is beneficial for surface-controlled electrochemical
applications, including electrocatalysis, supercapacitors, sensors, and photoelectrochemical
systems, where the interfacial charge storage and surface accessibility play a crucial role in
performance.

This extraordinary combination of prominent redox activity and electrical conductivity makes
these NDLA-AuNCs extremely useful for electrocatalytic applications, where the large active
surface area allows facile electron transfer during reactions. Additionally, in biological
systems, AuNCs can also presumably interact with the nearby biomolecules by exchanging
electrons, which can help to control the ROS levels inside the cells. Due to this electron
exchange ability, the AuNCs seems to possessthe potential for exhibiting biological activity,
including ROS-mediated therapeutic applications, as discussed in latter sections.

The influence of the electrical conductivity and redox-active surface area of the AuNCs on
their catalytic activity and charge-transfer property was further evaluated by considering the
hydrogen evolution reaction (HER) as a model electrocatalytic process. For this purpose, the
electrochemical hydrogen evolution reaction (HER) activity of the NDLA-AuNCs was
systematically investigated in alkaline media by performing cyclic voltammetry (CV), linear
sweep voltammetry (LSV), and chronoamperometry measurements, with all potentials
referenced to the reversible hydrogen electrode (RHE). It was observed that these
electrochemical measurements exhibited minimal hysteresis, indicating rapid interfacial charge

transfer and a reversible electrochemical process in 1 (M) KOH electrolyte [Figure S15].
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Figure 5. (a) CV-analysis of NDLA-AuNCs in the non-faradic region was carried out at scan rates

ranging from 20 to 140 mVs; (b) Linear fitting of the capacitive currents versus CV scan rates for

NDLA-AuNCs to calculate the electrical double-layer capacitance; (c) Linear sweep voltammetry
(LSV) curve toward HER in 1 (M) KOH; (d) Corresponding Tafel plot of NDLA-AuNCs; (e) Long-
term stability test of NDLA-AuNCs for the HER at an overpotential (1)) of 530 mV; (f) Nyquist plot
and equivalent circuit model for the analysis of EIS data of studies electrode in 1 (M) KOH solution.
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The LSV measurement displayed a well-defined HER polarization curve, with a current density
of 10 mA cm™ at an overpotential of 381 mV [Figure 5(c)]. It is pertinent to note here that
although the use of AuNCs as an electrocatalyst for the HER is well established, the existing
reports display relatively high overpotentials, typically exceeding 500 mV to achieve a current
density of 10 mA cm™. In contrast, the present experimentation involving NDLA-AuNCs
demonstrated significantly improved performance by achieving both lower overpotential (381
mV at 10 mA cm™) and higher current densities, exceeding the performance of any reported
bare AuNCs systems so far [Table S2]. The obtained Tafel slope value of 227 mVdec™! suggests
that the Volmer process is the rate-determining step (RDS), and the HER mechanism proceeds
through the Volmer-Heyrovsky pathway [Figure 5(d)]. The long-term chronoamperometry
conducted at a higher potential of 530 mV revealed the robust performance over a 12-hour
duration [Figure 5(e)]. The relative current density also indicated strong stability, with the initial
current density largely retained after 12 hours [Figure S16]. The absence of abrupt current decay
confirmed the long-time durability of the NDLA-AuNCs against agglomeration and dissolution
in alkaline media.

Additionally, electrochemical impedance spectroscopy (EIS) was performed to investigate the
charge transfer resistance (Rc) of the electrocatalysts during the HER process. AuNCs
exhibited a very low Rt value of 21 ohms, which indicated the fast charge transfer on the
interface of the catalyst surface and electrolyte during the HER process [Figure 5(f)]. Overall,
these results highlighted that the high electroactive surface area of the nanoclusters system and
the presence of m-conjugated ligand shell facilitate rapid electron transfer across the ligand-
metal interface, thereby significantly reducing the R value at the electrode-electrolyte region.
Moreover, the kinetically sluggish alkaline electrolytes are less corrosive and economically
viable, which makes them promising for industrial-grade hydrogen production through water
electrolysis. Such transformation of the inactive gold metal into a dynamically adaptive and
stable HER electrocatalyst provides a promising platform for the rational design of noble-
metal-based electrocatalysts.

The pronounced redox activity and facile electron transfer properties of these nanoclusters,
facilitate controlled electron exchange with the surrounding dissolved oxygen, leading to the
formation of highly reactive species such as superoxide and hydroxyl radicals. Therefore, the
ROS generation capability of the NDLA-AuNCs was systematically evaluated using both
normal (NIH-3T3 fibroblasts & C2C12 myoblasts) and cancer cell (4T1 triple negative breast
cancer) models, along with the elucidation of the associated mechanistic pathways. To this end,

the concentration-dependent cell viability was first determined with different concentrations
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1 (0.05-0.4 mg-mL"') of the NDLA-AuNCs, using a colorimetric MTT assay. The results
2 demonstrated that the NDLA-AuNCs caused negligible cytotoxicity towards normal NIH-3T3

3 and C2C12 cells at concentrations up to 0.1 mg-mL™! [Figure 6(a)].
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5 Figure 6. (a) In vitro cytotoxicity analysis of NDLA-AuNCs using NIH 3T3 and C2C12 cells; (b)
6  Cytotoxicity analysis towards 4T1 cancerous cells; (¢) Microscopic image of intracellular ROS
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generation in NDLA-AuNCs treated 4T1 cells using DCFH-DA dye (0.1 mg-mL™" dose; scale bar 100
um). *p<0.01; **P<0.001; ***P<(.0001; ****P<(0.00001 versus control.

However, when the concentration exceeded this level, cell viability gradually decreased in a
dose-dependent manner. In contrast, the cancerous 4T1 cells exhibited a significant reduction
in viability even at 0.1 mg-mL"! [Figure 6(b)]. These observations suggest that 0.1 mg-mL"! is
a safe concentration for normal cells while still exhibiting substantial anticancer activity. The
mitochondrial membrane potential (MMP) was then analyzed to understand the mechanism of
cell cytotoxicity induced by AuNCs. In healthy, metabolically active cells, JC-1 dye
accumulates in polarized mitochondria and forms aggregates that emit red fluorescence

[Figure 7].
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Figure 7. Analysis of mitochondrial membrane potential disruption in 4T1 cells upon treatment of
NDLA-AuNCs, using JC-1 assay.

When mitochondria lose their membrane potential, JC-1 remains as monomers in the cytosol
and emits green fluorescence. However, the NDLA-AuNCs treated 4T1 cells at 0.1 mg-mL!
displayed a significant reduction in the red-to-green fluorescence intensity ratio, which
indicated mitochondrial depolarization and the initiation of programmed cell death [Figure
S17 (a)]. The involvement of ROS in this mitochondrial damage was further checked using the
2,7-dichlorofluorescein diacetate (DCFH-DA) assay as a fluorescent indicator [Figure 6(c)].
The relative fluorescence quantification and microscopic analysis demonstrated that the ROS

levels in the treated 4T1 cells were significantly increased [Figure S17(b)]. This indicates that
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oxidative stress plays a major role in the cell damage caused by the treatment of the NDLA-
AuNCs.

Following the confirmation of in vitro ROS-mediated anticancer activity, the photodynamic
activity of AuNCs was also investigated using 690 nm NIR laser irradiation. When the NDLA-
AuNCs-treated 4T1 cells were exposed to the laser, a significant amount of ROS was produced,
compared to the non-irradiated control [Figure S18]. Additionally, the quantitative
fluorescence intensity analysis confirmed this observation and demonstrated that the NDLA-
AuNC:s also possess effective photodynamic property [Figure S17 (c)].

Building upon the observed in vitro anticancer property and NIR-induced photodynamic
activity, it was further necessary to determine whether these results also translate into
therapeutic effectiveness and safety under physiological conditions. Therefore, a detailed in
vivo toxicity study of the NDLA-AuNCs was performed using the BALB/c mice model [Figure
8(a)]. After fourteen days of continuous treatment, the animals were sacrificed, and a detailed
analysis of blood biochemistry, liver functions, and histological assay of the major organs were
performed. The blood parameters showed that the hemoglobin levels remained unchanged,
which demonstrated that the continuous exposure to AuNCs did not affect the ability to carry
oxygen or induce anemia in the blood [Figure 8b (i-ii)]. The preserved cell counts, intact shape
and volume of the blood cells confirmed the absence of hematotoxic effects of the NDLA-
AuNCs system [Figure 8b(iii-vi)].

Similarly, total white blood cells, including neutrophils and lymphocytes, showed no
significant changes. These results suggest that the NDLA-AuNCs are non-toxic and non-
immunogenic in nature [Figure 8b(vii-ix)]. The hepatotoxicity of the treated animals was also
evaluated by measuring the levels of important liver enzymes, such as alanine aminotransferase
(ALT/ SGPT), alkaline phosphatase (ALP), and serum total protein (including serum albumin
and globulin) [Figure 8b(x-xii)]. The absence of elevated serum levels, which are the main
indicator of liver injury, further demonstrated that the treatment of NDLA-AuNCs did not

induce any hepatocellular damage.
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Figure 8. (a) Schematic representation of the experimental procedure for in vivo cytotoxicity
assessment of NDLA-AuNCs using BALB/c mice model; (b)Haematological and blood biochemistry
analysis of NDLA-AuNCs, including (i) erythrocyte count (million/cu.mm); (ii) hemoglobin (g/dL);
(iii) packed cell volume (PCV); (iv) mean corpuscular volume (MCV); (v) mean corpuscular
hemoglobin (MCH); (vi) mean corpuscular hemoglobin concentration (MCHC); (vii) total leukocyte
count (per cu.mm); (viii) neutrophils count; (ix) lymphocytes count; (x) serum glutamate-pyruvate

25



~N O L B W N

transaminase (U/L); (xi) alkaline phosphatase (U/L); (xii) serum total protein, including serum albumin
and serum globulin.

The histological evaluation of the major organs, such as liver, spleen, kidney, heart, and lungs
of the treated animals revealed the preserved tissue structures and no significant differences

between the NDLA-AuNC:s treated and control groups [Figure 9].
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Figure 9. In vivo histopathology analysis of major organs: liver, spleen, kidney, heart, and lung using
H & E staining upon treatment with NDLA-AuNCs (scale 5 pm).

The splenic tissue structure maintained its normal structure, and no signs of tissue loss or

bleeding. Similarly, the histology analysis of the kidney was demonstrated to be normal
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glomeruli and tubules, with no sign of scarring or damage. The heart tissue also appeared
normal as well, with properly arranged muscle fibers. Collectively, these results suggest that
the treatment of NDLA-AuNCs did not induce any noticeable blood toxicity, liver toxicity, as
well as organ toxicity, and support a favorable biocompatible and non-immunogenic safety

profile under the tested conditions.

3 Conclusion

In summary, this study demonstrated that the ligand engineering provides am effective strategy
for programming the electronic structure and redox properties of ultrasmall AuNCs. Beyond
serving as a stabilizing shell, the newly synthesized chiral NDLA ligand actively modulates the
metal-ligand interface, leading to ligand induced exciton coupling, electrical semi-
conductivity, redox activity, and efficient interfacial charge transport properties. The resulting
NIR-active NDLA-AuNCs demonstrated a characteristic bi-signate Cotton effect that
originates from exciton-coupling between the adjacent clusters. The extended chiral signal
beyond the ultraviolet region suggests that the molecular chirality of the ligand effectively
transferred to the electronic structure of the AuNCs core. The influence of this structural-
electronic coupling is also reflected in the electron transfer properties of the AuNCs system.
The temperature-dependent conductivity measurements revealed semiconducting behaviour,
where the electron transport at low temperature occurs through a 3D-VRH hopping mechanism.
The overall conduction process follows the correlated barrier hopping model, suggesting that
the electrons are moved between localized states with the help of thermal energy. The
calculated localization length of 0.3 nm indicates that the charge carriers are strongly localized
across the nanoclusters network. The CV measurements display clear anodic and cathodic
peaks, demonstrating that the NDLA-AuNCs possess intrinsic redox activity. In addition, the
non-faradic CV measurements reveal a higher double-layer capacitance value of 11.21 mF/cm?
and a large ECSA of 280.2 cm?. Together, these properties help to facilitate efficient charge
transfer kinetics, abundant active sites, and structural stability, which improves the
electrocatalytic performance of the NDLA-AuNCs system for the hydrogen evolution reaction.
Interestingly, the same electronic properties of this material also influence the biological
activities. The in vitro cell cytotoxicity studies using normal as well as triple-negative breast
cancer cell model revealed that the NDLA-AuNCs selectively kill highly aggressive and
transplantable triple-negative breast cancer cells, while maintaining a favourable biosafety
under physiological conditions. Additionally, the mechanistic analysis indicates that the

anticancer activity arises from the intracellular ROS generation. The facile electron transfer of
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the AuNCs promotes redox reactions that convert molecular oxygen into reactive species,
which induce mitochondrial damage and eventually cause cancer cell death. Consistent with
this mechanism, the photodynamic activity of this NDLA-AuNCs system was evaluated. When
the nanoclusters are exposed to 690 nm laser light, the ROS-production level increases
significantly. This indicates that the photo-excitation enhances electron-transfer processes and
subsequently the intracellular ROS-production is also increased.

Collectively, this study demonstrated that engineering the ligand shell is a powerful approach
for transforming metal nanoclusters into multifunctional redox-active nanomaterials. By
combining electrocatalytic hydrogen production and ROS-mediated biological activity in a
single, biocompatible material platform, this work highlights a generalizable strategy for the
development of multifunctional platform, capable of operating across the separated
disciplinary boundaries through a common electron-transfer mechanism. In particular, the
ability to couple molecular hydrogen generation with therapeutic intervention to treat acute
lung injury, metabolic syndrome, parasite-induced liver inflammation, antimicrobial treatment,
electrochemical sensing, and neurodegenerative diseases, as well as ROS-mediated biomedical
treatment.

Overall, these findings provide a general design principle for coupling molecular chirality and
ligand electronics to tailor nanocluster functionality towards integrated electrochemical-
biomedical platforms and establish a foundation for future and most underexplored field of
hybrid catalytic systems that are capable of simultaneous energy transformation and bioactive
regulation towards translational applications.

4. Experimental Section

4.1 Materials

Gold (III) chloride trihydrate (HAuCls.3H20), potassium hydroxide (KOH, 99%), and 5%
Nafion™ 117 solution were purchased from Sigma-Aldrich, alpha-naphthylamine, 1-
hyroxybenzotriazole, and 4-dimethylaminopyridine were purchased from Hyma chemicals, ,
(R)-5-(1,2-dithiolan-3-yl)-pentanoic acid was purchased from BLD pharma, 1-(3-
dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride (EDC-HCI ), triethylamine (TEA)
were purchased from Sisco-Research Laboratory (SRL), ultrapure water (18.2 MQ-cm™') was

taken from Merck Millipore-Q3 system, the organic solvents were purchased from Merck.

4.2 Synthesis
4.2.1 Ligand Synthesis
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In a dry round-bottom flask, (R)-5-(1,2-dithiolan-3-yl)-pentanoic acid (2.42 mmol, 500 mg)
was dissolved in 10 ml of anhydrous DMF. The solution was cooled in an ice-bath under
continuous  stirring.  Subsequently, 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide
hydrochloride (EDC-HCI) (3.15 mmol, 603 mg) and 1-hyroxybenzotriazole (HOBt) (2.66
mmol, 360 mg) were added to activate the carboxylic acid. After stirring for 10—15-minute,
alpha-naphthylamine (2.66 mmol, 381 mg) and 4-dimethylaminopyridine (10 mg, cat. amount)
was added, followed by triethylamine (0.74 ml, 5.2 mmol) to neutralize the HCI, and maintain
the basic environment. The reaction mixture was stirring overnight under inert atmosphere. The
progress of the reaction was monitored by thin-layer chromatography (TLC). Upon completion,
the reaction mixture was poured slowly into ice-cold water to precipitate the product. The solid
obtained was filtered and washed thoroughly with water. The crude product was dissolved in
chloroform and washed three-times with water to remove all the water-soluble impurities and
side-products. The organic phase was collected and evaporated the solvent under reduced
pressure. Finally, the crude product was purified by column chromatography using 0.5 %
methanol-chloroform mixture as the eluent and afford the pure product, (R)-5-(1,2-dithiolan-
3-yl)-N-(naphthalen-1-yl)-pentanamide (NDLA), as solid [Scheme 1(a)]. (Yield = 70%, 560
mg)

'"H NMR (500 MHz, DMSO): & 9.86 (s, 1H), 8.16 — 7.98 (m, 1H), 7.99 — 7.87 (m, 1H), 7.75
(d, J=8.2 Hz, 1H), 7.67 (d, J = 7.4 Hz, 1H), 7.57 — 7.51 (m, 2H) , 7.48 (t, /= 7.8 Hz, 1H),
3.67 (p, J=6.8 Hz, 1H), 3.21 (ddd, J=11.0, 6.9, 5.5 Hz, 1H), 3.13 (dt, J=11.0, 6.8 Hz, 1H),
2.49-2.39 (m, 3H), 1.90 (dq, J = 13.4, 6.8 Hz, 1H), 1.80 — 1.60 (m, 4H), 1.50 (q, J = 8.0 Hz,
2H) ppm.

I3C NMR (125 MHz, DMSO): 5 171.7,133.7,128.1, 125.9, 125.7, 125.5, 125.1, 122.7, 121.7,
56.2,38.1,35.7,34.2,28.4, 25.1.

ESI-MS: M-+H=332.12

4.2.2 Synthesis of NDLA-Gold Nanoclusters (NDLA-AuNCs)

In a typical synthesis, Gold (III) chloride trihydrate (HAuCl4.3H20) (0.2 mmol, 79 mg) was
dissolved in 0.79 ml of milli-Q (18.2 MQ- cm) water, while the NDLA-ligand (0.3 mmol, 100
mg) was dissolved separately in 10 ml of isopropanol (IPA). A round-bottom flask equipped
with a magnetic stir bar was charged with 15 ml of an IPA-water mixture (3:1 v/v) and placed
on a magnetic stirrer. Under slow stirring, the aqueous gold precursor solution was added to

the solvent mixture, followed by the dropwise addition of the ligand solution under vigorous
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stirring. After 5 min of stirring, the pH of the reaction mixture was adjusted to 11 using 1 (N)
NaOH solution. Subsequently, 0.5 ml of freshly prepared 10 mM NaBHj4 solution was added
dropwise to the reaction mixture. The reaction flask was then immersed in an oil bath
maintained at 40 °C and stirred for 12 h to complete the reduction and growth of the
nanoclusters [Scheme 1(b)].

To remove the excess ligand and unreacted impurities, the solvent was evaporated in reduced
pressure then washed with chloroform then dried over the oven. The purified nanoclusters are
then dispersed into the aqueous solution and followed by ultracentrifugation to improve the
purity. Finally, the purified AuNCs solution was lyophilized to obtained the solid product and
stored in 4 °C for further used. The images of synthesized nanoclusters in solid state and in
liquid form along with TLC analysis using chloroform and methanol (3:2) as an eluent was

shown in [Figure S9].
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