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Abstract

, Manoj Ramesh Kumbhare'

Silver nanoclusters (AgNCs) have emerged as highly adaptable nanomaterials with vast potential in theranos-
tic applications, by integrating therapeutic and diagnostic capabilities within a single platform. This review
summarizes current developments in the synthesis, characterization, and use of AgNCs for theranostics.
AgNC synthesis has substantially advanced, and a variety of techniques such as chemical reduction, green
synthesis, and templated methods are being used to manage stability, size, and form. AgNCs’ optical char-
acteristics, including high fluorescence and surface-enhanced Raman scattering (SERS) signals, make them
ideal for bioimaging and diagnostic applications. Furthermore, AgNCs’ surface chemistry enables simple
functionalization with therapeutic drugs and targeting ligands, thus improving effectiveness and selectivity.
AgNCs have been used in several diagnostic imaging modalities, including photoacoustic imaging, fluores-
cence imaging, and SERS-based sensing. They are suitable for both in vitro and in vivo imaging applications
because of their exceptional photostability and biocompatibility, which enables real-time tracking of disease

progression and therapy response.
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Introduction

Fundamentals of metal
nanoclusters

Between atomic-scale and plasmonic metal
nanoparticles, atomically precise metal
nanoclusters (NCs) are minuscule parti-
cles with a core diameter smaller than 2
nm [1-3]. These metal NCs are hard mole-
cules and have unique electrical and optical
properties, including strong photolumines-
cence (PL) and superior catalytic proper-
ties. Noble metal NCs have attracted sub-
stantial research interest because of their
distinctive structures and broad potential
uses [4-7]. Organic ligands, including thi-
olates, phosphines, and alkynyls, are com-
monly used to coat the surfaces of certain
gold (Au) NCs and silver NCs (AgNCs)
to inhibit aggregation and aid in their sep-
aration. These ligands affect the mecha-
nisms through which Au NCs and AgNCs
develop, but they also have a consequence
influence on the sizes, shapes, and final
characteristics of these particles [8—16].
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The field of nanotechnology has emer-
ged as a revolutionary discipline with wide-
ranging applications. Among the plethora
of nanomaterials, AgNCs have captured
substantial interest because of their dis-
tinctive size-dependent characteristics and
adaptability. AgNCs, comprising nanoscale
silver particles, typically consisting of sev-
eral to several tens of atoms, have unique
electronic and optical properties. Their
customizable size and shape render them of
particular interest to researchers in diverse
fields, including materials science, chemis-
try, biomedicine, and electronics. Figure 1
shows the AgNC structure.

The architecture of AgNCs is intricate.
Among the noble metal NCs investigated
to date, AgNCs are notable for their unique
physical properties, such as robust lumi-
nescence and diminutive size. These traits
provide exciting opportunities for develop-
ing luminescent probes tailored to bio-im-
aging and sensing applications. However,
silver in its zero-valent state exhibits
higher reactivity and susceptibility to oxi-
dation than Au. This heightened reactivity
poses challenges in the preparation and
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Figure 1 Structure of silver nanoclusters.

examination of AgNCs, in contrast to their extensively stud-
ied Au counterparts. Consequently, ensuring the availability
of high-quality AgNCs with accurately defined size, struc-
ture, and surface properties is crucial for both fundamental
scientific investigations and practical applications.

Properties and features of AGNCs

The notable characteristics of AgNCs include their outstand-
ing optical attributes. These NCs display absorption and flu-
orescence properties dependent on their size, thus resulting
in vibrant and adjustable photoluminescence [17]. This fea-
ture has been harnessed in diverse fields including bioim-
aging, sensing, and optoelectronics. The robust fluorescence
emission of AgNCs, combined with their exceptional photo-
stability, has made them invaluable in cellular and molecu-
lar imaging, in which they facilitate detailed exploration of
biological phenomena at the nanoscale. Beyond their optical
characteristics, AgNCs have excellent catalytic and antimi-
crobial properties that make them suitable for applications
in catalysis, environmental remediation, and treatment of
microbial infections [18]. Their ability to generate reactive
oxygen species under light irradiation has led to the devel-
opment of photodynamic therapy (PDT) platforms, thus pro-
viding a non-invasive, targeted approach to cancer treatment.

Recently, a plethora of efficient techniques have been
developed to fabricate AgNCs with tailor-made physical and
chemical attributes, in quantities suitable for practical appli-
cations. By carefully designing synthesis approaches, such
as direct reduction, chemical etching, and ligand exchange,
well-established processes can be used to produce high-qual-
ity AgNCs with novel and sometimes unprecedented prop-
erties. Additionally, various techniques such as UV-visible
absorption spectroscopy, PL emission spectroscopy, electro-
spray ionization mass spectrometry, and single-crystal X-ray
crystallography have been used to analyze the physical and
chemical properties, and elucidate the complete structures,
of AgNCs, thereby establishing a central avenue of nano-
science research. The precise atomic-level configurations of

AgNCs enable investigation of the correlation between their
structure and properties, which may potentially enable per-
formance increases. Among these properties, luminescence
is particularly valuable in biological contexts. Studies in the
past 5 years have emphasized the ability to adjust the photo-
luminescent properties of AgNCs by regulating both the core
size and the ligand type [19, 20].

Figure 2 shows the binding energy of AgNCs with vari-
ous solvents, such as water, heptane, methanol, benzene, and
acetone. The above figure also describes the AgNC surface,
edge, and corner dimensions. This introductory explanation
lays the groundwork for extensive examination of AgNCs,
including their synthesis, structural characteristics, distinct
optical qualities, and diverse applications spanning multiple
scientific fields. As scientists delve deeper into the capabil-
ities of AgNCs, these minute silver structures are becoming
increasingly critical in uncovering leading edge solutions in
nanotechnology, biomedicine, and beyond.

Figure 3 shows how NCs arise from nanoparticles of
different sizes forming a complexes of silver nanoparticles
(AgNPs).

AgNC synthesis approaches

Various synthesis methods, including chemical reduction,
ligand-assisted growth, and template-directed approaches,
have been developed to tailor the size, shape, and surface
chemistry of AgNCs. These advances have unlocked numer-
ous possibilities for harnessing AgNCs in a wide array of
applications. The synthesis of AgNCs is a more intricate
process than that of Au NCs, because of AgNCs’ high sensi-
tivity to environmental conditions in solution. Consequently,
achieving precise control is essential for generating AgNCs
with well-defined compositions [21]. Recent reports have
documented successful endeavors in this regard. The produc-
tion of AgNCs can be broadly classified into three primary
approaches: direct reduction of silver precursors, facilitated
by specific ligands; chemical etching; and post-synthetic
ligand exchange [22].
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Figure 3 Silver-nanoparticle-forming nanoclusters.

Figure 4 describes methods for AgNC synthesis, includ-
ing direct reduction, ligand exchange, and chemical etching.

Chemical etching techniques

Some AgNCs can be produced through a chemical etching
procedure, whereby larger AgNPs are selectively degraded
to yield smaller AgNCs. The chemical etching process has

AgNPsin nanomaterials

Legend:
AgNPs silver nanopartice
*MM pound (e.g. antibiotics)

/ Nanofibres in nanomaterial

had fewer documented successes than the direct reduction
method, primarily because chemical etching is inherently
time-consuming and tends to produce AgNCs in small quan-
tities. However, these limitations can be mitigated to some
extent by optimizing the etching conditions, such as the
etching duration, reaction temperature, and ratio of the etch-
ing agent to Ag precursors. An effective synthesis approach
requires a gentle etching environment that enables controlled
AgNC formation within the reaction mixture [23-25].
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Figure 4 Method of preparation of silver nanoclusters.

Direct reduction techniques

The direct reduction method is efficacious in synthesizing
AgNCs in both organic and aqueous solutions. This syn-
thetic approach entails rapid formation of intermediate
AgNCs via reduction, followed by gradual fine-tuning of
their size to yield monodisperse AgNCs within a reducing
agent. NaBH,, a commonly used reducing agent for the
synthesis of AgNCs, can be used alongside various ligands,
such as thiolates, alkynyls, DNAs, peptides, proteins, and
polymers. Several AgNCs, including thiol-protected and
alkynyl-protected AgNCs, have been successfully created
with this method. However, NaBH, is known for its rapid
reduction kinetics, which can result in the formation of
polydisperse AgNCs. To counteract this formation, multi-
ple approaches can be used to slow the reduction kinetics of
NaBH,. For example, the solution’s pH, the concentration of
reducing agents, and the choice of solvent can be adjusted
to modulate NaBH,’s reducing capability. To slow the rate
of AgNC formation, an effective strategy involves replacing
NaBH, with gentler reducing agents, such as formic acid and
N,N-Dimethylformamide. Moreover, alternative methods
including light exposure, ultrasonication, and electrical pro-
cesses can establish a mild reducing environment favorable
for AgNC synthesis [26-28].

Ligand exchange technique

In recent years, the procedure of initiating size and struc-
ture alterations via ligand exchange has gained considerable
significance. Peripheral organic ligands have critical roles
in determining characteristics such as nuclearity, geome-
try, bonding, and electronic transitions within metal NCs.
Depending on the particular metal NC, ligand exchange can
be either partial or complete, and its effects may or may not
extend to the metal core itself. In 2014, Bakr and colleagues
introduced a method for rapidly and completely exchanging

thiolate ligands with other thiolates in Ag,,(SR),; clusters.
Subsequently, the researchers discovered that the ligand
exchange process can efficiently and directly convert
Ag.(SG), clusters (where SG denotes glutathionate) into
Ag, (4-FTP),, clusters (where 4-FTP denotes 4-fluorothio-
phenol), whereas the reverse transformation occurs slowly
and involves intermediate cluster sizes [29, 30].

Other techniques

Other methods for synthesizing AgNCs involve performing
reactions under solid-state conditions or within a gel medium.
For example, the Pradeep research group has developed a
technique to fabricate red-emitting Ag (H2MSA), NCs
through a solid-state approach. This method can also synthe-
size other types of thiolated AgNCs, including Ag, (SG),,
and Ag (PET),, (where PET denotes phenylethanethiol), as
well as selenolate-protected Ag,,(SePh), NCs. Furthermore,
Chakraborty and colleagues have used a gel-based approach
to form thiolated Ag,.(SG) , NCs with intense red lumines-
cence. Detailed information on the synthesis of AgNCs can
be found in recent reviews [31-33].

Current approaches to fabricating
AgNCs

Several current approaches to fabricating AgNCs, along
with their advantages and disadvantages, are summarized in
Table 1.

Properties of AQNCs

Various properties of AgNCs are summarized in Table 2.

Photoluminescence

PL is a captivating property of nanomaterials, because of its
vast array of potential applications. Upon excitation from
their ground state, AgNCs emit excess energy as they revert
to their ground state, thus giving rise to PL. However, AgNCs
typically exhibit low quantum yield, and unresolved questions
remain regarding the fundamental aspects of their PL proper-
ties. Several factors influence the PL of AgNCs, including
the cluster size, type of protective ligands, and presence of
heterometal atoms. Furthermore, the PL behavior is highly
sensitive to factors including the number of valence electrons,
metal oxidation state, crystal structure, temperature, and pH.
Each of these factors plays a crucial role in modulating the
photoluminescence characteristics [34-36].

UV-visible absorption

The UV-visible absorption spectra of AgNPs prominently
exhibit a phenomenon called surface plasmon resonance,
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Table 1  Summary of Current Approaches for Fabricating Silver Nanoclusters
Method Advantages Disadvantages
Chemical reduc- Relatively simple and cost-effective May involve toxic chemicals
tion High yield Lack of precise control of size and shape
Scalable Aggregation tendency

Allows for surface modification

Can be performed under mild conditions
Tunable optical properties

Control of size and shape

High purity

Continuous production possible
Tunable optical properties
Environmentally friendly

High precision in size and shape control
Low-temperature processing

Narrow size distribution

Control of surface chemistry

In situ monitoring ability
Environmentally friendly

Biocompatible

Sustainable

Low cost

Uses natural resources

Electrochemical
method

Photochemical
method

Green synthesis

Need for specialized equipment

Properties affected by electrolyte composition

Limited scalability

Complexity in controlling parameters

Risk of dendrite formation in certain cases

Requirement of specific light sources

Limitation to certain types of silver precursors

Potential requirement for complex ligands for stabilization
Limited scalability

Photobleaching of stabilizing ligands

Potentially varying reaction conditions

Slow reaction kinetics

Limited control of size and shape

Variable product purity

Physical properties are less manipulated as compare to chemicals

Table 2 Properties of Silver Nanoclusters.

Properties Description

Fluorescence

Fluorescence exhibited by silver nanoclusters is a distinct form of photoluminescence involving emission of light

with longer wavelengths (lower energy) after the absorption of photons from a higher-energy source, such as

ultraviolet (UV) or blue light.
Photoluminescence

Photoluminescence observed in silver nanoclusters entails emission of light after exposure to external light

sources, including UV or visible light, by silver nanoparticles or nanoclusters.

UV-visible absorption
unique optical absorption patterns.

Biological

A prominent feature of silver nanoclusters is the phenomenon of surface plasmon resonance, distinguished by

The biological properties of silver nanoclusters pertain to their interactions with living organisms and biological

molecules, and are of interest for potential applications in fields such as medicine and biology.

Structural

In silver nanoclusters, structural properties encompass the physical and chemical attributes that dictate the

arrangement of silver atoms within these materials at the nanoscale.

distinguished by unique optical absorption patterns, as illus-
trated in Table 1. [37-39]. Typically, the surface plasmon
resonance peak for AgNPs appears around 400 nm. In con-
trast, AgNCs exhibit several discernible absorption peaks
within the UV-visible range. The unique optical absorption
profiles of AgNCs and AgNPs arise from various factors and
manifest at different wavelengths. Spectral information can
confirm the effective synthesis of AgNCs and the conversion
of small AgNCs into larger plasmonic AgNPs. Modifications
in protective ligands and cluster size, both of which affect
behavior in the excited state, result in alterations in elec-
tronic transitions [40].

Fluorescence

Fluorescence, an intriguing trait of AgNCs, has received
considerable interest in the fields of nanomaterials and nan-
ophotonics. These clusters have distinctive and adjustable
fluorescence characteristics, and thus may be have promise
in diverse applications [41-45].

Intense emission

AgNCs are recognized for their potent and precise fluores-
cence emission, which is typically characterized by a dis-
tinctively narrow emission peak. This high luminosity is
advantageous in fluorescence-based assays and bioimaging
applications, by facilitating the detection and tracking of
biomolecules and cellular structures with enhanced signal
strength. Figure 5 describes AgNC sensors.

Size-dependent fluorescence

The fluorescence characteristics of AgNCs are intricately
associated with their size and structure. Changes in NC
size correspondingly alter the fluorescence emission wave-
length. This phenomenon, known as size-dependent fluo-
rescence, arises from quantum confinement effects, wherein
the confinement of electrons and holes within NCs creates
discrete energy levels and consequently distinct emission
wavelengths. This adjustable emission capability has led to

V. V. Kshatriya et al.: DOI: 10.15212/bioi-2024-0003
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Figure 5 AgNCs as sensors [45].

versatile AgNC applications in fluorescence-based sensing
and imaging.

Environment sensitivity

The fluorescence of AgNCs exhibits remarkable sensitiv-
ity to their surrounding environment, influenced by factors
such as temperature, pH, and the presence of particular
molecules or ions. This inherent sensitivity can be used in
sensing applications, in which variations in the environment
induce detectable shifts in the fluorescence emission spectra
of AgNCs.

Biocompatibility and photostability

AgNCs readily undergo functionalization with biocom-
patible ligands, thereby enabling their use in biological
contexts. Their small size and outstanding fluorescence
characteristics render them appropriate for labeling and
imaging of diverse biological structures and processes,
within controlled laboratory settings or living organ-
isms. Notably, AgNCs have impressive photostability,
thus ensuring prolonged fluorescence emission without
photobleaching or degradation. This resilience is par-
ticularly advantageous in extended imaging and tracking

disperse nanoclusters protected

by ligands

R
analyte ; —#3
<>

experiments, by ensuring the sustained reliability of fluo-
rescence signals over time.

Diverse applications

Owing to their distinctive fluorescence characteristics,
AgNCs have been used across broad fields, including bio-
logical imaging, environmental monitoring sensors, dis-
ease diagnosis tools, and materials science advancements.
Additionally, their potential applications extend to optoelec-
tronic devices and integration as components within nanos-
cale photonic systems. Thus, the fluorescence properties of
AgNCs make them a fascinating and valuable class of nano-
materials. Their tunable emission, brightness, photostability,
and sensitivity to environmental changes facilitate diverse
applications, such as advanced imaging techniques and cut-
ting-edge sensing technologies.

Structural properties of AQNCs

AgNCs have a broad array of structural attributes depending
on their size, composition, and surrounding ligand environ-
ment Figure 8. Understanding these properties is critical for
customizing their functionality and potential applications
[19, 20, 46-48].
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Ligand-induced structures

The selection of ligands is critical in shaping the structural
properties of AgNCs. Organic ligands stabilize the clusters
and can also determine their morphology. For example, thi-
olate ligands promote the development of symmetric and
precisely defined structures, whereas alternative ligands may
result in varied cluster geometries.

Lattice imperfections

AgNCs can possess lattice imperfections, such as stacking
faults, vacancies, or twinning, which affect their electronic
and optical properties. These imperfections can arise from
growth processes or ligand-induced effects, and contribute
to the unique properties of individual AgNCs.

Core-shell structures

Some AgNCs have core-shell structures in which a silver
core is surrounded by a layer of ligands. The core-shell
architecture can give rise to interesting optical and elec-
tronic properties. For example, Ag,(SR), NCs consist of a
silver dimer core protected by two thiolate ligands. Figure 6
describes the AgNC surface structure.

Size-dependent structures

A prominent structural property of AgNCs is their size-de-
pendent atomic arrangement. With changes in the number of

(AgS),, subsurface
and cubic core
(The yellow atoms are on the surface)

Figure 6 Surface structure of AGNCs.

silver atoms in the cluster, the arrangement of these atoms
can transition from compact to hollow structures, or even
from planar to three-dimensional geometries. For example,
Ag,(SG) , NCs, where SG denotes glutathionate, exhibit a
well-defined icosahedral geometry with a central Ag . core
surrounded by a shell of Ag,, atoms.

Surface atoms

The properties of AgNCs are often dominated by their sur-
face atoms. These atoms have a high surface-to-volume
ratio, thus leading to unique chemical reactivity and optical
behavior. Surface atoms have crucial roles in the interaction
of AgNCs with other molecules and materials.

Chirality

Some AgNCs exhibit chirality, a structural property asso-
ciated with their handedness. Chiral AgNCs have been of
particular interest, because of their potential applications in
chiral sensing and catalysis.

Biological properties of AQNCs

AgNCs have attracted considerable attention in biomedicine
and biology, because of their distinct biological attributes,
such as biocompatibility, fluorescence, and promising pros-
pects for both therapeutic interventions and imaging tech-
niques [49-51].
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Fluorescence imaging

AgNCs exhibit strong and tunable fluorescence emission,
and therefore are valuable in biological imaging. Their flu-
orescence properties, including quantum yield and emission
wavelength, can be controlled by adjustment of the size and
ligands of the NCs. For instance, Ag,(SR), NCs have been
used for cellular imaging, because of their bright and stable
fluorescence.

Sensing and detection

AgNCs have been used as biosensors for the detection of
various biomolecules and ions. Their fluorescence prop-
erties are highly sensitive to changes in their local envi-
ronment, thus enabling detection of specific analytes.
Functionalized AgNCs have been used for the detection
of DNA, proteins, and metal ions in biological samples.
Aptamers, which are oligonucleotides capable of protein
binding, have been designed and used in association with
DNA-AgNC to develop half-life sensors for protein detec-
tion. A similar type of control containing a DNA probe
with thrombin aptamer and C-rich fragment was used for
such protein detection with a limit of detection of 1 nM.
Silver ions bind to cytosines, which enables the fluorescent
AgNC to be selectively formed on C-rich fragment. These
clusters show good photostability and stability in bioassay
conditions despite being quenched in fluorescence in the
presence of thrombin. This system exhibits good specific-
ity when compared to the other four proteins used as con-
trols that indicated the presence of any quenching effect.

spacer

spacer

Figure 7 Principle of a binding-induced fluorescence turn-on assay
for protein detection.

The quenching mechanism was also studied and has been
attributed to the AgNC’s structural change induced by pro-
tein binding to the aptamer. The same protein can also be
detected using a turn-on strategy.

In this case, the presence of thrombin at 1 nM promotes the
fluorescence intensity of G-rich AgNCs due to the proximity
of a G-rich protein. This results in a shift in fluorescence from
weak green emission to a strong red emission, as shown in
Figure 7. The specificity of the method was tested by com-
paring it with other four proteins. In all cases, the changes
in fluorescence were lower than those observed for thrombin
even at 10-fold higher concentrations.

Biocompatibility

AgNCs are widely recognized for their biocompatibility,
which renders them suitable for multiple biological appli-
cations. They demonstrate minimal cytotoxicity and can be
easily functionalized with biocompatible ligands, thereby
facilitating applications in both in vivo and in vitro investi-
gations. For instance, AgNCs stabilized with bovine serum
albumin have been demonstrated to be biocompatible and
effective in cellular imaging.

Antimicrobial activity

Silver ions released from AgNCs have intrinsic antimi-
crobial properties. AgNCs have been investigated for their
potential as antimicrobial agents to treat bacterial infections
and as coatings for medical devices to decrease microbial
contamination.

Drug delivery

AgNCs can serve as carriers for drugs in targeted delivery
systems. Their small size and surface functionalization capa-
bility enable the attachment of therapeutic agents, thus facil-
itating controlled and precise release. This attribute holds
promise for applications in cancer therapy and various other
medical treatments.

Application of AgNCs

Figure 8 shows various applications of AgNCs.

Biomedical applications

AgNCs readily interact with and effectively stabilize sin-
gle-stranded DNA in experiments [52]. After interaction
with rhodamine 6G, these structures form self-assembled
complexes emitting light in the blue spectrum. However,
the presence of fluorescent dye marginally decreases the
intrinsic fluorescence of the clusters. Intriguingly, this flu-
orescence further decreases after addition of melamine
into the aqueous suspension, thus ultimately disrupting the
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Figure 8 Application of silver nanoclusters.

self-assembled complex [53, 54]. One biosensor designed to
detect a crucial RNA protein comprises two distinct sections
of a DNA tetrahedral framework. These sections are com-
posed of sequences of four nucleic acids, thereby forming
a scaffold that can be easily switched, along with a photo-
induced electron-transfer pair serving as a fluorescence con-
verter. When coupled with an Ag cluster, this DNA complex,
with or without the protein target, exhibits fluorescence
exhibits fluorescence in combination pattern as there is pres-
ence of 2 distinct models. This pioneering sensor has ena-
bled detection of the target protein, even within individual
cells, for the diagnosis of HIV [55].

A novel approach for modulating the fluorescence inten-
sity of AgNP aggregates by using DNA has been applied to
identify hepatitis B virus in samples. The fluorescence inten-
sity is significantly amplified when multilayer complexes
form between the nanoparticles and the target DNA, thus
subsequently immobilizing the captured samples.

Moreover, a novel bimetallic electrochemical auto sen-
sor has been described, featuring an outer shell comprising
Au nanoparticles acting as a conduit for transmitting sig-
nals from AgNCs to Au NCs. This innovative sensor has
remarkable capabilities for ultra-sensitive and highly selec-
tive detection, with a low detection threshold for two distinct
types of microRNA potentially associated with sarcoma.
The sensor platform integrates a covalent-organic lattice
constructed from nanowires, synthesized via the condensa-
tion of 1,3,6,8-tetra(4-carboxyphenyl)pyrene and melamine.
This lattice has also been used for capturing single strands of
DNA helices, thus facilitating hybridization alongside com-
plementary probes targeting these microRNA variants [56].

A hydrogel made from poly(ethylene glycol) that emits
fluorescence has been effectively used as a advance method
of highly sensitive microRNA detection. In this scenario, the
introduction of Ag* into the hydrogel triggers a consequence
cation exchange process while also promoting the hybrid-
ization of DNA strands. Notably, the hydrated hydrogel

medium itself mitigates the risk of fluorescence quenching,
thus streamlining the experimental setup [57].

Another remarkably selective method for rapid detection
of microRNA in complex biological solutions has harnessed
the fluorescence properties of AgNCs. The response of
AgNC for detection of presence of microRNA shows high
specificity.

Pharmaceutical application

Drug delivery systems

AgNCs have vast potential as drug delivery systems in the
pharmaceutical sector. With their small size, extensive sur-
face area, and ability to transport diverse payloads, AgNCs
have emerged as ideal candidates for encapsulating and
delivering drugs to precise target locations. AgNCs can
enhance the stability and bioavailability of pharmaceuti-
cal compounds, thereby increasing their therapeutic effec-
tiveness while simultaneously decreasing potential adverse
effects. In a study by Sengupta et al., AgNPs, including
AgNCs, have been used as drug carriers for the delivery of
antimicrobial agents. The researchers have demonstrated the
synergistic potential of AgNCs in combination with pharma-
ceutical compounds, thus highlighting their role in enhanc-
ing drug delivery systems [58].

Antimicrobial agents

Utilization as antimicrobial agents is a well-established
application of AgNCs in pharmaceuticals. AgNCs have high
antimicrobial efficacy against a wide array of microorgan-
isms, including bacteria, viruses, and fungi. This activity is
based on AgNCs’ capability to liberate silver ions, which
obstruct cell membrane, disrupt DNA replication, and insti-
gate oxidative stress in microorganisms. Pharmaceutical
formulations have incorporated AgNCs to formulate potent
antimicrobial agents. For example, researchers have demon-
strated the use of AgNCs in wound dressings to prevent and
treat bacterial infections. Additionally, AgNCs have been
used in the development of antimicrobial coatings for medi-
cal devices, thus decreasing the risk of healthcare-associated
infections [59].

Cancer therapeutics

AgNCs have emerged as promising contenders in cancer
therapeutics, and have received attention for their distinctive
attributes, which make them attractive candidates for selec-
tive targeting of cancer cells. Engineered AgNCs can be tai-
lored to preferentially accumulate in tumor tissues, thereby
facilitating the precise eradication of cancer cells while pre-
serving healthy cells. Beyond targeted drug delivery, AgNCs
are being investigated for their potential in photothermal
therapy. After exposure to near-infrared light, AgNCs absorb
energy and produce heat, thus providing a means to selec-
tively eliminate cancer cells via hyperthermia [60].
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Gene delivery

AgNCs have shown potential as gene delivery carriers—a
critical element of gene therapy in pharmaceutical applica-
tions. Through functionalization, therapeutic genes can be
loaded onto the surfaces of AgNCs, which enable precise
gene delivery into designated cells or tissues. This targeted
gene delivery strategy has substantial promise for address-
ing genetic disorders and various other diseases. A compre-
hensive review by Li et al. has discussed the synthesis and
properties of AgNPs, including AgNCs, in gene delivery
applications, and has provided insights into their potential in
pharmaceutical gene therapy [61].

Radiation enhancers

AgNCs have been investigated as radiation enhancers in can-
cer therapy. When used alongside radiation therapy, AgNCs
can boost therapeutic efficacy by increasing radiation dam-
age to cancer cells. This approach enhances the therapeu-
tic results of radiation therapy while mitigating harm to
neighboring healthy tissues. Zhang et al., in a study on the
size-dependent radiosensitization of Au nanoparticles, have
highlighted the potential of similar approaches using AgNCs
in cancer radiation therapy [62].

Anti-inflammatory agents

The anti-inflammatory attributes of AgNCs have opened
new avenues in pharmaceutical exploration. Inflammation
is a critical factor in numerous diseases, such as rheuma-
toid arthritis and inflammatory bowel disease. AgNCs
have the potential to be integrated into pharmaceutical for-
mulations to mitigate inflammation and provide relief to

Table 3 Patents on Silver Nanoclusters

affected individuals. Li et al. have emphasized the anti-in-
flammatory potential of AgNCs in a review article, includ-
ing their roles in decreasing inflammation in various dis-
ease contexts. Therefore, AgNCs are promising candidates
for the development of anti-inflammatory pharmaceutical
products [63].

Veterinary application

In veterinary science, AgNCs are used primarily as potent
antimicrobial agents. Their robust antibacterial, antivi-
ral, and antifungal properties make them invaluable in
preventing and managing infectious diseases in animals.
These nanoparticles, which can target diverse pathogens,
including drug-resistant strains, have crucial roles in vet-
erinary medicine. Wound management is important in ani-
mal healthcare, and AgNCs have been applied to expedite
wound healing in animals, because of their antimicrobial
characteristics and ability to promote tissue regeneration.
AgNCs can be integrated into wound dressings and gels
to provide an environment conducive to wound closure. In
addition, AgNCs have found applications in veterinary diag-
nostics. AgNCs can be functionalized with tailored ligands
or antibodies for the detection of pathogens, biomarkers, or
antibodies in animals. These customized AgNCs have been
applied in assays and point-of-care diagnostic tests, thus
facilitating rapid and precise disease detection with high
sensitivity [64].

Diagnostic application

Functionalized AgNCs have emerged as valuable diagnostic
tools in pharmaceutical research. Through modification with

Sr. No. Patent Number Patent Title

1 CN108372312B Green fluorescent silver nanocluster and preparation method and application thereof

2 CN108641708B The preparation method of melamine ratio fluorescent probe based on silver nanoclusters
compound

3 CN106018366B A kind of fluorescent DNA-silver nanoclusters and preparation method thereof and application

4 US8105847B2 Nano-sized optical fluorescence labels and uses thereof

5 US8536119B2 Synthesis of fluorescent metal nanoclusters

Table 4 Clinical Trials of Silver Nanoclusters

Sr. No. Trial Number Title of the Study Sponsor
1 NCT05902975 Evaluation of the Antimicrobial Fiber Reinforced Composite Resin Al-Azhar University
Space Maintainer Modified With Silver Nano Particles
2 NCT02761525 Topical Application of Silver Nanoparticles and Oral Pathogens in Universidad Autonoma de
Il Patients San Luis Potosi
3 NCT01950546 Nanosilver Fluoride to Prevent Dental Biofilms Growth (NSFCT) University of Pernambuco
4 NCT05231330 Clinical Evaluation of Silver Nanoparticles in Comparison to Silver Suez Canal University
Diamine Fluoride in Management of Deep Carious Lesions
Evaluation of Silver Nanoparticles for the Prevention of COVID-19 Cluster de Bioeconomia de
5 NG e U (COVID-19) i Baja California, A.C
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specific ligands or antibodies, AgNCs can be customized
to detect disease-associated biomarkers. This adaptability
enables the creation of rapid and highly sensitive diagnostic
tests that facilitate early disease detection and monitoring.
In pharmaceutical analysis, AgNCs have been incorporated
into aptamer-based fluorescent biosensors. These biosensors
enable the detection of specific biological molecules, thus
offering valuable insights into disease diagnosis and phar-
maceutical research [65].

Patents associated with AgNCs

Table 3 lists patents for AgNCs [66].

Clinical trials associated with
AgNCs/AgNPs

Table 4 lists clinical trials of AgNCs [67].

Conclusion

AgNCs are promising in theranostic applications, because
of their tunable optical properties and biocompatibility sup-
porting integrated diagnostics and therapy. Advanced syn-
thesis techniques allow for precise control of size, shape,
and surface chemistry, thus enhancing AgNC versatility.
AgNCs enable sensitive imaging for early disease detec-
tion and real-time treatment monitoring. Moreover, they
exhibit antimicrobial properties and efficacy in PDT and
targeted drug delivery, and consequently improve therapeu-
tic outcomes while minimizing adverse effects. Challenges
include rigorous biocompatibility assessment, long-term
toxicity studies, and regulatory considerations for clinical
translation. Balancing therapeutic efficacy and cytotoxicity
is crucial. AgNCs have potential in personalized medicine,
but safety concerns must be addressed before clinical use.
Future research should optimize AgNC-based platforms and
advance clinical translation to realize their full therapeutic
potential in disease management.
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