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ABSTRACT
Gold Nanoparticles (AuNPs) have gained significant attention across multiple fields, including 
drug delivery, therapy, sensing, material science and catalysis, due to their tunable properties. 
These nanoparticles exhibit high stability, water solubility, biocompatibility and chemical 
versatility, primarily attributed to the Self-Assembled Monolayers (SAMs) of organic ligands 
on their metal cores. Key features such as size, shape and surface functionality play a critical 
role in determining their interactions with biological systems, influencing uptake, distribution, 
cytotoxicity and biomolecular interactions. The aim of this review is to provide an in-depth 
analysis of the application of AuNPs in drug delivery and therapy, highlighting their role in 
drug conjugation, controlled release and targeted therapeutic interventions. Additionally, the 
review aims to explore the expanding domain of bioorthogonal catalysis and its relevance 
to drug delivery systems. This study focuses on reviewing various research articles and case 
studies that discuss the principles of supramolecular chemistry related to AuNPs. Specifically, 
it examines methods of drug conjugation, the process of self-assembly in supramolecular drug 
delivery systems and the application of transition metal catalysts in bioorthogonal catalysis. 
Key breakthroughs in the field, including advancements made by researchers like Meggers 
and Bradley, are analyzed to illustrate the cutting-edge developments in the use of AuNPs. 
The analysis reveals that AuNPs can significantly enhance drug delivery by enabling precise 
targeting and controlled release. Their interaction with complementary molecules allows for 
tailored therapeutic interventions. In bioorthogonal catalysis, AuNPs demonstrate the ability 
to perform targeted conversions and synthetic reactions, with key achievements in intracellular 
catalytic processes. The versatile properties of AuNPs, particularly their ability to participate in 
supramolecular self-assembly and bioorthogonal catalysis, position them as promising tools for 
advancing drug delivery and therapeutic applications. Their unique characteristics hold great 
potential to revolutionize targeted drug administration and bioorthogonal catalytic techniques 
in modern medicine.

Keywords: Bioorthogonal Catalysis, Drug Delivery, Gold Nanoparticles, Supramolecular 
Chemistry.

INTRODUCTION

Nanoparticles have enormous promise in the fields of delivery 
systems, medicines, sensing technology, materials science 
and catalysis because of their adjustable characteristics. 
Because of their highly modifiable core and surface properties, 

monolayer-protected inorganic nanoparticles find extensive 
application in the fields of biotechnology and nanotechnology. 
The organic ligands in these nanoparticles form Self-Assembled 
Monolayers (SAMs) around a metal core. Stability, water 
solubility, biocompatibility and chemical flexibility are provided 
by the SAMs, which are chemisorbed onto the surface of the core. 
The advantages of both the strong core material and the flexible 
monolayer ligands are brought together in this hybrid structure.1

The characteristics of nanoparticles are different from those 
of bulk materials. It is possible to tailor their physical and 
chemical properties to meet certain needs. Size, form and surface 
functioning are important characteristics that affect how they 
behave and interact in biological systems.2 Nanoparticles with 
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tailored optical, electrical, catalytic, or magnetic characteristics 
can be synthesised by modifying these traits. Their cytotoxicity, 
absorption, distribution and interactions with biomolecules are 
all affected by these qualities. They are good platforms for drug 
delivery because they can be surface-functionalized with different 
ligands to create well-defined structures. Their high surface-to-
volume ratio also allows for multivalency, which improves their 
interactions with the environment. Because of these properties, 
nanoparticles have many potential uses, such as research into the 
interactions between nanoparticles and biomolecules, as well as 
in transport and medicine.3,4

With their simple synthesis and functionalization, inert core, 
biocompatibility and flexible functionality, Gold Nanoparticles 
(AuNPs) have garnered a lot of attention among inorganic 
nanoparticles. The most researched monolayer-protected 
nanoparticles since the seminal study by Brust et al., are 
thiol-protected AuNPs. The potential uses of AuNPs in medicines, 
sensing, delivery and catalysis are being investigated.5

Functionalizing Gold Nanoparticles (AuNPs) usually entails 
reducing them using Brust-Schiffrin and then using Murray 
place-exchange reactions with application-specific ligands.6 
Washing, centrifugation and dialysis are some of the post-synthesis 
purification procedures that result in nanoparticles that are about 
the same size as DNA, proteins and cell membranes, among 
other biological things. Several bio-nano interface applications 
are made possible by this biomimetic scale, including gene 
transfection, regulation of DNA transcription and protein-protein 
interactions.7,8

This review article will focus on the use of supramolecular 
chemistry to analyse AuNPs as scaffolds for medicinal, delivery 
and catalytic applications. In the parts that follow, we will talk 
about the uses of AuNPs in transport and therapies, how tiny 
molecules interact with AuNP monolayers supramolecular, 
bioorthogonal catalysis and other similar uses.

APPLICATION OF GOLD NANOPARTICLES IN 
DRUG DELIVERY AND THERAPEUTICS

Gold Nanoparticles (AuNPs) are synthesized and functionalized 
through various techniques that allow for the precise control of 
their properties. The method developed by Mirkin et al., which 
uses DNA linkers to covalently attach paclitaxel, is one such 
example of how these nanoparticles can be tailored for specific 
therapeutic applications. This process enhances the solubility 
and overall effectiveness of the drug, making it a powerful tool in 
targeted drug delivery.9

Covalent Association

The method by Mirkin et al. stands out because it uses DNA 
linkers to covalently attach paclitaxel, a chemotherapeutic 
medication, to AuNPs.10 The solubility and overall effectiveness 

of paclitaxel are greatly improved by this technique. In addition, 
Zubarev et al., have devised a method that allows paclitaxel to be 
conjugated to phenol-terminated AuNPs by attaching a flexible 
hexamethylene glycol linker to its C-7 position. One single AuNP 
can be controlled-loaded with up to 70 paclitaxel molecules using 
this method.11

This method has been further developed by Mirkin, Lippard and 
colleagues who have created a drug delivery agent that combines 
the characteristics of DNA, AuNPs and Pt (IV) prodrugs. They 
used HeLa cells to incubate these particles in their tests. The 
nanoparticles went into vesicles after 6 hr and were released into 
the cytosol after 12 hr. Washington State the colocalization of these 
nanoparticles with the microtubules in HeLa cells was identified 
using green 488 taxol bisacetate, a stain for microtubules. They 
showed that Pt (IV) can be reduced to cytotoxic Pt (II) species 
in the acidic environment of cancer cells, which improves the 
therapeutic efficacy.12

Non-Covalent Association

The hydrophobic interior of AuNP monolayers has been utilised 
by Rotello et al., to encapsulate and transport hydrophobic 
medicinal molecules in a non-covalent manner. Substances with 
different hydrophobicities, pH levels, temperatures, magnetic 
fields, enzymes, Ultraviolet (UV) light and Near-Infrared (NIR) 
photoluminescence can all cause the medicine to be released 
from its carrier. One example is the work of Burda et al., who 
showed that PEGylated AuNPs could be successfully adsorbed 
onto the Photodynamic Treatment (PDT) medication silicon 
phthalocyanine, making them a powerful drug delivery vector 
for PDT in both laboratory and animal studies.13

It is also possible to create inorganic nanoparticles, such as AuNPs, 
to improve targeted distribution and hence increase the efficacy of 
drugs. To demonstrate the promise of AuNPs for targeted cancer 
treatment, El-Sayed et al., measured the amount of tumour cell 
absorption of Au nanorods coupled to tumour-targeting peptides.

Advanced treatments with improved efficacy and lower adverse 
effects are possible thanks to AuNPs, which offer robust platforms 
for targeted drug delivery and therapy by utilising both covalent 
and non-covalent techniques.14

Gold Nanoparticles (AuNPs) offer versatile platforms for drug 
delivery through both covalent and non-covalent conjugation 
techniques. Covalent associations involve creating stable, often 
irreversible bonds between the drug and the nanoparticle, as 
demonstrated by Mirkin et al., where DNA linkers are used 
to covalently attach paclitaxel, enhancing its solubility and 
effectiveness. Conversely, non-covalent associations rely on 
weaker, reversible interactions, such as hydrophobic forces, 
making them suitable for drugs like silicon phthalocyanine, 
which can be encapsulated within the nanoparticle monolayer. 
The following Table 1 summarizes the key techniques used 
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for drug conjugation with AuNPs, along with their respective 
advantages and disadvantages.

SUPRAMOLECULAR CHEMISTRY

The field of study known as supramolecular chemistry is 
concerned with complexes consisting of more than two molecules 
and their non-covalent interactions. The goal of this area of study 
is to create synthetic structures with structures and properties 
similar to those of naturally occurring molecules, primarily 
proteins, oligonucleotides and lipids. Recognition, assembly and 
function of molecules are the fundamental concepts. Hydrogen 
bonding, electrostatic interactions, metal coordination, 
host-guest recognition and other non-covalent interactions allow 
the construction of nanoscale systems from self-assembling 
molecules in supramolecular chemistry. Innovative solutions to 
complicated molecular problems are offered by these systems, 
which find substantial use in materials and biological research.20

Supramolecular Drug Delivery Chemistry

Non-covalent interactions are employed in supramolecular drug 
delivery chemistry to create customised building blocks. Easy 
preparation and functionalization, controllable morphologies and 
structures, dynamic self-assembly and customisable performance 
are all facilitated by the reversibility of these interactions. 
Bioimaging, gene transfection, protein delivery, regenerative 
medicine, tissue engineering, sensing and drug delivery are 
among the applications of these self-assembled supramolecular 
structures.21

Drug delivery systems are particularly promising due to 
their biocompatibility, biodegradability, responsiveness and 
incorporation of multiple functional units in supramolecular 
platforms.22 These characteristics are essential for the development 
and manufacture of effective drug carriers. The assembly and 
disassembly processes of supramolecular structures are more 
manageable than covalent assemblies due to the reversible 
character of non-covalent interactions.23

For example, Scherman et al. created a supramolecular double 
hydrophilic block copolymer micelle system that is responsive 
to triple stimuli. Micelles containing the chemotherapeutic 
drug Doxorubicin (Dox) were generated by combining 
thermo-responsive poly (PNIPAM) and pH-responsive poly 
(PDMAEMA) with a host molecule, Cucurbituril[8] (CB[8]). 
The drug was released as a result of the carrier disassembling in 
response to fluctuations in temperature, pH, or the presence of 
competing visitors. In contrast to covalently linked micelles, these 
supramolecular micelles exhibited more flexible and rapid drug 
release profiles, which were influenced by the three stimuli.24,25

Gold Nanoparticle Supramolecular Platforms

Gold Nanoparticles (AuNPs) with various surface ligands are 
promising self-assembly scaffolds. Designing interactions between 

AuNPs and complementary components including proteins, 
polymers and small molecules can create unique materials 
with controllable properties and desirable uses. Nanoparticle 
self-assembly is regulated by supramolecular interactions such as 
hydrogen bonding, electrostatic attraction, π-π stacking and van 
der Waals interactions between complementary units.26

Rotello et al., developed the "chemical nose" sensing device using 
supramolecular interactions between functionalized AuNPs, 
fluorescent proteins and analytes. AuNPs were non-covalently 
coupled to fluorescent proteins (EBFP2, EGFP and tdTomato) to 
create this sensor. The fluorescent proteins' supramolecular affinity 
for particles helps transmit binding events. The particle core of 
these supramolecular complexes quenches protein fluorescence 
by binding cationic AuNP to anionic fluorescent proteins.27 
Competitive binding to analytes alters the binding equilibria 
between AuNP and Fluorescent proteins (FBs), causing fast 
protein displacement from the particle surface and fluorescence 
restoration. The emission channel fluorescence 'turn-on' depends 
on analyte surface fingerprints. This method uses signal patterns 
to identify proteins, cell surface glycomic fingerprints, microbes 
and cancer medication processes.28 The array-based cancer 
diagnostic sensor's information content doubles with host-guest 
chemistry. This modification non-covalently alters nanoparticle 
surfaces with complementary Cucurbit[7] uril (CB[7]) moieties 
to alter particle interaction with fluorescent protein transduction 
elements and cell lysate analytes. This competitive binding 
adjustment quadrupled the output channels from three to six, 
maintaining the one-well format with 100% accuracy and a 200 
ng, 1000 cell sample size.29

Rotello and colleagues used supramolecular chemistry to modulate 
AuNPs' therapeutic potency. AuNPs with complementary head 
group functionality and synthetic host molecule Cucurbit[7] uril 
(CB[7]) formed this system. AuNPs complexed with CB formed 
a cell-friendly, non-toxic assembly[7]. 1-Adamantylamine 
(ADA), an orthogonal competitive molecule with a considerable 
affinity for CB, can dismantle this host-guest combination 
intracellularly[7]. Intracellular CB[7] removal from nanoparticle 
surfaces releases poisonous AuNPs that escape endosomes and 
kill cells. This shows supramolecular host-guest interactions' 
therapeutic and drug transport potential.30

Characterization and Monitoring of Solution and 
Living Cell Host-Guest Interactions

The characterization of host-guest interactions is crucial for 
understanding the mechanisms behind drug delivery and 
bioorthogonal catalysis involving AuNPs. Various techniques, 
such as Isothermal Titration Calorimetry (ITC) and Mass 
Spectrometry (MS), provide detailed insights into these 
interactions. ITC, for example, measures the heat changes during 
molecular binding, offering a comprehensive thermodynamic 
profile, while MS identifies the molecular composition of 
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supramolecular assemblies. Advanced techniques like Laser 
Desorption/Ionization Mass Spectrometry (LDI-MS) allow for 
the selective detection of nanoparticle surface ligands in complex 
biological samples, enabling precise monitoring of nanoparticle 
interactions in living cells. Each technique offers distinct 
advantages and comes with specific limitations, as summarized 
in the following Table 2.26,31

Isothermal Titration Calorimetry (ITC)

ITC is renowned for its rapid calorimetric response, efficient 
thermal equilibration and straightforward sample preparation. 
It enables the acquisition of a comprehensive thermodynamic 
profile (ΔH, ΔS, ΔG, KB and stoichiometry n) from a single 
experiment. During an ITC experiment, one interacting molecule 
(ligand or host) is incrementally injected into a cell containing the 
second molecule at a constant temperature. The heat exchange 
observed during the titration quantifies the molecular interaction, 
revealing binding stoichiometry, thermodynamic parameters of 
host-guest complexation, association and dissociation constants, 
enthalpy, entropy and free energy. ITC has proven instrumental 
in illustrating supramolecular interactions across various 
systems, including protein-protein, small molecule/drug-protein, 
protein-polymer, biomolecule-nanoparticle and enzyme kinetic 
dynamics.37,38

Mass Spectrometry (MS)

Mass Spectrometry (MS) offers distinct advantages over ITC 
for analyzing host-guest interactions in complex biological 
systems. Techniques such as Electrospray Ionization (ESI) MS 
and Matrix-Assisted Laser Desorption/Ionization (MALDI) MS 
are employed to identify host-guest complexes. For instance, Nau 
and colleagues utilized MS to investigate inclusion complexes 
between cucurbit[n]urils (CBn, n=6-8) and bicyclic azoalkanes, 
revealing the selective retro-Diels-Alder processes in the 
gas phase. MS provides a detailed analysis of the molecular 
composition and structure of supramolecular assemblies, crucial 
for understanding their role in drug delivery and bioorthogonal 
catalysis.39,40

Laser Desorption/Ionization Mass Spectrometry 
(LDI-MS)

Laser Desorption/Ionization Mass Spectrometry (LDI-MS) 
is a technique that selectively identifies ligands on intact 
Nanoparticles (NPs) within complex biological samples. By 
inducing selective desorption/ionization of NP surface ligands, 
LDI-MS offers a sensitive and specific method for detecting NP 
monolayers in cell lysates. The supramolecular complexes formed 
by NP surface ligands and host molecules serve as "mass barcodes" 
to track the development of cell complexes. This technique allows 
for the monitoring of host-guest interactions without the need 
for labelling, providing a powerful tool for studying interactions 
in living cells.41

These advanced characterization technologies, particularly 
ITC and MS, enable the detailed examination and monitoring 
of host-guest interactions in both solution and living cells. 
Understanding these interactions in complex biological contexts 
is pivotal for the development and application of supramolecular 
systems in drug delivery and therapeutic interventions.42,43

BIOORTHOGONAL CATALYSIS

In bioorthogonal chemistry, artificial chemical reactions can 
occur in the same environment as biological processes without 
compromising them. Bertozzi pioneered bioorthogonal chemical 
techniques to study biomolecules in their natural habitats.44,45

Staudinger Ligation and Cu-Free Click Chemistry

Staudinger ligation and copper-free click chemistry are valuable 
techniques for visualizing biomolecules and cellular processes 
in real time. The azide-ester-derivatized phosphine Staudinger 
ligation forms a biocompatible amide bond, making it suitable 
for use in living organisms and animals. However, the high 
susceptibility of phosphine reagents to oxidation and their slow 
reaction rates limit their effectiveness in detecting low-abundance 
species or observing fast biological events.46,47

To better align this discussion with the main theme of Gold 
Nanoparticles (AuNPs) in drug delivery and bioorthogonal 
catalysis, it is crucial to explore how these bioorthogonal reactions 
can be integrated with AuNPs. AuNPs can be functionalized 
with azide or alkyne groups, allowing them to participate in 
click chemistry. This functionalization enhances targeted drug 
delivery by enabling precise bioorthogonal ligation processes on 
the nanoparticle surfaces.

The integration of bioorthogonal chemistry techniques with 
AuNPs significantly advances the field of supramolecular 
platforms. It offers innovative approaches for the development 
of targeted drug delivery systems and catalytic applications, thus 
ensuring the discussion remains relevant to the primary focus of 
this review. Highlighting these intersections not only underscores 
the versatility of AuNPs but also their potential to revolutionize 
therapeutic and diagnostic methodologies through precise and 
efficient bioorthogonal reactions.

Azide-Alkyne Cycloaddition Reaction

The azide-alkyne cycloaddition reaction is highly reactive and 
sensitive to bioorthogonal functionalization in click chemistry. 
Copper-catalyzed click chemistry, which was initially discovered 
by Sharpless, Meldal and colleagues, has been extensively 
employed to detect enzymes in cell lysates and biomolecules in 
immobilised cells. Nevertheless, the copper catalyst's cytotoxicity 
renders this procedure unsuitable for dynamic reactions in living 
biological systems.48,49
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Click Chemistry Without Copper

A copper-free bioorthogonal reaction for dynamic cellular 
imaging was devised by Bertozzi et al., to circumvent these 
constraints. They eliminated the necessity for a copper catalyst 
by employing the strain-promoted [3+2] cycloaddition of azides 
with cyclooctynes. The ring strain in cyclooctynes facilitated 
bioorthogonal azide labelling, which improved azide detection 
when a Difluoromethylene (DIFO) moiety was incorporated 
into the cyclooctynes. The reaction kinetics and sensitivity were 
enhanced by this modification.48,49

Applications of Bioorthogonal Chemistry

Bioorthogonal chemistry is frequently employed to produce 
intracellular and extracellular molecules for medicinal, imaging 
and sensing applications. Researchers can selectively activate 
compounds in complex environments through bioorthogonal 
catalysis. These systems must be capable of operating promptly 
under physiological conditions and remaining inert to a variety 
of in vitro and in vivo functions to be effective.

Transition Metal Bioorthogonal Catalysis

The rapid and efficient catalysis of a diverse array of reactions, 
which are frequently beyond the capacity of enzymes, renders 
Transition Metal Catalysts (TMCs) an ideal choice for 
bioorthogonal chemistry.50 By incorporating a transition metal 
into artificial metalloenzymes, TMCs are employed to produce 
highly selective hybrid catalysts for a variety of asymmetric 
catalytic processes. TMCs have been investigated in recent 

research for bioorthogonal selective transformations or synthetic 
systems.51

Ruthenium (II) Complexes in Bioorthogonal Catalysis

Meggers and colleagues introduced bioorthogonal catalysis 
by cleaving cell protection groups with organometallic 
nanocatalysts.51 They found that the ruthenium (II) half-sandwich 
complex [Cp*Ru (COD)Cl] (Ru1) may free allylcarbamates under 
bio-relevant circumstances. The non-fluorescent profluorophore 
N, N-bis-allyloxycarbonyl protected rhodamine 110 was used 
to assess catalytic efficiency in living mammalian cells. The 
Ru-catalyst and thiophenol quickly boosted fluorescence by 
cleaving both allylcarbamate-protecting groups after 30 min of 
substrate application to HeLa cells and PBS rinse.50

Nanoparticle-Based Bioorthogonal Catalysis

Biocompatibility, water solubility/stability and fast efflux 
from living cells make TMC-mediated processes difficult to 
apply directly to biological systems. Bradley et al. developed 
nanoparticle-based bioorthogonal catalysis to address these 
restrictions. They used 500 nm polystyrene microspheres with 
3 nm palladium nanoparticles for bioorthogonal chemical 
processes. After one day, 75% of HeLa cells internalised the 
microspheres and 91% survived 48 hr. These microparticles 
catalysed cell Susuki-Miyaura cross-coupling, forming C-C bonds 
and cleaving allylcarbamate.52 Bradley et al. extended this method 
by using a 150 μm polystyrene composite with palladium catalyst 
to activate prodrugs like 5-Flurouracil (5-FU) extracellularly. 
This approach could also convert Gemcitabine and Floxuridine 
into Pd-activated prodrugs.53,54

Conjugation 
Technique

Example Drug Key References Advantages Disadvantages References

Covalent 
Association.

Paclitaxel (via DNA 
linkers).

Mirkin et al. Enhanced 
solubility and 
efficacy.

Complex synthesis, potential 
cytotoxicity.

15

Covalent 
Association.

Paclitaxel (via 
Phenol-Terminated 
AuNPs).

Zubarev et al. High drug loading 
capacity.

Requires precise control of 
synthesis conditions.

16

Non-Covalent 
Association.

Silicon 
Phthalocyanine.

Burda et al. Simplicity of 
preparation, 
versatility in drug 
release stimuli.

Potential for premature drug 
release.

17

Non-Covalent 
Association.

PEGylated AuNPs. Rotello et al. Targeted drug 
delivery, improved 
efficacy.

Stability concerns in 
complex biological 
environments.

18

Non-Covalent 
Association.

Doxorubicin (DOX). Scherman et al. Responsive to 
multiple stimuli, 
flexible drug 
release profiles.

Complex synthesis, potential 
drug leakage.

19

Table 1:  Summary of Drug Conjugation Techniques with Gold Nanoparticles (AuNPs).
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Non-Covalent Hydrophobic Transition Metal 
Catalysts in AuNP Monolayers

Nanoparticle encapsulation or stabilisation pockets help 
deliver non-covalent drugs. These compartments' exterior 
hydrophobicity controls hydrophobic cargo release. Drugs 
permeate into cell membranes when nanoparticle carriers enter 
hydrophobic environments. AuNPs' hydrophobic monolayer 
compartments can encapsulate transition metal catalysts, cancer 
medicines, colourants and antibiotics. Hydrophobic ligands 
functionalized with AuNPs generate pockets, forming a radial 
monolayer structure with decreasing ligand density away from 
small AuNP cores (<6 nm).55,56

Thus, AuNP monolayers provide "hydrophobic pockets" for 
hydrophobic molecules. Pasquato et al., used EPR spectroscopy to 
monitor the partitioning of a lipophilic probe between an AuNP 
monolayer and ambient water. They found that smaller particles 
with stronger radial monolayers enclose guest molecules better.57

Rotello and colleagues used AuNP monolayers to encapsulate 
hydrophobic dyes and medicines. They found that non-interacting 
monolayers (zwitterionic layers) on tiny AuNPs (less than 10 
nm hydrodynamic diameter) could trap hydrophobic dyes 
and medicines. Bodipy, a fluorescent probe, was used with 
hydrophobic medicines Tamoxifen (TAF) and Lapachone (LAP) 
as guest molecules. Solvent displacement produced AuNP-Zwit-
Bodipy, TAF and LAP nanoparticle-payload conjugates. These 
conjugates deliver payloads to cells without carrier nanoparticle 

absorption via membrane-mediated diffusion. Due to their 
biocompatible surfaces and tiny size, these nanocarriers can 
circulate for long durations and concentrate in cancer tissues due 
to the increased Permeability and Retention (EPR) effect.57

Burda et al., used PEG-functionalized AuNPs to deliver 
hydrophobic photodynamic treatment medication Pc 4 to 
tumours, increasing drug accumulation. After dosing and PEG 
layer removal, the medication fluoresced, suggesting successful 
distribution. When covalently linked to Au, Pc 4 released little 
drug.58,59

RECENT PATENTS ON GOLD NANOPARTICLES 
IN DRUG DELIVERY AND BIOORTHOGONAL 
CATALYSIS

The innovative applications of Gold Nanoparticles (AuNPs) in drug 
delivery and bioorthogonal catalysis have attracted considerable 
attention in recent years, leading to the publication of numerous 
patents. These patents represent significant advancements in the 
field, highlighting novel methods, compositions and systems that 
leverage the unique properties of AuNPs for therapeutic and 
diagnostic purposes. Both the United States and India have seen 
a surge in patent activity related to these technologies, reflecting 
the global interest in harnessing AuNPs for medical and scientific 
breakthroughs. The following Table 3 summarizes key patents 
published in the USA and India, showcasing the diversity of 
approaches and the breadth of innovation in this domain.

Technique Description Example 
Application

Advantages Limitations References

Isothermal Titration 
Calorimetry (ITC).

Measures heat 
changes during 
binding interaction.

Studying host-guest 
complexation 
thermodynamics.

Provides 
comprehensive 
thermodynamic 
profiles.

Requires large 
sample sizes 
and lengthy 
measurements.

32

Mass Spectrometry 
(MS).

Identifies molecular 
composition 
and structure of 
complexes.

Analysis of 
supramolecular 
assemblies.

High sensitivity 
and specificity.

Complex sample 
preparation, 
potential ionization 
bias.

33

Laser Desorption/
Ionization Mass 
Spectrometry 
(LDI-MS).

Selective detection of 
NP surface ligands in 
biological samples.

Monitoring of NP 
interactions in cells.

No need for 
labeling, applicable 
in living cells.

Limited to detecting 
specific ligand types.

34

Fluorescence 
Spectroscopy.

Measures light 
emission from excited 
molecules.

Real-time 
monitoring of drug 
release.

High sensitivity, 
applicable in 
real-time.

Potential 
interference from 
background 
fluorescence.

35

Nuclear Magnetic 
Resonance (NMR) 
Spectroscopy.

Analyzes magnetic 
properties of atomic 
nuclei to determine 
molecular structure.

Structural analysis 
of supramolecular 
complexes.

Detailed structural 
information, 
non-destructive.

Requires expensive 
equipment and 
expertise.

36

Table 2:  Techniques for Characterizing Host-Guest Interactions in Gold Nanoparticles.
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FUTURE DIRECTIONS AND LIMITATIONS

Gold Nanoparticles (AuNPs) are at the forefront of innovation 
in bioorthogonal catalysis and targeted drug delivery because of 
their versatility and distinctive properties. The following sections 
emphasise the substantial impact, limitations and prospective 
directions of this research.

Controlled Drug Release

The development of precise mechanisms for the controlled release 
of therapeutic agents from AuNP carriers is essential. Targeting 
and side effect reduction could be substantially enhanced through 
techniques that are responsive to specific physiological stimuli, 
such as pH changes, temperature fluctuations, or enzymatic 
activity. It will be a primary area of focus to research sophisticated 
delivery systems that release medications at the desired site of 
action.

Scalability and Reproducibility

The synthesis and functionalization of AuNPs must be both 
reproducible and scalable to be suitable for clinical and industrial 
applications. To convert laboratory discoveries into practical 
treatments, it is imperative to standardise production methods 
to guarantee the consistent quality and performance of AuNPs. 
The development of manufacturing processes that are both 
cost-effective and efficient will be of paramount importance.

Long-Term Effects

An understanding of the long-term effects of AuNPs and transition 
metal catalysts in vivo is crucial for their safe application. Insights 
into the safety profiles of these nanoparticles will be gained 
through comprehensive investigations of their biodistribution, 
metabolism and excretion. To assess potential hazards, chronic 
exposure assessments and long-term toxicity studies are required.

Multi-Functional Platforms

There is significant potential for personalised medicine in the 
development of multifunctional nanoparticle platforms that 
combine drug delivery, imaging and therapeutic properties. 
Effective diagnosis and treatment can be improved by integrating 
multiple functions into a single nanoparticle system. Research 
into hybrid systems that provide synergistic effects will be crucial.

Regulatory Challenges

Extensive preclinical and clinical data is necessary to navigate the 
regulatory landscape for nanoparticle-based therapies. To address 
safety concerns and expedite the approval process, it is essential 
to establish effective collaboration among regulatory agencies, 
industry stakeholders and researchers. The establishment of 
standardised protocols for safety and efficacy testing will simplify 
regulatory conformance.

Enhanced Bioorthogonal Catalysis with Gold 
Nanoparticles

Future research should prioritise the development of more 
efficient and selective catalysts that function effectively under 
physiological conditions to enhance bioorthogonal catalysis 
using Gold Nanoparticles (AuNPs). It is imperative to achieve 
high catalytic efficiency and specificity in these applications, as 
it reduces off-target effects and maximises reaction rates. This 
can be achieved by designing AuNPs with customised surface 
chemistries that optimise their interaction with target substrates 
and safeguard catalytic sites from deactivation. In addition, the 
therapeutic and diagnostic applications of AuNPs will be expanded 
by the inclusion of a broader range of catalytic reactions, including 
Strain-Promoted Azide-Alkyne Cycloaddition (SPAAC) and 
Inverse Electron-Demand Diels-Alder (IEDDA) reactions. This 
bioorthogonal reaction is particularly advantageous because 
of its rapid kinetics and biocompatibility, which enable precise, 
site-specific drug activation and minimal systemic toxicity. The 
integration of these reactions into AuNP platforms can enable 

Patent 
Number

Title of the Patent Country Focus Area Publication 
Date

References

US9234078B2 Conjugated Gold Nanoparticles. USA Functionalized AuNPs for 
targeted delivery.

January 12, 
2016

60

US11547720B2 Ayurvedic Encapsulated Gold 
Nanoparticles, Fabrication Methods and 
Cancer Therapeutic Methods.

USA AuNPs in cancer therapy. January 10, 
2023

61

US8241393B2 Methods and Articles for Gold 
Nanoparticle Production.

USA Production methods for 
AuNPs.

August 14, 
2012

62

US9587071B2 Conjugated Gold Nanoparticles. USA Functionalized AuNPs for 
therapeutic use.

March 7, 
2017

63

US10016495B2 Gold Nanoparticle Conjugates and 
Methods of Making and Using the Same.

USA AuNP conjugates for 
medical applications.

July 3, 2018 64

Table 3:  Summary of Recent Patents on Gold Nanoparticles in Drug Delivery and Bioorthogonal Catalysis.
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the real-time monitoring of biological processes and targeted 
therapy. AuNPs can function as catalytic platforms for signal 
amplification in diagnostics, thereby enhancing the specificity 
and sensitivity of biomolecular detection. This development 
is particularly advantageous for the early diagnosis of diseases, 
as the identification of low-abundance biomarkers is essential. 
Ultimately, the field of nanomedicine can be advanced and patient 
outcomes can be improved by researchers who can develop 
innovative therapeutic and diagnostic strategies by enhancing 
bioorthogonal catalysis with AuNPs.

CONCLUSION

In conclusion, Gold Nanoparticles (AuNPs) have shown great 
promise as adaptable platforms for precise drug delivery and 
bioorthogonal catalysis. Due to their distinctive physical and 
chemical characteristics, as well as their capacity to modify 
their surfaces with different ligands, they are highly suitable for 
a variety of biomedical uses. Supramolecular chemistry allows 
for the precise manipulation of these nanoparticles, making 
it possible to create advanced drug delivery systems and novel 
catalytic processes. By incorporating transition metal catalysts 
into monolayers of AuNPs, their range of uses is expanded, 
providing new opportunities for treatments and dynamic cellular 
imaging.

Although there have been notable progressions, there still 
exist various obstacles and constraints. It is essential to 
comprehensively assess the biocompatibility and stability of 
AuNPs in physiological conditions to guarantee their safety and 
effectiveness. Furthermore, it is necessary to conduct additional 
research to determine the possible toxicity of transition metal 
catalysts and their long-term impact on living systems. It is 
crucial to optimise treatment outcomes by ensuring the regulated 
release of medications from nanoparticle carriers and minimising 
off-target effects.
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Laser Desorption/Ionization Mass Spectrometry; NMR: 
Nuclear Magnetic Resonance; EPR: Electron Paramagnetic 
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Azide-Alkyne Cycloaddition; IEDDA: Inverse Electron-Demand 
Diels-Alder; 5-FU: 5-Fluorouracil; TAF: Tamoxifen; LAP: 
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PDMAEMA: Poly(2-(dimethylamino)ethyl methacrylate); 
CB[8]: Cucurbit[8]uril; DOX: Doxorubicin; ITC: Isothermal.
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SUMMARY

Gold Nanoparticles (AuNPs) have emerged as versatile tools in 
drug delivery and bioorthogonal catalysis, owing to their tunable 
properties such as high stability, biocompatibility and chemical 
versatility. These nanoparticles are primarily characterized 
by Self-Assembled Monolayers (SAMs) of organic ligands 
on their metal cores, which significantly influence their size, 
shape and surface functionality. These features are essential 
for determining how AuNPs interact with biological systems, 
including their uptake, distribution and cytotoxicity. In drug 
delivery, AuNPs enable precise drug conjugation, controlled 
release and targeted therapeutic interventions, ensuring more 
effective treatment outcomes. Additionally, AuNPs play a crucial 
role in bioorthogonal catalysis, where they facilitate targeted 
intracellular catalytic reactions, thus enhancing the efficiency of 
synthetic processes. The integration of supramolecular chemistry 
with bioorthogonal catalysis offers novel possibilities in drug 
delivery and therapeutic applications, positioning AuNPs as 
transformative agents in modern medicine.
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