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Gold nanoparticles were synthesized by Huang et al., Akiyama et al., and Mayya et al., obtaining an average
diameter of the particles of about 10-50 nm. Ojea-Jiménez et al., investigating AUNP synthesis, demonstrated the
influence of the sequence in the addition of the reagents. In the direct method, an aqueous solution of HAuCl4was
heated up to 100 °C for 15 min and, finally, added with sodium citrate.

gold nanoparticles nanomaterials synthesis drug delivery photothermal activity

| 1. Introduction

Nowadays, nanotechnology and nanochemistry are very often combined in order to develop nanostructured
materials and, also, determine to what extent the manipulation of matter on an atomic, molecular, and
supramolecular level may affect the desired nanomaterials properties 2. The atomic structure of materials having
nanometric sizes promotes the implementation of their physical, chemical, and biological properties (. In particular,
the electronic energy levels in nanomaterials are quantized and not continuous as to their corresponding bulk
conformation; this effect, known as the quantum confinement effect, demonstrates that material properties are size-
dependent 81, The modification of surface area and electron delimitation, due to the confinement of electronic wave
function in up to three physical dimensions, induces the development and the possibility to customize some
properties, such as chemical reactivity, melting point, electrical conductivity, fluorescence, and magnetic
permeability as a function of the size of nanoparticles & The history of AuNPs dates back to remote times when
red ruby glass began to be used; however, they received the maximum attention starting from the end of the
seventeenth century. The properties of metallic gold, such as optical and thermal, are explained by describing the
plasmon resonance, which makes the AuNPs employable as sensors 2, ultra-small light emitters 8, nano heaters
[ or nano antennas . Gold is an element that has a singular mix of physical and chemical features both in
macroscopic and microscopic conditions. While the macroscopic properties concern its unique yellow color,
chemical stability, and high redox potential, at the nanometric level, gold features are explained by a combination of
the electronic structure with other effects due to the extremely small dimensions. Moreover, this is also due to (i) a
high ratio of surface atoms to bulk atoms, (ii) electromagnetic confinement due to a localized plasmon resonance
after the interaction with an optical wave, and (iii) the quantum effects, which justify, for instance, the change from
metallic to a semiconducting character . One of the most impressive and useful AuUNPs properties is plasmon
resonance related to the collective behavior of conduction gold electrons. In fact, when it comes to metals, the
conduction electrons behave as free charges, which can be excited by an electromagnetic wave. Thus, plasmon
waves result from both charge mechanical oscillations and electromagnetic oscillations of the electric field. When

this phenomenon occurs at the nanoscale, it is called Localized Surface Plasmon Resonance (LSPR), and it is the
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result of the confinement of the electric field within a small metallic sphere. This explains the red—purple color of
spherical nanoparticles and its slight change when the shape or the surrounding medium are altered. For example,
the LSPR is a powerful technique to input energy in metallic nanoparticles, enhancing the light-to-heat conversion.
This study reports different chemical and green synthesis methods for the production of gold nanoparticles
(AuNPs), namely, chemical reduction or others, such as electrochemical 2% thermal 2 and photochemical
reduction techniques. The applications of AuNPs are strictly related to their shape and size; for example, gold
nanorods are employed as biosensors, antineoplastic drugs 12, and as carriers in drug delivery systems 131,
AuNPs can penetrate cancer cell membranes, preventing their proliferation and growth 4. When these
nanoparticles interact with light, the oscillating electric field induces the conduction electrons to oscillate with the
same frequency of the electromagnetic wave; this is coherent with their plasmon electron cloud and its distribution
over the whole nanoparticle volume. The AuNP surface charge is neutralized through undesired aggregation
phenomenon. This can be mitigated by using opportune functional capping agents and depositing them on the
surface; they can be small molecules, polymers, or biomolecules 2. Depending on these surface modifications,

AuNPs can be employed in engineering, chemical, biochemical, and medical applications 181,

This review collects the synthesis and chemical-physical characterization methods of AuNPs with interesting
shapes that are requested in common applications (Figure 1). Their use in the biology and medicine fields are
discussed, both for drug delivery and therapeutic treatments. This work concludes with an overview of all AUNP

technological applications that could become a part of everyday life in the near future.
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Figure 1. Scheme of the synthesis, characterization, and application of AUNPs.
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In particular, AUNPs are employed for medical purposes as:

- Sensors: AuNPs can be used for protein detection in Raman spectroscopy utilized as support for the

implementation of the analysis of vibrational energies of chemical bonds [,

- Probes: used for biological imaging application. AUNPs can produce an array of colors employed in dark-field

microscopy 18],

- Diagnostics: AuNPs are able to detect biomarkers as a valid tool in the diagnosis of cancers, infectious agents,

and heart diseases 19,

- Treatment Agent Transport: AuNP surfaces can be functionalized with hundreds of biomolecules, which are

delivered to target cells [29,

- Photodynamic Therapy: AUNPs generate heat when they are irradiated by 700-800-nm wavelengths of light. The

heat of these nanoparticles produced when they are inside cancer cells is then exploited to induce death [21],

Most of the aforementioned products are still restricted to the research and development stages, with human tests,

delivery systems, and toxicological assessments that have yet to be analyzed and developed.

| 2. Applications

2.1. Hyperthermia and Photothermal Therapy

Specific optical properties of AUNPs make them powerful nanometric thermal sources, thanks to an intrinsic energy
exchange brought to light—heat conversion, generally called the thermo-optical response of nanomaterials. This
response is mainly controlled by the behavior of electrons. In stationary conditions, a temperature variation
provokes a modification of the material optical index and properties. The thermo-optical response of AuNPs is
greatly influenced by the surface electromagnetic field improvement at the SPR 22, AuNPs can achieve energy by
absorbing photons, when exposed to visible incident light, through electron transitions. The relaxation process
results in an individual electron—phonon collision and, then, a subsequent energy transfer from electrons to lattice
vibrations. The SPR input is a powerful and rapid approach of absorption energy by light beam excitation and the
conversion of this energy into heat on a nanoscale. When AuNPs are irradiated with an NIR light beam, the surface
electrons are excited and thus they resonate. During electron relaxation, they radiate energy in a nonradiative way,
and the surrounding temperature increases. This rise in temperature depends on the AuNP shape and
concentration, as well as on their incubation time with tissues and the laser exposure time 23, The typical
absorption spectrum of AUNPs is related to their shape, and the wavelength range is usually between 650 and 900
nm, where the absorption due to tissue is minimal 24, Gold nanorods have an enhanced length/width ratio, and the
absorptive peak of their longitudinal SPR band shifts within the visible and NIR spectrums [22l. Heating could be to
release drugs straight into a specific site. Moreover, the AuNP photothermal effect may be used to carry drugs

across cell membranes, damage DNA, and produce oxygen-free radicals. Hyperthermia induces the localization of
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drugs inside a tumor cell by increasing the local blood flow. Furthermore, this condition works at the cellular level
by enhancing the permeability and allowing a higher intracellular chemotherapy amount. Photothermal therapy
uses NIR light absorption to cause thermal damage 24 by inducing the mechanisms of cellular damage that
destroy cancer tissue 28, such as protein denaturation or tissue carbonization. Hyperthermia is based on heating
an organ at temperatures between 41 and 45 °C; this therapy can also improve chemotherapy, laser-induced tumor
damage £ and also enhances the photodynamic (PDT) effect (28], Hyperthermia is an interesting treatment with a
lower side-effect profile than conventional cancer therapies (Figure 2). Customized therapy is based on “activated
therapy”; in particular, enzyme-cleavable prodrugs are employed 22, The activated prodrugs release the precursor
drug after interacting with a specific biomarker within the cell B2, Nanotechnology has supported the development
of drug delivery systems employed in different clinical applications 1. Even though there have been different drug
delivery nanoparticle- or molecular-based systems all over the scientific bibliography, very few of them have been
approved by the Medicines and Healthcare products Regulatory Agency (MHRA), the European Medicines Agency
(EMA), or the US FDA, demonstrating difficulty in the clinical application of these nanosystems 2. For instance,
paclitaxel (Abraxane®, Abraxis BioScience Inc., Los Angeles, CA, USA), a 130-nm albumin particle, has been
authorized by the US Food And Drug Administration (US FDA) for metastatic breast cancer 23, Doxorubicin
(another Doxil) is another example of an FDA-approved nanoparticle-based drug, which has been validated in
metastatic ovarian cancer and AIDS-related Kaposi's sarcoma therapies. A significant challenge for the
implementation of the photothermal therapy effect is the homogeneous distribution of the temperature all over the
tissue B4, Methods that use temperatures above 45 °C to induce irreversible cell damage are related to thermal
ablation techniques such as radiofrequency or microwave ablation. This causes a distinct area of cellular apoptosis
surrounded by regions receiving less intense hyperthermia. Tumor cells seem to be more sensitive to heat-induced
damage than healthy cells. In vivo tests show that tissue depths of approximately 1 cm could be irradiated with NIR
light using untargeted AuNPs 3 without visible damage. In particular, the depth of penetration and the selectivity
of photothermal therapy are some of the most important challenges for its employment in clinical tests, where
tumor tissues may be 5-10 cm deeper. This phenomenon describes the recent research works and applications of

AuNPs and their photothermal properties.
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Figure 2. Hyperthermia cancer treatment using AuNPs. Nanoparticles carry a specific binder of the tumor,
interacting with abnormal cells due to the implemented permeability of the vessels surrounding the cancer cells.

Laser illumination of the AUNPs generates heat production.
2.2. AuUNP for Health Applications

The combination of nanoscience and biotechnology has spawned nanobiotechnology; this research area offers a
huge opportunity to advance in medical and health treatment, diagnostics, and therapeutics 28, Among all noble
metals, AuUNP is the most largely studied thanks to its well-known synthesis procedures and safety profile. AUNP
systems are considered a useful tool both in diagnosis and therapy (Theranostics) due to their singular properties,

such as penetration and traceability within the body 87,

2.2.1. Biodistribution and Cytotoxicity of AUNP

AuNP biodistribution and toxicity are essentially associated to the way they are introduced into the human body—
namely, orally, intravenously, or directly into the target cell. Nanomaterial compositions and sizes are important
parameter that regulate the cellular uptake mechanisms, the intracellular localization of AUNP, and their chemical
interaction with cells 8. A study on the influence of the nanoparticle size was carried out, considering the
gastrointestinal absorption and the subsequent distribution of AuNPs in the tissue/organ. The latter were
administered orally, in in vivo models, and different sizes of nanoparticles were investigated (58, 28, 10, and 4 nm)

B9 The presence of AuNPs in biological samples was qualitatively and quantitatively measured by the TEM
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analysis. The smallest (4 nm) nanoparticles were found in the kidneys, liver, lungs, spleen, and brain, while the
largest (58 nm) AuNPs were mostly detected in the gastrointestinal tract. Through these distribution studies of
AuNPs in tissues and organs, the paracellular mechanism suggested that heating could be used to release drugs
straight into a specific site without being subjected to organized intracellular destructive processes, such as
enzymatic degradation addressed to conjugated proteins or molecular species Y. Oral and intravenous
administrations are based on passive targeting, which, thanks to a greater permeation and retention effect, induces
the accumulation of AuNP preferentially in the tumor site [l Several studies have shown that the
reticuloendothelial system (RES) is the main route of elimination of AUNPS, occurring via macrophages in the liver
and spleen. Therefore, the lower the interaction between AuNPs and RES, the higher the blood circulation time,
with a consequent increase in intra-tumoral penetration 42, Another in vivo study on the tissue distribution of
different-sized AUNPs administered intravenously tested the presence of gold in different organs and tissues 24 h
after injection. It was found that 70-80% of the total injected dose was present in the blood and the liver, regardless
of the size of the AuNP 2],

Intra-tumoral administration is a direct method of introducing AuNPs directly into the tumor site 44, A research
study conducted ex vivo on a human eye affected by choroidal melanoma demonstrated the correct distribution of
AuNPs within the tumor tissue; on the contrary, no nanoparticles were detected in the extra-tumoral areas 43,
Although this injection technique is able to provide a higher concentration of intra-tumoral AuNPs, resulting in a

lower dose to administer, it may be difficult to treat tumors that are not accessible by direct injection 28!,

The intracellular responses, the biodistribution, and the cytotoxicity of the nanoparticles depend on several factors,
such as the size and shape, surface conjugations, the target cell type, and administration methods “Z. The
cytotoxicity data are important to predict the AuNP biocompatibility 8. Several studies have suggested the
dependence of AuNP cytotoxicity on the doses, stabilizing agents employed “9 and target cell type B9,
Nonmalignant cells have been shown to be more sensitive to nanoparticles than cancer cells 1. Even if a great
number of research has shown low AuNP cytotoxicity B2, the wide available literature includes contradictory data
because of the diverse cell lines, cell viability assays, the chemical routes employed for AUNP synthesis B3l and
the absence of standard safety protocols. Several research studies have been conducted focusing on the
relationship between the AuNP properties and cell death mechanisms for different types of tumor cells, and the
cellular mechanisms studied are apoptosis, necrosis, and autophagy 4. It was shown that smaller AuNPs tended
to induce more necrosis, and hexagonal ones and nanorods causes more apoptosis, while AuNPs with

hydrophobic functions induced greater apoptosis and autophagy than hydrophilic ones.

Another research study summarized the mechanism, the efficacy, and the toxicity of photothermal therapy by using
AuNPs of different shapes and sizes 2. The results showed that smaller AUNP sizes (<20 nm) have longer blood
retention and generate higher heat than larger nanoparticles, which showed a lower toxicity. Moreover, these
particles are highly dependent on AuNP surface coating and cellular uptake behavior and cytotoxicity. In the
previous paragraphs, different methods of AUNP synthesis were discussed, and in many of these, the surfactants
are used as capping agents due to their cytotoxicity and the consequent limited use in clinical applications. To

overcome this issue, a surface modification strategy using polymers was implemented and designed (58,
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Numerous studies and research have been carried out to develop new AuNP nanosystems for anticancer therapies
with potential clinical applications. In fact, the actual chemical use of these nanosystems is not yet applicable due
to a series of problems associated with the targeted release of NPs at the tumor site, their biodistribution, and their
intrinsic toxicity 7. The latter is also related to the surface charge and size of AuNPs, with their consequent
grouping, and their accumulation in particular biological sites 8. A research work showed that AUNPs are more
likely to accumulate in the liver and spleen, while they have not been detected in the heart, brain, kidneys, lungs,
adrenal glands, or mesenteric lymph nodes 22, However, experimental data are not sufficient to estimate the long-

term AuNP cytotoxicity, and further investigations over longer time intervals are necessary.
2.2.2. AuNPs as Delivery Carriers

AuNPs have been used as an excellent system for the delivery of different types of drugs and biomolecules (DNA,
RNA, and proteins) to the target sites 9. The design of an efficient therapy, aimed to release the therapeutic
agent, takes place by exploiting both the internal and the external conditions, such as the pH and the presence of
oxidizing or reducing agents, and light. The main factor that significantly influences the drug release is the
modification and functionalization of the nanocarrier surface 81, The nonspecific targeting of AuNPs and their
ability to stimulate the host's immune system represent the main limitations in the use of these products as drug
delivery systems. To tackle these problems, PEG modifications on the surfaces of AUNPs were carried out, with the
aim of protecting the surface and inactivating them. This allowed also to minimize AuNPs’ tendency to stimulate the
immune system 62l In fact, this approach inhibited the adhesion of AUNPs on certain receptors, consequently
making them “invisible” to the immune system. However, the specific functionalization of the surface can cause
undesired toxic effects. For an effective anticancer therapy, the superficial functionalizations of AuNPs should be
customized according to the chemoresistance and the diversity of the genetic makeup of the tumor cells. The
efficacy of the anticancer drug transport nanosystems can be implemented by functionalizing the surfaces of the
nanoparticles with stromal antagonists. This involves further studying the development of the previously described
techniques, particularly with regards to active targeting 3. Several biomolecules such as oligonucleotides,
proteins, and peptides have been tested for targeted delivery to target cells using AUNP as the nanocarrier. In this
regard, gene therapy has been found to be a highly efficient method for treating genetically acquired diseases, but
it has also shown safety problems due to the random immune response and cytotoxicity 2. For this reason,
nonviral gene delivery systems were considered. An effective drug delivery system should allow facilitated entry
into the cell, the protection of the nucleic acid from degradation by the nucleases, and the subsequent release of
the nucleic acid in a functional form within the nucleus and the therapeutic effects of releasing all types of
oligonucleotides, such as single-stranded or double-stranded DNA, plasmids, and single-stranded RNA 841, Nucleic
acid strands can be chemically modified with thiol groups to bind them to AuNPs covalently. It has been shown that
AuUNPs possess a high-affinity constant for the nucleotide sequence, showing a 99% higher cell internalization
without causing cytotoxic effects, being also resistant to enzymatic degradation. Nucleic acids of an anionic nature
can interact electrostatically with cationic AUNPSs; in particular, a system of functionalized AUNPs with amino acids
was created for the release of DNA, whose gene expression was much more efficient than the covalent
functionalization of AuNPs (2], Some studies have shown how AuNPs can identify the surface of an ionic protein

through a complementary electrostatic interaction, limiting its activity ©€l. For example, AuNPs functionalized and
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stabilized with chitosan can transport and release insulin, with a decrease in blood glucose levels after 2 h of oral
administration ©Z. These studies showed how functionalization can improve the efficiency and specificity of the
nanoparticles in the target organ/tissue, revealing their potential use in nanopharmacology and nanomedicine (68!,
The release of large biomolecules targeted on specific cells requires a prior step of cellular internalization before
their release. Therefore, various factors need to be taken into account before using them for the delivery of
biomolecules, such as the sizes and shapes of AuNPs, their functionalization, and their biodistribution and
retention. A parameter that affects a drug’s release at the target site is the pH 89, In particular, tumor cells have pH
values ranging from 5.7 to 7.8. This condition causes both the breakdown of the bond sensitive to acids and
variations of the total charge due to protonation and morphological alterations of the transported biomolecules 2,
Glutathione-mediated drug release is an alternative nonenzymatic approach for activating prodrugs in the
intracellular environment. The underlying mechanism is the osmotic one, which exploits the difference in the
glutathione concentration in the intracellular (1-10 mM) and extracellular matrix (2 pM) 2. These methods focus
on the formation of a disulfide bridge between drugs and their carrier. Along with the potential effectiveness of this
approach, the modification of the reactivity conditions of the disulfide bond are challenging, mainly because of the
collateral exchange reactions in the presence of cysteines localized on the surfaces of the blood proteins. This, in
fact, causes the formation of different protein derivatives—transporters with different bioaccumulation and

pharmacokinetic profiles.
2.3. Diagnostics

There is little research aimed at the direct use of AuNPs for cancer diagnostics and therapy 3 and even fewer
technologies based on gold nanoparticles approved by the FDA for diagnostic and therapeutic purposes in
medicine (/2. One of the clinical studies conducted by Astra Zeneca in collaboration with Cytimmune is mainly
focused on the use of AuNPs for tumor therapy. Aurimune (CYT-6091) was used as a vehicle to transport
recombinant human tumor necrosis factor alpha (rhTNF) into tumors, which allowed chemotherapy to enter cancer
cells, damaging them. Thanks to the ability of AUNPs to absorb NIR light, the interest in photothermal conversion,
selective targeting of tumor cells, and in vivo biodistribution of AUNPs has been growing 4], The absorption of light
causes a localized increase in temperature, resulting in the thermal dissolution of solid tumors 2. An imaging
technology has recently been developed during the focal ablation of prostate tumor tissue through direct laser
irradiation from nanoparticles. This is the only ultra-focal tumor ablation therapy designed to implement therapy
efficacy with minimal side effects. A recent clinical study based on AuNPs aimed to evaluate the feasibility of a new
method used in oncology for the identification of gastric diseases based on the analysis of breaths with an array of
nanosensors. The latter may be able to provide a noninvasive screening tool that distinguishes tumors located in
the gastrointestinal tract from related precancerous lesions 4 and provides a diagnosis of pulmonary arterial

hypertension.

2.3.1. Enhanced Permeability and Retention Effect (EPR) and Tumor Targeting

The enhanced permeability and retention (EPR) effect supports a clarification for the specific targeting of AUNPs in
the tumor cells 2. As a consequence of tumor physiology, AuUNPs selectively accumulate inside solid tumor

tissues that are made of leaky blood vessels, with junction gaps varying the dimension from 100 nm to 780 nm [Z8],

https://encyclopedia.pub/entry/14661 8/23



Applications of Functional Gold Nanoparticles | Encyclopedia.pub

instead of normal capillaries, which have about 20-nm pore diameters 4. Different research works have
demonstrated that AUNPs up to 100 nm in size can pass through the reticuloendothelial system (RES) to
accumulate in tumor tissues and be retained inside (8. This is a passive method to convey AuNPs into tumor cells
in order to irradiate them by photothermal therapy. This approach may be suitable for tumors less than 3 cm in size
29 put the most considerable restrain is the extensive biological heterogeneity of tumors and, therefore, the bio-
specificity deficiency. Tumor tissues characterized by a poor vascularization, like prostate or pancreatic cancer,
may not accumulate AuNPs only via the EPR effect. To increase the AUNP concentration inside tumor cells, active
targeting has consequently been investigated by bonding a targeting side that is overexpressed in cancer cells B9,
Two different targeting mechanisms are employed to promote tumor specificity. AUNPs conjugated to a specific
receptor are delivered through the typical mechanism for that particular receptor BY. The most serious

disadvantage related to active targeting is the dimensions of AUNPs that inhibits their transport across bio-barriers
82)

2.3.2. Application of AuNPs for Small Molecule Detection

AuNPs can be employed as the Solid-Phase Extraction (SPE) adsorbent 83 as efficient sensors 84l for metal
cation enhancement and revelation. For instance, dithiocarbamate functionalized diethanolamine (DEA) was
employed to alter the AuNP surface, improving its affinity. The DEA is a symmetric compound used to chelate
cations 83, The synthesized DEA@AUNPs exhibit an adequate selectivity towards lead ions, depending on the
coordination of the N and O DEA atoms, with the Pb?* cations building a framework. AuNPs have been also used
for the detection of environmental pollutants, such as polycyclic aromatic hydrocarbons (PAHs), based on the
powerful affinity adsorption among the AuNP unmodified surfaces and PAHSs: their determination was conducted by
means of laser-excited time-resolved Shpol'skii spectrometry 8. Furthermore, sixteen PAHs have been analyzed
by using GC-MS with the support of AuNP-based extraction 7. Some studies have connected AuNP-based
nanoextraction with mass spectrometric detection (8. AuNPs have been investigated for application in laser
desorption ionization (LDI) mass spectrometry due to the high surface area and laser light absorbance, easy
sample preparation, and analytical procedures B2, Surface-modified and non-surface-modified nanoparticles have
been utilized for detecting small molecules and ions, such as Hg?* cations 2%, amino thiols B8, and mono- and
disaccharides 2, The amount of detection was determined by a TOF MS analysis 2. The results showed that
unmodified AuNPs exhibit a stronger trapping efficiency for neutral carbohydrates and higher ionization efficiencies
compared to capped AuNPs. Thanks to the great affinity of AUNPs towards thiol functional groups, AuNPs were
employed for aminothiol compound extraction. AuNP detection was achieved by different methods, such as
fluorescence detection 21 and capillary electrophoresis 22, Hybrid materials of AUNPs with other materials have
increasingly gained attention, especially for sensing with target specificity. For instance, a composite realized by
mixing hybrid AuNPs and reduced graphene oxide has been tested as an adsorbing agent for the purification of
mycotoxins and their HPLC-MS identification 3. Polydopamine-stabilized magnetic AuNPs [24 have been
synthesized for the detection of steroid hormones in milk, urine, and water samples. AUNPs were dispersed in an
ionic solution of imidazolium functional group compounds prepared with the addition of pyridoxine (vitamin B6) and

folic acid (vitamin B9) from the biological samples. The results of the HPLC-UV analysis showed a high selectivity,
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good extraction, and limit of detection 22!, The amphiphilic nature of the ionic solution enhanced the stability of the
colloidal-modified AuNPs 28],

2.3.3. Application of AuUNPs for Detection of Biological Molecules

The most used device, developed for the detection of biological molecules such as proteins, hormones, and
pesticides, is based on a polymeric membrane sheet where the sample is analyzed through lateral diffusion. The
AuNP surface is modified with specific antibodies for selective detection exploiting an immune reaction. Once the
target molecules sample is poured on the polymeric membrane sheet, the antibodies move together with the
mobile phase, binding their corresponding antigen. This bond inhibits antibodies to bind the antigen, linked on a
test line membrane, covalently. If the sample solution does not contain antigen molecules, the antibody sites are
free to bind with the test line membrane, and the consequent accumulation of AUNPs causes the test line color to
change; an increase in the amount of antigens corresponds to a decrease in the amount of antibodies bonded to
the test line, thus resulting in the color fading. This method is employed to detect and characterize compounds
such as hormones, pesticides, or drugs 7. The sensitivity of the test is improved by adjusting the number of
antigens linked to the AuNPs 28, For the quantification and revelation of large proteins, a direct method is used:
two different antibodies, both having a high affinity to the protein, are respectively bound to AuNPs and the line
test. The target molecules bind to both antibodies, inducing the development of a colored line, whereas, in the
absence of a protein, there is no binding, and no color change is observed 29, The principle described for protein
quantification is also used to develop devices for the rapid detection of polynucleotides 229, The sensitivity of these
devices may be improved by fixing an enzyme to the AuNP surfaces, and they can have different applications, as

they are easy to use, compact, portable, and cost-effective.
2.4. Imaging

Several imaging techniques exploit the surface plasmon resonance effect characteristic of AuNP. Larger
nanoparticles (400 nm) can be detected using an optical microscope in the phase contrast mode, which involves
only scattered light in dark-field microscopy. Small AUNPs can only absorb light, causing the local heating of the
environment, which can be detected by photothermal imaging, by fluorescence microcopy, which allows for single
particle level detection, by multiphoton SPR microscopy, etc. Immunostaining is a TEM imaging technique based
on AuNP conjugated with antibodies that bind fixed and permeabilized cell antigens 2. The field of the research
and development of innovative and highly efficient AuNP-based contrast agents for magnetic resonance imaging
(MRI) is rapidly growing. The sensitivity of MRIs can be optimized by using AuNP as a carrier of gadolinium chelate
models, currently utilized in the clinical diagnosis field. The core—shell particles of magnetite/AuNP employed in
imaging have been synthesized thanks to the magnetic features of iron oxide (Fe3z0,4) and the optical properties of
AuNP 0 AuNP-assisted MRI could also be potentially used as a probe sensitive towards different types of
proteins. Among the spectroscopic methods that characterize the electromagnetic field resulting from the plasmon
resonance of AuNP surfaces, surface-enhanced Raman scattering (SERS) is the preferred one, since it allows a
net enhancement of the signal and a limit of detection at the single-molecule level. The Raman effect in molecules
far from the surface of an AuNP is weak, since the visible light not absorbed by these molecules is not dispersed in

an anelastic way 192 The intensity of the Raman signals on the AuNP surface is very high, because it is directly
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proportional to the fourth power of the local electric field, implemented thanks to the surface plasmon resonance
and the charge transfer between the AUNP metal surface and the adsorbed molecules. The interference of the
molecules that contribute to adsorption can prevent the detection of target molecules. The plasmon band moves

from the visible region for spherical AUNPs to the NIR by changing the size, shape, and level of aggregation (193],
2.5. Application of AUNPs for the Biomarker Analysis

Biomarkers are exceptional and valuable indicators of a specific disorder. However, their analysis requires efficient
sample preparation for a good selective extraction that needs to be suitable for the sensitive detection techniques
(2041 Oxidized phospholipids are used as biomarkers for cardiovascular diseases, but an accurate analysis is not
yet available. Haller et al. studied an AuNP nanoextraction method for trapping oxidized phospholipids through
chemical identification by a bifunctional compound containing a hydrazide group for trapping phospholipid carbonyl
groups and a thiol functional group for the selective bonding of AuNP derivatives. After the transamination of
hydroxylamine, the oxime derivative of carbonylated phospholipids was analyzed by HPLC-ESI-MS/MS 103, |n this
case study, different derivatization and releasing agents, used in different concentrations, were explored to develop
an optimized sample preparation process for achieving strong selective enrichment and sensitive revelation. The
correlation of the AuNP derivatives with the MALDI-TOF-MS analysis has recently shown significant improvement
in sample homogeneity, decreasing the sample preparation time and removing the matrix ion interferences [108],
For instance, AuNPs functionalized with an aminooxy group were used for the chemical enrichment of
glycosphingolipids (GSLs) in the living cell surface, and their identification was carried out by SPR and the MALDI-
TOF-MS analysis. The AuNP trapping was found to be dependent of the ozonolysis reaction, which led to the
formation of an oxime. Laser irradiation induced the oxime bond break and imino alcohol ion release for the MS
analysis. Sudhir et al. reported the biomarker analysis for peptide and protein detection 194, The results showed
that the hydrophilic peptide methionine—encephalin and leucine—encephalin extractions were dependent on the
AuNP surface charge and the target peptides’ isoelectric points (pl). The maximum extraction efficiencies were
yielded above the peptides pl thanks to good ion pairing conditions at the considered pH value. Furthermore,
unmodified AuNPs were also employed. For instance, Faccenda et al. studied unmodified AuNPs for the isolation
of peptides containing a thiol group from the proteolysis of S-nitrosated proteins. The detection and
characterization of the S-nitrosylation sites in the protein were carried out by MALDI-TOF (2881 |n another study, bi-
functionalized AuNPs were put together with a multivalent carbohydrate and a photoreactive site for the affinity
extraction of carbohydrate-binding proteins, which were analyzed by the MALDI-TOF-MS analysis and
fluorescence imaging after release by adding 2-mercaptoethanol 199 This method allowed the simultaneous
purification and characterization of carbohydrate-binding proteins. Combining functional groups could facilitate
sample preparation, which is important for the analysis of low-abundance biomolecules, without interference and
improve the sensitivity. For example, AUNP was functionalized with anti-insulin for trapping insulin in biofluid
samples [120 This characterization is very important, because it is one of the most meaningful post-translational
protein modifications involved in different biological processes 111 The high surface-to-volume ratio of AuNPs
contributes to modifying the surface with different ligands to achieve the goal of affinity glycoprotein extraction and
enrichment by suitable surface modification 212 Tran et al. reported the synthesis of ultrasmall AuNPs,

functionalized by hydrazide, which were used for the extraction and enrichment of N-glycosylated peptides. In this
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procedure, the AUNPs were modified with glutathione, and afterwards, the carboxylic acid groups were derivatives
with hydrazine to obtain AuNPs@hydrazide. The extraction and enrichment procedure of the N-glycosylated
peptides was realized after the reaction of aldehyde groups of carbohydrates with hydrazine groups on AuNP
surfaces. The analysis was performed by HPLC and QTOF mass spectrometer 113 | jkewise, AuNPs
functionalized with boronic acid exhibited a specific recognition of the glycan compounds, depending on the
reversible covalent bonds between the acid and cis-diol groups. These AuNPs showed significant selectivity for the
glycopeptides 114, The AuNPs were also immobilized on monoliths to achieve enhanced surface reactive sites
(1121 For instance, AuNPs grafted on poly(glycidylmethacrylate-co-poly (ethylene glycol) diacrylate) monoliths were
functionalized with cysteine. Since grafting implemented the reactive sites and enhanced the hydrophilicity, this
system was used for the efficient and selective enrichment of glycopeptides by hydrophilic interaction
chromatography. The glycopeptides or deglycosylated peptides were analyzed by MALDI-TOF-MS and Nano
RPLC-ESI-MS/MS 113 AuNPs hybridized with different nanomaterials could improve the excellent properties of

both materials and increase the application sphere [116],
2.6. Application of AUNPs as Bio-Barcodes

Bio-barcodes are employed to quickly identify very low amounts of various proteins by using a series of reactions
for the (i) specific detection, (ii) transcription, and (iii) amplification of the signal. The first reaction involves
recognition of the target protein by binding specific antibodies to a magnetic substrate, even though the free
proteins are washed away (Figure3a). During the second reaction step, AuNPs carrying specific antibodies and
oligonucleotides are both added; the antibodies are bound to allow the specific link of AuUNPs to the proteins
restrained by the magnetic substrate (Figure3b). The transcription step involves the binding of AuNPs with an
oligonucleotide linked to the chip, which is complementary to the sequence of antibodies fixed on the AuNP
surfaces (Figure 3c). The last reaction consists of the reaction of Ag(l) with the AuNP surfaces in the presence of
reducing agents, such as hydroquinone, resulting in the reduction and deposition of Ag(l) in the metallic
nanoparticles (Figure 3d) for amplification (Figure 3e) of the signal related to the AuNPs 11 This procedure
promoted the amplification of the signal by increasing the AuNP sizes. To detect different proteins simultaneously, a
two-dimensional array of oligonucleotides was used. Each oligonucleotide sequence corresponded to a specific
antibody, so various changes of the protocols X181 approved the development of chips for bio-barcodes with a

colorimetric reading or fluorescent biosensor (191,
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Figure 3. Functioning scheme of the AuNPs used in a bio-barcode. (a) Complex formed by a magnetic
nanoparticle carrying specific antibodies and a target molecule, attracted on a magnetic substrate. (b) AuNPs
bearing a double-stranded DNA and an antibody. (¢) The double-stranded DNA washed away by water moves and
interacts with a polynucleotide fixed to a chip. (d) Added AuNPs are functionalized by a complementary

polynucleotide. (e) Finally, silver deposition allows the amplification of the detection signal.

| 3. Conclusions

This review described in detail the studies and experimental results concerning AuNPs. In particular, the paper
described different types of synthesis and functionalization methods, as well as various characterization techniques
and possible biomedical applications, concerning AuNPs. The prospects for studying AuNPs are very promising;
their synthesis can be done by different methods with no toxic effects, obtaining singular optical, physicochemical,
and biological features. AUNPs present great potential in the modern biomedical field, and this review collected
different synthesis methodologies that are used in the reduction of gold ions into metallic gold and the consequent
functionalizations. In this paper, the most-used characterization methods to determine the sizes of AUNPs and their
eventual functionalization are also illustrated. AUNPs also require a further stabilization analysis in biological fluids
for in vitro and in vivo testing. The applications of functionalized AuNPs in medicine and biotechnology have highly
developed recently. The latest research works, conducted under different experimental conditions and protocols,
show conflicting results. The relative toxicity of AUNPs is still the subject of scientific research. Accurate therapeutic
dosages, the delivery mechanism, and the absence of a toxicity database need to be discussed before the usage
of nanocarriers in clinical trials. Antitumor-targeted drug delivery and biological marker systems are among the
most important application fields. Metallic nanoparticles—in particular, AuUNPs—have achieved great attention
because of their size-dependent features and biological behavior, improved biocompatibility, stability, and oxidation
resistance. AuNPs are appropriate systems for targeted and controlled drug delivery or even to enhance the
external treatment potential. AUNPs are suitable agents for drug delivery systems because of the tenability of
nanoparticle surfaces with various molecules, such as amino acids and peptides, oligonucleotides, antibodies, etc.,

to facilitate the loading of a drug. Drug delivery systems in which AuNPs behave as carriers represent an
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interesting application that requires more investigation to overcome the limitations and to improve the effectiveness

and efficiency of drug release at the desired site. Gold has different chemical and physical properties, such as a

high electronegativity, its tendency to link with other gold atoms, and its variable colors of dispersed colloids. These

features are related to its electronic structure, and they explain the resulting suitability for its many applications.

This review focused on the principles of thermo-optical properties emerging from plasmon resonance, as well as on

some possible applications in biology, drug delivery, and therapy.
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