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Abstract: Cancer immunotherapy is an innovative treatment strategy to enhance the ability of the
immune system to recognize and eliminate cancer cells. However, dose limitations, low response
rates, and adverse immune events pose significant challenges. To address these limitations, gold
nanoparticles (AuNPs) have been explored as immunotherapeutic drug carriers owing to their sta-
bility, surface versatility, and excellent optical properties. This review provides an overview of the
advanced synthesis routes for AuNPs and their utilization as drug carriers to improve precision
therapies. The review also emphasises various aspects of AuNP-based immunotherapy, including
drug loading, targeting strategies, and drug release mechanisms. The application of AuNPs com-
bined with cancer immunotherapy and their therapeutic efficacy are briefly discussed. Overall, we
aimed to provide a recent understanding of the advances, challenges, and prospects of AuNPs for
anticancer applications.

Keywords: gold nanoparticles; drug delivery; cancer immunotherapy

1. Introduction

Cancer immunotherapy, which enhances the immune response and relieves immuno-
suppression, is a promising therapeutic prospect for cancer [1]. Compared with traditional
treatments, such as chemotherapy, radiotherapy (RT), and surgery, immunotherapy offers
distinct advantages, such as building long-term memory, preventing tumour recurrence,
and controlling metastasis [2,3]. However, several challenges have impeded the widespread
clinical application of cancer immunotherapies. One significant obstacle is the low clinical
response rate, with less than 1/4 of patients showing a response to immune checkpoint
inhibitors (ICIs) [4,5]. Although the combination of multiple ICIs can improve clinical
efficiency, it also leads to serious adverse events, such as dermatitis and liver damage [6,7].
Therefore, ensuring the safety of immunotherapy is paramount. In recent years, nanoparti-
cles have been used in drug design to improve the efficiency of drug-targeting delivery and
enhance immunotherapeutic efficacy [8]. Among these nanoparticles, gold nanoparticles
(AuNPs) have attracted widespread attention in cancer therapy owing to their low toxicity,
high stability, ease of cellular uptake, excellent optical properties, and versatile surface
functionalities [9–13].

Pharmaceutics 2023, 15, 1868. https://doi.org/10.3390/pharmaceutics15071868 https://www.mdpi.com/journal/pharmaceutics

https://doi.org/10.3390/pharmaceutics15071868
https://doi.org/10.3390/pharmaceutics15071868
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/pharmaceutics
https://www.mdpi.com
https://orcid.org/0000-0003-4418-1248
https://orcid.org/0000-0001-9532-0506
https://doi.org/10.3390/pharmaceutics15071868
https://www.mdpi.com/journal/pharmaceutics
https://www.mdpi.com/article/10.3390/pharmaceutics15071868?type=check_update&version=2


Pharmaceutics 2023, 15, 1868 2 of 33

The utilisation of AuNPs in cancer immunotherapy involves two main strategies.
Firstly, AuNPs can serve as drug delivery systems to enhance the targeted delivery and
efficacy of immunotherapeutic drugs. They can facilitate drug enrichment in tumour
tissues via the enhanced permeability and retention (EPR) effect [14,15]. Drugs can be
directly bound to the surface of AuNPs via covalent or noncovalent interactions [16,17].
Additionally, the surface of AuNPs can be modified to facilitate drug encapsulation and
delivery. Targeted drug delivery can be achieved by employing specific modifiers, such as
antibodies, aptamers, carbohydrates, and other ligands that recognise tumour-associated
markers [18]. Some modifiers respond to external stimuli, such as pH or enzymes, enabling
them to control drug release [19]. Secondly, the efficient photothermal conversion capability
of AuNPs can be exploited to induce temperature changes for in situ drug release and
tumour ablation. This process not only causes tumour immunogenic cell death (ICD) but
also triggers innate or adaptive immune responses, thereby enhancing the anti-tumour
immune response [20,21].

This review provides an in-depth analysis of the primary design strategies and de-
livery mechanisms employed in AuNPs loaded with immunotherapeutic agents or genes.
Moreover, it highlights the process of drug dissociation from AuNPs to target tumour
cells in detail. Finally, recent advances in the application of this material in cancer im-
munotherapy are discussed. We hope that this knowledge will facilitate the development
of coordinated immune preparations to modulate the tumour immune response and enable
a multi-platform treatment model.

2. Synthesis of AuNPs

The synthesis methods of AuNPs are ‘top-down’ and ‘bottom-up’. Among these, the
‘top-down’ method involves the physical decomposition of bulk gold material in a gaseous
or liquid environment, utilising techniques such as laser ablation, sputtering, milling, ther-
molysis, ultraviolet or infrared irradiation, and vapour deposition [19,22–26]. This method
typically yields highly pure AuNPs with uniform dispersion. However, this synthesis
method not only requires more energy but also has higher instrumentation requirements.
Additionally, defects in the surface structure of the products significantly impact their
physicochemical properties [27–29]. The ‘bottom-up’ method usually involves the self-
assembly of gold atoms or molecules into uniformly sized AuNPs, which is cost-effective
and easily controlled [30]. This method includes chemical synthesis (spinning, sol-gel
process, and chemical reduction), biosynthesis, and physical hybridisation methods (elec-
trochemical, sonochemical, and photochemical synthesis) [31,32]. The first two chemical
synthesis methods are mainly used for the synthesis of nanofibres and nanogels, which
are mostly used for the production of industrial materials [33]. Among these methods, the
chemical reduction method stands out because of its advantages of homogeneity, disper-
sion, enhanced stability, and precise control over size and shape. Approximately 60% of
the AuNPs reported in the biological field were prepared using these methods from 2013 to
2018 [34]. Biosynthesis, an economical, environmentally friendly, and highly biocompatible
approach, has gained popularity among researchers in recent years [35]. Furthermore,
physical hybridisation methods have also been adopted for the synthesis of AuNPs in
electrochemical or biosensor applications [36,37]. Table 1 shows a detailed description of
the chemical reduction (Turkevich method, Brust–Schiffrin method, and Seeding-growth
method) and biosynthesis methods.
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Table 1. Comparison of synthesis methods for AuNPs.

Category Morphology Size (nm) Reducing Agent Capping Agent Refs. Merit Demerit

Turkevich method

Spherical 15–50 Trisodium citrate [30]

1. Homogeneous and
dispersed.

2. Uncomplicated and
reproducible procedure.

1. Low yield.
2. Difficult to control shape

after >30 nm.

Spherical 15 Trisodium citrate [38]

Spherical 11.5 Hydroxycarboxylic acid [39]

Spherical 20 ± 2 Sodium citrate [40]

Polyhedron 15–130 Citric acid TA-PEG [41]

Brust–Schiffrin
method

Spherical core-shell 32 Sodium tetraborate Triblock, copolymer [42]

1. Thermal and air stability.
2. Size controllable.

1. Less dispersed.
2. Add harmful agents.

Cluster 2 NaBH4, TOAB TOAB, 1-hexanethio [43]

Spherical, Triangle 0.24–9 NaBH4
Dodecane Thiol,
Oleyl amine [44]

Seeding-growth
method

Hexagonal star 45 ± 7 AA, Trisodium salt EDTA [45]

Synthesis of regular Au NRs. 1. Multiple influence factors.
2. Harmful agent addition.

Multi Branch 26–50 × 7–10 HEPES, AA HEPES [46]

Rod 130 × 21 NaBH4, AA CTAB, NaOL [47]

Rod 31.41× 0.96 Sodium citrate, AA CTAB [48]

Rod 30 × 10 NaBH4, AA CTAB [49]

Bio-synthesis method

Spherical 32.2–56.7 Citric acid Proteins [50]

1. Eco-friendly and
non-toxic.

2. Biocompatibility.
3. Easy scale-up.

1. Complicated preparation
process.

2. Difficult to control the size
and shape.

3. Complex composition
analysis.

Spherical 55–102 Phenolic Proteins [51]

Spherical Triangle 30 ± 0.25 Biomolecules [52]

Spherical heart-like 15–18 Aromatic primary
amines Amino acids [53]

Triangle, Spherical 10–92 Reductase enzymes Biomass [54]

Abbreviations: TA-PEG: tannic acid-polyethylene glycol; AA: ascorbic acid; TOAB: tetraoctylammonium bromide; CTAB: cetyltrimethylammonium bromide; EDTA: ethylene diamine
tetraacetic acid; HEPES: N-2-hydroxyethylpiperazine-N-2-ethane sulfonic acid; NaOL: sodium oleate; Au NRs: gold nanorods.
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2.1. Chemical Reduction Method for Synthesis of AuNPs

The chemical reduction method involves two main steps in the synthesis of AuNPs.
Firstly, the reducing agent provides electrons to rapidly reduce Au3+ to Au0, forming small
clusters (Figure 1) [55,56]. The reducing agents mainly include AA, borohydrides, citric
acid, and hydrogen peroxide [34]. Secondly, stabilising/capping agents control the growth
rate, final size, and morphology of AuNPs. These agents mainly include trisodium citrate
dihydrate, surfactants (especially CTAB), and sulphur ligands [57]. In some cases, the
reducing agent and stabilising/capping agent can be the same substance [30,58]. According
to the differences in the synthesis system and conditions, this procedure can be classified
into the Turkevich method, Brust–Schiffrin method, or seeding-growth method.
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The classical Turkevich method was first proposed by Turkevich in 1951 and refined by
Frenc in 1973. This approach produces spherical AuNPs in a homogeneous aqueous solu-
tion system in which trisodium citrate serves as both a reducing and stabilising agent [59,60].
In 2015, Polte elaborated on the theory of AuNP formation in detail. (1) Au3+ was rapidly
reduced to Au0 and aggregated to form 1–2 nm clusters, and the decrease in the reduction
rate resulted in the continued aggregation of unstable Au0. (2) The size of the clusters
reached 2.5 nm, their numbers remained stable, but their sizes became larger and larger
because of the poor dispersion of Au0. (3) After the size reached 4.5 nm, the reduction rate
accelerated and consumed the remaining Au3+ in the solution. The reaction was terminated
when the colour of the solution changed to ruby red [61,62]. Typically, this method synthe-
sises mainly spherical AuNPs with a particle size distribution between 10 and 30 nm under
heating. The resulting AuNPs exhibit excellent dispersion and low toxicity. Based on the
classical Turkevich method, Netti et al. synthesised AuNPs with different morphologies,
such as nanowires, nanoflowers, nanowebs, and nanoplates at room temperature. The
formation of these morphologies was achieved via the cold fusion of ultra-small spherical
AuNPs [63]. Furthermore, other substances, including L-tyrosine [64,65], ethanol [66], and
poly-vinyl-pyrrolidone [67], were added to the reaction to manipulate the morphology and
size of AuNPs at room temperature. To analyse the aggregation mechanism of AuNPs, the
authors also developed a numerical diffusion-limited aggregation model to simulate the
dimensions and growth kinetics of AuNPs [68]. This report provides insights into the mech-
anism of reduction in gold ions by citric acid molecules. However, the Turkevich method
has some shortcomings. For instance, the product yield is low, and nanoclusters aggregate
uncontrollably, leading to irregular nanoparticles greater than 30 nm in size [30,55].

The Brust–Schiffrin method, based on the biphasic liquid–liquid system, overcomes the
problem of severe agglomeration encountered in inhomogeneous systems [69]. Commonly,
TOAB is used as a two-phase transformer to transfer the HAuCl4 solution into the organic
phase. Subsequently, reducing agents, such as CTAB and sodium borate, are employed to
reduce gold ions and form AuNPs with a thiol layer [56,70]. The thiol layer has a strong
affinity for inhibiting the growth of AuNPs, resulting in small nanoparticles. This method
allows the preparation of spherical AuNPs with excellent stability and a controlled particle
size of <10 nm [34]. However, poor dispersion of the prepared AuNPs is the largest
challenge [19,71].

These two methods are mainly used for the synthesis of spherical AuNPs, whereas the
synthesis of rod or heterogeneous AuNPs suffers from low yields and product defects [72].
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The Seeding-growth method addresses these issues. The method consists of two main steps.
(1) A strong reducing agent (NaBH4) is used to reduce HAuCl4 to form seeds. (2) The
seed solution is added to a gold salt solution containing a weak reducing agent (e.g., AA),
followed by the addition of a molecule (e.g., CTAB) to induce the growth of the seeds into
Au NRs [73]. To achieve better control of the shape and increase the yield of the nanorods,
a low concentration of additional ions, such as metal ions and halides, is added before the
growth phase [74,75]. However, size and shape are influenced by various factors, such
as seed concentration and size, reductant concentration, pH, temperature, and even the
solution order [76].

2.2. Biosynthesis of AuNPs

Eco-friendly and non-toxic biosynthesis has also been widely explored for the syn-
thesis of AuNPs, considering the toxicity and occurrence of adverse reactions in chemical
methods [32,77,78]. Many organisms, including plants and microorganisms (e.g., bacteria,
fungi, algae, and yeast), have been demonstrated to act as reducing agents or synthesis sites
for the preparation of AuNPs [79,80]. The mechanism of this process involves the reduction
of Au3+ to Au0 using biomass. Biomass contains a variety of organic compounds includ-
ing phenols, terpenes, amino acids, alkaloids, steroids, coenzymes, flavonoids, proteins,
reducing sugars, nicotinamide adenine dinucleotide, and water-soluble alkaloids [81–84].

Plants are the most popular raw materials for biosynthesis as they contain large
amounts of reducing substances and are cheap and readily available. The first successful
synthesis of AuNPs using biomass was reported in 1999 [85]. Since then, each part of the
plant, including leaves, bark, flowers, fruits, seeds, rhizomes, and bark, has been used as
a raw material to prepare AuNPs [86]. Usually, leaves and fruits are especially popular
as they contain high concentrations of reducing substances [28]. This method enables the
synthesis of AuNPs with different shapes, structures, and physicochemical properties,
with size distributions mainly in the range of 5 to 400 nm [87,88]. Plants are suitable for
the large-scale production of Au NPs because they do not require a sterile environment
or complex processing. However, the effect of plants on AuNPs has not been elucidated
because of their complex composition [86,89,90].

Some microorganisms can also synthesise AuNPs by enzymatic reactions that occur via
extracellular biosorption, biomineralisation, intracellular bioaccumulation, and metabolic
processes. These enzymes enable the reduction of Au3+ to Au0 [91]. The shape, size, disper-
sion properties, and stability of nanoparticles can be controlled by adjusting the external
conditions [92]. Among them, the preparation of AuNPs using bacteria includes three
main synthesis mechanisms. (1) Enzymes produced by bacteria, such as Rhodopseudomonas
capsulatus, Thermomonospora sp., Pseudomonas denitrificans, Shewanella algae, Deinococcus
radiodurans, Rhodococcus, Bacillus megaterium, Bacillus subtilis, and Escherichia coli, have been
used to reduce Au3+ to AuNPs. These enzymes are produced by metal adsorption and
metabolism in bacteria [80,93–98]. (2) Bacteria produce active secretions with reducing
properties. For example, nicotinamide adenine dinucleotide hydride (NADH)-dependent
reductase plays a major role in the reduction in Au3+ to AuNPs via electron transfer from
NADH [99,100]. (3) Other active substances in bacteria, such as cell wall reductive enzymes,
carotenoids, and cysteine desulfhydrase, can also synthesise AuNPs [101,102]. These en-
zymes and organic substances can be used simultaneously as capping agents to stabilise
and prevent the agglomeration of AuNPs. Furthermore, bacterial synthesis is an exact
and slow procedure that requires optimisation of the synthesis state. Fungi are easier to
culture and grow than bacteria. They are also able to secrete a number of protein-reducing
substances for the synthesis of AuNPs, such as the 10-kDa protein found in Fusarium
oxysporum, 80–10 kDa protein found in Thermomonospora sp., glutathiones, and α-NADPH-
dependent sulphite reductase [103,104]. Some fungi are potentially pathogenic [105,106].
The metabolic environment of microorganisms is crucial for the synthesis of AuNPs and
therefore needs to be optimised for their synthesis. However, the intracellular environ-
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ment cannot be observed and regulated in real-time, which can affect the synthesis of
AuNPs [91,92,107].

AuNPs have extensive applications in cancer treatment and drug delivery. Owing
to their unique physicochemical properties, including a high X-ray absorption coefficient,
photosensitisation, surface plasmon resonance (SPR), ease of functionalisation, and stability.
The optical and physical properties of AuNPs are dependent on their size, shape, and
surface chemistry, which in turn affect their drug-carrying capacity, organ distribution,
pharmacokinetics, photothermal conversion efficiency, and immunological properties as
drug carriers. Therefore, it is important to thoroughly evaluate the properties of AuNPs
prior to constructing drug carriers [108–110]. Various sophisticated techniques are available
for characterising the size, shape, and chemical properties of AuNPs. Ultraviolet-visible
spectroscopy is commonly employed to characterise the SPR of AuNPs, providing a prelimi-
nary analysis of AuNP size and distribution and assessing AuNP aggregation. Transmission
electron microscopy reliably measures AuNP size and provides a clear structural morphol-
ogy [111]. Dynamic light scattering is useful for testing aggregation, and measuring the
zeta site of AuNPs can determine their surface charge and solution stability. To investigate
surface-bound substances and their forms, X-ray photoelectron spectroscopy and Fourier
transform infrared spectroscopy can be used to analyse the surface chemical structures
of AuNP complexes [112]. Moreover, the quantity of drugs bound to the AuNPs can be
calculated using ultraviolet detection technology [113].

In conclusion, there are various methods to prepare AuNPs, all of which have advan-
tages and disadvantages. When AuNPs are used as drug carriers, various factors must
be considered, such as the effects of size, shape, and surface properties on drug loading,
in vivo transport efficiency, biocompatibility, and immune response. Next, we detail the
use of AuNPs as drug carriers and their application in cancer immunotherapy.

3. AuNPs-Mediated Drug Delivery

Drug delivery through carriers is a fascinating and promising tactic to enhance thera-
peutic effects. This facilitates the release of the drug at the desired time and space, enhancing
the efficiency of the drug and minimising its systemic toxicity. AuNPs have also been de-
veloped as promising drug carriers for binding different types of drugs and target ligands.
Controlled drug release is achieved by surface modification of the design on AuNPs.

3.1. Target Drug Loading

Drug loading refers to modification or loading of the original drug before adminis-
tration, primarily to improve its stability and reduce its side effects. AuNPs bind drugs
using two strategies: covalent and non-covalent binding (Table 2). Non-covalent binding
mainly involves electrostatic modification, van der Waals interactions, π-π stacking, and
hydrophobic effects [19,114,115]. However, it exhibits poor selectivity and weak adsorption
strength. The weak adsorption leads to easy separation of drugs from AuNPs under the
influence of the external environment. For example, the electrostatic adsorption of AuNPs
is easily affected by pH, and hydrogen bonds are easily interrupted by polar molecules (e.g.,
water) [116]. This leads to premature drug release and a sudden increase in plasma concen-
tration, which then produces toxic side effects and accelerates drug metabolism [117]. In
contrast, covalent bonds formed through Au-S and Au-N are more stable to avoid sudden
or rapid drug release, achieving controlled drug release [118–120].
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Table 2. List of the surface-functionalized AuNPs loaded with various drugs.

Type of Agent Surface Functionalization Connection Method Refs.

PD-L1 siRNA poly (sodium 4-styrenesulfonate) Electrostatic adsorption [114]

CD11 Ab / Van der Waals force [115]

siRNA / Non-covalent bonding [121]

Glypican-3 siRNA Polyethyleneimine Covalent bonding/Au-S [49]

Trastuzumab Polyethylene glycol (PEG) Covalent bonding/Au-S [122]

Dopamine PEG Covalent bonding/Au-S [123]

CpG-ODNs Zwitterion 2-methacryloyloxyethyl
Phosphorylcholine Covalent bonding/Au-S [124]

IDO inhibitor Polyacrylic acid (PAA) Covalent bonding/Au-S [125]

TLR 7 ligands Thioctic acid Covalent bonding/Au-S [126]

OVA Cysteine residues Covalent bonding/Au-S [127]

Anti-VEGF Ab PEG Covalent bonding/Au-S [128]

Anti PD-L1 Ab 11-mercaptoundecanoic acid (MUA) Covalent bonding/Au-S [129]

Abbreviations: PD-L1: programmed cell death-ligand 1; CpG-ODNs: CpG oligodeoxynucleotides; IDO: indoleamine-
2,3-dioxygenase; TLR 7: toll-like receptor 7; OVA: ovalbumin; VEGF: vascular endothelial growth factor.

To enhance drug binding with AuNPs, intermediate linkers have been introduced
because not all drugs can be directly connected to AuNPs. Several researchers have ob-
served an effective increase in drug affinity with AuNPs using PEG-modified compounds
to provide more binding sites for drugs. For example, doxorubicin (DOX) and anti-PD-L1
form a stable drug delivery system with AuNPs by amide binding to lipoic acid polyethy-
lene glycol N-hydroxysuccinimide (LA-PEG-NHS). The anti-PD-L1 antibody reacts with
a 5-fold molar excess of LA-PEG-NHS, and its binding affinity is greater than 90% [130].
However, when hydrophobic drugs linked to PEG are exposed on the surface of AuNPs,
drug solubility, dispersion, plasma concentration, and circulation time are reduced. To
address these issues, Cui et al. developed an AuNP@Dox-mPEG system by modifying the
position of PEG to encapsulate DOX. This modification significantly improves the plasma
half-life and stability of the drug [16]. Furthermore, encapsulating drugs using dendrimers
and liposomes can help reduce premature drug leakage and adverse reactions [131]. The
drug encapsulation rate increased to 86.5% and the leakage rate decreased from 47.5% to
7.8% within 12 h after using the cell membrane to encapsulate drugs at pH 7.4 [132].

3.2. Delivery of AuNPs to Tumour Tissue

AuNPs coupled with targeted molecules can accurately deliver tumour-targeting
drugs through both passive and active targeting (Figure 2) [133,134]. In passive targeting,
AuNPs mainly exploit the EPR effect. Owing to vascular leakage and impaired lymphatic
drainage, drugs attached to AuNPs can preferentially accumulate in tumour tissues and
remain there for a long time [135–137]. The EPR effect is influenced by the physical proper-
ties of the AuNP carriers, such as size, shape, and surface charge. These factors affect the
localisation, cell penetration, and load release rate of carriers. For example, nanoparticles
below 50 nm have the highest aggregation in tumours owing to their highly organised
and osmotically pressurised environment [138]. Nanoparticles smaller than 10 nm are
rapidly cleared by the kidneys, whereas those larger than 150 nm can be easily removed
by the reticuloendothelial system and undergo nonspecific aggregation in the liver and
spleen [139–142]. Additionally, surface chemistry and charge strongly influence the cycle
time of AuNPs, with superhydrophobic or charged systems being susceptible to mononu-
clear phagocyte systems [143,144]. Designing hydrophilic, neutral, or slightly anionic drug
delivery systems not only avoids the above-mentioned effects but also enables precise drug
delivery using the EPR effect [145]. However, to date, nanoparticle-based chemotherapeutic
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agents have failed in clinical trials [146–148]. According to a meta-analysis of 117 nanodrug
delivery studies, only 0.7% of nanoparticles reach the tumour site [149]. This suggests
that although passive targeting enhances the effective deposition of AuNPs in the tumour
mesenchyme, it is insufficient for promoting the localisation and uptake of AuNPs in
tumour cells.
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Drug-loaded AuNPs can enable active tumour targeting via antibody-modified lig-
and strategies [18,130,150]. The most commonly used antibody-targeted molecules in-
clude immunoglobulins and antibody fragments [18]. For example, AuNP-modified anti-
programmed cell death protein 1 (PD-1) antibodies can effectively target colorectal cancer
cells [130]. The delivery system can alter the pharmacokinetics and uptake of drugs [18].
Nonetheless, the high antibody-target affinity depends on non-functional and barrier-free
antigen-binding sites. Furthermore, the strategy of binding antibodies to amide bonds
forms active sites oriented toward the gold core, reducing the binding capacity of the anti-
body [151]. To identify the most optimal antibody and develop a suitable linkage strategy,
further research is needed to investigate the pharmacokinetics of linked antibodies.

Several types of aptamers coupled with AuNPs have been developed for active tar-
geting, including nucleolin-targeting aptamer-AS1411, protein tyrosine kinase 7 (PTK7)
selective aptamer-Sgc8c [152], prostate-specific membrane antigen aptamers [153], and
aptamer MUC1 (a transmembrane protein) [154]. Aptamers have been considered an alter-
native to antibodies owing to their chemical synthesisability and ease of modification [155].
In one report, MUC1-modified PEG-AuNPs successfully delivered paclitaxel precisely to
breast cancer cells [156]. The specificity of MUC1 for surface receptors of breast cancer
cells rendered AuNP-mediated drug delivery 96% more efficient. Another innovative drug
delivery system was achieved using a multivalent aptamer system containing AS141 and
Sgc8c bound to AuNPs. This system enabled AuNPs loaded with chemotherapeutic drugs
to exhibit a high degree of specificity for cancer cells expressing nuclear phosphate and
PTK7 [152].
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Many peptides, such as integrin ligand cyclic peptide C, vasoactive peptides, neu-
ropeptides, and cellular membrane-penetrating peptides, have been utilised for targeted
delivery of therapeutic AuNPs [18]. Peptide-modified AuNPs are more suitable for nu-
clear targeting than antibodies and some proteins because of their low molecular weight.
This property enables peptides to easily pass through the nucleus, resulting in efficient
nuclear delivery [157]. The use of nuclear-targeted peptides guides functionalised AuNPs
for targeted cell internalisation and efficient nuclear-targeted transport in breast cancer
cells [158]. Moreover, Paulo et al. revealed that the utilisation of peptide-modified AuNPs
increases both drug accumulation and half-life, ultimately leading to a 50% improvement
in radionuclide uptake by human glioblastoma cells [159]. This effect is due to the ability
of AuNPs to reduce peptide interactions with serum proteins, enhance peptide stability,
and prolong peptide retention in tumour cells (up to 72 h).

The specificity of proteins can facilitate the active targeting of the AuNP drug delivery
system. Lee et al. constructed AuNPs bound to lactoferrin (Lf), a milk protein receptor,
resulting in sustained, controlled, and targeted drug delivery to glioblastomas [160]. Com-
pared with that of unmodified AuNPs, the oral administration of Lf-modified AuNPs to
mice yielded an 8-fold increase in AuNP in the brain. Lectins can also be used in cancer-
targeted therapy. David et al. demonstrated the first use of jacalin to bind to the amide
bond of AuNPs, enabling them to target cells that express T antigens [161]. Fluorescence
localisation revealed that jacalin-mediated AuNPs are uniformly distributed within the cell
and significantly more endocytosed than unmodified AuNPs. The anti-tumour efficacy
of Jacalin-mediated AuNPs is significantly enhanced, exhibiting approximately 10-fold
greater potency than unmodified AuNPs.

Carbohydrates, natural targeting ligands, can target lectins that are abnormally highly
expressed on the surface of cancer cells. For example, hyaluronic acid (HA) is commonly
used to target tumours with the high expression of CD44 receptors, such as melanoma.
Thiol groups can be introduced into HA and used to covalently link AuNPs via Au-S
for the treatment of cutaneous melanoma. Quantitative analysis of fluorescence intensity
revealed a 2.23-fold increase in the uptake rate of HA-AuNPs compared with free HA
molecules [162]. However, some carbohydrates have an affinity for multiple receptors,
which may reduce targeting and lead to off-target effects [163].

Not all tumour cells stably overexpress receptors; thus, the surface density of targeted
ligands has an important effect on the specific targeting of cells by nanocarriers. Generally,
a higher density of ligands within a certain range results in more efficient and precise
targeting [133]. Cancer immunotherapy targets are under investigation. Only a few
targets have been identified, such as immune checkpoints, which are influenced by cancer
cell differentiation. However, some targets are underexpressed or blocked in certain
cancer cells, necessitating careful consideration of these issues and drug resistance in
practical applications. Therefore, it is crucial to identify new targets and provide innovative
therapeutic options.

3.3. Drug Dislocation from AuNPs

The mechanism of AuNP-loaded drug release within a tumour can be classified
into internal and external stimulation based on the source of stimulus release (Figure 3).
Internal stimulation strategies are based on differences between tumour and normal tissue
environments, such as pH and enzymes. pH-sensitive site-specific drug release is induced
by the acidic tumour microenvironment (TME) [164,165]. Under specific pH conditions, the
pH-sensitive connection between the drug and AuNPs undergoes cleavage owing to carrier
protonation and morphological changes, leading to drug release. The commonly used pH-
sensitive connection units are shown in Figure 3a–f. For example, the introduction of pH-
sensitive Schiff base bonds between AuNP-labelled antigens can lead to an approximately
20-fold increase in antigen release in an acidic environment [166]. Additionally, some
pH-sensitive polymers have been used for the internal stimulation of drug release. For
example, by covalently binding S-nitrosoglutathione (GSNO) to AuNPs, the pH-sensitive
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cationic polymer PAA enables the release of 19.8 ± 3.0% of GSNO at pH 7.4 over a period
of 72 h. Under weakly acidic conditions (pH 6.5 and 5.0), the compatible GSNO release
rates were measured as 60.5 ± 2.5% and 87.6 ± 2.0%, respectively. This increase was
due to the opening of the PAA structure upon acidification [125]. Notably, this approach
is only applicable to acidic tumours and has limitations under alkaline or physiological
conditions [167].
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Figure 3. Strategies of drug release mediated by AuNPs as carriers primarily include internal and
external stimulation. The internal stimulation-mediated drug release mainly includes (I) enzyme-
stimulated and (II) pH-responsive drug release. The PH-responsive drug release is mediated by
pH-sensitive connection units, commonly including (a) Schiff base compounds, (b) acyl-brown
bonds [168,169], (c) acetal/ketone structures [170], (d) tertiary amino protonation [171], (e) the reaction
of amino groups with 2,3-dimethylmaleic anhydride [172], and (f) the protonation of imidazole
groups [173]. The external stimulation is based on the ultrasound, pulsed laser, and continuous laser
external stimulation of AuNPs.

Enzyme reactions are a promising smart stimulation approach, mainly using tumour-
specific highly expressed enzymes to trigger drug release, such as matrix metalloproteinase
(MMP) and hyaluronidase (HAase). MMP-2, a member of the MMP family, is highly
expressed in breast cancer [174]. An MMP-2 sensitive peptide, R9, has been introduced
between an immunostimulatory molecule (TLR7/8a imidazoquinolone) and AuNPs to
prepare breast cancer vaccines [175]. R9 facilitates endocytosis and antigen capture in
AuNP delivery systems. Moreover, R9 can be cleaved at high concentrations of MMP-2 in
tumour cells to separate TLR7/8a imidazoquinoline from AuNPs. This exposes the TLR7/8a
imidazoquinoline, which activates the TLR7/8 pathway and enhances the stimulation of
host dendritic cells (DCs). Consequently, this approach amplifies adaptive anti-tumour
T cell responses, triggers effector memory immune responses, and activates innate anti-
tumour immunity. HAase is another enzyme highly expressed in breast cancer that cleaves
the β-1-4-glycosidic bond in HA, leading to specific drug release within breast cancer
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cells [176]. Modification of HA on AuNPs loaded with DOX not only targets cancer cells
that overexpress the CD44 receptor but also prevents premature drug release. In the
presence of HAase, DOX release increases from 5.6% to 49% within 48 h [177]. Nonetheless,
the efficacy of enzyme-triggered drug delivery is contingent on the specificity and activity
of the enzyme, and constructing carriers for this approach remains challenging owing to
the complicated in vivo enzyme environment.

External stimulation methods based on the local surface plasmon resonance of AuNPs
have been developed, such as photothermal, laser optoporation, and ultrasound. The
photothermal strategy involves incorporating a thermosensitive unit between the AuNPs
and drug, where temperature changes act as stimuli for drug release. Chae et al. found that
the rate of drug release depends on the binding force of the thermal unit and AuNPs [178].
Their study showed that the terminal sulfhydryl groups of mercaptosuccinic acid (MSA)
result in a nearly 2-fold reduction in drug release under the same laser excitation conditions
compared with mercaptopropionic acid. This was due to the stronger binding affinity
between MSA and AuNPs. However, this method of external attachment suffers from
premature rupture and decomposition during in vivo transport. To address this issue,
Pourjavadi et al. employed thermosensitive micelles to wrap AuNPs and paclitaxel to
control drug release [179]. They used a near-infrared (NIR) laser to stimulate the AuNPs,
resulting in a 50% increase in effective drug release. Additionally, this method increases the
skin penetration depth while reducing potential tissue damage. This is because the NIR
laser has a penetration depth of more than 1 cm, a spatial resolution of tens of microns,
and an efficiency of more than 1000-fold compared with visible light [180]. However,
the continuous laser used in this method typically requires more than the maximum
permissible exposure (MPE) of the laser to achieve the desired treatment effect (1 and
0.33 W cm−2 skin-to-laser MPE) [181]. Therefore, damage to normal tissues caused by
tissue self-absorption cannot be avoided.

Compared with those with continuous lasers, pulsed lasers reduce the required dose
of AuNPs, laser power threshold, and extent of thermal damage. The mechanism of this
method involves AuNPs absorbing pulsed laser light, resulting in the rapid evaporation of
water vapour to form micro/nanobubbles. These micro/nanobubbles can then suddenly
rupture due to continuous warming, generating mechanical forces that create pores in
the cell membrane, facilitating intracellular delivery of biomolecules [182,183]. AuNPs
absorbing pulsed laser-generated mechanical stress enhance the permeability of the nuclear
membrane and improve the transfection efficiency of caspase9-ribonucleoproteins by ap-
proximately 55% [184]. Furthermore, by attaching AuNPs to T cells, optoporation increases
the nuclear transfection rates of pericytes. Subsequent downregulation of immunosup-
pressive pathways significantly enhances the ability of T cells to infiltrate tumours and
eliminate cancerous cells [185]. The resulting cell permeability is correlated with the power
and wavelength of the laser. At low power, thermal effects dominate, whereas at high
power, mechanical effects are more prevalent [186]. Yao et al. demonstrated that shorter-
wavelength lasers (530 nm) have higher penetration rates, whereas longer-wavelength
lasers (730 nm) penetrate deeper into tissues and enhance drug cellular internalisation by
up to 50% [187]. This is due to the self-limiting effect of transient or permanent absorption.
Moreover, the NIR-II region (900–1700 nm) laser has deeper tissue penetration and less
tissue scattering than the NIR-I region (650–900 nm) [188]. Bibikova et al. explored the
effects of different pulsed laser wavelengths on cell permeability by evaluating fluorescent
dyes. Their findings demonstrated that the cell permeability of the 1064 nm laser-mediated
dye increases nearly 20-fold compared with that of the 650 nm laser [189]. Under the same
laser, Pylaev et al. additionally noted that the geometry of AuNPs correlates with cell
membrane permeability under a 1064 nm pulsed laser. The most substantial cell penetration
and survival rates are observed with rod-shaped AuNPs [190]. Despite the potential bene-
fits of laser treatment, it is prohibitively expensive, and the distribution of the produced
micro/nanobubbles is not uniform. Consequently, the mechanical forces generated by
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bubble collapse can cause irreversible damage to the cell membrane. This is beneficial for
killing cancer cells; however, safety issues should be fully considered.

Ultrasound is another method of external stimulation, the mechanism of which is
thermal and mechanical effects and cavitation on AuNPs. AuNPs can provide nucleation
sites for cavitating bubbles, reducing the ultrasound intensity required for cavitation and
increasing the number of bubbles that collapse. Ultrasound can achieve greater penetration
than lasers, enabling the formation of more uniform and stable micro/nanobubbles [191].
Tavakkoli et al. found that ultrasound-mediated drug release from curcumin-loaded AuNPs
increases by 85% exclusively under mechanical action [192,193]. Researchers have found
that mechanical effects and cavitation cause milder drug release, whereas high tempera-
tures lead to drug denaturation and cell membrane collapse. Ultrasound pulses have also
been shown to enhance cell permeability. Lin et al. employed AuNPs to deliver gemc-
itabine (Gem) and microRNA-21 inhibitors into the nucleus, resulting in an 82-fold higher
gene inhibition than free Gem over 72 h [194]. Moreover, nanobubble rupture-induced
mechanical stress can increase the permeability of the blood–brain barrier by inducing
mechanical stress on the vessel wall. Using focused ultrasound in a non-invasive and
targeted manner, Tiffany G. successfully delivered DNA-modified Au NPs to specific loca-
tions in the mouse brain for the first time. They also compared the penetration efficiency of
different sizes of AuNPs and found that the smallest AuNPs tested in the study (6 nm) are
delivered six times more efficiently in the blood–brain barrier than the largest AuNPs tested
(14 nm) [195]. This contributes to the treatment of brain tumours. However, the non-specific
and uncontrollable adsorption of AuNPs on membranes leads to non-targeted cell damage.
Ultrasound has adverse cavitation effects in organs containing gas, such as the lungs and
intestines, rendering them unsuitable for ultrasound treatment. Furthermore, the required
exposure time and ultrasound intensity for drug release should be thoroughly considered.

To overcome the limitations of individual stimulation strategies, multiple combined
stimulation strategies have been developed, the most commonly used being pH/NIR radi-
ation dual stimulation. Chen et al. utilised a dual-sensitive platform to control the release
of IDO inhibitors to activate T cells and improve immunotherapy effectiveness [125]. The
platform was formed by the self-assembly of pH-sensitive PAA and temperature-sensitive
β-β-titanium nitride on AuNPs. Under weakly acidic conditions, the PAA structure opened,
resulting in a nearly 2-fold increase in IDO inhibitor release. When combined with NIR
irradiation, drug release was further increased by approximately 15%. Consequently, the
slow drug release from the pH pathway is overcome by the thermosensitive release path-
way. The dual-sensitivity platform enabled flexible control of the rate and amount of
drug release. AuNPs can also be combined with other nanoparticles to construct multiple-
response delivery systems. The use of self-assembling AuNPs, hollow hydroxyapatite, and
dopamine to form a pH/NIR dual-sensitive platform increased the release rate of DOX
by a factor of 3.5 [196]. The increased release rate was attributed to the protonation of the
amine group of dopamine in an acidic environment, disrupting the π-π interaction of DOX
with dopamine. Furthermore, the thermal effect of the AuNPs disrupted the structure of
the hollow hydroxyapatite.

4. Enhancement of AuNPs in the Immune Cycle

Owing to the low immunogenicity of some tumours, the anti-tumour immune re-
sponses cannot be initiated [197]. However, AuNPs can enhance the immunogenicity of
tumours, thereby increasing the ability of the immune system to recognise and kill tumour
cells. AuNPs can act as carriers for immune agents to mediate the immune cycle and
promote the release of damage signals from cancer cells, thereby recruiting immune cells to
enter the cancer lesion to reduce tumour immune tolerance and enhance the immune cycle
(Figure 4) [198,199].
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AuNPs primarily strengthen the immune cycle via two pathways. The first pathway
involves interactions with macrophages, DCs, T lymphocytes, and natural killer (NK) cells.
This interaction causes oxidative stress, organelle dysfunction, and DNA damage reactions,
which trigger different cell pathways, leading to apoptosis or inflammation. As a result, the
ability of the immune system to kill cancer cells is enhanced [199]. Detailed descriptions
of these two pathways are provided in Figure 5. AuNPs interacting with macrophages
can activate redox-sensitive NF-κB and MAPK signalling pathways, promoting the release
of pro-inflammatory cytokines (TNF-α and IL-1b) [200–205]. Proinflammatory cytokines
stimulate specific T cell immune responses and promote macrophage differentiation. The
effect of AuNPs on tumour-associated macrophages (TAM) favours the differentiation
of M1 macrophages, which has an inhibitory effect on tumours [205]. Additionally, the
reduction in regulatory T cell (Treg) and increase in NKT cell levels contribute to AuNPs
inducing favourable pro-inflammatory and anti-TME responses [205]. Additionally, the
reduction in Tregs and increase in NKT cells contribute to AuNPs inducing favourable
pro-inflammatory and anti-TME effects.

Another approach is to induce ICD using AuNPs in RT, photothermal therapy (PTT),
and photodynamic therapy (PDT) [21,206]. This method induces a favourable immune
response at the tumour site, which transforms the immunosuppressive TME into an im-
munostimulatory TME. Consequently, it induces anti-tumour immune responses and
enhances the therapeutic effect of immunotherapy. Studies have shown that AuNPs induce
ER stress and ROS, leading to the activation of danger signal pathways in tumour cells.
This activation promotes the secretion and release of damage-associated molecular patterns
(DAMPs), such as CRT, ATP, HSP, and HMGB1 [207–209]. DAMPs can facilitate DC matu-
ration, and mature DCs can secrete inflammatory factors (IL-12 and IFN-γ) and express
co-stimulatory signals (CD80 and CD86) crucial for T cell differentiation [210]. Moreover,
AuNPs in PDT can induce neutrophil aggregation at the lesion site within minutes by
destroying subcellular structures and plasma membranes, thereby triggering inflammation.
Neutrophils release lytic enzymes that destroy tumour cells and induce monocyte and
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macrophage infiltration [211,212]. This promotes the secretion of inflammatory cytokines
and chemokines. Furthermore, the photothermal effect and ROS toxicity induced by AuNPs
lead to cell death and the destruction of tumour blood vessels. This process causes the
accumulation of AuNPs and continuous accumulation of dying tumour cells and DAMPs,
which can promote the recruitment of more immune cells to infiltrate the tumour [213,214].
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factor kappa-B; ERK: extracellular regulated protein kinases; JNK: c-Jun N-terminal kinase.

AuNPs can induce both pro-inflammatory and anti-inflammatory immune responses.
This effect depends mainly on their physical and chemical properties, such as size, charge,
shape, and functional groups. However, variations in the uptake dosage, method, and
intracellular dynamics of AuNPs by the mononuclear-phagocyte system make understand-
ing the mechanisms of immune responses challenging [215,216]. Therefore, achieving a
balance between the interactions of AuNPs with different cells and inflammatory factors is
a critical issue for the immunotherapeutic use of AuNPs.

In summary, AuNPs are promising potential carriers for cancer immunotherapy as
they can enhance the immunogenicity of cancer cells and reduce the severe side effects
of anticancer treatments. AuNP-triggered ICDs can increase the responsiveness of cancer
immunotherapy. However, cancer cells often develop resistance to apoptosis; therefore,
new strategies are needed to induce other forms of cancer cell death. Currently, combining
treatment modalities with external stimuli appears to be a promising strategy.

5. Application in Cancer Immunotherapy

Cancer immunotherapy is a treatment method that overcomes the recurrence and
metastasis of cancer cells by stimulating tumour-specific immune responses and immune
memory [217,218]. AuNPs have been combined with RT, PTT, and PDT to enhance the
anti-tumour effect and applied to animal models of various solid tumours. This application
not only improves the anti-tumour effect but also reduces the recurrence/metastasis rate of
tumours (Table 3).
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Table 3. Co-immunotherapy of various diseases is based on AuNPs.

Immunotherapeutic
Agents or Gene

Connection
Method Disease Model Achievement Refs.

Anti PD-LI
Ab-DOX-HCQ

Covalent
bonding/Au-S Glioma C6 glioma-bearing

mouse
Inhibition of autophagy
and TME [219]

Anti PD-LI Ab-DOX Covalent
bonding/Au-S Colorectal cancer CT-26 cells Increased apoptosis and

cell cycle blockage [130]

TA-PD-I inhibitor Electrostatic
adsorption

Breast cancer
Melanoma

4T1-B16F10 mouse
B16-C57BL/6 mouse

Improves T cell survival
and promotes immune
memory

[220]

PXTK-Anti PD-L1
Ab

Electrostatic
adsorption Breast cancer 4T1-BALB/c mouse

Induces ICD and
attenuates
immunosuppression of
the TME

[221]

TKI-Anti PD-L1 Ab Covalent
bonding/Au-S

Acute myeloid
leukemia

C1498-C57BL/6
mouse

Induces ferroptosis and
promotes T cell immunity [47]

CpG-ODN Covalent
bonding/Au-S Breast cancer 4T1 cells

Activates DC and
stimulates the secretion of
pro-inflammatory
cytokines

[222]

CpG Covalent
bonding/Au-S Melanoma C57/BL6 mouse

Triggers adaptive immune
responses and T cell
memory

[223]

TRP-2 peptide-DOX Electrostatic
adsorption Melanoma B16F10

tumour-bearing mouse
Increase in cytotoxic CD8+

T cell expression [224]

TLR 3/TLR 9 agonist / Colorectal cancer MC38 tumour-bearing
mouse

Combined PTT to destroy
TME and eliminate largely
(>10 mm3) tumour

[225]

CD3 Ab Covalent
bonding/Au-S Gastric cancer BALB/c, C57BL/6

nude mouse

Combined PDT to
promote tumour
suppressor expression

[226]

IL-12 Covalent
bonding/Au-S

Fibrosarcoma
Breast cancer
Prostate cancer

WEHI-164, TS/A
C57BL/6 TRAMP
mouse

Remodelling the TME,
promoting NK
cell-mediated anti-tumour
effects, and maintaining T
cell responses in overt T
cell therapy

[227]

IFN-γ Covalent
bonding/Au-S Lung cancer C57BL/6 mouse

Detection of tumour
recurrence in situ,
promotion of T cell
immune response

[228]

TGF-β inhibitor Covalent
bonding/Au-S Melanoma B16F10

tumour-bearing mouse

Improved specific CD8+ T
cell cytokine number and
function

[229]

Abbreviations: HCQ: hydroxychloroquine; PXTK: paclitaxel dimer prodrug; TKI: tyrosine kinases inhibitor; TRP-2:
Tyrosinase-related Protein 2; TGF-β: transforming growth factor-β.

5.1. AuNPs as Drug Delivery
5.1.1. Cytokines

As cytokines have a short half-life, they must be administered at high doses, which
can lead to serious side effects and reduce the effectiveness of cancer immunotherapy [230].
To address this, AuNPs have been utilised as vectors for cytokines, such as IFN, IL, and
TGF-β. Gasparri et al. found that utilising AuNPs as carriers reduces the amount of IL-2
while simultaneously improving targeting efficiency. Low doses of nanodrugs are sufficient
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to increase the infiltration of natural immune cells (such as NK cells, monocytes, and neu-
trophils) into tumours, inducing a stronger anti-tumour effect [227]. Moreover, cytokines
loaded onto AuNPs not only avoid systemic inflammatory reactions, but their release can
also be controlled. For example, Zhang et al. utilised the photothermal properties of AuNPs
to regulate the release of cytokine IFN-γ, resulting in approximately 59% cumulative release
over 96 h. This approach significantly inhibits postoperative recurrence of lung cancer [228].
Moreover, when combined with IFN-γ, AuNPs exhibit a synergistic effect with ICIs. They
not only activate DCs but also generate CD3+/CD4+ and CD3+/CD8+ T lymphocytes,
reducing the side effects of high therapeutic doses required for a single treatment.

In addition to the above-mentioned cytokines, researchers are investigating relevant
agonists, such as TLR7/TLR8 agonists, to stimulate antigen-presenting cells (APCs) and
enhance anti-tumour immune responses. Mottas et al. first used AuNPs to deliver a
TLR7 immunostimulant (R848) to tumour-draining lymph nodes for the treatment of colon
cancer [231]. AuNPs induce DCs maturation and increase the secretion of cytokines (IL-12
and IFN-γ) and chemokines (IL-6 and granulocyte-macrophage colony-stimulating factor)
in lymph nodes, enhancing anti-tumour immune responses and improving the effectiveness
of immunotherapy. Additionally, AuNPs can directly transport R848 to tumour-draining
lymph nodes, thereby preventing drug accumulation and organ damage.

AuNPs can deliver various cytokines to improve the efficacy of cancer immunother-
apy. However, cytokines are involved in a series of complex regulatory systems, and the
relationship between immune cells and cancer cells is complex. Simultaneously, AuNPs
can stimulate immune responses. The combination of proportion and treatment mode
will affect the immune system, which means that the final clinical application will face
individual differences in therapeutic efficacy.

5.1.2. Cancer Vaccines

Tumour vaccines, which utilise tumour-specific antigens to induce T cell-mediated
anti-tumour immunity, are an effective approach for cancer prevention or treatment. Com-
pared with traditional vaccines, vaccines linked with AuNPs can effectively prevent their
clearance or degradation by the mononuclear-macrophage system, enhancing the activity
of the antigen or antibody [232]. Additionally, AuNPs can target APCs by modifying spe-
cific functionalised molecules to enhance antigen cross-presentation, thereby stimulating
cytotoxic T lymphocytes (CTLs) to exert anti-tumour effects more effectively [233,234].
Furthermore, AuNPs are capable of easily loading both antigens and adjuvants. Com-
pared with other nanocarrier vectors, their adjuvant properties can enhance the respon-
siveness of the body to the vaccine. Kevin et al. discovered that AuNPs easily bind to
tumour-associated antigens (TAAs) and are encapsulated by functional molecules (such
as polysaccharides and lipids) [235]. This not only protects the activity of TAA but also
increases the binding dose of the antigen. Compared with free antigen stimulation, the
use of polysaccharide-encapsulated AuNPs offers several advantages for improving the
immune response of the antigen delivery system. Specifically, AuNPs improve the ability to
target APCs expressing dectin-1, thereby enhancing the specificity of the immune response
and minimising non-specific immune activation. Additionally, vector-loaded antigens
increase the uptake and presentation of antigens by APCs, resulting in mature antibody
production and cytokine stimulation of T cells. This suggests that AuNP-loaded antigens
are a promising approach for enhancing the immune response to antigens. AuNPs have
unique photothermal properties that make them particularly suited for controlling antigen
presentation by inducing local thermal disruption of endo/lysosomes [236]. This promotes
downstream major histocompatibility complex (MHC)-I antigen cross-presentation, enhanc-
ing CTL responses and anticancer immune reactions. Moreover, AuNPs possess adjuvant
properties that can heighten the reactivity of antigens in the body. Dykman et al. found that
vaccines formulated using AuNPs do not require other adjuvants to stimulate lymphocyte
phagocytosis or induce the release of inflammatory mediators [237]. The amount of immune
antigen needed to obtain an immune response with this method is much smaller than that
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with conventional methods. They also discovered that the presence of AuNPs, which bind
simultaneously with adjuvants and antigens, results in 5-fold higher antibody titres than
the absence of AuNPs [238].

The various advantages of AuNPs make them promising carriers for immunother-
apy, especially for constructing tumour vaccines by combining multiple antigens and
adjuvants. For instance, AuNPs act as multivalent carriers for loading the MUC1 gly-
copeptide antigen and α-galactosylceramide immune adjuvant to develop vaccines for
treating breast cancer [239]. These vaccines specifically bind to MUC1-positive breast
cancer cells. They also produce large numbers of antibodies and kill breast cancer cells via a
complement-dependent cytotoxicity-mediated pathway, significantly delaying the growth
of breast cancer. Furthermore, GNP-LO91-99, a tumour vaccine prepared using AuNPs as
a novel adjuvant and vaccine carrier, has been applied in preclinical studies on advanced
melanoma and bladder cancer [240,241]. The GNP-LO91-99 nanovaccine has significant
pro-apoptotic and tumour growth inhibitory effects. It induces powerful melanoma-specific
CTL responses and reduces tumour immunosuppression by increasing TNF-α and IL-12
levels. Furthermore, the combination of the GNP-LO91-99 nanovaccine and anti-PD-1 or
anti-CTLA-4 antibodies can reduce immune checkpoint expression and increase tumour
sensitivity to the vaccine. The positive impact of the GNP-LO91-99 nanovaccine in solid
tumour immunotherapy is expected to extend to other solid tumours with lymphocyte
infiltration, such as non-small cell lung cancer and glioblastoma.

The advantages of AuNPs make them promising carriers for constructing tumour
vaccines that combine multiple antigens and adjuvants. Preclinical studies have shown
promising results, such as the development of vaccines against breast cancer and advanced
melanoma using AuNPs as carriers. These vaccines demonstrate specific binding to cancer
cells and inhibit tumour growth via various mechanisms, including the induction of
powerful immune responses and reduction in immunosuppression. Although the potential
of AuNP-based vaccines has been demonstrated in cellular and animal models, clinical
trials have not yet been conducted. This requires comprehensive consideration of the
long-term negative effects of AuNPs in organisms. Nonetheless, the long-term stability and
modifiability of AuNPs provide them with significant potential for future applications in
cancer immunotherapy.

5.1.3. ICIs

The use of AuNPs loaded with ICIs can amplify the anti-tumour T cell immune
response while reducing toxicity and adverse events. According to Luo et al., hollow
gold nanospheres (HAuNS) have been developed to carry the anti-PD-1 peptide (APP)
for regulating drug release. This is particularly effective for reducing the side effects
and resistance associated with PD-L1 monotherapy in breast and colorectal cancers [242].
Compared with that with free drugs, HAuNS-APP treatment significantly improves the
survival rate of mice. This is evidenced by the significant increase in CD8+ T, CD4+ T, and
immune factors TNF-α, IFN-γ, and IL-2 levels and decrease in the immunosuppressive
signalling molecule IL-10 level.

AuNP carriers can protect antibodies, peptides, and oligonucleotides from enzyme
degradation, thereby overcoming the weak drug penetration in solid tumours [243]. For
instance, Yu et al. developed a biomimetic AuNP platform to protect drugs. This platform
carries both anti-PD-L1 peptides and the anti-tumour drug paclitaxel simultaneously,
significantly alleviating the immune-inhibitory environment of tumours [221]. This was
attributed to the ability of the platform to induce ICD, leading to CD4+ T, CD8+ T, and NK
cell activation and enhanced secretion of immunostimulatory factors (TNF-α and IL-12).
Consequently, it achieved a tumour suppression rate of 84.2%. Additionally, combining
PD-1 siRNA with AuNPs can enhance the anti-pollution and stability of oligonucleotides.
This promotes PD-1 siRNA entry into the nucleus and downregulates PD-1 expression at
the gene level. Furthermore, it can increase the production of CD8+ T lymphocytes and
immune factors (IL-2, TNF-α, and IFN-γ), thereby improving T cell recognition and the
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killing of tumour cells [114,244]. The multifunctionality of AuNPs enables their integration
into diagnosis and therapy. Specifically, Liu et al. first combined AuNPs with PD-L1
siRNA for the simultaneous treatment and diagnosis of melanoma. The nanoplatform
not only acts as a vehicle for siRNA delivery to downregulate PD-L1 expression but also
a photothermal agent for tumour diagnosis. This nanoplatform has been used for the
diagnosis and immunotherapy of lung cancer and melanoma [114,244].

The US Food and Drug Administration (USFDA) has approved the use of ICIs to treat
advanced melanoma, renal cell carcinoma, and squamous or non-squamous non-small cell
lung cancer [245]. However, the low response rate of cancers to ICIs (usually only 10–30%)
remains a challenge [246]. Additionally, monoclonal antibodies used as ICIs may induce
autoimmune reactions, resulting in severe immunological adverse events outside the cancer
cells. These adverse effects delay medication, introduce uncertainty in drug administration
timing and maintenance of dosage, and significantly affect therapeutic outcomes [6,7,247].
Although AuNP technology addresses some issues, further preclinical work is necessary to
verify its practical application.

5.1.4. Adoptive Cell Therapy

AuNPs primarily play an auxiliary role in adoptive cell therapy (ACT). ACT involves
transferring immune cells that have been expanded or modified in vitro back into cancer
patients to boost the anti-tumour immune response [248]. Targeted delivery of IL-12 by
AuNPs has been employed to enhance the anti-tumour effect of adaptive T cell therapy on
prostate tumours [227]. Low-dose Iso1/Au/IL-12 administration leads to an increase in the
number of tumour-infiltrating T cells within the TME while simultaneously reducing the
expression of PD-1. This dual effect ultimately improves the recognition and killing abilities
of T cells against tumours. AuNPs can enhance T cell immune cytotoxicity by altering T
cell culture methods. Using dendrimer-encapsulated AuNPs (Au-DENPs) for CpG non-
viral delivery induces the maturation of bone marrow-derived macrophages (BMDMs)
for T cell activation [223]. Activated T cells treated with Au-DENPs infiltrate the tumour
site, not only killing tumour cells but also triggering adaptive immune responses. This
helps maintain the induction of immunotherapy, which is effective in inhibiting tumour
metastasis and recurrence.

NK cell therapy has superior therapeutic outcomes and higher safety than T cell
therapy [249]. Lin et al. developed a nanoscale immune modulator based on AuNPs
to amplify the efficacy of adoptive NK cells in cervical cancer. This immune modulator,
named AuNPs@αCD16, is specifically designed to facilitate the infiltration, activation, and
killing of NK cells within the TME [250]. The photothermal effect triggered by AuNPs
destroys the physical barriers of dense tumour tissues, providing a penetrable TME for NK
cell infiltration. Furthermore, AuNPs@αCD16 can activate signalling pathways in tumour
cells, leading to an improved release of cytotoxic granules and pro-inflammatory cytokines.
Ultimately, this mechanism results in stronger killing effects on solid tumours.

Cytokine-induced killer (CIK) cells are non-MHC-restricted cells that can directly kill
tumour cells. Xia et al. combined AuNPs and CD3 antibodies for non-specific binding and
tracking the location of CIK cells [226]. This system, combined with PDT and immunother-
apy, significantly increases the levels of cytokines, such as IFN-γ, TNF-α, IL-18, and IL-23,
and reduces the survival rate of gastric cancer cells by 53%. AuNPs can be used for both
therapy and cell tracking, which is lacking for other nanomaterials. Currently, researchers
are attempting to apply ACT to solid tumours, and in early studies, it is important to
evaluate its systemic response in addition to its efficacy.

5.1.5. Modulation of TME

The TME, which is composed of a complex network of blood vessels and cells, poses
a major obstacle to the efficient delivery of drugs and immune cells to the tumour tis-
sue [251,252]. Fortunately, AuNPs have demonstrated the ability to overcome this issue.
Specifically, AuNPs have been shown to alter the shape of tumour blood vessels and pro-
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mote normalisation of the vascular system in melanoma. Furthermore, AuNPs enhance
calcium signalling and inhibit Smad2/3 signalling in cancer cells, thereby inducing vas-
cular normalisation. This process indirectly promotes the infiltration of CD3+/CD8+ T
lymphocytes, which ultimately inhibits the growth and metastasis of breast cancer [150].
Additionally, they have been shown to reverse epithelial-mesenchymal transition and
reduce the likelihood of lung metastasis [253].

The combination of AuNPs with immune agonists can polarise TAM towards an
anti-tumour phenotype, leading to the inhibition of the immunosuppressive environment
in the TME [254]. AuNPs can also selectively target M2 macrophages owing to their high
specificity for CD163, leading to targeted hyperthermia-induced cell death. This reduces
the immunosuppressive effects of the TME and induces the infiltration of T cells, ultimately
suppressing the growth of breast cancer [255].

5.2. Combinatorial Therapy

Immunotherapy and the combination of PTT, PDT, and RT can modulate the immune
environment of tumours. This modulation can enhance immune response and produce
synergistic effects in the treatment of tumours. Combination treatment strategies have
become increasingly popular owing to their ability to address issues, such as resistance
and side effects, associated with immunotherapy. These strategies are widely used not
only for in situ tumours but also recurrent and metastatic tumours. By utilising these
combination therapies, a more effective and comprehensive approach to tumour treatment
can be achieved.

5.2.1. Combined PTT

AuNPs have a high molar extinction coefficient, photobleaching resistance, and re-
markable opto-thermal conversion efficiency as photosensitisers, making them suitable
for PTT [256]. PTT induces the thermal ablation of cancer cells, leading to the release of
TAAs and immune-stimulating molecules [257]. However, repeated long-term PTT in-
creases the expression of inhibitory enzymes and immune checkpoint ligands and recruits
immunosuppressive cells, resulting in tumour immune tolerance [258,259]. Combining
PTT with immunotherapy stimulates the CD8+ T cell-mediated immune response, which
inhibits tumour growth and distant metastasis [225]. A recent study has shown that a
PTT-immunotherapy strategy based on AuNPs can prevent tumour recurrence [260]. Im-
munogenic AuNPs synthesised with Escherichia coli membrane proteins induced apoptosis
and necrosis in tumour cells under 808 nm laser irradiation, resulting in TAA generation
and immune activation.

Combining PTT with immunotherapy also has a synergistic effect in the treatment of
metastatic tumours [261]. This combination therapy can eradicate both primary tumours
and distant metastases while also stimulating an increase in T cell, B cell, and BMDM levels,
resulting in effective and durable immunity against tumour recurrence (no tumour growth
within 60 days after treatment). AuNPs modified with PD-L1 antibodies synergistically
enhance immune response, inhibit in situ tumour growth, and effectively prevent distant
tumour metastasis. Based on this, Zhang et al. also developed a highly effective synergistic
immunotherapy to detect and inhibit postoperative tumour recurrence [228]. The system
kills most tumour cells and exposes a large number of tumour fragments to activate T cells
via activated dendritic cells (DCs). CD3+/CD8+ and CD3+/CD4+ T lymphocyte levels
increased by 44.1% and 34.0%, respectively. Ultimately, activated immune cells secrete
immune cytokines that exert anti-tumour effects. This indicates that a sustained immune
effect can be generated while killing tumour cells [262].

Generally, the immune response induced by local PTT is weak. However, combination
with immunotherapy can significantly enhance immune stimulation and overcome im-
munosuppression in the TME. In particular, photothermal immunotherapy can effectively
treat advanced cancers because it can remove large tumours while enhancing systemic
anti-tumour immunity against metastatic tumours.
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5.2.2. Combined PDT

PDT is a non-invasive treatment method that utilises the combined effects of photo-
sensitisers and molecular oxygen, triggering apoptosis or cell death, while offering benefits
such as localisation and fewer side effects [263–265]. Nonetheless, a number of challenges
remain, including the limited penetration of light into tissues, poor photostability of pho-
tosensitisers, inefficient conversion of light energy, low selectivity for tumour cells, and
dependence on strong oxygen [265–267]. As enhancers of photosensitisation, AuNPs
enhance the sensitising effect of photosensitisers, thereby improving their conversion effi-
ciency and stability. AuNPs have been combined with numerous photosensitisers, such as
phthalocyanines [268], porphyrins [269], chlorine 6 [123], and Rose Bengal [270]. Moreover,
AuNPs serve as carriers that not only coalesce photosensitisers and oxygen generators to
enhance cytotoxic effects but also attach to target receptors (e.g., antibodies and peptides)
to improve therapy selectivity [265,271].

AuNPs can act as both photosensitisers and oxygen generator carriers. AuNPs deco-
rated with manganese dioxide cages (AuNCs@MnO2, AM) can be used as active oxygen
generators in TME. By directly transferring the absorbed light energy to oxygen molecules,
they produce sufficient ROS, which can induce ICD [271]. This process induces DC mat-
uration and effector T cell activation, generating an immune response against metastatic
triple-negative breast cancer (TNBC), thereby preventing tumour dissemination. However,
AM fails to aggregate in the ER, leading to a decreased tumour inhibitory rate. To address
this, Li et al. utilised a targeted ER peptide and indocyanine green (ICG)-modified AuNPs
to enhance ICD by targeting the ER [272]. Under NIR light irradiation, AuNPs induce ER
stress and the exposure of calcium-binding proteins on the cell surface, which serves as
an ‘eat-me’ signal to stimulate DCs for antigen presentation [273]. Therefore, AuNPs-ICG
activates more CD8+ T cells, TNF-α, and IFN-γ, and reduces the number of Tregs. This
enhances the immune response and weakens the immunosuppressive TME. These findings
suggest that ICD-mediated immunotherapy effectively stimulates the host immune system
to exert anticancer effects under specific ER stress.

Although PDT can induce tumour immune responses, its effects are usually too weak
to control already-formed tumours [274]. Lin et al. combined AuNPs with anti-CTLA-4 to
achieve suppression in subcutaneous xenograft tumour models. The combination not only
increased the luminescence intensity and tissue penetration depth of PDT (2-mm increase)
but also counteracted the immunosuppressive effect of PDT [275]. The synergistic effect of
PDT-induced ICD and PD-L1 blockade can alleviate the immunosuppressive environment
of breast cancer. Yu et al. co-loaded a photosensitiser, paclitaxel dimer prodrug, and
anti-PD-L1 peptide on AuNPs. The combination effect not only activated CD4+ and CD8+

T cells and NK cells and promoted the secretion of cytokines (TNF-α and IL-12) but also
increased the tumour inhibition rate to 84.2% [221].

Although PDT has shown promising results in cancer immunotherapy, certain issues
need to be addressed for further development, such as weak tissue penetration. To address
this problem, researchers have recommended enhancing tissue penetration via X-ray-
induced PDT, which has considerable potential [276]. Although the combination of AuNPs
with this approach has been reported in the literature for cancer treatment, few studies
exist regarding its potential for cancer immunotherapy.

5.2.3. Combined RT

RT is a conventional treatment method that primarily utilises ionising radiation to
kill cancer cells, and its therapeutic efficacy depends mainly on the radiation sensitivity of
the tumour tissue. Owing to their high atomic number and energy absorption coefficient,
AuNPs have potential as radiation sensitisers [277,278]. AuNPs absorb radiation energy
and initiate a series of ionisation events, such as the production of ROS, mitochondrial and
protein damage, and induction of TAA peptides released by cancer cells [11,279].

Research has shown that the synergistic effect of AuNPs and radiation can significantly
suppress tumours. Silva et al. used AuNPs as carriers to achieve precise localisation of
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radioactive isotopes [159,280]. Moreover, the radiosensitising ability of AuNPs can max-
imise the killing of cancer cells [281,282]. Additionally, AuNPs localised in the cancer cell
nucleus can enhance DNA damage and RT-induced immune cell death ICD, increasing
the infiltration of macrophages within the tumour [283]. AuNPs can also maximise the
destructive effects of photoelectric effects and ROS generation at low radiation energies
and induce chemosensitisation. Chen et al. verified this phenomenon in their study, which
used AuNP-Escherichia coli outer membrane vesicle immune complexes in combination
with low-dose radiation to treat glioma cells [284]. The combined treatment led to a sig-
nificant increase in ROS and TNF-α levels in glioma cells, an 8-fold reduction in tumour
volume, and a 35% increase in the survival rate of mice. Even in mice that experienced
tumour recurrence after receiving RT, the survival time was extended. However, further
experiments are needed to evaluate whether high doses or repeated treatments are helpful
in prolonging disease-free time.

AuNPs can promote the deposition of radiation energy in tumours and enhance the
immunomodulatory effects of radiation therapy at safe doses [285]. Cao et al. used Au
NPs as nanocarriers for CpG ODNs to improve the efficacy of RT/ICIs by mitigating the
immunosuppressive microenvironment [124]. AuNP composites repolarise M2 to the M1
phenotype, promoting the secretion of pro-inflammatory factors such as IL-12 and IFN-γ,
which leads to an attenuation of the immunosuppressive microenvironment. Furthermore,
combined with anti-PD-1, composite-mediated immunomodulation of macrophages can
not only activate innate immunity under low-dose X-ray irradiation but also coordinate
adaptive immunity. It demonstrated excellent anti-tumour effects on both primary and
distant bilateral gliomas. Reduction in the combined toxicity and adverse events of RT
and immunotherapy is a particularly important focus of preclinical research. AuNPs can
maximise the immune effects of RT while reducing the radiation dosage, thereby reducing
the potential toxicity of treatment, and providing a promising platform.

AuNP-based platforms are currently under evaluation in early-phase clinical tri-
als for the treatment of cancer. A particular platform, AuroLase, consisting of a gold-
silica nanoshell coated with PEG, has been employed in the PTT of prostate tumours
(NCT02680535), lung cancer (NCT01679470), and head and neck cancer (NCT00848042).
The efficacy of lesion ablation was confirmed via the systemic injection of gold nanoshell
particles in 45 patients with prostate cancer. Notably, the particles were cleared by the
liver or isolated from the liver and spleen without adverse effects. These results suggest
that gold nanoshell particle injection is a safe and effective method for lesion ablation in
patients with prostate cancer. Recently, researchers from the Huntsman Cancer Institute at
the University of Utah enrolled 60 patients with prostate cancer to continuously monitor
the potential toxicity and efficacy of this protocol (NCT04240639). AuroLase is currently
the only inorganic material approved by the USFDA for PTT [286]. The nanoplatform
NU-0129 loaded with the oncogenic gene Bcl2Like12 for glioblastoma treatment demon-
strated excellent blood–brain barrier ability and no adverse effects in an early phase clinical
trial (NCT03020017). In the realm of cancer immunotherapy, there is currently only one
early-phase clinical trial based on AuNPs. This clinical trial involved the use of a nanodrug,
CYT-6091, that combines recombinant human tumour necrosis factor-alpha (rhTNF) and
thiol-PEG with colloidal gold. This drug was tested in phase I clinical trials in eight patients
with terminal and metastatic solid cancer (NCT00356980 and NCT00436410), and safety,
pharmacokinetics, immunogenicity, and tumour targeting were evaluated. The results
indicate that CYT-6091 can selectively deliver therapeutic doses of rhTNF to tumour tissues
with greater safety and effectiveness and longer half-life than free rhTNF [287]. Current
evidence suggests that AuNPs have great potential for systemic therapeutic effects and
exhibit preliminary safety.

Despite the promising results highlighted above, numerous challenges must be ad-
dressed before AuNPs can progress to the clinical level. The predominant limiting factor
is their safety profile, particularly in terms of their potential interactions with biological
systems. Owing to their physical and chemical stability and potential immunogenicity,
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AuNPs cannot be metabolised by the body during prolonged treatment and can easily accu-
mulate in tissues and organs, leading to toxic effects and systemic immune reactions. The
safety of AuNPs is influenced by their size, shape, surface charge, and surface chemistry.
Nonetheless, there is contentious debate concerning the biological distribution and toxic
mechanisms of AuNPs of various sizes, shapes, charges, formulations, and administration
routes, making comparisons challenging. Another limiting factor is the lack of consensus
on standardised treatment protocols. Standardising the laser intensity for AuNP-mediated
PTT methods remain a challenge owing to the difficulty in comparing the photothermal
conversion properties among various types of AuNPs.

6. Conclusions and Perspective

This work reviews the design strategies for AuNPs as drug carriers and their applica-
tions in cancer immunotherapy. The versatility of AuNPs has been demonstrated by their
use as delivery vehicles for a range of drugs, including ICIs, cytotoxic drugs, unstable nu-
cleic acid drugs, and photosensitisers for PDT. Additionally, the light absorption properties
of AuNPs make them suitable for PTT and PDT applications. The combination of AuNPs
with immunotherapy has been successfully applied for the in situ treatment of various
solid tumours, as well as the treatment and prevention of distant metastatic tumours in
animal models. Overall, considerable progress has been made in the application of AuNPs
in cancer immunotherapy, demonstrating their substantial potential as valuable tools in the
treatment of cancer.

Further advances should include the translation of these preclinical technologies into
practical clinical applications. Despite a few AuNP-based drugs entering early-stage and
phase I clinical trials, their progress is hindered owing to ongoing debates regarding the
safety of AuNPs in cellular and animal experiments. Long-term toxicity, aggregation
effects, and immune responses in vivo are among the concerns that require thorough
investigation. Therefore, studying the interaction between AuNPs and the immune system
is crucial for enhancing their clinical application in cancer immunotherapy. It is necessary
not only to study whether AuNPs can cause immune reactions, but also to determine
the type, duration, and reversibility of immune reactions to provide a basis for clinical
selection. Additionally, the combination of PTT and immunotherapy with AuNPs has
potential to significantly improve patient survival rates, and ongoing efforts should focus
on exploring the efficiency of these combination therapy approaches. Strategies such as
preparing various types of AuNPs to increase the absorption of NIR light can increase tissue
penetration depth and reduce damage to normal tissue by high-power lasers. It is essential
to further explore the effects of AuNP properties on the photothermal conversion effect
and develop a universal treatment platform. Future work should prioritise deciphering the
interaction between AuNPs and patients, and understanding the biological mechanisms
underlying the observed phenomena, rather than solely emphasising the design of complex
nanoplatforms.

Establishing clear regulatory solutions and guidelines is crucial for the advancement
of AuNP-based nanomedicine. Despite the widespread development and application
of nanomedicine, the absence of specific standard protocols and regulatory guidelines
has posed challenges for researchers in assessing the toxicity potential of nanomedicines
during early-stage testing, resulting in setbacks during later clinical trials. It is of utmost
importance for regulatory schemes to continually evolve alongside the applications of
nanomedicines, enabling effective clinical work and addressing uncertainties surrounding
product definitions, material characterisation, safety assessment, toxicity evaluation, and
therapeutic testing. Such measures are vital to ensure the safe and successful translation of
AuNP-based nanomedicines into clinical practice.
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