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Abstract: With the urgent need for bio-nanomaterials to improve the currently available cancer
treatments, gold nanoparticle (GNP) hybrid nanostructures are rapidly rising as promising multi-
modal candidates for cancer therapy. Gold nanoparticles (GNPs) have been hybridized with several
nanocarriers, including liposomes and polymers, to achieve chemotherapy, photothermal therapy,
radiotherapy, and imaging using a single composite. The GNP nanohybrids used for targeted chem-
otherapy can be designed to respond to external stimuli such as heat or internal stimuli such as
intratumoral pH. Despite their promise for multimodal cancer therapy, there are currently no re-
views summarizing the current status of GNP nanohybrid use for cancer theragnostics. Therefore,
this review fulfills this gap in the literature by providing a critical analysis of the data available on
the use of GNP nanohybrids for cancer treatment with a specific focus on synergistic approaches
(i.e., triggered drug release, photothermal therapy, and radiotherapy). It also highlights some of the
challenges that hinder the clinical translation of GNP hybrid nanostructures from bench to bedside.
Future studies that could expedite the clinical progress of GNPs, as well as the future possibility of
improving GNP nanohybrids for cancer theragnostics, are also summarized.

Keywords: gold-nanoparticle hybrid nanostructures; multimodal therapy; photothermal therapy;
triggered drug delivery

1. Introduction

A wide range of bio-nanomaterials is becoming a subject of interest for biomedical
purposes. Of those nanomaterials, FDA-approved gold nanoparticles have been well-
studied for their promising role in improving drug delivery and imaging [1-3]. Gold na-
noparticles (GNPs), which are composed of gold atom aggregates of sizes ranging from 1
to 100 nm [4], have been extensively studied and utilized for biomedical applications, in-
cluding the diagnosis and/or treatment of cancer [5][6], among others [7]-[8]. This is
mainly due to their unique localized surface plasmon resonance (LSPR) and photothermal
conversion ability, as reviewed by Vines et al. [9] and Sztandera et al. [10]. LSPR results
when nanoparticles are irradiated with light of a particular wavelength, causing the sur-
face electrons in the metal conduction band to oscillate coherently, resulting in the sepa-
ration of their surface charge (dipole oscillation) [9,11]. Although all noble metal nano-
particles exhibit LSPR, GNPs are classified as the most stable, rendering them advanta-
geous over other LSPR-characterized nanoparticles [12].
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Stemming from their LSPR property, GNPs possess the ability to convert light (i.e.,
near-infrared (NIR) light) to heat in a process known as photothermal conversion. Photo-
thermal conversion makes GNPs suitable candidates for the thermal ablation of cancer
cells in a noninvasive treatment strategy known as photothermal therapy (PTT) [9],[13].
Eradicating tumor cells via heat is especially advantageous in cancer therapy due to cells’
higher sensitivity to heat compared with normal ones [14]. Furthermore, heat generation
was reported to intensify chemotherapeutic cytotoxic effects by increasing the blood ves-
sel permeability, thereby allowing more drugs to reach and accumulate at the tumor site.
Heat can also trigger the release of encapsulated drugs from heat-sensitive carriers,
thereby achieving more tumor-specific drug release and avoiding drug-associated, off-
target, unwanted side effects [15-18]. Although other nanomaterials, such as magnetic
nanoparticles, can induce hyperthermia, GNP-associated photothermal conversion pro-
vides practical advantages over other nanomaterials. For instance, magnetic nanoparticles
require the application of an alternating magnetic field to the whole body to trigger heat
generation. In contrast, GNP photothermal conversion involves the application of a near-
infrared (NIR) laser specifically to the site of interest rather than to the whole body [9].
Furthermore, GNPs were found to be relatively safer than other metal nanoparticles [19],
with a safety profile that depends on several factors, including size, shape [9], and con-
centration [20].

Moreover, GNPs’ various possible sizes, shapes, and surface functionalizations pro-
vide a level of control over the nanoparticles and allow further tailoring of their properties
for specific applications to be conducted [23[21]. For instance, Yang et al. [22] reported
that gold nanostars were found to possess higher photothermal conversion abilities than
spherical or rod-shaped GNPs. In contrast, spherical GNPs showed higher uptake by cells
compared to gold nanorods. Chan et al. reported that the size of spherical GNPs also in-
fluenced their uptake levels, with the highest degree of uptake being achieved for a size
of 50 nm [23]. Furthermore, GNPs also serve as efficient radiosensitizing agents due to
their high atomic number and ability to absorb X-rays, which makes them good candi-
dates for tumor radiosensitization [24]. Their strong X-ray absorption abilities make them
suitable as computed tomography (CT) contrast agents [25]. In fact, GNPs were reported
to improve radiotherapy [24,26,27] and CT imaging [25,28][29]. Hence, GNPs can provide
a multimodal therapeutic platform capable of chemotherapy delivery, PTT, radiotherapy,
and imaging.

Multimodal therapeutic platforms have been explored to overcome tumor resistance
to chemo-radiotherapy. Tumors are known to develop resistance to both chemotherapy
and radiotherapy, rendering them eventually ineffective. Therefore, combining chemo-
therapy/radiotherapy with the hyperthermic annihilation of cancer cells could combat
chemotherapy-/radiotherapy-resistant tumors. However, the combination of chemother-
apy, radiotherapy, and PTT poses another clinical challenge, as it exposes the patient to a
higher level of toxicity [24]. Such a challenge could be overcome with nanoparticles to
achieve chemo-radiotherapy and PTT. This is due to the nanoparticle ability to preferen-
tially accumulate at the tumor site due to the enhanced permeability and retention (EPR)
effect, thereby leaving normal tissues with tightly junctioned blood vessels more or less
void of nanoparticles [30]. Figure 1 summarizes the different shapes, surface engineering,
functionalization moieties, and some common theragnostic applications of GNPs.
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Figure 1. GNP hybrid nanostructures shapes, functionalization, and common applications.

Despite the extensive advances in utilizing nanomaterials, including GNPs, for bio-
medical applications, individual nanomaterials still suffer from limitations of their own.
For instance, systematically administered PTT materials such as inorganic nanoparticles
tend to accumulate mostly in the liver and spleen rather than at the tumor site, thereby
limiting their therapeutic effectivity. When administered directly to the tumor site to
avoid liver and spleen accumulation, nanomaterials are prone to be rapidly cleared up
due to their small size. Additionally, cancer treatment usually requires multiple, repeated
treatments, which could be difficult with such rapidly cleared, unretained nanoparticles.
Furthermore, those inorganic PTT nanomaterials are usually nondegradable [31]. To over-
come such limitations, one well-developed strategy is the hybridization of nanomaterials
to develop nanostructures with combined advantages and/or compensated weaknesses.
Such hybridized nanocomposites are designed to have a performance surpassing that of
their individual components [32]. Among these are GNP nanohybrids, which are rapidly
emerging as promising candidates for cancer therapy via dual PTT and the triggered de-
livery of chemotherapeutics. Some GNP hybrid nanostructures were reported to prolong
circulation time and increase their cellular internalization rate compared with conven-
tional GNPs, thus achieving more effective and specific delivery of the carried drugs [33].
Furthermore, GNP nanohybrids can also achieve thermoresponsive drug release when
combined with a heat-sensitive nanocarrier [34-36].

GNPs hybridized with stimuli-sensitive nanocarriers for triggered drug release, in-
dividually or combined with other approaches for synergistic (e.g., combined chemother-
apy and hyperthermia), multimodal tumor cell ablation, are becoming an increasingly ex-
plored topic. For example, GNP photothermal conversion abilities were combined with
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nanocarriers that responded to heat and other conditions of the tumor microenvironment
(TME) [37]. Such unique conditions (e.g., low pH) in a hybrid nanostructure allow a higher
degree of tumor-specificity and improved cancer treatment to be obtained [38,39].

Therefore, hybridizing GNPs with other nanocarriers can overcome the limitations
associated with conventional GNPs, such as avoiding liver and spleen accumulation,
rapid clearance, and higher tumor specificity [31], thereby making them viable candidates
for cancer therapy. While the use of GNPs for multimodal cancer therapy has been well
investigated, with several reviews summarizing their potential and progress in the field
[9,40,41], GNP nanohybrids remain relatively newly studied nanocomposites, with no
current reviews summarizing the status of their use as cancer multimodal therapeutic
platforms. This review fulfills this gap in the literature by discussing and critically ana-
lyzing recent research on the use of GNP hybrid nanostructures for multimodal cancer
therapy while focusing on the synergistic approaches involving GNP-related features
(e.g., heat-triggered drug release and PTT). This article also discusses the challenges hin-
dering the further progress of GNP nanohybrids from the lab bench to the patient bedside,
and future directions to facilitate their progress.

2. Smart Drug Delivery Nanocarriers

Several treatment strategies have been developed to combat the disease, including
the most commonly utilized approach, chemotherapy. However, despite the advances
achieved, cancer therapeutics still possess major limitations that restrict their use. There-
fore, interest has shifted towards exploiting nano-based approaches, which hold the po-
tential to overcome those limitations [42]. Chemotherapy is considered one of the most
effective cancer treatments available, whether as a single treatment modality or combined
with other approaches. However, chemotherapy is limited by its inability to discriminate
between cancerous and normal cells, resulting in off-target toxicities [42]. In addition to
systematic toxicity, some approved cancer therapeutics also suffer from poor water solu-
bility and a short circulation half-life [43]. Such side effects and limitations can be over-
come by trapping the drug within a nanosized carrier capable of carrying the drug
through biological barriers to the tumor site and releasing the drug when triggered [43-
46].

Drug nanocarriers have been developed and studied extensively for cancer therapy
using a variety of carriers and drugs. Nanocarriers could be used to allow the delivery of
a drug across some of the highly selective biological barriers, such as the blood-brain bar-
rier (BBB) [47]. In addition, several nanocarriers possess stimulus responsiveness due to
the structural changes they undergo in response to particular stimuli, such as pH, temper-
ature [48,49], or redox [48], which can be utilized to achieve tailored drug release. Due to
their specificity in release, such “smart” nanovehicles for drug delivery purposes have
become a widely investigated and reported strategy in the literature [46-51].

Some of the most explored nanocarriers for drug delivery purposes are liposomes,
micelles, hydrogels, GNPs, iron oxide nanoparticles, carbon-based nanomaterials (e.g.,
carbon nanotubes), mesoporous nanoparticles, and dendrimers. Different nanocarriers
utilize different structures, drug encapsulation mechanisms, and release-triggering stim-
uli [52,53]. Generally, nanoparticle-mediated delivery enhances drug solubility, bioavail-
ability, stability, and circulation time while reducing its side effects. Broadly, nanocarriers
can be divided into metal-based, polymeric, and lipid-based nanocarriers:

(1) Metal-based nanocarriers are among the emerging materials for biomedicine and
drug delivery applications [54]. GNPs and iron oxide nanoparticles (IONPs) have
been increasingly studied for drug delivery purposes, as reviewed by Hossen et al.
[53]. GNPs and IONPs share the common attractive feature of heat generation that
can trigger drug release and/or kill cells via thermal ablation. Both nanoparticles have
the benefits of easy synthesis and surface functionalization, [53] and serve as contrast
agents to enhance imaging and achieve image-guided therapy [55-57]. Additionally,
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SPIONs exhibit the advantageous property of magnetic targeting via an external
magnetic field for spatial targeting [58]. Venditti et al. reported that GNPs are used
to improve the bioavailability of drugs [59]. Yet, the practical application of such
metal-based nanocarriers can be limited by their potential toxicity [60];
Polymer-based smart nanocarriers include hydrogels and dendrimers. Dendrimers
are large, highly branched polymers capable of loading drugs via entrapment in
spaces within the network or by attaching to branching points (via hydrogen bonding
or to surface groups via electrostatic interactions) [61,62]. Hydrogels, on the other
hand, are composed of hydrophilic crosslinked polymer chains capable of cargo en-
trapment and delivery [63-65]. Dendrimers and hydrogels have been reported for
the efficient delivery of genes, drugs, and proteins [66-71] and for stimulus-respon-
sive release under various triggers, including temperature, pH, and redox conditions
[72,73]. However, dendrimers suffer from their complicated and costly synthesis pro-
cedures, and both dendrimers and hydrogels are restricted by their ability to host
solely hydrophilic drugs [60];

Lipid-based nanocarriers include liposomes and micelles. Liposomes, membrane-
like self-assembled lipid bilayers, are utilized for the delivery of hydrophobic/hydro-
philic drugs, genes, and proteins while possessing high biocompatibility and stimu-
lus responsiveness (e.g., ultrasound and temperature responsiveness) [74]. Micelles
are organic nanocarriers similar in structure to liposomes but made up of a single
layer. Unlike liposomes, micelles can also be composed of amphiphilic polymers
[75,76]. Micelles are used to transport hydrophobic drugs, genes, and proteins and
exhibit stimulus responsiveness making them “smart” nanocarriers [77,78]. Lipo-
somes are limited by their poor stability and possibility of triggering an immune re-
sponse, while micelles are limited by their occasional cytotoxicity and degradability
[60]. Several triggering mechanisms can be used to stimulate the release of encapsu-
lated cargo from the nanocarriers [79]. The different types of nanocarriers and possi-
ble release trigger mechanisms are presented in Figure 2.

Smart Nanocarriers

* Metal-Based Nanocarriers . Polymer-Based Nanocarriers - . Eipid_-Basml Nanocarriers -‘
GNPs SPIONs Dendrimers Hydrogels Liposomes Micelles
Trigger Mechanisms

| V4
light o .
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I field
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enzymes

Figure 2. Illustration of the different nanocarrier types and release-triggering mechanisms.
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A detailed discussion on GNP inorganic hybrids for cancer therapy is beyond the
scope of this paper and can be a topic of a separate extensive review. The next subsections
focus on organic GNP nanohybrids, namely, liposome-based and polymer-based GNP
hybrids.

3. Organic GNP Nanohybrid Chemotherapeutic Platforms
3.1. Multimodal Liposome—GNP Nanohybrids

The temperature responsiveness of some nanocarriers, such as liposomes and poly-
mers, makes them suitable vehicles to be hybridized with heat-generating nanomaterials,
such as GNPs [48,49]. Several studies explored hybridizing GNPs with thermosensitive
nanocarriers to achieve combined hyperthermia-triggered drug release and the thermal
ablation of tumor cells [34,38,39,80-83]. Likewise, some nanocarriers can respond to inter-
nal stimuli such as the TME acidic pH [38,39,81], thereby allowing the utilization of mul-
tiple stimuli to trigger drug release. One of the materials investigated for GNP hybridiza-
tion due to their heat responsiveness is liposomes [34,38,39,80-83]. Liposomes [84] have
greatly impacted drug delivery applications by improving the stability, cellular uptake,
biodistribution, and biocompatibility of several drugs. Since the first focus on their clinical
potential in the 1980s, liposomes have been used to encapsulate hydrophilic and hydro-
phobic drugs, nucleic acids, proteins, and imaging probes. Advances in liposome-medi-
ated drug delivery were covered by Sercombe et al. [85] and O. B. Olusanya [86]. Low-
temperature-sensitive liposomes (LTSLs) capable of undergoing phase transition at low
temperatures serve as ideal temperature-responsive carriers due to their ability to respond
to mild hyperthermia, which is harmless to normal tissues [80]. LTSLs are used to deliver
drugs via mild hyperthermia, such as phase IIIl FDA-approved ThermoDox®, which uses
LSTLs to deliver DOX [87]. Despite their numerous advantages, liposomes still suffer from
some drawbacks, including their poor drug release and low retention time at the tumor
site, which reduce the efficacy of the treatment [88]. GNP-liposome nanohybrids could
improve drug release and, thus, therapeutic efficacy.

Koga et al. studied liposome-GNP nanohybrids for the delivery of chemotherapeutic
drug doxorubicin (DOX) as a potential strategy to overcome limitations associated with
FDA-approved nanoformulation Doxil® (PEGylated liposomal DOX) [34]. Doxil®’s pro-
longed circulation time due to the presence of PEG is known to cause palmar-plantar
erythrodysesthesia, an adverse dermatological skin reaction caused by certain chemother-
apeutic drugs [89]. Furthermore, Doxil® was found to utilize the endocytic pathway to
enter the cell, which leads to the lysosomal sequestration of the nanocomposite, which
could prevent DOX from entering into the nucleus [90], its main site of cytotoxic action
[91]. To overcome those limitations, Koga et al. covalently coated thermosensitive
PEGylated liposomal DOX with a surface gold nanoshell to achieve a temperature-trig-
gered release of DOX. This study reported the effective gold-nanoshell conversion of NIR
light to heat, the induction of heat-induced liposomal phase transition and subsequent
DOX release, the biocompatibility of the nanocomposite, and a significantly enhanced
eradication of tumor cells via synergistic DOX/hyperthermia effects compared with single
DOX or single hyperthermia treatments in vitro. Although the work by Koga et al. claimed
to improve the bioavailability of DOX using the GNP-coated thermoresponsive lipo-
somes, the researchers failed to describe the mechanism by which incorporating GNP into
Doxil® could avoid lysosomal sequestration [34]. GNP/DOX-loaded liposomes could pos-
sibly evade lysosomal entrapment by (1) rupturing the lysosome upon photothermal con-
version or (2) causing the heat-triggered release of DOX outside of the cancer cells, thereby
making DOX available for all cancer cells at that site. Synergistic PTT/chemotherapy de-
livery using thermosensitive liposomal GNPs was also studied by Xing et al. [38]. Inter-
estingly, this work utilized two stimuli, heat and low TME-characteristic pH, to trigger
DOX release. Xing et al. reported high NIR-to-heat conversion efficiency and successful
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DOX release via dual heat-induced liposomal phase transition and low-pH-induced mem-
brane instability. Importantly, the GNP-liposome nanohybrid exhibited superior cytotox-
icity in vitro and in vivo due to the synergistic PTT-chemotherapy activity while causing
negligible systematic toxicity in vivo [38].

Another work by Thakur et al. [92] exploited GNP-incorporated thermosensitive lip-
osomes but delivered a photosensitizer rather than a drug to achieve combined photody-
namic therapy (PDT) and PTT. In addition to combining PDT and PTT, this strategy could
overcome the limitation of hydrophobicity associated with fluorescent PDT photosensi-
tizer zinc phthalocyanine (ZnPc) by shielding it within liposomes. The GNP-encapsulated
ZnPc liposomes showed the efficient entrapment of ZnPc, stability under storage and
physiologic conditions, and effective photothermal conversion ability that efficiently trig-
gered ZnPc release. In addition, the nanohybrid retained ZnPc-characteristic fluorescence,
efficiently generated singlet oxygen for PDT, and significantly improved internalization
and cancer cell growth inhibition in vitro, which substantially inhibited tumor growth due
to PDT/PTT synergism [92]. Although this nanohybrid was not used to deliver drugs, it
still has the potential to carry and deliver anti-cancer drugs with ZnPc, thereby combining
the cytotoxic effects of the delivered drug, PDT, and PTT in a single composite. In addition
to tumor annihilation, the fluorescent properties of this nanohybrid could make possible
its future utilization for diagnosis or image-guided multimodal delivery/PDT/PTT.

Furthermore, gold nanomaterials were reported to improve PDT by several papers
[93-95], further extending their potential for PDT therapy and combination with other
approaches, such as PTT. Kautzka et al. delivered both a photosensitizer (Rose Bengal)
and a chemotherapeutic drug (DOX) using NIR light stimulus for dual enhanced PDT and
chemotherapy toxicity. This work reported an improved GNP-induced generation of sin-
glet oxygen species and PDT/chemotherapy cell death in vitro. However, the maximum
cell death reported did not exceed 38%. This could have been due to the insufficient heat
generated to induce liposomal phase transition (45 °C) at the chosen NIR wavelength [96].
Ou et al. [80] co-delivered LSTL-encapsulated DOX and multi-branched gold nanoanten-
nas (MGNs) for combined heat-triggered DOX delivery and PTT in triple-negative breast
cancer in vitro. The co-delivered MGNs and DOX-LSTLs achieved efficient cellular inter-
nalization and induced significant cell death in vitro due to NIR-induced heat generation
from MGNs and resulting DOX release from LSTLs. Therefore, this study achieved a light-
activated, controlled drug delivery that could evade the typical DOX-associated off-target
toxicities [80].

Another study by Won et al. improved liposome-GNP nanohybrid drug delivery
within a chitosan hydrogel as a reservoir to retain the nanocomposite in the TME [88].
Chitosan was used as a reservoir system due to its ability to undergo a solid—gel phase
transition in response to temperature. Importantly, chitosan is a biocompatible and bio-
degradable polymer with low toxicity and immune response. The researchers reported
significant improvement in nanohybrid localization and retention at the tumor site, effi-
cient and sustained heat generation in response to NIR with subsequent DOX release, and
significant inhibition of tumor growth while maintaining a good systematic safety profile
[88]. In a similar work, Wang et al. utilized chitosan-modified liposomes coated with a
gold nanoshell for combined PTT and dual pH/temperature resveratrol (anti-cancer drug)
release. The results showed efficient heat generation by the gold nanoshell surpassing that
reported for gold nanostars or nanorods and enhanced pH responsiveness due to the pres-
ence of amine groups on chitosan. Moreover, increased temperature responsiveness due
to the presence of the thermosensitive liposomes was observed, supported by the en-
hanced resveratrol release in response to the dual pH/temperature stimuli. In vitro anal-
yses showed efficient cellular uptake enhanced by NIR and improved cell death due to
resveratrol and PTT synergy [39]. Similarly, Luo et al. utilized GNP-liposome nanohy-
brids with chitosan for dual pH/temperature oleanolic acid (anti-cancer drug) release. The
study reported efficient low-pH- and heat-triggered oleanolic acid release and enhanced
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chemo-photothermal killing of cancerous cells compared with single chemotherapy or
photothermal therapy in vitro and in vivo [81].

Unlike most studies that conjugate GNPs to the liposomal surface, He et al. encapsu-
lated DOX-loaded gold nanocages within thermosensitive liposomes. The liposomal coat-
ing was used to improve the stability and biocompatibility of the GNPs. The study
showed that coating the GNPs with liposomes and loading DOX did not influence the
gold nanocages’ photothermal properties but increased their cellular uptake and nuclear
localization. The conversion of NIR light to heat efficiently triggered DOX release due to
the liposomes’ phase transition and induced significant tumor cell eradication via hyper-
thermia/DOX synergy in vitro [82]. In a study by Singh et al., nanogold-coated liposomes
were similarly used to load the anti-cancer drug curcumin [97]. The study reported high
curcumin loading efficiency, efficient conversion of NIR light to heat, dual PTT- and hy-
perthermia-triggered curcumin release, significant enhancement in cellular uptake, and
in vitro PTT-/curcumin-induced cell death [97]. Several other similar studies utilized lip-
osome—-GNP nanohybrids for the delivery of different drugs to improve their bioavaila-
bility (e.g., poorly water-soluble betulinic acid), avoid systematic side effects (e.g., DOX),
and essentially achieve enhanced tumor annihilation [81,98-103]. Table 1 presents a sum-
mary of these studies.

Another study by Li et al. utilized immune-targeted GNP-coated liposomes modified
with a HER-2 antibody to deliver the drug cyclopamine, a drug capable of stroma destruc-
tion and tumor cell eradication [104]. The proposed nanoformulation was reported to in-
duce significant toxicity against tumor cells in vitro and in vivo, due to combined chemo-
therapy/PTT and deep tumor penetration compared with single chemotherapy or PTT
treatments. Additionally, HER2 surface modification increased the cellular uptake of the
drug-loaded nanocomposite in vitro and in vivo. Notably, the nanocomposite maintained
a good safety profile in vivo [104].

Another strategy explored by Zhang et al. used ammonium bicarbonate (ABC)- and
DOX-encapsulated liposomal gold nanorods (GNRs) for image-guided, NIR-triggered
drug release. Upon exposure to NIR light, ABC decomposes and generates carbon diox-
ide, causing transient cavitation that can promote DOX release. The DOX/ABC-loaded
liposomal GNRs were also decorated with folic acid to achieve tumor targeting. Further-
more, GNRs were also used as CT contrast agents to achieve image-guided chemotherapy
delivery to tumor cells. In vitro and in vivo studies served as good CT contrast agents and
showed increased tumor inhibition upon NIR exposure compared with ABC-lacking com-
posites [105]. On the other hand, Rengan et al. developed thermosensitive GNP-modified
liposomes for hyperthermia-triggered drug release, PTT, and CT imaging. The results
showed efficient PTT and PTT-induced cell death in vitro, the heat-triggered release of the
model drug/dye calcein, and CT contrast of the GNP liposomes [106].

In addition to solid GNPs, thermoresponsive liposomes were also studied with hol-
low GNPs (HGNPs). HGNPs gained attention over solid GNPs, particularly for drug de-
livery purposes, due to the presence of an inner cavity capable of drug hosting and pos-
sessing higher photothermal conversion abilities [83]. Similar to solid GNPs, HGNPs come
in different morphologies, such as spheres, rods, stars, and cages. Their use for biomedical
applications was reviewed by Park et al. [107]. Several studies explored bare HGNPs to
encapsulate drugs and achieve heat-triggered drug release with/without PTT, as reported
by You et al. [108] and Xiong et al. [109]. Those studies incorporated groups that can be
cleaved via heat generation, such as surface peptides linked to GNPs through Au-S bonds
[109]. A study that compared solid GNP-liposome nanohybrids with hollow GNP-lipo-
some nanohybrids reported an eight-fold enhancement of anticancer activity from chem-
otherapy-hyperthermia coaction using hollow GNP-loaded liposomes [83].

Other studies explored liposome—GNP nanohybrids as drug carriers without the use
of triggering stimuli or stimuli other than temperature [43,110-114]. Sonkar et al. [110]
reported the use of transferrin-coated liposomes encapsulating chemotherapy docetaxel
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and GNPs. This transferrin-targeted nanoformulation achieved sustained docetaxel re-
lease, a higher tumor cell eradication at a lower concentration compared with the mar-
keted docetaxel, and higher cellular uptake compared with their non-targeted counter-
parts. Although this work did not benefit from photothermal conversion, this nanoformu-
lation could be further modified by utilizing thermoresponsive delivery and dual chemo-
therapy/PTT actions for multimodal therapy [110]. Hamzawy et al. delivered the drug
temozolomide via intratracheal inhalation using GNP-liposome hybrids as nanocarriers.
The nanocomposite showed improved in vivo drug delivery while avoiding systematic
toxicity [113]. Another study by Zhang et al. delivered PTX from GNP-liposome nanohy-
brids via diffusion, glutathione (GSH)-induced release, and enzyme-mediated release
[112]. GSH is a commonly upregulated antioxidant in cancers to counteract oxidative
stresses [115]. Therefore, GSH provides a tumor-specific endogenous stimulus for drug
delivery purposes [116]. Bao et al. [43] also used GNP-liposome hybrids to deliver chemo-
therapeutic drug paclitaxel using the enzyme esterase and the antioxidant GSH as trig-
gers. This study reported sustained intracellular paclitaxel release, improved blood circu-
lation time, and enhanced anti-cancer activity in vivo [43]. Furthermore, liposomal GNPs
were also used to deliver genes in addition to drugs without utilizing GNPs for heat-re-
lated effects (PTT or heat-triggered release) or radiotherapy [114].

GNP-liposome nanohybrids were also explored for single PTT or hyperthermia-trig-
gered drug release. PEG-coated liposomal GNPs were studied for single PTT and were
found to exhibit enhanced PTT, cell cytotoxicity, and passive targeting abilities in vivo
[117]. Likewise, Kwon et al. released DOX from GNP-liposome hybrid nanostructures
using NIR-generated heat and reported efficient DOX encapsulation and NIR-triggered
release compared with GNP-negative thermosensitive liposomes. As a result, the nano-
composite induced tumor growth inhibition in vitro and in vivo upon DOX loading and
NIR exposure [118].

Other liposome—GNP nanohybrids were used for the triggered delivery of proteins
and genes, as reported by Du et al. [119], Refaat et al. [120], and Grafals-Ruiz [121]. Gene
therapy is one of the promising strategies explored for cancer treatment in which genes
are either: (1) provided to translate to a disease-curing protein [119] or (2) delivered to
cells to regulate the expression of certain genes [119,122]. RNA interference is a commonly
used type of gene therapy that involves the use of an RNA molecule to knock down a
target gene. Small interfering RNA (siRNA) was studied for such inhibition of genes by
targeting messenger RNAs. Although promising, treatment via siRNA is greatly limited
by RNA instability and susceptibility to degradation.

Jia et al. [122] used liposomal GNPs to deliver siRNA to the mutant oncogene K-Ras
in vitro and in vivo for dual siRNA and PTT tumor eradication. A photothermal nano-
material, Prussian blue analog (PBA), gold nanoflowers, targeting RGD peptides, and lip-
osomes were incorporated into a single composite to achieve dual NIR-triggered siRNA
release and PTT (gene therapy—PTT synergy). This composite could achieve gene therapy-
PTT coaction guided by three imaging modalities: CT imaging, photoacoustic imaging
(PAI), and photothermal imaging (PTI). Owing to the synergism between the components
of the nanohybrid, it achieved increased accumulation at the tumor site, significant
siRNA-induced inhibition of K-Ras expression, and significant inhibition of tumor cell
growth in vitro and in vivo upon NIR exposure. In terms of imaging abilities, the nano-
hybrid improved PAI PTI, and CT imaging, thereby indicating the composites” potential
for image-guided therapy [122]. Liposomal GNPs were also used to deliver interfering
RNAs (RNAI) across highly selective biological barriers, such as the BBB. Grafals-Ruiz et
al. used RNAi-functionalized GNPs entrapped within liposomes and targeted via BBB-
targeting peptides for glioblastoma treatment. This study reported efficient cellular inter-
nalization and the inhibition of the overexpressed microRNA (miRNA-92b) involved in
glioblastoma growth and progression, both in vitro and in vivo. However, this study did
not benefit from any triggering stimulus to control the release of RNAi [121]. Likewise,
liposomal GNPs were exploited for the delivery of both nucleotides and drugs. Skalickova
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et al. encapsulated fluorescent drugs (DOX, ellipticine, and/or etoposide) and the anti-
sense oligonucleotide that can block the N-myc protooncogene. The formulations demon-
strated the suitability of the liposomal gold nanoparticles for delivering both drugs and
oligonucleotides. However, this study did not employ any triggering mechanism and did
not assess the biocompatibility or the tumor-killing ability of the nanohybrid in vitro or in
vivo [123].

Other studies utilized GNP-liposome nanohybrids but did not benefit from the GNP
photothermal properties for triggered drug release or thermal ablation. However, the in-
corporation of GNPs into those nanocomposites suggests their possible future utilization
for photothermal conversion. Liposome-coated GNP nanohybrids loaded with the anti-
mitotic drug docetaxel (DTX) were studied by Kang et al. The results showed efficient
entrapment of DTX within the lipid bilayer, controlled untriggered DTX release, increased
cellular uptake and significant toxicity surpassing that of the free drug in vitro [124]. An-
other study by Kunjiappan et al. also exploited liposome—GNP nanohybrids to deliver
epirubicin, a chemotherapeutic agent targeting lymph-node-metastasized breast cancer,
and reported similar satisfactory results [125]. Table 1 summarizes GNP-liposome nano-
hybrids for triggered drug delivery purposes. It is worth noting that most GNP-liposome
thermosensitive nanohybrids target breast cancer, the most commonly diagnosed cancer,
as of 2020 [126]. Based on 2020 cancer statistics, female breast cancer was responsible for
the most cancer-caused mortalities in twelve regions around the world, surpassing lung
cancer [127]. Despite the improved life expectancy, 30% of breast cancer patients inevita-
bly progress to the metastatic, incurable form of the disease [126,128]. Those statistics only
indicate the need for improved breast cancer treatment strategies.

In addition to their photothermal properties, liposomal GNPs are exploited for im-
aging purposes such as CT contrast probes [129]. Hence, they can be potentially combined
with other applications, such as diagnosis, image-guided drug delivery, and PTT features.

Table 1. Multimodal GNP-liposome nanohybrids for cancer therapy.

Triggerin Loaded Agents Targeted Can
. 85 . & and Surface 5 Release Mechanisms Toxicity References
Stimuli re L. cer Type
Modifications
NIR-gener- DOX DOX release via he'flt.-mduced lip- PTT/chemotherapy tox-
Lung cancer osomal phase transition . [34]
ated heat PEG . icity in vitro
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DOX release via heat-induced lip-
NIR-gener- osomal phase transition and low- PTT/chemotherapy tox
ated heat DOX Cervical cancer P Py [38]

Low pH
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ated heat ZnPe
NIR-gener-

DOX
ated heat O
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ated heat DOX
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ated heat Chitosan

pH-induced membrane instability icity in vitro and in vivo
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reastcncet  ppTand PTT synergy vitro and in vivo 2]
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. icity in vitro
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Melanoma DOX release via heat-induced lip- toxicity in vitro and in (88]

osomal phase transition vivo
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tent than free DOX)

3.2. Multimodal Polymer—GNP Nanohybrids

Polymeric nanocarriers are another group of smart nanovehicles that can improve
the performance of traditional cancer therapeutics [132,133]. These polymeric drug deliv-
ery systems can be further modified to induce stimulus responsiveness and improve their
performance [133]. Chitosan alginates and deoxyribonucleic acid are interesting natural
polymeric nanocarriers for drug delivery purposes due to their natural biocompatibility,
stimulus responsiveness, and hydrophobic/hydrophilic drug encapsulation [134,135]. For
instance, one of the materials that polymers were hybridized with is GNPs. Zhang et al.
functionalized the GNP surface with DNA and an affibody (HER2-specific antibody mi-
metic) to provide HER?2 targeting to tumor cells for 5-fluorouracil and DOX co-delivery.
Interestingly, this work reported the effective loading of both drugs and acidic pH- and
DNase II (nuclease)-triggered drug release [136]. Low pH and high DNase II expression
levels are both tumor-specific features that can ensure drug release specifically at the tu-
mor site [37,137]. Furthermore, the internalization rate of the drug-loaded GNP nanohy-
brids of HER2-overexpressing cancer cells increased due to affibody-receptor-mediated
endocytosis in vitro. In vitro studies also showed the biocompatibility of nanohybrids and
improved cytotoxic effects surpassing those of the free drug combination in HER2-over-
expressing breast cancer cells due to DOX/5-fluorouracil synergy and affibody-mediated
internalization [136].

Poly(lactic-co-glycolic acid) (PLGA), another smart polymeric nanocarrier, was ex-
plored as a thermosensitive drug carrier for combined heat-induced drug delivery and
PTT. Park et al. utilized DOX-loaded PLGA, half-coated with GNDPs, for dual chemother-
apy delivery and PTT. The formulation exhibited high biocompatibility, enhanced cyto-
toxicity compared with single DOX or single PTT treatments due to DOX/PTT synergy,
and the effective internalization of the nanohybrid in vitro [138]. Another polymeric GNP
hybrid investigated by Adeli et al. used polyrotaxanes to shelter GNPs for heat-triggered
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DOX and cisplatin release. Polyrotaxanes are highly functional and biocompatible assem-
blies of a-cylodextrin rings supramolecularly anchored to PEG axes that can improve the
internalization rate of nanocomposites of tumor cells. Light-to-heat conversion by GNPs
induced polyrotaxane shell cleavage leading to the effective release of the encapsulated
drugs and induced cytotoxicity comparable to that of free drugs while maintaining com-
patibility in vitro. However, even though the nanohybrid successfully induced the death
of cancer cells, the viability of the cells was not reduced below ~40% for DOX and ~50%
for cisplatin, respectively [33]. The GNP/polyrotaxane nanohybrid’s cytotoxic effects
could be intensified by combining the heat-induced drug release with photothermal ther-
apy, radiotherapy, or maybe both.

Other GNP polymeric nanohybrids were studied without utilizing the GNP photo-
thermal properties for triggered drug release, thermal ablation, or radiotherapy. Dai et al.
[139] hybridized GNPs with protein polymers to endue the nanocomposite with biocom-
patibility and improve the uptake of the hydrophobic drug curcumin. A significant en-
hancement in the GNP/protein polymer binding and the in vitro cellular uptake of the
drug curcumin were observed. Moreover, curcumin exhibited a sustained release profile
compared with GNP-free protein polymers. However, this study did not assess the tox-
icity of this system against cancer cells [139]. Future improvements in this hybrid
nanostructure could be obtained by utilizing other GNP features, such as photothermal
conversion effects. In the following subsections, some of the most common polymers hy-
bridized with GNPs for cancer therapy, hydrogels and micelles, are discussed.

3.2.1. Multimodal Hydrogel-GNP Nanohybrids

Hydrogels represent physically or covalently crosslinked, natural, synthetic, or semi-
synthetic hydrophilic polymer networks [132]. Hydrogels are among the promising poly-
meric nanocarriers utilized for drug delivery due to a range of desirable properties, in-
cluding (i) their biocompatibility due to their high water content; (ii) porosity, which al-
lows the encapsulation and delivery of drugs to be performed; (iii) controlled drug release
via hydrogel swelling/shrinkage; iv) soft deformable nature [140,141]; and v) biodegrada-
bility [64,142]. In addition, nanohydrogels (sizes typically between 20 and 250 nm) can
cross biological barriers and provide intracellular access for cargo delivery [63]. Yet, hy-
drogels possess some limitations, including their inability to host hydrophobic drugs; the
rapid release of encapsulated drugs due to large pore size and high water content; and
deformability, which could be insufficient for injectable formulations [141]. Although
much progress has been achieved with hydrogels in the biomedical field, their perfor-
mance could be further improved if their limitations were circumvented. Hydro-
gels/nanogels were hybridized with other nanomaterials such as magnetic nanoparticles
[36,143-145], GNPs [146][147][148], and metal-organic frameworks (MOFs) [149]. Hybrid-
ization can impart additional properties, such as multifunctionality [149] and/or specific
stimulus responsiveness [52,150,151] to the gel system, thereby improving their perfor-
mance.

Hybridizing hydrogels with GNPs was explored as one of the strategies to achieve
more efficient cancer treatment [152]. As with liposomes, hydrogels can also be ther-
moresponsive and be used for specific heat-triggered drug release. Such thermorespon-
sive gels undergo a sol-to-gel transition when heated to a specific temperature (i.e., low
critical gelation temperature), leading to drug release [153,154]. Several studies investi-
gated thermo- and non-thermoresponsive GNP-hydrogel hybrids for cancer therapy. In
those studies, GNPs-hydrogels were mostly utilized for synergistic cancer eradication,
such as dual PTT and chemotherapy [155] or triple PTT, chemotherapy, and radiotherapy
[24].

Alginate is a commonly used hydrogel polymer for biomedical applications due to
its high biocompatibility, easy gelation, low toxicity, and relatively low price [156]. Several
studies investigated GNP-alginate hydrogels for cancer therapy, particularly enhancing
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radiotherapy/chemotherapy delivery, and combined approaches such as dual chemother-
apy and PTT or triple chemotherapy, radiotherapy, and PTT [24,30,157,158]. In the study
by Alamzadeh et al., an alginate hydrogel was loaded with cisplatin and GNPs, where the
GNPs were used for PTT and radiosensitization. The results showed significantly reduced
apoptotic cell death in response to the tri-modal therapy compared with the single or dual
synergistic treatments, with negligible in vitro toxicity [24]. However, this study exploited
heat as an adjuvant to chemotherapy and radiotherapy without using it as a trigger for
cisplatin release. Therefore, future improvements in this nanohybrid include using a ther-
moresponsive polymer with or without alginate and utilizing GNP photothermal conver-
sion to trigger chemotherapy release. This was conducted by Mirrahimi et al., who used
the same alginate/GNP/cisplatin composite for local triple synergistic therapy but utilized
heat as a drug delivery trigger. This work conducted in vivo studies to assess the formu-
lation’s hematological effects. The study reported heat-triggered cisplatin release via hy-
drogel degradation in vitro, photothermal conversion ability, and the highest apoptotic
anti-tumor performance compared with bi- or unimodal therapies while maintaining a
good safety profile in vivo [157]. The same nanocomposite was also explored for dual
chemotherapy/PTT, where it achieved enhanced cell death compared with single chemo-
therapy or PTT in vitro [158]. Likewise, for dual chemotherapy/radiotherapy [30], the
nanocomposite induced significant tumor growth inhibition via apoptotic cell death while
maintaining biocompatibility in vivo [30]. However, neither study took advantage of heat-
responsive cisplatin delivery, thereby leaving room for further improvement in the nano-
composite by incorporating heat responsiveness. GNP/alginate/cisplatin nanohybrids
were also studied by Keshavarz et al. for computed tomography (CT)-image-guided drug
delivery. The nanocomposite achieved higher toxicity in vitro than free cisplatin and en-
hanced CT imaging in vitro. However, this study did not utilize the GNP photothermal
conversion abilities to kill cancer cells or responsively trigger drug release [25].

Alginate-based thermosensitive hydrogels with GNPs were also studied for cancer
therapy by Kiseleva et al., who used alginate combined with a thermosensitive polymer,
PF127, to make thermoresponsive hydrogels for the encapsulation and release of GNPs.
In this study, GNPs were used as the therapeutic agent to be released from the gel via gel
dissolution and GNP diffusion without being triggered by heat [153]. Another alginate-
based nanohybrid hosting both GNPs and iron oxide nanoparticles was studied for mag-
netically targeted drug delivery, PTT, and magnetic resonance imaging (MRI). The iron
oxide nanoparticles provided the nanocomposite with magnetic responsivity, thereby al-
lowing the magnetic targeting of the nanohybrid to the tumor site to be performed. In
addition, they enhanced MRI by acting as a T2 contrast agent. In this study, DOX-loaded
GNP/MNP/alginate composites enhanced magnetic resonance imaging and significantly
induced tumor inhibition in vivo via PTT/chemotherapy synergy, which was further en-
hanced by magnetic guidance, while maintaining low toxicity in vivo [159].

Chitosan is another interesting natural polymer used in biomedicine for its biocom-
patibility, low toxicity, biodegradability, low immunogenicity, and temperature-induced
sol-to-gel transition. Won et al. used chitosan hydrogels to hold GNP-liposome DOX,
thereby providing an injectable hydrogel nanohybrid that served as a reservoir of the lip-
osomal DOX and responsively released DOX upon NIR exposure. Significant tumor re-
duction in vivo due to DOX release via NIR-generated hyperthermia while avoiding sys-
tematic toxicity was reported [88]. GNP—chitosan nanogels were also explored for dual
drug release and PTT. Thermoresponsive nanogels were synthesized by grafting
PNIPAAm onto chitosan and incorporating GNPs to achieve dual-triggered curcumin re-
lease and PTT. In this study, curcumin achieved an efficient low-pH- and hyperthermia-
triggered release, biocompatibility, efficient nanohybrid endocytic internalization by can-
cer cells compared with normal cells, and curcumin-/PTT-induced toxicity in vitro [35].
Xia et al. used heat-responsive chitosan to hold GNPs hosted within a porous silica nano-
particle (PSiNP) matrix for triggered chemotherapy release and PTT. This study aimed at
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providing a nanohybrid that could serve as a long-term PTT agent to avoid repeated treat-
ment injections. Chitosan/PSiNPs/GNPs carrying DOX achieved low-pH- and NIR-re-
sponsive release and significantly inhibited tumor growth in vivo while having a good
safety profile. Importantly, the chitosan encapsulated PSiNPs/GNPs maintained a longer,
more persistent photothermal conversion in contrast to the uncoated PSiNPs/GNPs,
which degraded in the absence of chitosan protection [160].

Poly(N-isopropylacrylamide) (PNIPAAm), a polyalkylacrylamide derivative, is an-
other thermoresponsive polymer that was used for the fabrication of heat-responsive pol-
ymeric nanosystems, including hydrogels. PNIPAAm has a low critical solution temper-
ature (LCST) of 32 °C. The critical temperature entails the behavior and conformational
change of the polymer upon exposure to cooling or heating. Typically, when the temper-
ature is raised above the polymer LCST, the polymer chains undergo a reversible volume
phase transition. Initially, the polymers exist in a homogenous hydrated state, where the
load is retained; however, once heated, they deform and release their contents, as illus-
trated in Figure 3 [147,161,162]. Furthermore, the PNIPAAm LCST can be tailored via co-
polymerization to trigger release at temperatures higher than the body temperature,
thereby ablating tumor cells while simultaneously triggering the release of loaded cargo
via polymer volume phase transition.

Drug loaded polymer Polymer shrinkage and
drug release

LCST

Figure 3. A schematic illustrating the ‘coil-to-globule’ phase transition of thermosensitive polymers
upon exposure to heating above the LCST. The conformation change from the hydrated coil state
(left) to the dehydrate globule state (right) results in drug release.

Pourjavadi et al. studied GNP hybrid nanogels for heat-triggered DOX release. They
utilized PNIPAAm and carboxymethyl chitosan polymers to fabricate heat-sensitive
nanogels, hybridized with GNPs and magnetic iron oxide nanoparticles. The hybrid nano-
gel resulted in controllable temperature-induced DOX release, significant toxicity, and bi-
ocompatibility in vitro. However, those results could be improved using magnetic target-
ing [36]. Ghorbani et al. used GNP-PNIPAAm-based nanogels for the delivery of the
chemotherapeutic drugs DOX and 6-marcaptopurine. The nanogel/GNP hybrid contained
PNIPAAm combined with a pH-responsive polymer (maleic acid) and a redox-responsive
polymer (N,N’-bis(acryloyl)cystamine), thereby achieving drug release control at three
levels: temperature, redox, and pH. This study reported rapid tumor-specific pH-, redox-
, and temperature-triggered drug release, hemocompatibility, and similar or improved
cytotoxicity compared with single or combined DOX/6-marcaptopurine. However, alt-
hough this study showed the temperature responsiveness of the GNP hybrid nanogel, the
heat used was not generated by the GNPs themselves. Furthermore, the ability of the GNP
hybrid nanogel to undergo photothermal conversion for effective heat generation was not
assessed. It is always necessary to test whether the GNP photothermal conversion feature
is still retained after hybridization or not [147]. Hence, even though this work provided
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important information, it is important to prove that the GNP nanogel can generate heat
and that this heat is sufficient to trigger drug release from the nanogel.

As with liposomes, HGNPs were also hybridized with temperature-responsive pol-
ymeric nanocarriers for temperature-triggered release. Solorzano et al. used HGNP-deco-
rated PNIPAAm nanogels to carry and release the drug bupivacaine via NIR-to-heat con-
version. The results showed a rapid increase in temperature upon photothermal conver-
sion leading to the shrinkage of the GNP hybrid nanogel and the expulsion of the loaded
drug. Moreover, in vitro biocompatibility within a certain concentration limit was re-
ported [163]. Yavuz et al. coated the surface of hollow gold nanocages with the copolymer
PNIPAAm-co-polyacrylamide via Au-S bonds to achieve the triggered release of the
loaded effector molecules. The polymer’s closed pores trapped the loaded molecules until
a temperature of 39 °C was reached, causing the polymer’s pores to open up and release
the loaded molecules [164]. As with the above-described studies, this work combined
PNIPAAm with polyacrylamide to tailor the polymer LCST for temperatures above the
body temperature. Yavuz et al. also loaded polymer-coated hollow gold nanocages with
DOX to test the nanohybrid’s thermoresponsive properties and reported the controlled
release of DOX upon exposure to NIR laser and the DOX-induced killing of breast cancer
cells in vitro [164].

Several other GNP hydrogel nanohybrids composed of different polymers were
studied for cancer therapy by achieving dual chemotherapy/PTT [155,165-169], chemora-
diotherapy [170], single PTT [171], and others [172]. Table 2 summarizes some of these
studies. Li et al. reported chemotherapy-resistance reversal in vitro using GNP nanogels.
They used GNP-hyaluronic acid nanohydrogels to carry DOX and release it via dual hy-
perthermia/GSH stimuli, while actively targeting tumor cells via hyaluronic acid—-CD44
receptor interactions. This nanogel/GNP hybrid responsively released DOX in response
to heat and GSH, actively endocytosed into cells via hyaluronic acid/CD44 binding, and
achieved reversal of chemotherapy resistance in vitro [173]. It is important to note that
such resistance, particularly multidrug resistance, is responsible for more than 90% of can-
cer mortalities in chemotherapy-treated patients [174].

3.2.2. Multimodal Micelle-GNP Nanohybrids

Another family of smart polymeric nanocarriers exploited for stimulus-assisted drug
delivery for cancer treatment is micelles. Micelles are spherical aggregates of amphiphilic,
self-assembling building blocks with sizes typically ranging between 10 and 100 nm
[75,76]. Micelles possess hydrophobic cores and hydrophilic shells, deeming them suitable
for the encapsulation and solubilization of hydrophobic drugs [77]. They were explored
as GNP-incorporated temperature-responsive carriers for dual chemotherapy delivery
and PTT. Sun et al. investigated the use of pluronic-poly(L-lysine) (PLL) micelles coated
with GNPs and loaded with paclitaxel for bimodal chemotherapy/PTT. The study re-
ported the temperature-responsiveness of the GNP-coated micelles, heat-triggered
paclitaxel release, hemocompatibility, cytocompatibility, enhanced therapeutic effect, and
increased cellular uptake in vitro. Furthermore, the GNP-micelle hybrid improved target-
ing and cytotoxicity while maintaining biosafety in vivo [175]. The heat generated via
GNP photothermal conversion was also reported to trigger drug (DOX) release from mi-
cellar GNPs and reverse drug resistance in the MCEF-7 cell line [176]. Drug resistance re-
versal was also reported with another GNP polymeric hybrid; in this study, this resistance
reversal was predicted to be due to increased heat-induced membrane fluidity [38]. Lin et
al. also used GNP-micelle nanohybrids for pH-triggered drug release, but without involv-
ing any heat-induced drug liberation or PTT. In addition to pH-triggered drug release,
this nanohybrid also improved CT imaging in vivo [177]. Likewise, folate-modified, DOX-
loaded poly(L-aspartate)-b-poly(ethylene glycol) micellar GNPs carried and released
DOX under acidic conditions, achieved higher cellular internalization via folate-mediated
endocytosis and induced higher in vitro toxicity [178]. Furthermore, pH-responsive mi-
celle-GNP hybrids were reported for dual PTT/chemotherapy delivery [179]. Micellar
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GNPs composed of a redox-responsive block copolymer and targeted via folic and lipoic
acid were used for PTT, CT imaging, and the redox-triggered delivery of the drug
GW627368X. This work reported an efficient active targeting of the micellar GNP hybrid,
GSH-triggered drug release, and enhanced tumor cell death via PTT/chemotherapy syn-
ergy in vivo while retaining biosafety, as concluded following hemolysis studies [180].
Aryal et al. used micellar GNPs composed of GNPs and polycaprolactone-methoxy
poly(ethylene glycol) for the untriggered delivery of 5-fluorouracil (chemotherapy) and
reported controlled drug release in vitro. However, no viability studies were conducted
[181]. Similar to [177], this study could be further improved by incorporating heat release
triggers, PTT, or radiotherapy. It is important to note that GNP-micelle hybrids were also
used to improve imaging, including photoacoustic [179],[182] and CT imaging [183],

thereby extending the potential of micellar GNPs even to image-guided therapy.

Table 2. Multimodal GNP-polymer nanohybrids for cancer therapy.

Hydrogel-GNP Hybrids
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Alginate NIR-gener Colon Cisplatin Chemotherapy, radio- therapy/PTT synergy [157]
ated heat cancer L.
therapy, and PTT syn- in vivo
ergy
DOX Magnetically guided
Alginate FesOu Colon Iron oxide na- chemot.herapy/PTT Chemotlf}erapy/PTT [159]
cancer noparticl Iron oxide-enhanced  synergy in vivo
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4. Challenges and Future Directions

The therapeutic performance of the GNP nanohybrids described in this review indi-

cates their potential as multimodal therapeutic agents capable of chemotherapy, PTT, ra-
diotherapy, and imaging. Furthermore, nanohybrids were not only thermoresponsive, but
also multi-responsive in some cases. Some nanohybrids showed excellent therapeutic per-
formance despite using unimodal approaches (e.g., single PTT). The potential of GNP na-
nohybrids as imaging agents was also evident [106,122,179,183,185], thereby providing an
advantage for their future utilization for image-guided therapy. It is particularly interest-
ing for a single nanocomposite to simultaneously hold several therapeutic features. The
favorable properties provided by GNP nanohybrids for cancer theragnostic applications
are summarized in Figure 4.



Nanomaterials 2022, 12, 3706

20 of 34

Photothermal therapy

Stimuli-triggered
drug release

Imaging

Radiosensitization Drug hosting

Biocompatability

Figure 4. Advantages provided by GNP nanohybrids for cancer theragnostics.

Generally, nanomaterials have advantages that make them suitable for clinical appli-
cations, such as their small size, which allows their blood circulation without blood flow
disruption to be achieved. However, their bench-to-bedside translation is hindered by
several practical obstacles [186-188]. Despite GNP nanohybrids’ potential, as with any
other therapeutic formulation, discrepancies between the promising preclinical results
and clinical outcomes are highly possible. It is important to point out that the success rates
of the clinical transition of therapeutics, especially for cancer treatment, are notably low
[189]. One potential way to reduce the chance of such discrepancies involves the use of
patient-derived xenografts (PDXs). Immunodeficient mice injected with cancer cell lines
fail to represent the molecular structure and heterogeneity associated with the original
tumor. This leads to the preclinical—clinical inconsistency in the results seen with anti-
tumor agents. PDXs involve directly implanting patient tumor fragments into immuno-
compromised mice, so that the tissues retain the original tumor cellular/histologic fea-
tures, important stromal components, and gene expression profile. PDXs were found to
closely match patient responses to treatments such as chemotherapy [190]. Therefore, uti-
lizing PDXs could more accurately predict the clinical behavior of GNP nanohybrids and,
thus, more accurately predict their efficiency as anti-tumor agents. This would make pos-
sible a fairer judgment of how worthy GNP nanohybrids are for cancer treatment at the
patient level. Koga et al. well reviewed the use of PDXs as models of anti-cancer thera-
peutic formulations at the clinical stage [191].

Furthermore, some studies with GNP nanohybrids focused mainly on cancer cells
while disregarding other important components of the TME. Cancer cells do not exist in
isolation; rather, they exist within other components that they interact with to maintain
their survival and growth. For example, cancer-associated fibroblasts are among the stro-
mal components that play an important role in tumor progression and invasion. There-
fore, it is important to explore and understand the interaction of the nanomaterial being
studied with key non-cancerous, tumor-promoting TME components, such as cancer-as-
sociated fibroblasts [192]. For example, Bromma et al. [192] investigated the interaction of
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GNPs with two essential stromal components involved in cancer, fibroblasts, and cancer-
associated fibroblasts. The investigation aimed to understand the fate of the nanoparticle
within non-cancerous key TME components. It provided insights into inhibiting cancer
growth by tackling both cancerous and non-cancerous constituents.

Likewise, most of the hybrid GNPs studied for cancer theragnostics used EPR as a
targeting mechanism. While some used ligand-mediated active targeting, the EPR effect
is the basis of nanoformulations for cancer therapy [193]. Using EPR as a tumor-targeting
mechanism raises another concern for future clinical applications of GNP nanohybrids
due to EPR heterogeneity. EPR heterogeneity refers to the varying EPR effects exhibited
by different tumors. For instance, while hepatocellular and renal carcinomas have a higher
vascular density and thus higher EPR effect and higher drug accumulation, prostate and
pancreatic cancers exhibit different characteristics [194]. The EPR effect varies between
cancer types as well as between different stages of cancer, among patients having the same
cancer, and even within the tumor itself [194,195]. Therefore, a good comprehension of
this effect is necessary to optimize hybrid GNPs for treatment based on the specific cancer
type and the patient. Further discussion on the effect of EPR heterogeneity on cancer treat-
ment was provided by Maeda et al. [194].

Another concern with GNP hybrids is the general lack of analyses of interactions be-
tween the formulations and the blood components. Some interactions with blood compo-
nents could have adverse effects on the normal functions of blood cells [196-198]. There-
fore, for the further progression of GNP hybrids in cancer treatment, a more extensive
analysis of blood-GNP hybrid interactions is needed. The International Organization of
Standards (ISO) guideline for hemocompatibility testing recommends testing for throm-
bosis, coagulation, platelets, hematology, and immunology (complement and leukocytes).
Furthermore, hemocompatibility testing depends not just on the material-blood interac-
tion but also on other parameters, such as blood coagulability. It is important to note that
in vivo hemocompatibility is hindered by differences among species, which may restrict
the reliability of those results in an actual clinical setting [199].

Therefore, at this point, assuming the success of GNP nanohybrids as anti-cancer
agents would be an overstatement due to the present clinical challenges and complexities.
However, it is safe to say that GNP nanohybrids are promising in terms of preliminary
results.

5. Conclusions

In conclusion, the potential of GNP hybrid nanostructures as multimodal cancer ther-
apy agents is clear. GNP nanohybrids were found to kill tumor cells not only via triggered
drug release, PTT, and radiotherapy but also via a combination of those strategies. In ad-
dition to the studies that utilized NIR-generated hyperthermia as a stimulus for triggering
cargo release, several others did not use any stimulus yet reported to improve anti-tumor
performance. This implies that further improved performance could be achieved by in-
corporating a release-triggering stimulus into the system. Furthermore, based on our
search, radiotherapy has not been explored with liposomal GNPs. Other GNP nanohy-
brids, namely, polymeric GNP nanohybrids, were reported to improve radiotherapy and
even combine it with other therapeutic strategies, such as chemotherapy and PTT [25].
This indicates the possibility of future incorporation of radiotherapy with PTT and chem-
otherapy in liposomal nanohybrids for more efficient tumor eradication.

GNP hybrids are promising imaging agents, so they could possibly provide a single
platform for image-guided chemotherapy/PTT/radiotherapy. Based on the available liter-
ature, liposomal GNPs seem to be capable of responding to a single stimulus (heat), unless
combined with another material, such as chitosan, which can respond to another stimulus
(e.g., pH). Polymeric GNPs, on the other hand, seem to respond simultaneously to multi-
ple stimuli, thereby making them more advantageous when it comes to tumor-specific
drug release. This is due to the wide range of polymers that can make up the nanocarrier,
each of which possesses different properties and stimulus responsivity.
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Although this review shows the exceptional performance of GNP hybrids for multi-
modal cancer therapy, these data are not enough to ensure their clinical effectiveness and
efficiency. Preclinical—clinical result inconsistency is common among therapeutic formu-
lations. One suggestion to better predict GNP hybrid nanostructures” clinical efficiency
involves performing studies with patient-derived xenografts for a better cellular, histo-
logic, and genetic representation of tumors. Furthermore, extending biocompatibility test-
ing to examine blood-GNP hybrid interactions is important. Although a few studies did
conduct hemolysis assays, many others did not. Therefore, there is a need for the hemo-
compatibility testing of those GNP hybrid nanostructures. At the preliminary stage, GNP
hybrids do hold a lot of potential as multimodal cancer therapeutics.
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