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With the urgent need for bio-nanomaterials to improve the currently available cancer treatments, gold nanoparticle

(GNP) hybrid nanostructures are rapidly rising as promising multimodal 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 chemotherapy can be designed to respond to external stimuli such as heat or

internal stimuli such as intratumoral pH. 

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 . Gold nanoparticles (GNPs), which are composed of gold atom aggregates of sizes

ranging from 1 to 100 nm , have been extensively studied and utilized for biomedical applications, including the

diagnosis and/or treatment of cancer , among others . This is mainly due to their unique localized surface

plasmon resonance (LSPR) and photothermal conversion ability, as reviewed by Vines et al.  and Sztandera et

al. . LSPR results when nanoparticles are irradiated with light of a particular wavelength, causing the surface

electrons in the metal conduction band to oscillate coherently, resulting in the separation of their surface charge

(dipole oscillation) . Although all noble metal nanoparticles exhibit LSPR, GNPs are classified as the most

stable, rendering them advantageous over other LSPR-characterized nanoparticles .

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. Photothermal conversion makes GNPs suitable candidates for the

thermal ablation of cancer cells in a noninvasive treatment strategy known as photothermal therapy (PTT) .

Eradicating tumor cells via heat is especially advantageous in cancer therapy due to cells’ higher sensitivity to heat

compared with normal ones . Furthermore, heat generation was reported to intensify chemotherapeutic cytotoxic

effects by increasing the blood vessel 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 .
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Although other nanomaterials, such as magnetic nanoparticles, can induce hyperthermia, GNP-associated

photothermal conversion provides 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 . Furthermore, GNPs were found to be relatively safer than other metal

nanoparticles , with a safety profile that depends on several factors, including size, shape , and concentration

.

Moreover, GNPs’ various possible sizes, shapes, and surface functionalizations provide a level of control over the

nanoparticles and allow further tailoring of their properties for specific applications to be conducted . For

instance, Yang et al.  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 influenced their uptake levels, with the

highest degree of uptake being achieved for a size of 50 nm . Furthermore, GNPs also serve as efficient

radiosensitizing agents due to their high atomic number and ability to absorb X-rays, which makes them good

candidates for tumor radiosensitization . Their strong X-ray absorption abilities make them suitable as computed

tomography (CT) contrast agents . In fact, GNPs were reported to improve radiotherapy  and CT

imaging . 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 chemotherapy/radiotherapy with the hyperthermic annihilation of cancer cells

could combat chemotherapy-/radiotherapy-resistant tumors. However, the combination of chemotherapy,

radiotherapy, and PTT poses another clinical challenge, as it exposes the patient to a higher level of toxicity .

Such a challenge could be overcome with nanoparticles to achieve chemo-radiotherapy and PTT. This is due to the

nanoparticle ability to preferentially 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

. 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 biomedical 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 . To

overcome 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 . Among these are GNP
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nanohybrids, which are rapidly emerging as promising candidates for cancer therapy via dual PTT and the

triggered delivery of chemotherapeutics. Some GNP hybrid nanostructures were reported to prolong circulation

time and increase their cellular internalization rate compared with conventional GNPs, thus achieving more

effective and specific delivery of the carried drugs . Furthermore, GNP nanohybrids can also achieve

thermoresponsive drug release when combined with a heat-sensitive nanocarrier .

GNPs hybridized with stimuli-sensitive nanocarriers for triggered drug release, individually or combined with other

approaches for synergistic (e.g., combined chemotherapy and hyperthermia), multimodal tumor cell ablation, are

becoming an increasingly explored topic. For example, GNP photothermal conversion abilities were combined with

nanocarriers that responded to heat and other conditions of the tumor microenvironment (TME) . 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 .

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. Therefore, interest has shifted towards exploiting nano-based approaches, which

hold the potential to overcome those limitations . 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 . In addition to systematic toxicity, some approved cancer therapeutics also suffer from poor water

solubility and a short circulation half-life . Such side effects and limitations can be overcome 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 .

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 barrier (BBB) . In addition, several nanocarriers possess stimulus

responsiveness due to the structural changes they undergo in response to particular stimuli, such as pH,

temperature , or redox , 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 .

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 stimuli . Generally, nanoparticle-mediated delivery enhances drug solubility, bioavailability, stability,

and circulation time while reducing its side effects. Broadly, nanocarriers can be divided into metal-based,

polymeric, and lipid-based nanocarriers:
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(2)

(3)

Metal-based nanocarriers are among the emerging materials for biomedicine and drug delivery applications .

GNPs and iron oxide nanoparticles (IONPs) have been increasingly studied for drug delivery purposes, as

reviewed by Hossen et al. . 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,  and serve as contrast agents to enhance imaging and achieve

image-guided therapy . Additionally, SPIONs exhibit the advantageous property of magnetic targeting

via an external magnetic field for spatial targeting . Venditti et al. reported that GNPs are used to improve the

bioavailability of drugs . Yet, the practical application of such metal-based nanocarriers can be limited by their

potential toxicity ;

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) . Hydrogels, on the other

hand, are composed of hydrophilic crosslinked polymer chains capable of cargo entrapment and delivery 

. Dendrimers and hydrogels have been reported for the efficient delivery of genes, drugs, and proteins 

 and for stimulus-responsive release under various triggers, including temperature, pH, and redox

conditions . However, dendrimers suffer from their complicated and costly synthesis procedures, and both

dendrimers and hydrogels are restricted by their ability to host solely hydrophilic drugs ;

Lipid-based nanocarriers include liposomes and micelles. Liposomes, membrane-like self-assembled lipid

bilayers, are utilized for the delivery of hydrophobic/hydrophilic drugs, genes, and proteins while possessing

high biocompatibility and stimulus responsiveness (e.g., ultrasound and temperature responsiveness) .

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 . Micelles are used to transport

hydrophobic drugs, genes, and proteins and exhibit stimulus responsiveness making them “smart” nanocarriers

. Liposomes are limited by their poor stability and possibility of triggering an immune response, while

micelles are limited by their occasional cytotoxicity and degradability . Several triggering mechanisms can be

used to stimulate the release of encapsulated cargo from the nanocarriers . The different types of

nanocarriers and possible release trigger mechanisms are presented in Figure 2.
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Figure 2. Illustration of the different nanocarrier types and release-triggering mechanisms.

3. Organic GNP Nanohybrid Chemotherapeutic Platforms

3.1. Multimodal Liposome–GNP Nanohybrids

The temperature responsiveness of some nanocarriers, such as liposomes and polymers, makes them suitable

vehicles to be hybridized with heat-generating nanomaterials, such as GNPs . Several studies explored

hybridizing GNPs with thermosensitive nanocarriers to achieve combined hyperthermia-triggered drug release and

the thermal ablation of tumor cells . Likewise, some nanocarriers can respond to internal stimuli

such as the TME acidic pH , thereby allowing the utilization of multiple stimuli to trigger drug release. One

of the materials investigated for GNP hybridization due to their heat responsiveness is liposomes 

. Liposomes  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 hydrophobic drugs, nucleic acids, proteins, and imaging

probes. Advances in liposome-mediated drug delivery were covered by Sercombe et al.  and O. B. Olusanya

. Low-temperature-sensitive liposomes (LTSLs) capable of undergoing phase transition at low temperatures
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serve as ideal temperature-responsive carriers due to their ability to respond to mild hyperthermia, which is

harmless to normal tissues . LTSLs are used to deliver drugs via mild hyperthermia, such as phase III FDA-

approved ThermoDox , which uses LSTLs to deliver DOX . 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 . 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) . Doxil ’s prolonged circulation time due to the presence of PEG is known to cause palmar–

plantar erythrodysesthesia, an adverse dermatological skin reaction caused by certain chemotherapeutic drugs .

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 , its main site of

cytotoxic action . To overcome those limitations, Koga et al. covalently coated thermosensitive PEGylated

liposomal DOX with a surface gold nanoshell to achieve a temperature-triggered 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 liposomes, the researchers failed to describe the mechanism by which

incorporating GNP into Doxil  could avoid lysosomal sequestration . GNP/DOX-loaded liposomes could possibly

evade lysosomal entrapment by (1) rupturing the lysosome upon photothermal conversion 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 delivery using thermosensitive liposomal GNPs was also studied by Xing et al. .

Interestingly, 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 DOX release via dual heat-induced liposomal

phase transition and low-pH-induced membrane instability. Importantly, the GNP–liposome nanohybrid exhibited

superior cytotoxicity in vitro and in vivo due to the synergistic PTT–chemotherapy activity while causing negligible

systematic toxicity in vivo .

Another work by Thakur et al.  exploited GNP-incorporated thermosensitive liposomes but delivered a

photosensitizer rather than a drug to achieve combined photodynamic therapy (PDT) and PTT. In addition to

combining PDT and PTT, this strategy could overcome the limitation of hydrophobicity associated with fluorescent

PDT photosensitizer 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 triggered 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 . 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
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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 , 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 singlet 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 . Ou et al.  co-delivered LSTL-encapsulated DOX and multi-branched gold

nanoantennas (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 internalization 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 .

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 . 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

biodegradable polymer with low toxicity and immune response. The researchers reported significant improvement

in nanohybrid localization and retention at the tumor site, efficient 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 . 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 presence of amine groups on chitosan. Moreover, increased temperature

responsiveness due to the presence of the thermosensitive liposomes was observed, supported by the enhanced

resveratrol release in response to the dual pH/temperature stimuli. In vitro analyses showed efficient cellular

uptake enhanced by NIR and improved cell death due to resveratrol and PTT synergy . Similarly, Luo et al.

utilized GNP–liposome nanohybrids 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 chemo-

photothermal killing of cancerous cells compared with single chemotherapy or photothermal therapy in vitro and in

vivo .

Unlike most studies that conjugate GNPs to the liposomal surface, He et al. encapsulated DOX-loaded gold

nanocages within thermosensitive liposomes. The liposomal coating 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 hyperthermia/DOX synergy in vitro . In a study by Singh et al.,
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nanogold-coated liposomes were similarly used to load the anti-cancer drug curcumin . The study reported high

curcumin loading efficiency, efficient conversion of NIR light to heat, dual PTT- and hyperthermia-triggered

curcumin release, significant enhancement in cellular uptake, and in vitro PTT-/curcumin-induced cell death .

Several other similar studies utilized liposome–GNP nanohybrids for the delivery of different drugs to improve their

bioavailability (e.g., poorly water-soluble betulinic acid), avoid systematic side effects (e.g., DOX), and essentially

achieve enhanced tumor annihilation . 

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 destruction and tumor cell eradication . The proposed

nanoformulation was reported to induce significant toxicity against tumor cells in vitro and in vivo, due to combined

chemotherapy/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 .

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 dioxide, causing transient cavitation that can promote DOX release. The

DOX/ABC-loaded liposomal GNRs were also decorated with folic acid to achieve tumor targeting. Furthermore,

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 composites . 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 .

In addition to solid GNPs, thermoresponsive liposomes were also studied with hollow GNPs (HGNPs). HGNPs

gained attention over solid GNPs, particularly for drug delivery purposes, due to the presence of an inner cavity

capable of drug hosting and possessing higher photothermal conversion abilities . 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. . Several studies explored bare HGNPs to encapsulate drugs and

achieve heat-triggered drug release with/without PTT, as reported by You et al.  and Xiong et al. . Those

studies incorporated groups that can be cleaved via heat generation, such as surface peptides linked to GNPs

through Au-S bonds . A study that compared solid GNP–liposome nanohybrids with hollow GNP–liposome

nanohybrids reported an eight-fold enhancement of anticancer activity from chemotherapy–hyperthermia coaction

using hollow GNP-loaded liposomes .

Other studies explored liposome–GNP nanohybrids as drug carriers without the use of triggering stimuli or stimuli

other than temperature . Sonkar et al.  reported the use of transferrin-coated liposomes

encapsulating chemotherapy docetaxel and GNPs. This transferrin-targeted nanoformulation achieved sustained

docetaxel release, a higher tumor cell eradication at a lower concentration compared with the marketed docetaxel,
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and higher cellular uptake compared with their non-targeted counterparts. Although this work did not benefit from

photothermal conversion, this nanoformulation could be further modified by utilizing thermoresponsive delivery and

dual chemotherapy/PTT actions for multimodal therapy . 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 . Another study by Zhang et al. delivered PTX from GNP–

liposome nanohybrids via diffusion, glutathione (GSH)-induced release, and enzyme-mediated release . GSH is

a commonly upregulated antioxidant in cancers to counteract oxidative stresses . Therefore, GSH provides a

tumor-specific endogenous stimulus for drug delivery purposes . Bao et al.  also used GNP–liposome

hybrids to deliver chemotherapeutic drug paclitaxel using the enzyme esterase and the antioxidant GSH as

triggers. This study reported sustained intracellular paclitaxel release, improved blood circulation time, and

enhanced anti-cancer activity in vivo . Furthermore, liposomal GNPs were also used to deliver genes in addition

to drugs without utilizing GNPs for heat-related effects (PTT or heat-triggered release) or radiotherapy .

GNP–liposome nanohybrids were also explored for single PTT or hyperthermia-triggered 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 . 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 nanocomposite induced tumor growth

inhibition in vitro and in vivo upon DOX loading and NIR exposure .

Other liposome–GNP nanohybrids were used for the triggered delivery of proteins and genes, as reported by Du et

al. , Refaat et al. , and Grafals-Ruiz . 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  or (2)

delivered to cells to regulate the expression of certain genes . 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.  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 nanomaterial, Prussian blue analog (PBA), gold nanoflowers,

targeting RGD peptides, and liposomes 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 nanohybrid improved PAI, PTI, and CT

imaging, thereby indicating the composites’ potential for image-guided therapy . 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 internalization and the inhibition of the overexpressed
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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 . Likewise, liposomal GNPs

were exploited for the delivery of both nucleotides and drugs. Skalickova et al. encapsulated fluorescent drugs

(DOX, ellipticine, and/or etoposide) and the antisense oligonucleotide that can block the N-myc protooncogene.

The formulations demonstrated 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 .

Other studies utilized GNP–liposome nanohybrids but did not benefit from the GNP photothermal properties for

triggered drug release or thermal ablation. However, the incorporation of GNPs into those nanocomposites

suggests their possible future utilization for photothermal conversion. Liposome-coated GNP nanohybrids loaded

with the antimitotic 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 . Another 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 .

3.2. Multimodal Polymer–GNP Nanohybrids

Polymeric nanocarriers are another group of smart nanovehicles that can improve the performance of traditional

cancer therapeutics . These polymeric drug delivery systems can be further modified to induce stimulus

responsiveness and improve their performance . 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 . 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 mimetic) to provide HER2 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 . Low pH and high DNase II expression levels are both tumor-specific features that can

ensure drug release specifically at the tumor site . Furthermore, the internalization rate of the drug-loaded

GNP nanohybrids 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-overexpressing breast cancer cells due to DOX/5–fluorouracil synergy

and affibody-mediated internalization .

Poly(lactic-co-glycolic acid) (PLGA), another smart polymeric nanocarrier, was explored as a thermosensitive drug

carrier for combined heat-induced drug delivery and PTT. Park et al. utilized DOX-loaded PLGA, half-coated with

GNPs, for dual chemotherapy delivery and PTT. The formulation exhibited high biocompatibility, enhanced

cytotoxicity compared with single DOX or single PTT treatments due to DOX/PTT synergy, and the effective

internalization of the nanohybrid in vitro . Another polymeric GNP hybrid investigated by Adeli et al. used

polyrotaxanes to shelter GNPs for heat-triggered DOX and cisplatin release. Polyrotaxanes are highly functional
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and biocompatible assemblies of α-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 compatibility 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 . The GNP/polyrotaxane nanohybrid’s cytotoxic effects could be intensified by combining the heat-

induced drug release with photothermal therapy, radiotherapy, or maybe both.

Other GNP polymeric nanohybrids were studied without utilizing the GNP photothermal properties for triggered

drug release, thermal ablation, or radiotherapy. Dai et al.  hybridized GNPs with protein polymers to endue the

nanocomposite with biocompatibility and improve the uptake of the hydrophobic drug curcumin. A significant

enhancement 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 toxicity of this system against cancer cells . Future improvements in this

hybrid nanostructure could be obtained by utilizing other GNP features, such as photothermal conversion effects.
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