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Graphical Abstract 

 

 

Highlights 

  The BBB and the high tumor recurrence rate limit effective treatment of Glioma. 

 Gold nanoparticles (AuNPs) exhibit biocompatibility and tunable optical properties.  

 AuNP can be an ideal candidate to improve diagnosis and therapy of Glioma. 

 

 

ABSTRACT 

 

Despite many endeavors to treat malignant gliomas in the last decades, the median survival of patients has 

not significantly improved. The infiltrative nature of high-grade gliomas and the impermeability of the 

blood-brain barrier to the most therapeutic agents remain major hurdles, impeding an efficacious 

treatment. Theranostic platforms bridging diagnosis and therapeutic modalities aim to surmount the 
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current limitations in diagnosis and therapy of glioma. Gold nanoparticles (AuNPs) due to their 

biocompatibility and tunable optical properties have widely been utilized for an assortment of theranostic 

purposes. In this Review, applications of AuNPs as imaging probes, drug/gene delivery systems, 

radiosensitizers, photothermal transducers, and multimodal theranostic agents in malignant gliomas are 

discussed. This Review also aims to provide a perspective on cancer theranostic applications of AuNPs in 

future clinical trials. 

Keywords: Gold nanoparticles; Malignant glioma; Glioblastoma; Imaging; Therapy; Theranostic 
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1. Introduction 

Gliomas are the most common primary tumors of the central nervous system, originated from glial 

cells (astrocytes, oligodendrocytes or ependymal cells), with an annual incidence 

of 6.6 per 100,000 individuals in the USA. Gliomas account for 27% of all brain tumors and 80% of all 

malignant ones [1-3]. According to the World Health Organization (WHO) classification, glioma is 

divided into four grades. [4]. Glioblastoma multiforme (GBM), a WHO grade IV glioma, is the most 

prevalent and aggressive form of malignant gliomas characterized by diffuse infiltration of the tumor cells 

into the brain parenchyma and a high recurrence rate [5-7]. The incidence of GBM is 

3.19 per 100,000 persons in the USA [8], and the median survival time of GBM patients who receive the 

current standard of care is 14.6 months post-diagnosis, while their 5-year survival rate is 9.8% [9-11]. 

 

The current standard of care includes surgical resection of the tumor followed by radiation therapy 

(RT) and adjuvant chemotherapy with temozolomide [12, 13]. However, complete glioma resection is 

hindered by irregular and indistinct tumor margins, as well as the infiltrative nature of high-grade gliomas 

invading essential neurological structures [14-16]. After surgery, the invasive cells often form secondary 

tumors within a few centimeters of the resection site [17, 18]. On the other hand, chemotherapy evidences 

modest clinical benefits due to the impermeable nature of the blood-brain barrier (BBB) to most of the 

anticancer agents [19, 20]. The BBB is composed of tight junctions between endothelial cells, 

surrounding pericytes, as well as the end feet of astrocytes, regulating the passage of substances from the 

bloodstream into the brain [19, 21-23]. Consequently, a majority of oncotherapeutic and diagnostic agents 

fail to achieve sufficient concentrations at the tumor vicinity [19, 24, 25]. In addition, the intervention 

strategies such as temporary disruption of the BBB and direct drug delivery by the intracerebral injection 

are highly invasive, which cannot be administered for long-term treatments. Moreover, poor solubility 
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and short half-lives of many therapeutic agents in the blood circulation further limit the chemotherapy 

efficacy [26, 27]. On the other hand, extensive application of RT is circumscribed by 

the cumulative dose of radiation that can be safely administered to keep the associated toxicities in the 

normal surrounding tissues at a tolerable level [28-30].  

 

Hereupon, nanomedicine has emerged as a promising alternative that can surmount the hurdles of 

the conventional imaging and therapy of gliomas. Amidst the various systems exploited, gold 

nanoparticles (AuNPs) have attracted much attention by virtue of their biocompatibility, synthetic 

versatility, unique and tunable optical properties as well as tunable surface functionalities [29, 31, 32]. In 

addition, nanoparticles have a high surface-area-to-volume ratio, yielding high loading capacity of 

biomolecules, drugs and imaging contrast agents [33-40]. Thereof, AuNPs have been utilized for a variety 

of theranostic applications including imaging (e.g. computed tomography, photoacoustic, magnetic 

resonance and surface-enhanced Raman scattering), delivery (e.g. drugs, proteins, small-interfering 

RNAs) and therapy (e.g. photothermal therapy, RT) (Fig. 1, Table 1) [29, 41]. Theranostic is generally 

defined as a platform that bridges the diagnosis and therapeutic modalities [42, 43]. With respect to the 

imaging-guided therapy, AuNPs can also facilitate delineation of glioma margins with high sensitivity 

and enable submillimeter spatial resolution rendering microsurgical resection of tumors, along with 

monitoring drug delivery and treatment progress [19, 44].  

Generally, physicochemical properties of AuNPs (like size, shape, surface coating and 

surface charge) can profoundly affect their biocompatibility, biodistribution as well as 

functionality [45-48]. In this context,, smaller size AuNPs can typically better cross the BBB through the 

spaces between astrocyte end-feet and capillary endothelium, extravasate into brain tumor tissue and 

achieve a more homogeneous intra-tumoral distribution [29, 49]. A comparison between biodistribution 

of 10 nm, 50 nm, 100 nm and 250 nm AuNPs in healthy rats at 24 h after intravenous (i.v) injection 

revealed that only 10 nm AuNPs were found ubiquitously distributed in various organs including brain, 
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whereas the larger particles were only detected in blood, liver and spleen [50]. However, it has been 

established that as brain tumor progresses, the BBB becomes compromised both structurally and 

functionally leading to a “leaky” BBB around and within the tumor, whereby the AuNPs in sub-100 nm 

range can extravasate through these leaky gaps into the tumor tissue and accumulate within the tumor site 

via a mechanism known as the enhanced permeability and retention (EPR) effect [19, 51]. In addition, 

AuNPs smaller than 10 nm could distribute throughout cytoplasm and nucleus of cancer cells, while 

larger nanoparticles were found merely in the cytoplasm where they formed aggregates [52]. Moreover, 

AuNPs smaller than the range of the safe renal clearance (~6 nm) in addition to their higher glioma 

targeting ability [53], can be excreted rapidly by renal route, whereas larger AuNPs have reported 

persistence in liver and spleen of mice for up to 6 months [54]. Taken together, a hydrodynamic size 

range between 10 and 100 nm is required to minimize the fast clearance of nanoparticles and extend their 

blood half-life [55], while within this size range, smaller nanoparticles are likely to penetrate deeper into 

the perivascular area of the tumors [56]. 

 

Upon i.v. administration, AuNPs are rapidly coated with serum proteins, known as opsonization, to 

form a protein corona that alters their characteristics and functionality. This non-specific protein binding 

to the nanoparticle surface is followed by recognition with the mononuclear phagocytic system (MPS), 

particularly macrophages, and the reticuloendothelial system (RES), such as the liver and spleen, leading 

to their rapid clearance from the body [29, 49, 57]. To diminish the non-specific protein adsorption, 

AuNPs are often coated with hydrophilic macromolecules such as poly(ethylene) glycol (PEG) termed as 

“PEGylation”. In fact, PEG coating increases steric hindrance of the AuNPs, prevents their intravascular 

aggregation and avoids their recognition and clearance by MPS, which ultimately leads to an extended 

circulation time of the nanoparticles as well as enhanced accumulation in the brain tumor [58-61]. It was 

also reported that higher PEG modification and smaller particle size can decrease the plasma protein 

adsorption [62]. Additionally, PEGylated AuNPs can be further functionalized with a variety of targeting 

moieties such as folate [63], Arg-Gly-Asp (RGD) peptide [64-66], angiopep-2 [67], transferrin (Tf) [68], 
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epidermal growth factor (EGF) [69, 70], Cetuximab [71], anti-interleukin-13 receptor alpha 2 (anti-

IL13Ra2) [72], lactoferrin (Lf) [73], TNYL [74], levodopa (L-dopa) [75], and trans-activator of 

transcription (TAT) [19] in order to enhance their penetration across the BBB and/or target glioma cells 

through binding to the receptors overexpressed on these cells. Upon binding the targeting moieties, 

nanoparticles can be internalized via a de facto receptor-mediated endocytosis leading to enhanced 

cellular uptake and therapeutic efficacy [73]. 

 

Hitherto, several AuNPs-based formulations have entered clinical trials for treatment of various 

cancers, including Aurimmune® (CYT-6091, 27 nm citrate-coated AuNPs bound with thiolated PEG and 

tumor necrosis factor-α, TNF- α) (ClinicalTrials.gov Identifier: NCT00436410 and NCT00356980), 

AuroShell® (silica core with a gold shell for photothermal therapy, 150 nm) (NCT01679470, 

NCT00848042 and NCT02680535) and NU-0129 (siRNA targeting BCL2L12 conjugated to gold 

nanoparticles, 13 nm) (NCT03020017). This Review focuses on the applications of AuNPs in various 

imaging and therapeutic modalities of malignant gliomas and this can pave the way for prospective 

clinical trials of AuNPs in theranostic applications for various cancers. 

2. AuNPs Application in Imaging 

Efficacious imaging modalities are essential for preoperative planning, intraoperative tumor resection, 

and therapeutic follow-up in malignant gliomas [14, 19]. A variety of imaging techniques have been 

exploited to better visualize tumor margins and provide high spatial resolution [76-78]. Photoacoustic 

(PA) imaging is a relatively new technique that renders high spatial resolution and relatively deep tissue 

penetration [79]. In PA imaging, tissue is irradiated with a pulsed laser and the light absorption elevates 

tissue temperature, leading to its thermo-elastic expansion, and consequently propagation of acoustic 

waves, detected by an ultrasound transducer at the surface of the body [57, 80, 81]. In PA, the first 

window of near-infrared (NIR, 650-900 nm) wavelength is commonly utilized by virtue of its fair 

transmissivity in tissues (transmission to a depth of 10 cm in soft tissues and 4 cm in human cadaver 
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scalp, skull, meninges, and brain) and low absorption by tissue chromophores such as hemoglobin and 

water [82-85]. Recently, PA imaging in the second window of NIR (1000-1350 nm) has evinced superior 

imaging ability thanks to a deeper brain skull penetration and a higher signal/background ratio pertained 

to the low scattering and absorption of the light by biological components [86-88]. AuNPs embedded in 

the tissue, augment PA signal inasmuch as they convert light to heat more efficiently than the native 

tissue per se does [57, 89, 90].  

 

Raman imaging is another promising and complementary optical imaging technique to discriminate 

healthy tissue from tumor tissue based on differences in the Raman fingerprints, which can be amplified 

by the surface-enhanced Raman scattering (SERS) effect of AuNPs accumulated in the tumor tissue [91, 

92]. Owing to the unique signature of the SERS spectrum, Raman imaging provides highly specific and 

sensitive detection of SERS contrast agents especially at the tumor margins, rendering a complete 

removal of microscopic and invading glioma tumor deposits [14, 93].  

 

Brain magnetic resonance imaging (MRI) is still the golden standard for brain tumor diagnosis, 

despite the limitations of gadolinium (Gd)-based contrast agents to depict tumor margins. Moreover, 

intraoperative MRI generally necessitates repeated administration of Gd-chelates, with a short blood half-

life that may lead to a surgically induced false-positive contrast enhancement [14]. Compared to Gd 

alone, Gd-conjugated AuNPs provide a much more concentration of Gd intracellularly and a more lasting 

enhancement of the brain tumor signals (even detectable after 24 h) resulting in an improved tumor 

visualization. Therefore, single preoperatively injection of Gd-conjugated AuNPs enables tumor resection 

by intraoperative MRI, leading to both improved diagnostic accuracy and no toxicity associated with 

repeated administrations of Gd chelates [14, 94]. Furthermore, Gd-conjugated AuNPs can be utilized as 

multimodal nanoparticulate contrast agents for a variety of imaging techniques [95-97]. 
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 In an importantstudy, unique nanoparticles were developed for triple-modality magnetic resonance 

imaging–photoacoustic imaging–Raman imaging for both preoperative and intraoperative purposes. For 

this purpose, Au-silica core-shell nanoparticles were functionalized with a Raman molecular probe and 

Gd3+ ions. Upon i.v. injection of the nanoparticles into orthotopic eGFP+U87MG glioblastoma-bearing 

mice, the images demonstrated clear visualization of the tumor for all three modalities through the intact 

skin and skull, in which the MRI contrast-to-noise ratio increased from 2.2 ± 0.3 to 14.0 ± 1.9, the 

photoacoustic signal enhanced by 75%, from 0.57 ± 0.02 AU to 1.0 ± 0.08 AU and the Raman signal 

increased from 0 to 1.0 ± 0.09 AU (Fig. 2 A). This signal enhancement lasts 2 h after injection for PA and 

Raman, and 24 h for MRI [14], whereas the conventional Gd-based contrast agents show rapid clearance 

within a few minutes post-injection [19]. Of note, the Raman signal provided an accurate delineation of 

the actual tumor border intraoperatively. In fact, when the tumor resection seemed to be complete by 

visual inspection, several small foci of residual Raman signals were still being observed in the resection 

bed, mainly responsible for GBM tumor recurrence after surgical resection (Fig. 2 B) [14]. 

 

In a similar study, FAL peptide (Phe-Ala-Leu-Gly-Glu-Ala) as an EGFRvIII targeting ligand, Gd-

DTPA chelator as a paramagnetic agent and heptamethine cyanine IR783B as a Raman reporter were 

decorated on AuNP’s surface, for pre-operative MRI and intra-operative surface-enhanced resonance 

Raman scattering (SERRS) imaging. The T1-weighted-MR signal intensity in the orthotopic U87-

EGFRvIII xenograft tumor site increased significantly at 1.0 h post-injection of AuNP-FAL with a greater 

target to background (T/B) than that of AuNP-PEG (Fig. 3 A). A more distinct tumor margin was 

delineated at 24 h post-injection by the AuNP-FAL that was well correlated with the tumor defined in 

histological H&E image (Fig. 3 A & B), indicating the feasibility of imaging-guided tumor resection. 

Furthermore, the T1 value diminution before and at 24 h post-injection of the nanoprobe, indicated a 

higher intra-tumoral uptake of AuP-FAL than that of AuP-PEG (Fig. 3 C &D) [98].  
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Similarly, a radiometal (e.g., 64Cu) can be appended to AuNPs for a multimodal radionuclide-based 

positron emission tomography (PET) imaging, utilizing the PET’s advantage of high sensitivity and 

quantitative analysis of whole-body [99, 100]. . To integrate PET imaging capability into AuNPs, a 

radiometal is often coupled to AuNPs via a metal chelator. Be that as it may, attachment of radiometal-

chelator complexes faces some challenges of possible detachment of the radiometals as well as alteration 

of AuNP surface properties. To address these issues, chelator-free 64Cu radiolabeling method via 

chemically reducing 64Cu on the surface of RGD-PEG-Au nanorods (NRs) (50×15 nm) for PET imaging 

was exploited. RGD amino acid possesses a high affinity to αvβ3 integrin receptors overexpressed on 

angiogenic endothelial cells and some tumor cells, such as malignant glioma, breast, bladder and prostate 

cancer cells, rendering it a unique molecular ligand for targeted cancer imaging/therapy [101, 102]. The 

uptake of RGD-[64Cu]-PEG-AuNRs and [64Cu]-PEG-AuNRs in U87MG subcutaneous tumors were 

reported 8.37±1.16%ID/g: injected dose per gram of tissue, and 6.19±0.5%ID/g at 24 h post-injection. In 

spite of the rapid renal clearance of free 64Cu from the body, RGD-[64Cu]-PEG- AuNRs were not excreted 

by the renal route due to their size, enhancing their blood circulation with a half-life of 17 h [103].  

3. AuNPs Application in Chemotherapy 

The current standard chemotherapy using temozolomide (TMZ), a DNA-alkylating agent, along with 

RT can increase the median survival time of GBM patients to 14.6 months, vs 12.1 months for patients 

receiving RT alone [9, 11, 104]. Doxorubicin (DOX) is another chemotherapeutic candidate for brain 

tumors that is much more potent against glioma cells in vitro than TMZ (IC50 DOX: 0.1-0.4 µg/ml vs IC50 

TMZ: 24-34 µg/ml on U251 [105]), but it cannot cross the BBB readily, and has a short plasma half-life 

[19, 106]. cis-Diamminedichloroplatinum (Cisplatin) is another powerful chemotherapeutic against 

glioma cells, yet it has limited BBB penetration and whose systemically administration is often associated 

with severe nephrotoxicity and neurotoxicity even at the sub-therapeutic concentrations [107, 108].  

 

Jo
ur

na
l P

re
-p

ro
of



Gold Nanoparticles in Glioma Theranostics 

10 

 

An alternative strategy involves incorporation of the chemotherapeutics into small AuNPs that are 

capable of crossing the BBB. Generally, AuNP-drug conjugates can offer multiple advantages over free 

drug administration, such as (i) increased bioavailability of the drug by minimizing its inactivation, (ii) 

enhanced tumor specificity via passive (EPR effect) or active targeting (ligand-mediated), and reduced 

off-target toxicity (iii) controlled or sustained release of the drug at the tumor site by conjugation on 

AuNPs via stimuli-sensitive moieties, and (iv) flexibility for multimodal treatments with other therapeutic 

regimens or imaging techniques in one platform [29, 109-111]. Moreover, drug-loaded AuNPs can 

overcome efflux transporters present on the BBB, by masking the drugs, leading to enhanced penetration 

of the chemotherapeutics into the brain  [112].  Once the AuNPs reach the brain tumor tissue selectively, 

the release of the chemotherapeutics can be triggered by the acidic microenvironment or other biological 

stimuli such as enzyme [113], glutathione [114], or external stimuli such as light or temperature [115, 

116]. For example, in pH-sensitive drug release systems, the acidic tumor microenvironment caused by 

overproduction of lactic acid via fast metabolic rates of cancer cells or the acidic environment of the 

intracellular compartments like endosomes and lysosomes is exploited [117-119]. Up to now, a variety of 

AuNP-based drug delivery systems with the capability of crossing the BBB and targeting glioma cells 

have been developed to deliver chemotherapeutics such as DOX [65, 67, 113] and cisplatin [120, 121]. 

 

In one study, DOX was anchored onto AuNPs through hydrazone bond, an acid-responsive linker, 

then the AuNPs were coated with PEG, and angiopep-2 (An), a ligand that targets low-density lipoprotein 

receptor-related protein-1 (LRP1) overexpressed on both BBB and glioma cells. The pH-responsive 

system could release up to 80% of the total anchored DOX at mildly acidic pHs (pH 5 and 6) in two days, 

while less than 20% of the drug was released at pHs 6.8 and 7.4, at the same period of time. Therefore, 

once the nanoparticles are taken up by the cells, DOX can be released from AuNPs in the acidic 

microenvironments and it diffuses into the cytosol and later into the nucleus. Whereas PEG-DOX-AuNPs 

could only distribute into glioma through the EPR effect, the aniopep-2 could mediate the glioma 

targeting by specific interaction with LRP1 and thereof a higher distribution of An-PEG-DOX-AuNPs 
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into glioma cells was observed compared to that of PEG-DOX-AuNPs and free DOX in vivo. 

Correspondingly, orthotopic C6 glioma-bearing mice treated with An-PEG-DOX-AuNPs showed the 

longest median survival time, which was 2.89 and 1.96-fold longer than that of saline and free DOX, 

respectively [67]. It is noteworthy to mention that angiopep-2 has generally demonstrated greater 

transcytosis capacity and parenchymal accumulation than transferrin, lactoferrin, and avidin, and thereof 

the capability of NPs modified with angiopep-2 to cross the BBB has extensively been exploited [122]. 

Polymeric micelles self-assembled from amphiphilic block copolymers (e.g. based on PCL-PEG and 

PLA-PEG) are of great interest for drug delivery because of their advantages such as efficient loading of 

hydrophobic drugs, antifouling properties, colloidal stability and intrinsic stealth effect. Nonetheless, they 

have some shortcomings such as low stability in vivo, premature drug release, slow and inadequate 

intracellular drug release, and inefficient tumor cell uptake (due to the effective surface shielding) [123, 

124]. To address these issues, stimuli-sensitive micelles which can release anti-cancer drugs in response 

to an environmental or external stimulus and reduce the stealth effect have been developed [123-125].  

For instance, stimuli-sensitive cRGD-directed AuNR/PEG–PCL hybrid nanoparticles (cRGD-HNs) 

containing DOX were fabricated for targeted chemotherapy of glioblastoma [65]. The release of DOX 

from cRGD-HNs was triggered by NIR irradiation (808 nm, 0.2 W/cm2, 5 min) that could increase the 

cumulative release from 2.0% to 32.6% at 1 h. Furthermore, cRGD-HN-DOX could effectively target 

human glioma xenografts (Fig. 4 A) and enhanced tumor uptake of DOX released from cRGD-HN by 

over 3-fold higher than that released from HN (4.06 %ID/g for cRGD-HN compared to 1.24%ID/g for 

HN). Also, cRGD-HN-DOX demonstrated a reduced accumulation of DOX in lung, liver, spleen, and 

kidney as compared with HN-DOX (Fig. 4 B & C). Notably, cRGD-HN-DOX+NIR irradiation could 

completely inhibit tumor growth in U87MG tumor-bearing nude mice, which was more effective than 

free DOX and non-targeted HN-DOX+NIR (relative tumor volume: 0.98 1.92, 5.26, respectively). The 

mice treated with cRGD-HN-DOX+NIR all survived over the experimental period of 48 days, as 

compared to survival of 23 days for those treated with free DOX and 40 days for the cohort treated with 

HN-DOX+NIR [65]. A similar targeting approach using RRGD, a tandem peptide of RGD and 

Jo
ur

na
l P

re
-p

ro
of



Gold Nanoparticles in Glioma Theranostics 

12 

 

octarginine, was employed to functionalize gelatin-AuNPs nanoparticles (G-AuNPs) delivering DOX to 

C6 glioma cells. In this system, gelatin was employed as a substrate of matrix metalloproteinase-2 (MMP-

2) that is overexpressed in many kinds of tumors. The G-AuNPs exhibited good tumor retention effect 

because of their large size, while gelatin was digested by MMP-2 in the tumor and small-sized AuNPs 

with higher tumor permeability were released [113].  

In addition to the passive, and ligand-mediated active targeting of nanoparticles, some other strategies 

have been recruited to overcome the BBB impermeability and enhance the delivery of nanoparticles into 

the brain, such as focused ultrasound (FUS), and hyperosmolar disruption of the BBB [126, 127]. 

Focused ultrasound (FUS) is a physical non-invasive approach that utilizes micro-bubbles circulating in 

the vasculature, for local and transient disruption of the BBB, thus enhancing the delivery of therapeutic 

agents into the brain [128]. In this context, PEG-coated Au nanoparticles exhibited over 3-fold higher 

uptake in right hemispheres upon exposure to FUS (in the presence of circulating MBs), compared to 

non-sonicated left hemispheres in rat models [129]. Similarly, FUS enhanced the delivery of cisplatin 

conjugated AuNPs reducing GBM tumor growth in vivo. Furthermore, the tissue concentration achieved 

when using 0.5mg/kg cisplatin in addition to FUS was comparable to the concentration achieved with 5 

mg/kg cisplatin in the non-sonicated brain [120]. Moreover, Ye et al. [130] utilized FUS to activate MBs 

at a targeted site of the brain to increase the local accumulation of intranasally (IN) administered 64Cu-

AuNCs that were already beyond the BBB by direct nose-to-brain route. IN administered 64Cu-AuNCs 

exhibited less accumulation in the blood, lungs, liver, spleen, kidney, and heart vis-à-vis IV injected 

nanoclusters.  

4. AuNPs Application in Radiotherapy 

Radiotherapy (RT), alongside surgery and chemotherapy, is the current standard of care for 

patients with malignant gliomas [9, 11]. The standard radiotherapy regimen for high-grade glioma 

involves a total dose of 60 Gy in 30–33 fractions of 1.8–2 Gy, or equivalent doses/fractionations [131, 

132]. Generally, RT utilizes ionizing radiation to induce double-stranded DNA breaks directly or generate 

Jo
ur

na
l P

re
-p

ro
of



Gold Nanoparticles in Glioma Theranostics 

13 

 

a cascade of free radicals within cancer cells. Additionally, RT can enhance the permeability of both BBB 

and blood–brain tumor barrier (BBTB) leading to more efficient delivery of anti-cancer drugs to tumor 

tissue [30, 133]. Indeed, with the deterioration of brain tumors and gradual impairment of the BBB, the 

BBTB is formed between brain tumor tissues and microvessels [134-136]. 

 

However, since the tissues surrounding tumor are also affected by the radiation, its cumulative 

dose must be circumscribed to keep toxicities in the normal tissues at a tolerable level that consequently 

limits the efficacy of RT to kill cancer cells [29, 137]. An alternative approach involves the use of 

radiosensitizers with high atomic numbers such as iodine, gadolinium and gold to enhance the local dose 

of radiation [138, 139]. Gold can provide ~2.7 and ~1.66 times higher sensitivity per unit weight than 

iodine and gadolinium, respectively [139]. In fact, due to the high atomic number (79Au), AuNP absorbs 

X-rays efficiently and deposits this energy locally, mainly by the emission of photoelectrons and Auger 

electrons that subsequently can boost the RT dose locally [140]. The effect of AuNPs as a radiosensitizer 

has been proclaimed in a variety of human cancers, such as head and neck [141], lung [142], prostate 

[143], and breast [144] cancers. 

In this context, PEG-AuNPs (diameter (D)=12 nm, hydrodynamic diameter (DH)=23 nm) as a 

radiosensitizer, enhanced DNA damage in both U251 cells (1.7-fold increase) and mouse brain 

endothelial cells (1.5-fold increase) compared to those irradiated without AuNPs. Through targeting RT 

to tumor-associated endothelial cells with AuNPs, vasculature fails to deliver nutrients to tumor tissue, 

resulting in ischemic necrosis and reduced VEGF production. Moreover, mice bearing orthotopic U251 

xenografts receiving AuNPs followed by RT showed a median survival time of 28 days vs 14 days for 

mice receiving RT alone. Notably, mice receiving 20 Gy RT prior to AuNPs i.v injection (7 to 14 days 

before) demonstrated higher gold uptake in the right cerebral hemisphere (3.76±1.9% ID/g) in 

comparison to the unirradiated control mice [30], indicating that RT can permeabilize BBB and increases 

the accumulation of AuNPs in tumor tissue particularly in smaller and less disruptive tumors.  
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Similarly, bovine serum albumin (BSA)-capped AuNPs (D=18 nm, DH=28 nm) in combination with RT 

could increase DNA double-strand breaks as well as cell apoptosis in comparison to RT alone in U87 

cells. Correspondingly, a maximal tumor growth inhibition was observed in subcutaneous U87-bearing 

mice receiving AuNPs and RT [28]. As well, AuNPs (D=11.2 nm) injected intravenously into orthopedic 

Tu2449 glioma-bearing mice could enhance local radiation dose by approximately 300%. The mice 

receiving AuNPs and radiation (30 Gy RT) demonstrated 50% long-term (>1 year) tumor-free survival, 

whereas mice receiving radiation alone could not survive more than 150 days [44]. 

5. AuNPs Application in Photothermal Therapy 

Thermotherapy holds great promises as an adjuvant therapy for cancer in two approaches: (i) 

hyperthermia, in which local/whole-body temperature is elevated to 41–46 °C leading to sensitization, 

heat-shock response, protein denaturation/folding and apoptosis of cancer cells; (ii) thermal ablation, in 

which local temperature is elevated over 46 °C leading to necrosis of  cancer cells and destruction of the 

tissue [24, 145, 146]. Photothermal-induced hyperthermia therapy, termed as photothermal therapy (PTT) 

or plasmonic photothermal therapy relies on the resonant absorption of light by a photothermal transducer 

(near its plasmon-resonant absorption band) and conversion of the electromagnetic energy into heat as a 

consequence of electron-phonon interactions [10, 57, 147]. In PTT, typically light in the first  NIR 

window is employed [82-85], and the advantage of the second NIR window in PTT is still controversial 

[148, 149]. Due to the strong surface plasmon resonance (SPR) effect, the resonant oscillation of free 

electrons in a conduction band of gold atoms and electric field components induced by incident 

electromagnetic radiation, several types of Au nanostructures such as AuNPs, Au nanorods (AuNRs) 

[150, 151], Au nanoshells [152, 153], and Au nanocages [58, 154] have been developed with the SPR 

peaks tunable in the NIR region, as satisfactory photothermal transducers. Moreover, PTT has shown 

temporary disruption of the peritumoral  BBB in clinical trials on GBM patients with the peak of high 

permeability within 1–2 weeks after laser ablation and recovery by 4–6 weeks [155], which can enhance 

drug delivery in into the brain. 
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Generally, irradiation with a pulsed laser can locally heat AuNRs to high temperatures, inducing 

melting and re-shaping of the nanorods. However, irradiation with a continuous wave laser light can heat 

AuNRs continuously without changing the shape of AuNRs. As an alternative, to preclude Au 

nanostructures from being reshaped upon irradiation and losing their SPR peak, silica-gold nanoshells 

have been developed [54, 156, 157]. Nanoshells and nanorods are typically more promising candidates 

for PTT applications compared to their spherical counterparts due to their tunable optical resonance in the 

NIR region [158, 159]. In the case of nanoshells, the resonance wavelength can be tuned in the NIR 

region by changing either nanoshell size or the ratio of core/shell radius [78, 158, 160]. AuNRs have two 

absorption peaks corresponding to the transverse and longitudinal resonances, which can be easily tuned 

to the NIR region by adjusting the aspect ratio (length/width) [54, 161, 162]. AuroShell® (Nanospectra 

Biosciences, Inc) is a silica-gold nanoshell coated with PEG that is under clinical trial for PTT of 

refractory and/or recurrent tumors of head and neck (NCT00848042), as well as prostate cancers 

(NCT02680535, NCT04240639). The infusion of AuroShell® particles followed by laser irradiation for 

photothermal ablation of target tissues is called AuroLase® therapy [163, 164].  Also, silica-gold 

nanoparticles (NANOM-FIM, NCT01270139) have been found safe and clinically efficacious in PTT of 

atherosclerosis, in a first clinical trial [165, 166]. Still, a successful PTT of tumors depends on both 

sufficient accumulation of Au nanostructures within the tumor, as well as adequate penetration of the 

excitation energy, in the clinical practice.  

 

The efficacy of silica-gold nanoshell-mediated PTT was investigated on subcutaneous U373 human 

glioma-bearing mice. The PEG-coated nanoshell consisted of a spherical dielectric silica core and a thin 

gold shell with an average particle diameter of 152.0 nm and a SPR peak tuned at 800 nm. Mice received 

the nanoshells plus laser irradiation exhibited complete tumor regression without sign of recurrence, and 

four of seven mice survived for the entire 90-day period of study (overall survival = 57%), whereas 

tumors progressed rapidly in the control group (received laser irradiation alone) and none of the eight 

mice survived beyond 24 days (mean survival = 13.3 days) [167]. In another study, gold-silica nanoshells 
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were loaded in macrophages through endocytosis as delivery vehicles exhibiting deep penetration into 

human glioma spheroids in vitro, while complete growth inhibition upon NIR laser irradiation was 

observed [168, 169]. In fact, circulating macrophages have an intrinsic ability to traverse the intact and 

compromised BBB, while avoiding interception by the immune system and thereof macrophage-mediated 

delivery of drugs or nanoparticles has exhibited a great potential in cancer treatment [169, 170]. In a 

comparative study, anionic-AuNRs were preferred for macrophage-loading due to the higher uptake than 

neutral-AuNRs and better cell viability than positive-AuNRs. Moreover, anionic-AuNRs loaded in mouse 

macrophages showed a greater tendency to the hypoxic regions of tumors through macrophages vector as 

“Trojan Horse”, in comparison to passive uptake of anionic-AuNRs in breast tumor-bearing mice [170]. 

 

In another study, photothermal efficacy of PEG-Au nanocages (edge length: 48 nm; SPR peak: 

800 nm) was examined in subcutaneous U87wtEGFR tumor-bearing mice. Upon irradiation with a 

continuous-wave diode laser, in nanocage-injected mice, the tumor surface temperature increased rapidly 

to 50 °C in one minute and began to plateau at 54 °C after 2 min, while in saline-injected mice, the 

surface temperature remained below 37°C during the entire irradiation (Fig. 5). Moreover, at 24 h post-

laser treatment, metabolic activity of tumors in nanocage-treated mice reduced by 70% compared to that 

of the saline-injected cohort [58]. The unique hollow and porous structure of Au nanocages also make 

them well suited for encapsulation and controlled release of chemotherapeutics during the PTT.  

 

Rabies virus (RABV), a prototypical neurotropic virus, possesses rabies virus glycoprotein (RVG) 

that interacts specifically with the nicotinic acetylcholine receptor (AchR) expressed on neuronal cells 

and therefore enables rabies virus virions to enter the central nervous systems and bypass the BBB. 

Rabies virus-mimetic silica-coated gold nanorods (length: 120 nm, width: 50 nm, aspect ratio: 2.34 vs 

live rabies virus’s aspect ratio: 2.4) were fabricated and surface-modified with RVG (RVG-PEG-

AuNRs@SiO2) (Fig. 6 A). The RVG-PEG-AuNRs@SiO2 due to mimicry of the rabies virus in terms of 

size, shape, and surface properties demonstrated a greater localization in the brain region of mice (Fig. 6 
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B), with a superior hyperthermal effect in response to NIR laser irradiation compared to their spherical 

counterpart. With regard to PTT (NIR laser 808 nm, 1.5 W cm-2, 5 min), RVG-PEG-AuNRs@SiO2 plus 

NIR could significantly suppress tumor growth or disappeared the tumor in subcutaneous N2a tumor-

bearing mice (Fig. 6 C, D & E), whereas plain PEG-AuNRs@SiO2 barely inhibited the tumor growth. 

Similarly, orthotopic tumors of mice treated with RVG-PEG-AuNRs@SiO2 plus NIR were suppressed to 

a greater extent in comparison to the PEG-AuNRs@SiO2 plus NIR (Fig. 6 F) [171].  

 

6. AuNPs Application in Photodynamic Therapy 

Photodynamic therapy (PDT) is a non-invasive tumor-ablative oncological intervention involving i.v. 

administration of a tumor-localizing photosensitizer (PS; such as porphyrin, phthalocyanines and 

bacteriochlorin derivatives) followed by local illumination of tumor with a light of an appropriate 

wavelength to activate the PS [172-175]. The activated PS transfers its energy to surrounding oxygen, 

driving generation of highly reactive oxygen species (ROS), such as singlet oxygen (1O2) that can oxidize 

key cellular macromolecules leading to tumor cell ablation [172, 176, 177]. It has been acknowledged that 

PDT drugs can induce cell membrane damage via peroxidation of unsaturated lipids and further damages 

DNA and cellular organelles such as mitochondria through formation of ROS [70, 178]. Since the 

majority of PSs are hydrophobic, they lack solubility in physiological solutions and preferentially 

accumulate in the lipid bilayers of organelle membranes in cancer cells, which consequently hinders their 

systemic administration. In addition, a relatively long time interval (∼1-3 days) between i.v. drug 

administration and illumination is required to obtain sufficient accumulation of the PSs in the tumor site 

[178, 179]. Thereof, PEG-AuNPs have been considered as promising and efficient drug delivery 

platforms for effective PDT, in pre-clinical studies. 

 

Silicon phthalocyanine 4 (Pc 4), a hydrophobic PDT drug, was conjugated non-covalently on PEG- 

AuNPs (D=5 nm, DH=38 nm) via N-Au interactions of the terminal amine group on the Pc 4 axial ligand. 
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Faster diffusion of Pc 4 into the tumor compared to AuNPs indicated that upon accumulation of Pc 4-

AuNPs in perivascular space, the Pc 4 was released from the NPs and transported via de facto 

hydrophobic interactions with the lipophilic environment and delivered into the cytoplasm of the tumor 

cells. Therefore, the AuNPs do not necessarily need to enter the cancer cells in order to deliver the drug. 

Such a formulation could significantly decrease the time required for the maximum drug accumulation to 

the target tumor from ∼48 h for fee Pc 4, to ≤6 h for Pc 4-AuNPs, prior to irradiation [178, 180].  

 

To improve Pc 4-AuNPs specificity for glioma cells overexpressing transferrin peptide receptors 

(TfR), transferrin peptide (Tfpep) was conjugated via amide bonds on PEG-AuNPs (D=5.1 nm, DH=12.3 

nm). Tfpep-Pc 4-Au increased drug accumulation by 6 ± 2.2-fold in the brain of orthotopic U87-bearing 

mice via Tf-containing endosome-mediated internalization, compared to untargeted Pc 4-Au. Upon 

activation of Pc4 with light at 670 nm, Tfpep-AuNPs-Pc 4 was found more effective than free Pc 4 and 

AuNPs-Pc 4 at lower concentrations to kill U87 cells in vitro, rendering a potential reduction in the 

current standard therapeutic dose of Pc4 that is 1000 nM [68]. Similarly, AuNPs targeted with epidermal 

growth factor peptide (EGFpep), enhanced the delivery of Pc 4 to the subcutaneous rat glioma 9L.E29 

tumor in mice by 3.3-fold via a ligand-dependent process compared to the non-targeted AuNP-Pc 4. In 

terms of PDT effect, EGFpep -AuNP-Pc 4 showed the same phototoxic efficiency of free Pc 4, albeit at 

half the concentration of Pc 4 (0.5 × 10 −6 M) on 9L.E29 cells in vitro. Although no significant difference 

was observed in vivo on tumor growth inhibition between targeted and non-targeted formulations, it was 

suggested that the targeted system can be more effective at lower doses of the drug [70]. Later, due to the 

heterogeneity of overexpressed cell surface receptors within a tumor, AuNPs-Pc4 were conjugated with 

both EGFpep and Tfpep. The dual-targeted (EGFpep+Tfpep)-AuNPs-Pc 4 exhibited significant improvement 

in drug uptake and cell killing as compared to single-targeted AuNPs pertaining to the synergistic 

receptor-mediated endocytosis of the ligands [181].  
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In spite of the therapeutic advantages of PDT, its efficacy can be diminished by the stimulation of an 

antioxidation balancing system in tumor cells. As a matter of fact, the up-regulation of nuclear factor 

erythroid 2-related factor 2 (Nrf2) in cancer cells during PDT can induce a significant increment in 

ABCG2, NQO-1 and HIF-1α expressions, leading to cell resistance to PDT (Fig. 7) [74]. In a comparative 

study, indocyanine green (ICG) was conjugated on hollow gold nanospheres (HAuNS) modified with 

TNYL peptide for an active targeting towards EphB4 positive tumors (TNYL-ICG-HAuNS). It was found 

that the level of Nrf2 was up-regulated upon treatment with both free ICG and TNYL-ICG-HAuNS plus 

twice laser illuminations due to ROS generation. However, after eight rounds of laser illuminations, in the 

case of free ICG, due to its instability and easy degradation inside tumor cells, Nrf2 exhibited a gradual 

decrease to the normal level and the cells were recovered from the oxidative pressure. In the case of 

TNYL-ICG-HAuNS, whereas they could still produce almost constant ROS in the cells, a significant 

reduction in HIF-1α level was observed, associated with the activation of cell self-destruction pathway 

and tumor-killing effect [74]. 

7. AuNPs Application in Gene Therapy 

Gene therapy utilizes nucleic acids to inhibit expression of multiple “undruggable” oncogenes 

implicated in growth, apoptosis, migration, and invasion of cancer cells [182-184]. The most common 

types of nucleic acids used for gene therapy are small interfering RNA (siRNA) and micro RNA 

(miRNA). SiRNA regulates gene expression through degradation of one target messenger RNA (mRNA), 

while miRNA can regulate multiple genes through either mRNA degradation or blocking translation 

[185-187]. Despite siRNA which has perfect complementarity to the specific target mRNA, miRNA binds 

imperfectly to the target mRNA, and this partial complementary binding allows each miRNA to 

potentially interact with other similar sets in addition to the target mRNA [188, 189].  

The translation of gene therapy from the laboratory to the clinic has hitherto been associated with 

some impediments. (i) the nucleic acids are rapidly cleared from the bloodstream due to their low 

molecular weight and they are quickly degraded in the presence of nucleases. (ii) they might be entrapped 
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in endosomes and inadequately penetrate extravascular tumor tissue beyond perivascular regions. (iii) 

intracellular delivery of these negatively charged molecules necessitates some cationic transfection 

systems which often cause toxicity. (iv) many of the gene delivery strategies are not cell-specific which 

may lead to nucleic acid uptake and gene silencing in non-targeted cells [57, 182, 190-192]. To address 

these issues, AuNPs have been employed as gene delivery systems inasmuch as they offer simple and 

versatile bioconjugation chemistry while enhancing stability as well as intracellular delivery of the 

nucleic acids. In addition, PTT can be utilized to facilitate endosomal escape of AuNPs-nucleic acid 

complexes and trigger gene silencing on demand [193-196]. 

To date, various nanoparticle-mediated small RNA delivery systems have been developed for glioma 

gene therapy, targeting a variety of genes such as Bcl2Like12 (Bcl2L12), Luciferase, c-Met, EGFR, 

miRNA-21, VEGF, Polo-like kinase-1 (PLK1), special AT-rich sequence binding protein 1 (SATB1), and 

Galectin-1 [197, 198].  

 

Oncoprotein Bcl2L12 is a potent caspase and p53 inhibitor that is overexpressed in GBM specimens 

[182, 199]. To silence Bcl2L12 overexpression, AuNPs were functionalized covalently with Bcl2L12-

specific siRNA duplexes through a thiol-gold bond to develop spherical nucleic acid-nanoparticle 

conjugates. The AuNPs-siRNA posses an ion cloud associated with a high-density oligonucleotide shell 

on AuNP core. Therefore, the steric inhibition at the particle surface makes a unique microenvironment 

inhibiting enzymatic degradation of the nucleic acid, leading to more efficient and enduring gene 

knockdown in cells and tissues compared to the conventional RNA delivery platforms [182, 200]. 

Systemically delivered AuNPs-siRNA decreased Bcl2L12 expression in intracerebral GBM, enhanced 

intratumoral apoptosis, and reduced tumor burden as well as progression in xenografted mice. This 

strategy can also be applied to sensitize glioma cells toward therapy-induced apoptosis via enhancing 

effector caspase and p53 activity [182]. NU-0129 is a Bcl2-L12-specific siRNA-coated AuNP that has 

entered an early phase clinical trial for i.v. injection to treat recurrent GBM or gliosarcoma 
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(NCT03020017). Intravenous administration of NU-0129 at the dose of 0.04 mg/kg was reported to be 

tolerated in 8 GBM patients, showing evidence of crossing the BBB and accumulation in the tumor tissue 

[201]. 

Polyethyleneimine (PEI)-AuNPs functionalized with RGD was also fabricated as a vector for Bcl-2 

siRNA delivery to U87MG cells [202]. It is well established that PEI can protect genes from lysosomal 

nuclease degradation and furthers endosomal escape to the cytoplasm by virtue of its proton sponge effect 

[196]. 

 

MicroRNA-182 (miR-182)  is a tumor suppressor that controls expression and activity of oncogenes 

deregulated in GBM; i.e., Bcl2L12, and c-Met. Treatment with miR-182 can enhance apoptotic cell death 

in response to chemotherapeutics such as TMZ and receptor tyrosine kinase (RTK) inhibitors in a 

Bcl2L12-dependent manner [203-205]. To develop a miRNA-based biotherapeutic gene silencing 

platform for GBM cells, miR-182-based spherical nucleic acid nanoparticle conjugates (AuNPs-miR-182) 

were fabricated that could penetrate >90% of glioma cells, diminished Bcl2L12 and c-Met protein levels 

significantly and enhanced cell apoptosis in vitro. Intravenously administrated AuNPs-miR-182 could 

reduce tumor burden and increased survival of glioma-bearing mice [204].  

8. AuNPs Applications in Multimodal Theranostic Regimens  

Multimodal theranostic regimens involve the use of (multi-) diagnostic technique and (multi-) 

therapeutic approach, in order to (i) provide more accurate preoperative and intraoperative imaging, (ii) 

monitor body response to the treatments, (iii) deliver a variety of therapeutics more efficiently and in a 

single platform, and (iv) enhance the efficacy of the diagnosis and treatment [14, 78, 206-208].  

 

As an illustration of a multimodal system, AuNRs with the capability of a dual MRI and PA imaging 

concomitant with an effective PTT was developed for theranostic applications. To this end, AuNRs were 

coated with poly(N-isopropylacrylamide-comethacrylic acid) (PNIPAAmMA) imparting thermal stability 
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to the nanoparticles followed by conjugation with magnetic Fe3O4 nanoparticles. Using an external 

magnetic field, the nanorods were guided and concentrated in the tumor sites, and consequently the PA 

signals were significantly enhanced in subcutaneous C6-tumor-bearing mice. Upon irradiation of the 

tumor at 808 nm, animals receiving the magnetic NRs showed a profound temperature rise of ΔT=62.8 °C 

(from 36.3 to 99.1 °C), pertaining to the higher concentration of the magnetic NRs in the tumor vicinity 

under a magnetic field, while the non-magnetic NRs could only increase the temperature by ΔT=12.1 °C 

(from 37.3 to 49.4 °C) [209]. Likewise, PEGylated hollow gold nanospheres (AuNS) functionalized with 

cRGD peptides were fabricated for targeted PA and PTT, by virtue of selective and higher accumulation 

of cRGD-AuNS in orthotopic U87 glioma (1.12±0.22 %ID/g vs 0.38±0.12 %ID/g for non-targeted AuNS) 

[208]. 

 

To amalgamate chemotherapy and MRI imaging regimens, trans-activator of transcription (TAT) 

peptide-modified AuNPs (D=4.7 nm, DH=21.4 nm) delivering DOX and Gd3+ were synthesized. 

Targeting AuNPs with TAT could enhance their accumulation in mouse brain tissue by 4.8-fold from 0.6 

± 0.27% ID (AuNPs) to 2.9 ± 0.72% ID (TAT-AuNPs). DOX that was conjugated to the nanoparticles via 

an acid-labile hydrazone linker was released inside lysosomes (pH = 4.5–6.0), followed by the nuclear 

translocation of the released DOX. The median overall survival of orthotopic U87 glioma-bearing mice 

treated with DOX, AuNPs-DOX and TAT-AuNPs-DOX, were reported to be 37.5, 37, and 44 days, 

respectively, attributed to the improved cellular uptake of DOX. With regard to MRI imaging, Gd3+-

conjugated TAT-AuNPs demonstrated a 2.2-fold higher relaxivity and 82-fold increment in Gd3+ cellular 

uptake in vitro with a longer retention time in vivo, compared to Gd3+ chelate [19]. 

9. Concluding Remarks and Future Perspectives 

AuNPs have generally exhibited significant improvements in diagnosis and therapy of a variety of 

cancers including malignant gliomas, in pre-clinical studies. Overall, AuNPs can (i) provide more 

accurate and more enduring preoperative and intraoperative multi-modal imaging, enabling complete 
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resection of migrated tumor cells; (ii) deliver a variety of therapeutics efficiently overcoming the 

BBB/BBTB; (iii) amalgamate various therapeutic modalities in one platform rendering their synergistic 

effects; and accordingly (iv) enhance the efficacy of the current therapeutic modalities for gliomas.  

AuNPs have also been employed as a platform for immunotherapy of solid tumors, since they per 

se can induce the expression of some proinflammatory cytokines and stimulate the host immune system 

[210]. Typically, smaller AuNPs (≤15 nm) have shown more immune stimulation compared to their larger 

counterparts [211, 212]. In terms of AuNP application in immunotherapy, conjugation of recombinant 

human TNF onto AuNPs resulted in maximal antitumor responses with lower doses of TNF and 

attenuated off-site toxicity compared to native TNF in colon carcinoma-bearing mice [213]. Later, CYT-

6091 (TNF- α bound to the surface of PEGylated 27-nm colloidal AuNPs) was evaluated on 29 patients 

with solid tumors that could exceed the  maximum tolerated dose of TNF by 3-fold, without adverse 

effects, while CYT-6091 could target the tumor cells [214]. Liu et al., [215] recently reported the 

synergistic immuno-photothermal therapy using immune checkpoint inhibitor anti-PD-L1 antibody and 

Au nanostar-mediated PTT in subcutaneous CT-2A glioma-bearing mice. This combinational immuno-

photothermal therapy was found significantly effective to reject tumor re-growth after re-challenge in 

cured mice indicating a generation of memorized antitumor immune response, like an ‘anticancer 

vaccine’ effect. The same induced memory immunity effect to prevent glioma recurrence using anti-PD-

L1 antibody and DOX- hydroxychloroquine-coated AuNPs was reported in intracranial C6-glioma-

bearing mice [216]. 

 

As earlier mentioned, some Au-based nanoplatforms have entered clinical trials with some promising 

results and more pre-clinical and clinical studies are currently undergoing. In this regard, the strengths 

and limitations of the available studies have been investigated and some suggestions are proposed that 

may lead to the development of more efficacious Au-based formulations. 
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In addition to the AuNP’s size, surface feature, stability, and interaction with tumor 

microenvironment, which were discussed, shape is another determining factor that can impact cellular 

internalization, circulation time and biodistribution of the nanoparticles. However, more comparative 

studies are still required to investigate the impacts of the shape and other multiple complex factors on 

pharmacokinetic and therapeutic efficacy of the nanoparticles. For instance, AuNRs were reported to have 

longer circulation time in the blood, lower uptake by the macrophages and higher accumulation in the 

tumors, compared to their spherical counterparts [217-219]. In fact, elongated nanoparticles have a higher 

surface area facilitating a multivalent interaction with target cell receptors vis-à-vis the curve shape of 

spherical particles [219]. Moreover, AuNRs were found to be distributed throughout tumors, whereas Au 

nanospheres and nanodisks were only observed on the surfaces of tumors [220]. Contrariwise, Black et 

al., [220] reported that nanospheres showed the best blood circulation, the lowest clearance by the RES, 

and the highest overall uptake in breast tumors, compared to nanodisks, nanorods, and nanocages. For 

comparative studies, in addition to surface feature (density of the coatings) and size of different-shaped 

nanoparticles, weight of the nanoparticles, number of the distributed nanoparticles [218], their blood 

circulation and clearance time, and their diffusivity need to be considered together.  

 

In view of the uptake of different-shaped nanoparticles by the mononuclear phagocyte system, Au 

nanoplates with a large contact area with the cells, showed the highest uptake by macrophages in vitro, 

while Au nanorings because of their less contact area with the cell membrane, exhibited a lower level of 

macrophage uptake. Similarly, macrophage uptake of Au nanospheres, with relatively high surface 

curvature, was lower than that of Au nanoplates, albeit higher than nanorings, attributed to the smaller 

contact area of nanorings and nanospheres with the cell membrane compared to nanoplates. Nevertheless, 

due to the better diffusive properties and smaller encountering resistance, a greater distribution of the 

nanorings and nanoplates was observed in tumor tissue compared to the nanospheres [221]. In fact, based 

on the Stokes−Einstein equation, the diffusivity of Au nanoring and nanoplate is almost 50% higher than 

that of Au nanosphere [221, 222]. AuNRs have also shown higher deposit, permeation and retention in 
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tumors compared to Au nanoshells [223]. Taken together, it is worth mentioning that AuNRs and other 

shaped-Au nanoparticles can potentially provide more favorable pharmacokinetic and tumor-homing 

features than their common spherical counterparts in clinical trials for cancer theranostics.  

 

As mentioned before, drug penetration into glioma cells is hindered by the physiological barriers i.e. 

BBB and BBTB [224, 225]. Although BBB is compromised in the primary tumor site via the EPR effect, 

it remains mostly intact in regions where tumor cells infiltrate healthy brain parenchyma and therefore 

drug delivery is impeded to the infiltrated cells that are responsible for tumor recurrence after surgical 

resection [73, 226]. Furthermore, the increased interstitial fluid pressure is liable to oppose the passive 

drug diffusion into the brain tumor tissue [227]. Remarkably, although passive targeting via the EPR 

effect has been shown in preclinical models, this effect has not been satisfactory in humans [228], and it is 

impacted by tumor’s type, size and heterogeneity, disease stage as well as interpatient variability [229]. 

Functionalizing AuNPs with targeting moieties not only can increase their uptake and internalization via 

receptor-mediated endocytosis, but also can be utilized to target tumor cells, migrating from the primary 

tumor sites as well as metastatic tumors, through recognition of the tumor-specific receptors on the cancer 

cells [64, 73]. Moreover, due to the heterogeneity of overexpressed cell surface receptors within a tumor, 

multi-targeted nanoparticles have exhibited superiority over the single-targeted counterparts [181].  

 

With regard to animal studies, due to the difficulty of orthotopic glioma model establishment, a 

subcutaneous glioma tumor model is regularly studied. Nevertheless, the subcutaneous tumor model 

underestimates (i) the BBB impermeability, (ii) the lower permeability of the BBTB compared to the 

blood-tumor barrier (BTB) in peripheral tissues, and (iii) the high interstitial pressure in brain tumors 

[230, 231]. More importantly, a majority of researches merely rely on animal models, howbeit rodents do 

not necessarily mimic humans with respect to tumor’s growth rate, size relative to body mass, and 

microenvironment. Last but not least, the long-term retention of AuNPs especially in the spleen, liver and 

even skin, and their whole-body clearance need to be further studied.  Therefore, future pilot studies in 
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clinical research are warranted to appraise the efficacy of Au-based nanoplatforms in theranostic of 

various cancers including glioma [228, 232].  
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Figure Legends 

 

Fig. 1. Theranostic applications of AuNPs in various cancers 

 

 

 

Fig. 2. A) Two-dimensional axial MRI, photoacoustic and Raman images for detection of brain tumors in living mice; B) Raman-

guided intraoperative surgery. When the entire tumor was removed visually, several small foci of Raman signals were found in 

the resection bed. Adapted from Ref [14] with permission.  

 

 

 

 

 

Fig. 3. A) T2W-MR images of mouse brain bearing U87-EGFRvIII+ glioblastoma xenograft before and at selected time points 

post-injection (PI) of AuP-FAL (upper panel) or AuP-PEG (lower panel) via i.v. (0.05 mmol kg−1 [Gd3+]). B) Histologic H&E 

images of the identical mouse brains presented in panel A. C) Color-coded ΔT1-map of mouse brains at 24 h post-injection of 

AuP-FAL or AuP-PEG. Arrows indicate the tumor. D) Time-dependent T1 value of the brain tumor (black line) and contralateral 

normal brain tissue (gray line) before and at selected time points post-injection of the nanoprobe. At 1 h PI, AuP-FAL led to a 

13.3% (pre-injection vs. post-injection, P = 0.099) T1 value reduction in the tumor area, which is significantly higher than the 

value of 8.7% (P = 0.139) after AuP-PEG injection. At 24 h PI, AuP-FAL led to 14.8% (P = 0.022) T1 value reduction in the 

tumor area, which is also significantly higher than the value of AuP-PEG (10%, P = 0.113). AuP: Au Nanoprobes; cc: color-

coded. Adapted from Ref [98] with permission. 
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Fig. 4. A) In vivo fluorescence images of U87MG tumor-bearing nude mice at various time points following injection of Cy7-

labeled cRGD-HNs or HNs; B) DOX fluorescence images of tumors and organs 8 h post-injection of cRGD-HN-DOX and HN-

DOX in U87MG glioma bearing nude mice; C) quantification of DOX accumulated in different organs and tumors using 

fluorescence spectroscopy (n=3). Adapted from Ref [65] with permission. 

 

 

 

Fig. 5. A) Photograph of a tumor-bearing mouse under PTT. PEGylated nanocages or saline was i.v. injected. The inset shows a 

TEM image of the Au nanocages with an edge length of 48±3.5 nm. After 72 h in which nanocages were cleared from the 

circulation, the tumor on the right flank was irradiated by the diode laser (0.7W cm-2);  B–G) thermographic images of B–E) 

nanocage-injected and F–I) saline-injected tumor-bearing mice at various time points: B, E) 1 min, C, F) 3 min, D, G) 5 min, and 

E, I) 10 min. J) Plots of average temperature within the tumors as a function of irradiation time. Scale bars are 1 cm. Adapted 

from Ref [58] with permission. 

 

 

 

Fig. 6. (1) Side flank tumor xenograft model. A) scheme of RVG peptide-PEG5k-conjugated AuNRs coated with SiO2 (RVG-

PEG-AuNRs@SiO2); B) In vivo fluorescence images of RVG-PEG-AuNRs@SiO2, RVGPEG- AuNPs@SiO2, PEG-

AuNRs@SiO2, and PEG-AuNPs@SiO2 in orthotopic glioma-bearing mice at various time points (2, 4, 8, 24 h) after i.v 

injections; C) Representative images of N2a cells-xenografted mice treated with saline, PEGAuNRs@SiO2, RVG-PEG-

AuNRs@SiO2 at days 0, 1, 3, 7, 10, and 13 d after NIR laser irradiation (808 nm, 1.5 W cm−2, 5 min); D) Images of tumors 
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excised from mice treated with (a,b) saline, (c,d) PEG-AuNRs@SiO2, (e,f) RVG-PEG-AuNRs@SiO2 with or without NIR laser 

irradiation, respectively; E) Tumor volumes of mice treated with RVG-PEG-AuNRs@SiO2, PEG-AuNRs@SiO2 with or without 

NIR laser irradiation: *P < 0.001 over PEG-AuNRs@SiO2 (NIR+); **P < 0.003 over PEG-AuNRs@SiO2 (NIR+); ***P < 0.004 

over saline (NIR+). (2) Orthotopic brain tumor model. MRI images of brains of orthotopic N2a glioma-bearing mice treated with 

(a) saline, (b) PEG-AuNRs@SiO2, or (c) RVG-PEG-AuNRs@SiO2 with NIR laser irradiation. Adapted from Ref [171] with 

permission. 

 

 

 

Fig. 7. Scheme of PDT resistance mechanism.  Nrf2, the key transcription factor in a self-adapting system, is detached from 

Kelch-like ECH-associated protein 1 (KEAP1) in cytoplasm under an oxidative condition (PDT) and then is transferred to 

nucleus, that activates transcription of various downstream target genes encoding resistance-related transport proteins (such as 

ABCG2), antioxidant proteins (such as NQO-1) and environment-response proteins (such as HIF-1α). Adapted from Ref [74] 

with permission. 
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Table 1. Paradigmatic applications of gold nanoparticles in glioma theranostic 

 

Application Nanoparticle Active 

component 

Targeting 

component 

Size 

(nm) 

Highlight Ref 

Imaging Au-silica core-

shell NP 

trans-1,2-bis(4-

pyridyl)-

ethylene; 

DOTA-Gd 

- ~120  This platform used for triple-modality 

of MRI-PA-Raman imaging for both 

pre- and intra-operatively, facilitating 

removal small tumor foci. 

[14] 

 PEG-AuNS IR783B; 

DTPA-Gd 

FAL peptide  60  This platform used for MRI and intra-

operatively guiding resection by 

SERRS imaging. 

[98] 

 PEG-AuNS IR783B; 

DTPA-Gd 

Angiopep-2 DH: 25 Removal of acid-labile PEG shielding 

layer in an acidic tumor environment 

exposed the azide and alkyne moieties 

on Au surface, facilitating click 

cycloaddition and aggregation with the 

concomitant activation of both MRI and 

SERRS signals. 

[233] 

 PEG-AuNP 1,4-BDT anti-EGFR DH: <90 The Raman reporter, 1,4-BDT, was 

immobilized on AuNP surface for 

maximal SERS sensitivity. 

[234] 

 PEG-AuNR 64Cu RGD 50×15  chelator-free 64Cu radiolabeling via 

chemically reducing 64Cu on the surface 

of RGD-PEG-AuNR for PET imaging. 

[103] 

Chemotherapy PEG- AuNP DOX Angiopep-2 ~40  DOX was attached to AuNPs via 

hydrazine, acid-responsive, linker, 

while angiopep-2 mediated NPs uptake 

via interaction with LRP1. 

[67] 

 PEG–

PCL/AuNR 

DOX cRGD 50×15  DOX’s release was accelerated by NIR 

irradiation, and the cRGD-DOX-NPs + 

NIR could completely inhibit tumor 

growth in U87MG tumor-bearing mice, 

which was more effective than free 

DOX. 

[65] 

 Gelatin-AuNP DOX RRGD DH: 188  NPs showed size-shrinkage effect (188 

nm to 56 nm) via digestion of gelatin by 

MMP-2, overexpressed in tumors. DOX 

was attached to AuNPs via hydrazone 

bond enabling a pH-triggered release 

(14% and 91.9%, at pH 7.4 and 5.0 

respectively at 48 h). 

[113] 

 PAA-AuNP Cisplatin Uptake peptide 

(PKKKRKV) 

7  FUS enhanced BBB permeability and 

delivery of cisplatin conjugated to 

AuNPs 

[120] 

 AuNP DOX Galactoxyloglucan DH<100 AuNPs were capped with 

galactoxyloglucan (PST001), which can 

selectively bind tumor necrosis factor-

related apoptosis-inducing ligand 

(TRAIL) overexpressed on some types 

of cancer cells. 

[235] 

 PEG-AuNP DOX, HCQ -  ~ 45 Using various coatings, legumain-

responsive PEG-AuNPs were prepared, 

enabling in situ aggregate formation in 

response to overexpressed legumain, 

resulting in enhanced accumulation of 

DOX and HCQ. Co-administration of 

[216] 
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AuNPs with anti-PD-L1 antibody could 

induce memory immunity, preventing 

glioma recurrence. 

 L-aspartate-

AuNP 

TMZ - 55 The NP-TMZ was found more effective 

in apoptosis induction in glioma-

derived cancer stem cells. 

[236] 

Radiotherapy PEG-AuNP - - D: 12  

DH: 23  

RT increased the accumulation of 

AuNPs in tumor through enhancing 

BBB permeability, and the mice 

receiving AuNPs plus RT showed a 

median survival of 28 days vs 14 days 

for RT alone. 

[30] 

 BSA-AuNP - - D:18  

DH: 28  

NPs plus RT enhanced DNA double-

strand break and cell apoptosis 

compared to RT alone in U87 cells. 

[28] 

 Coated AuNP 

(AuroVist™) 

- - 11  NPs enhanced local radiation dose by 

approximately 300% in vivo. 

[44] 

 BSA -AuNC - Folic acid DH: 5.5 Such NPs showed a dose enhancement 

factor of 1.6 upon RT, as well as 

enhanced survival compared to RT 

alone, in glioma-bearing rats. 

[237] 

Photothermal 

Therapy 

PEG-Au-silica 

core-shell NP 

- - 152  The NPs plus laser irradiation showed 

complete tumor regression with overall 

survival of 57% for 90 days, while in 

mice received laser irradiation alone, 

tumors progressed rapidly with a mean 

survival of 13.3 days. 

[167] 

 PEG-Au 

nanocage 

- - D: 48  

DH: 92  

Upon laser irradiation, in NP-injected 

mice, the tumor surface temperature 

increased rapidly to 50 °C, while in 

saline-injected mice, the surface 

temperature remained below 37°C. 

[58] 

 AuNR-loaded 

albumin-NP 

- - 20.5 ×4.6  Albumin NPs was found effective in 

carrying AuNRs into N2a tumors in 

vivo, and enhanced tumor targeting 

compared to naïve AuNRs. 

[238] 

 PEG-Au-silica 

core-shell NP 

- anti-HER2, 

anti-IL13Ra2 

110  Anti-HER2 tagged NPs induced cell 

death in medulloblastoma cell 

expressing HER2, and anti-IL-13Ra2 

tagged NPs exhibited cell death in 

glioma cells (U87 and U373) 

expressing IL-13Ra2, upon laser 

irradiation. 

[72] 

 PEG-silica-

AuNRs 

- RVG 120×50  The i.v. injected RVG-PEG-SiO2-

AuNRs showed a higher localization in 

the brain region of mice than did the 

spherical nanoparticles. 

[171] 

 PEG-AuNR - Nestin-binding 

peptide 

28×9 Such NPs could target solid tumors 

originated from human GBM cancer 

stem cells, expressing Nestin on their 

surface. 

[239] 

Photodynamic 

Therapy 

PEG-AuNP Pc 4 - D: 5  

DH: 38  

Faster drug accumulation to the target 

tumor compared to free Pc4 (≤6 h for 

Pc 4-AuNPs vs ∼48 h for fee Pc 4). 

[180] 

 PEG-AuNP Pc 4 Tfpep D:5 

DH: 12 

 

Tfpep-Pc 4-Au augmented drug 

accumulation by 6 ± 2.2-fold in the 

brain of orthotopic U87-bearing mice, 

compared to untargeted Pc 4-Au. 

[68] 
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 PEG-AuNP Pc 4 EGFpep 5  EGFpep-AuNP-Pc 4 enhanced the 

delivery of Pc 4 to the subcutaneous 

glioma tumor in mice by 3.3-fold 

compared to AuNP-Pc 4. 

[70] 

 PEG-AuNP Pc 4 EGFpep, Tfpep D: 5 

DH: 41 

Dual-targeted (EGFpep+Tfpep)-AuNPs-

Pc 4 showed significant improvement in 

drug uptake and cell killing compared 

to single-targeted formulations. 

[181] 

 PEG-PEI-

AuNS (hallow) 

ICG TNYL peptide 50 TNYL-ICG-HAuNS could overcome 

the PDT resistance of cancer cells 

caused upon exposure to ICG.  

[74] 

 GC-Au 

nanocage 

SiNC - DH: 160  Nanocage was coated with GC through 

an enzyme-cleavable peptide linkage 

that could be detached in the presence 

of cathepsin B enzyme, enabling SiNC 

release in the cytoplasm. 

[240] 

Gene Therapy PEG-AuNP Bcl2L12-

specific siRNA 

- 13  The NPs-siRNA decreased Bcl2L12 

expression in intracerebral GBM tumor, 

enhanced apoptosis, and reduced tumor 

burden and progression in vivo. 

[182] 

 PEI-PEG-

AuNP 

Bcl-2 siRNA RGD 2.9 - [202] 

 PEG-AuNP MiR-182 - 13 nm AuNPs-miR-182 could reduce tumor 

burden and increased survival of 

glioma-bearing mice. 

[204] 

 DSPEI-AuNR Small hairpin 

RNA (shRNA) 

RGD 50 × 10 Combining the capabilities of: passive 

and active targeting (via αvβ3 integrin-

mediated endocytosis), intracellular 

glutathione-triggered ‘‘off–on’’ release 

(via cross-linking disulfide bonds to 

unpack PEI shell) and endosomal 

escape (via PEI). 

[196] 

Multimodal 

Regimens 

PNIPAAmMA-

AuNR-Fe3O4 

conjugated NP 

- - 60.6 × 

10.4  

MRI and PA imaging besides PTT.  A 

Temperature rise by 62 °C upon 

irradiation due to the high concentration 

of magnetic NRs under a magnetic 

field. 

[209] 

 Au-Fe3O4 core-

shell NP 

- Cetuximab DH: 46  Such NPs were utilized in combined 

magnetic hyperthermia and NIR PTT. 

[241] 

 PEG-AuNS 

(hallow NS) 

- cRGD 40 Targeted PA imaging and PTT. [208] 

 PEI-AuNP 131I Chlorotoxin 

peptide 

DH: 151 Nanoprobe for targeted SPECT/CT 

imaging and radionuclide therapy of 

glioma cells. 

[242] 

 PEG-AuNP DOX and Gd3+ TAT D: 4.7  

DH:21.4  

Prolonged retention time of 

Gd3+ compared to free Gd3+ chelates in 

vivo. 

[19] 

 Liposomes 

loaded with 

AuNRs 

DOX 

YAP-siRNA 

Angiopep-2 Liposome 

D: 120 

AuNR 

80×15 

The combination of chemotherapy, 

gene therapy and PTT was found 

synergistically effective to prolong the 

survival time of GBM-bearing mice. 

[243] 

 

1,4-BDT: 1,4-Benzenedithiol AuNC: Au nanocluster; AuNR: Au nanorod; AuNS: Au nanosphere; DSPEI: disulfide cross-linked 
PEI; DTPA: Diethylenetriaminepentaacetic acid; EGFpep: epidermal growth factor peptide; FAL peptide: (Phe-Ala-Leu-Gly-Glu-Ala) as an EGFRvIII 

targeting ligand; GC: Glycol chitosan; HCQ: hydroxychloroquine; IL13Ra2: interleukin-13 receptor alpha 2; LRP1: lipoprotein receptor-related protein-1; 
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PAA: polyacrylic acid; Pc 4: Silicon phthalocyanine 4; PEI: polyethyleneimine; RVG: rabies virus glycoprotein; SERRS: surface-enhanced resonance 

Raman scattering; SiNC: silicon 2,3-naphthalocyanine bis (trihexylsilyloxide); TMZ: temozolomide; YAP: yes-associated protein. 
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