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ABSTRACT 

Current cancer treatment options, including surgery, chemotherapy and radiation therapy, often cause damage to 

healthy tissue and reduce a patient's quality of life with well-known side effects, such as pain, infection and nerve 

damage. Recent research has shown that gold nanoparticles used as photothermal agents in photothermal therapy 

may pose as an alternative to traditional treatments. This great potential is due to their ability to selectively 

accumulate in cancerous tissue, efficiently absorb near-infrared light, and kill cancerous tissue without harming 

surrounding cells. Gold nanoparticles show promise in increasing treatment efficacy and reducing the side effects 

associated with cancer therapy. While recent studies show the potential of gold nanoparticles, the existing literature 

is limited in drawing comparisons between studies and practical use for photothermal therapy. This paper reviews 

notable studies on four common gold nanoparticles used in the therapeutic treatment of cancer: gold nanocages, 

gold nanospheres, gold nanorods, and gold nanoshells. By comparing key characteristics of the particles’, including 

their synthesis, toxicity, absorption spectrum, and selective photothermal lethality, gold nanospheres can be 

recommended for use in photothermal therapy. Although forms of each gold nanoparticle were found to have a low 

toxicity, gold nanospheres can be rapidly synthesized and appear to exceed in selective photothermal lethality and 

immature tumour accumulation. Due to these advantages in using gold nanospheres for photothermal therapy, cancer 

could be treated more effectively and improve patient prognosis. 

 

Keywords: Gold nanoparticles, cancer therapy, photothermal agents, photothermal therapy, near infrared radiation, 

nanorods, nanoshells, nanocages, nanospheres, hyperthermia 

 

1 INTRODUCTION 

Cancer is the leading cause of death in Canada with 1 in 4 cases being fatal [1]. In 2020, 225,800 people in Canada 

are expected to be diagnosed with cancer [2]. Cancer also places a large burden on the patient and a financial strain 

on the country [3]. In 2008, the estimated total cost of cancer in Canada was $4.4 billion [3]. Cancer’s mortality rate 

is decreasing due to advancements in the medical field, but remains high globally [4]. This is largely caused by the 

damage cancer causes to healthy tissue and the large strain placed on the body during conventional treatment [5]. 

Current cancer treatments include surgery, chemotherapy, radiotherapy, gene therapy, hormonal therapy, 

immunotherapy, and hyperthermia [6, 7]. These treatments can have a wide range of side effects, including pain, 

fatigue, and nausea [8]. Traditional treatments like chemotherapy and radiation therapy cause damage to non-

cancerous, rapidly-dividing cells [6]. Radiation therapy also causes cell death or halts cell division by inducing DNA 

damage using ionizing radiation [9]. A major disadvantage of these treatment methods lies in the fact that they are 

non-specific, causing healthy, normal cells to be damaged [6]. 

Recently, extensive research has been conducted concerning the application of nanoparticles (NPs) as they have 

shown promise in both drug-targeting and hyperthermia treatments [10, 11, 12]. According to the International Union 

of Pure and Applied Chemistry (IUPAC), NPs are microscopic particles that have dimensions ranging between 1 and 

100 nm [13, 14]. The use of NPs in cancer treatments has shown the potential to increase the localization and targeting 
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abilities of current treatments [15]. This can be accomplished by using NPs as a photothermal agent (PTA) in targeted 

hyperthermia [16, 10]. 

Hyperthermia is a non-invasive cancer therapy where malignant cells are exposed to localized heat greater than 

43 °C [17, 18, 19]. Conventional hyperthermia can cause damage to surrounding tissues, burns, pain at the target site, 

blood clots, infection, and swelling [20, 21]. For this reason, a promising method to achieve hyperthermia is using 

PTAs that accumulate selectively in tumour tissue and cause heating in a localized area when exposed to 

electromagnetic radiation of a certain frequency [16, 22]. This process is known as photothermal therapy (PTT) [17, 

41]. 

The selective accumulation of NPs in tumours is possible due to their poorly formed vasculature, which is more 

permeable than that of normal tissue [10]. Metallic NPs can strongly absorb and scatter specific wavelengths of light 

and the resulting resonant energy is converted to heat [23]. PTT typically uses near-infrared (NIR) radiation since it 

offers a low attenuation in tissue, allowing for energy penetration into deep tissues [10, 24]. Using NIR radiation also 

causes minimal thermal damage to healthy tissue [10, 12]. 

Due to the high absorption of gold nanoparticles (AuNPs) in the NIR range and their ability to rapidly heat under 

irradiation, their potential use in PTT is an active area of research [21, 25, 26]. The absorption peaks of these AuNPs 

in specific regions of the electromagnetic spectrum are due to the localized surface plasmon resonance (LSPR) [22, 

25]. Since AuNPs are conductive and smaller than visible light wavelengths, the electric field from electromagnetic 

radiation can excite electrons of a conduction band [22]. The result is localized plasmon oscillations, whose resonant 

frequency depends on the geometry and size of the AuNP [22]. This resonance generates the heat observed during 

PTT [22]. 

AuNPs have properties unique from other materials being studied for use in cancer treatment applications, such 

as iron-, polymer-, and lipid-based NPs [13]. They have been shown to have adjustable properties, including the 

ability to optimize the relative proportions of light scattering and absorption based on the application [10]. AuNPs 

are also unique in being able to retain their optical properties within the body for a long time [21]. AuNPs are injected 

into the body and passively accumulate in tumours before the NIR laser is used to excite the particles and generate 

internal heating [23]. The biological effects of this localized increase in temperature include the nucleation and growth 

of bubbles on tumour tissues and denaturation in cells [11]. When these growing bubbles rupture, they can then apply 

mechanical stress to the target cells and cause damage [11]. 

When comparing different PTAs for use in PTT, it is important to consider a few key characteristics and properties. 

Firstly, the toxicity of NPs should be low because, otherwise, they may kill healthy cells and cause permanent damage 

[27]. The particle must also selectively accumulate in the target tissue and efficiently heat under electromagnetic 

radiation [15, 10]. Another key factor is the size of NPs since this may affect tissue accumulation and uptake by 

cancerous cells [10]. Tumour vasculature can have varying sizes of fenestrations based on age and, therefore, a smaller 

particle size might be required for accumulation in early-stage tumour tissue [10]. The absorption spectrum of the 

particles is also important in determining the functionality of a PTA [10]. The absorption peak should lie in the NIR 

region to ensure sufficient tissue penetration and energy absorption can occur during PTT [10, 28]. 

This paper will compare common AuNPs for use in PTT with a NIR laser. The NPs being compared will be gold 

nanocages (AuNCs), gold nanorods (AuNRs), gold nanospheres (AuNSs), and gold nanoshells (AuNShs). By reviewing 

notable studies on the aforementioned parameters, an ideal AuNP will be selected for use in PTT with the goal of 

informing and focusing the scope of future research efforts. 

 

3 GOLD NANOCAGES 

AuNCs are a specific morphology of AuNP that are widely studied for use in PTT [29, 30]. In 1989, studies performed 

on AuNPs to test their effectiveness for PTT found that AuNCs had promising multi-functionalization and 

encapsulation abilities [31]. This means their surfaces could be easily modified to achieve enhanced tumour-specific 

tissue accumulation [31]. AuNCs act as photothermal transducers, their large surface area converts light into heat [29, 

32]. AuNCs are used because of their high photothermal efficiency, low toxicity, high tissue accumulation, and high 

cell killing efficiency [29, 33]. This section will review several studies to evaluate the PTT efficacy of AuNCs. 

 

3.1. Synthesis 

Chen and colleagues [29] described how uncoated AuNCs are synthesized by a simple galvanic replacement reaction 

between silver nanocubes and HAuCl4 [29]. Galvanic replacement reactions are redox reactions between solid metal 

Ag nanocubes and Au ions from HAuCl4 [29]. This process synthesizes the uncoated AuNC structure, giving it certain 

intrinsic properties, such as the LSPR peak of roughly 800 nm, edge length of 47 nm, and diameter of 99 nm found 

in this study [29]. The characteristics of AuNCs can be further modified by changing the surface coating [29]. The 

surface coating also allows for specific tumour cell targeting and can change the efficiency of the photothermal 

treatment [29]. The nanocage surface can then be covered with a coating of heterofunctional polyethylene glycol 

(PEG) with a sulfhydryl group at one end and a methoxy group at the other [29]. This gave rise to new dimensions, 

where the edge length was 48 nm and the diameter was 92.2 nm [29]. 

Jenkins and colleagues [33] described a similar method for synthesizing AuNCs, however, they used a different 

surface coating for their experiments [33]. The AuNCs were coated with polydopamine (PDA), creating 

polydopamine-coated AuNCs (AuNC@PDA) and then further conjugated with Anginex to synthesize AuNC@PDA-
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Ax [33]. This coating of the AuNCs altered their dimensions and absorption properties [33]. The edge length 

produced in this experiment was 45.6 nm and the hydrodynamic diameter was 132 nm [33]. The LSPR peak was 

also slightly lower than that in the study by Chen et al. [29] at 794 nm [33]. 

 

3.2. Toxicity 

According to Jenkins et al. [33] the toxicity of a AuNP has more to do with its coating and size, rather than shape 

[33]. Jenkins et al. [33] studied the bodies of test mice post-irradiation to assess the biodistribution and tissue 

concentration of the AuNC@PDA and AuNC@PDA-Ax [33]. They found relatively high concentrations of AuNC in 

the liver and spleen and low concentrations in the kidneys [33]. This was expected due to the size of the AuNCs 

being much larger than the renal filtration limit, preventing them from entering the kidneys [33]. A high distribution 

of AuNC@PDA-Ax was found in the lungs of the mice, but AuNC@PDA was found in a much lower percentage [33]. 

This is interesting because it indicates the specific coatings of AuNCs can change the distribution of AuNCs, affecting 

the degree of toxicity in specific organs [33]. Jenkins et al. [33] concluded that bare, uncoated AuNCs are completely 

non-toxic and the PDA-Ax surface coating is entirely responsible for any toxicity exhibited [33]. 

 

3.3. Selective Photothermal-Induced Cell Death 

A key factor in the effectiveness of AuNCs in PTT is their ability to passively accumulate at the tumour site, while 

minimally affecting healthy cells [29]. In a study by Chen and colleagues [29], this was tested by harvesting the 

tumours and organs of the mice injected with AuNCs 96 hr after PTT and using inductively-coupled plasma mass 

spectrometry (ICP‐MS) to analyse the accumulation of AuNCs [29]. 

Chen and coworkers [29] found that the NCswere essentially completely cleared from the blood and muscle 

tissue with respective concentrations of 0.04 ± 0.03 %ID/g and 0.80  ±  0.12 %ID/g (percent initial dose per gram 

of tissue) after 96 hr [29]. The passive accumulation at the tumour site was efficient with a particle concentration of 

5.7 %ID/g [29]. Upon qualitative observation, the entire surface of the tumour was almost fully covered with AuNCs 

[29]. The three-dimensional spatial distribution of the NCswas examined by cutting the tumour into small pieces and 

each piece was weighed and analysed using ICP-MS [29]. As seen in Figure 1, the edges had the highest concentration 

of NCs, while the centre had the lowest concentration, with a linear change in concentration between these areas 

[29]. This is due to the intravenous nature of the nanocage injection, as most tumour blood vessels are on its surface 

[29]. The NCs were observed to penetrate the leaky blood vessels of the tumour over time, allowing for uniform 

heat generation during PTT [26, 29]. The results of Jenkins and colleagues [33] experiment agree with those of Chen 

and coworkers [29], as the AuNC@PDA had a tumour accumulation of 22 particles/g and AuNC@PDA-Ax had an 

even better accumulation of 65 particles/g [33]. 

 

    

 

Figure 1: (A) Biodistribution of the AuNC in various organs (B) Distribution of the AuNC within the tumour layers, 

where E is edge and C is center [29]. 

 

Chen and colleagues [29] tested the selective destruction of tumourous tissue using AuNCs by injecting 10 mice with 

cancer cells (U87wtEGFR) subcutaneously in their right and left ear flanks [29]. The mice were then divided into two 

even groups of five once the implanted tumours had grown to a volume of 200-400 mm
3
 [29]. The first group 

received 100 µL of 9 × 1012
 particle/mL PEGylated AuNCs in a phosphate-buffered saline (PBS) solution, while the 

second group only received an equal volume of saline, both through intravenous injections [29]. The mice were left 

for 72 hr before beginning PTT [29]. Both group’s right ear flanks were subjected to a steady beam 808 nm diode 

laser at a power density of 0.7 W/cm
2
 for 10 min [29].  

Chen and coworkers [29] noted the group with the AuNC injections had a maximum temperature reading of 54 

°C, while the saline-injected group’s temperature never passed the 37 °C mark [29]. 24 hr post-irradiation, it was 

observed that in the group that underwent the AuNCs treatment, the metabolism of 70% of the tumour cells was 
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halted, effectively rendering them deceased with minimal damage to healthy cells [29]. Upon histological 

examination by electron microscopy, there was evidence of coagulative necrosis (cell death), an abundance of 

destroyed chromatin fragments throughout the cytoplasm (karyorrhectic debris), and considerable regions of 

karyolysis (destruction of the nucleus) [29]. 

 

4 GOLD NANOSPHERES 

AuNSs are solid gold NPs with a spherical shape and are among the smaller of the AuNPs being studied for 

applications in hyperthermia [10]. Their absorption peak lies near 530 nm in the visible light region but can be shifted 

to the NIR region by clustering AuNSs together within or outside of target cells [10, 34]. They have also been studied 

separately for applications in diagnostic imaging and used in vivo as a radiotracer [10, 35, 36, 37]. As one of the 

older forms of AuNPs, many studies showed their potential in PTT were performed in the early 2000s [10]. Pitsillides 

et al. [38] first proposed a method that used AuNPs to achieve selective cell killing using laser pulses to irradiate cells 

that had been incubated with antibody conjugated 20 and 30 nm AuNSs [21]. Using this method, energy was 

selectively delivered to AuNSs, causing microscopic cellular damage, high localized peak temperatures, and cell death 

[38]. This study has been built upon in more recent work [21, 10], which will be explored in this section to evaluate 

AuNS’s potential efficacy in PTT. 

 

4.1. Synthesis  

Compared to other AuNPs, AuNSs are relatively simple to synthesize [10]. Typically, AuNSs are produced using a 

citrate-mediated reduction of chloroauric acid (HAuCl4) [24, 25, 39]. In a study by Chen and coworkers [40], HAuCl4 

(1 mL, 0.25 mM) was added to H2O (90 mL), then stirred at 25 °C 1 min. Next sodium citrate (2 mL, 38.8 mM) was 

added to this solution, which was then stirred for an additional minute before adding NaBH4 (0.6 mL, 0.1 M). The 

reaction mixture was stirred at 0-4 °C for 5-10 min, depending on the desired size. To vary the diameters of the 

AuNSs between 3 to 100 nm, the volume of seed colloid (HAuCl4) added was also varied [40]. A simple, energy-

efficient, and rapid synthesis method using microwave heating has also been used by Liu and coworkers [39]. This 

method appears promising for the large-scale production of NPsthat would be required for the widespread 

application of AuNSs in healthcare [39]. 

 

4.2. Toxicity  

The safety of using AuNSs in the human body is well-known through decades of their use as a radiotracer and gold 

can remain within cells without reacting for long periods of time [35, 36, 37, 38]. However, Chen and coworkers 

further evaluated the toxicity of AuNSs over time in mice and found a correlation between NP size and toxicity [40]. 

In this study, 8 mg per week of uncoated AuNSs with 3, 5, 8, 12, 17, 37, 50, and 100 nm diameters were injected 

intraperitoneally into mice [40]. These AuNSs were prepared according to the procedure in section 4.2 [40]. Prior 

to injection, the AuNSs were purified by dialysis using PBS at a pH of 7.4 [40]. At the end of the experiment, the 

mice’s liver, lungs, spleen, and brain were isolated for analysis by ex vivo Coherent anti-Stoke Raman scattering 

microscopy and weighed [40]. 

Their results indicated that both AuNPs with larger and smaller diameters were non-toxic with notable toxicity 

observed for intermediate diameters [40]. Neither toxic nor harmful effects were observed for those injected with 

AuNSs of diameters of 3, 5, 50, and 100 nm [40]. Toxic effects like changes in fur colour, weight loss, and fatigue 

were observed in the mice injected with AuNSs ranging between 8 to 37 nm in diameter [40]. They also developed 

hemorrhaging, rashes, and bruising on their skin, as well as irregular spinal shapes [40]. The heart, brain, and kidney 

from the diseased groups were found to be distinctly different from the normal, healthy tissues of the control mice 

[40]. Within the lungs of these mice, emphysema-like damage and a loss of structural integrity were observed [40]. 

Abnormal amounts of white pulp were discovered in their spleens and a high amount of Kupffer cells were found in 

their livers [40]. Within 21 days, most of the mice in the 8 to 37 nm diameter groups died [40]. 

Therefore, this study showed that the toxicity of AuNSs is size-dependent, with those having diameters less than 

5 nm and between 50 to 100 nm being non-toxic in vivo in mice [40]. These results indicate that while in previous 

studies, AuNSs showed low toxicity in cell cultures, they can cause lethal effects in mammals at certain diameters and 

high enough doses [40]. This is an important factor for further research to ensure the safety of using AuNSs in PTT. 

 

4.3. Selective Photothermal-Induced Cell Death 

In a study conducted by El-Sayed and colleagues [35], they demonstrated the ability of AuNSs conjugated to anti-

epithelial growth factor receptor (EGFR) antibodies to selectively damage epithelial carcinoma cells. EGFR is a 

biomarker that is overexpressed by oral squamous carcinoma cells so antibody conjugation can be used to increase 

the transportation of nanoparticles specifically to tumour cells [34, 35].  

In this study, the citrate reduction of HAuCl4 was used to prepare the AuNSs [35]. Using transmission electron 

microscopy (TEM), the average particle size was found to be 40 nm [35]. A HEPES buffer (20 mM, pH of 7.4) was 

added to the AuNSs until an optical density of 0.8 at 530 nm was achieved [35]. A dilute solution of anti-EGFR 

monoclonal antibodies was then mixed for 20 min with 10 mL of the AuNS solution [35]. To prevent aggregation, 

PEG was added (0.5 mL, 1%) [35]. Next, the solution was centrifuged and a PBS buffer (pH of 7.4) was used to 

redisperse resulting pellets of anti-EGFR antibodies and AuNSs [35]. 
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Table 1: Laser Power Densities per Cell Culture Sample [35] 

 

Cell Type Incubated with anti-EGFR antibody 

conjugated AuNSs 

Laser Power Densities (W/cm
2
) 

Benign HaCaT  No 19, 25, 38, 50, 64, 76 

Benign HaCaT  Yes 13, 19, 25, 32, 38, 45, 51, 57, 64 

Malignant HOC 313 clone 8 and 

HSC 3  

Yes 13, 19, 25, 32, 38, 45, 51, 57, 64 

 

 

Table 2: Photothermal Cell Destruction Results by Cell Type and Laser [35] 

 

Cell Type Incubated with anti-EGFR 

conjugated AuNSs 

Laser Power Density  

(W/cm
2
) 

Approx. Photothermal 

Cell Destruction (%) 

HaCaT No ≤ 76 0 

HaCaT Yes < 57 0 

HaCaT Yes ≥ 57 100 

HSC Yes < 19 0 

HSC Yes ≥ 25 100 

HOC Yes ≤ 13 0 

HOC Yes ≥ 19 100 

 

 

Benign human keratinocytes (HaCaT), were used as the control cells and two forms of malignant human oral 

squamous carcinoma cells (HOC 313 clone 8 and HSC 3) were used as the test sample cells [35]. These cells were 

submerged in the anti-EGFR antibody conjugated AuNS solution for 40 min and then rinsed using a PBS buffer [35]. 

A CW argon laser with a wavelength of 514 nm was used to irradiate cells for four minutes continuously [35]. The 

laser power densities that the cells were irradiated at are displayed in Table 1 [35]. To determine cell viability, 0.4% 

trypan blue was used to stain cells, which accumulates in dead cells [35]. Optical microscopy was used to examine 

the cells [35]. The results of this experiment, summarized in Table 2, indicated that cancerous cells treated with anti-

EGFR conjugated AuNSs could be killed using less than half the amount of laser energy required to kill benign cells 

[35]. Therefore, this is strong evidence of the ability of AuNSs to selectively kill malignant cells without damage to 

healthy cells [35]. 

The use of AuNSs in PTT is disadvantaged by their near 530 nm wavelength absorbance peak [10]. Ideally, PTT 

is performed using NIR radiation, which can penetrate and treat deeper tissues than visible light [10, 34, 41, 42]. To 

overcome this disadvantage, AuNSs can be clustered within or outside of the target cells, shifting their maximum 

surface plasmon absorption towards the NIR region [10, 34, 41, 42]. In a study by Huang et al. [43] that used a 

similar procedure to the previously detailed experiment by El-Sayed et al. [35], clusters of 30 nm AuNSs were formed 

to shift their absorbance peak to the NIR region. Human oral squamous carcinoma cells (HSC3) were incubated with 

anti-EGFR antibody conjugated AuNSs and untreated cells acted as a control [43]. Cells were irradiated with 100 fs 

laser pulses with a wavelength of 800 nm [43]. The results of this study indicated that 20 times less laser power is 

required to induce photothermal destruction in cells that have been incubated with anti-EGFR antibody conjugated 

AuNSs than those that were not [43]. This implies that using this method, even higher tumour-cell-specific killing can 

be achieved using a laser in the NIR region and clusters of AuNSs in PTT [43].  

More recently, it was found that photolabile, diazarine-decorated AuNSs can be triggered by a laser to form cross-

linked aggregates, shifting their surface plasmon resonance to the NIR region [42]. This novel technique presents an 

opportunity to precisely treat tumours and minimize damage to healthy cells by selectively triggering only the 

diazarine-decorated AuNSs within tumour regions. This method could serve as an effective modality for both 

enhancing photoacoustic imaging and PTT of tumours. An advantage of AuNSs in PTT is the potential to use the 

formation of microbubbles in a unique theragnostic system that can simultaneously image and treat tumours [10, 44]. 

In a study by Lapotko et al. [44], clusters of AuNSs were formed outside target cells, causing observable laser-induced 

microbubbles and selective damage to target cells. In this experiment, stem cells, myeloid K562 cells, and human 

patient-derived acute B lymphoblastic leukemia cells were irradiated [44]. Clusters of 30 nm AuNSs were formed on 
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the surface of K562 and leukemia cells by treating them with monoclonal antibodies [44]. Cells were irradiated 

individually with 10 ns, 532 nm wavelength laser pulses at 5, 35, and 90 J/cm
2 
optical fluences [44]. Cells were also 

irradiated in a PBS solution with 1% fetal bovine serum at laser fluences of 0.5-2 J/cm
2
 [44]. Photothermal microscopy 

was used to detect microbubble formation and for live monitoring of cell damage on the nanosecond scale [44]. 

Trypan blue was used to determine cell death [44]. 

The results of this experiment indicate the ability of the incubated AuNSs to cause photothermal microbubble 

formation and selective damage to malignant cells [44]. Bubbles were only observed during the irradiation of target 

cells that were incubated with antibody conjugated AuNSs [44]. Physical damage was also frequently observed for 

these cells [44]. At a fluence of 5 J/cm
2
, the damage probability was 100% for targeted cells and 7% for non-target 

cells [44]. At a fluence of 35 J/cm
2
, the damage probability was also low (9%) for non-target cells [44]. For the 

suspended cells, 100% of tumour cells were damaged compared to 16% of stem cells at a 1.7 J/cm
2
 laser fluence [44]. 

 

5 GOLD NANORODS 

AuNRs are a specific type of AuNP that are elongated in one direction [45]. AuNRs have unique optical and electronic 

properties that are dependent on the particles’ size and aspect ratio [46]. These particles are also anisotropic, which 

has sparked interest in the biomedical field for applications in drug and gene delivery, as contrast agents in optical 

imaging, and as PTAs in cancer therapy [45, 47, 48]. This interest is due to the presence of two electromagnetic 

absorption peaks with a bandgap that is extremely tunable [45]. These absorption peaks correspond to the transverse 

and longitudinal edges and are caused by localized surface plasmon resonance in the NP [45, 49]. The LSPR can range 

from 600 to 1300 nm [45, 46, 50]. This section of the paper will look at notable studies on the use of AuNR in 

hyperthermia to analyse its use in cancer treatment. 

 

5.1. Synthesis 

AuNRs are commonly synthesized through seed or seedless mediation [45, 51, 52]. Seed mediation is a three-step 

process of taking a face-cantered cubic (FCC) structure metal like Au and creating a nanorod [45]. These steps include 

seed preparation by heavily reducing a gold precursor, preparation of the growth solution with a weak reducing 

agent, and finally the addition of gold seeds in the growth solution [45]. The seeds allow for the nanorod growth 

outwards in one direction [45]. Seed mediation dates back to 2001 when Jana et al. [53] pioneered the method of 

seed-mediated nanorod growth. Seed-mediation is limited by the number of spherical particle by-products and has a 

low yield [45]. Seedless mediation uses sodium borohydride as a seed substitute and is effective at creating smaller 

AuNRs [52]. The use of sodium borohydride as opposed to a seed allows for simultaneous seed formation and AuNR 

growth but follows a similar method as seed-mediated synthesis [52]. Overall, the formation of AuNRs has a low 

yield and is a difficult process due to the small nucleation window before isotropic growth occurs [45]. Research into 

the use of microwaves to reduce synthesis times has shown to decrease the growth period time while also eliminating 

chemicals that would otherwise be required to stop rod elongation [54]. Williams et al. [54] also noted a reduction 

in nanorod impurities while using microwave production. 

 

5.2. Toxicity 

A study by Moros et al. [17] sought to find the toxicity of their previously synthesized 51x7 nm AuNRs. To test the 

toxicity in vitro, glucose was attached to increase the uptake by cells [17]. Melanoma cells (B16-F10) were incubated 

with AuNRs for a day and then an MTT assay was used to measure metabolic activity and overall cell viability [17, 

55]. This is ultimately a colorimetric assay that depends on mitochondrial oxidation of the cells in question [55]. 

Fluorescence microscopy was used to ensure that uptake of AuNRs by the cells occurred [17]. The results of this study 

indicated that the AuNR cell uptake was 1.62 pg Au/cell and no toxic effects on the cells were observed [17]. 

A high dose toxicity test was also performed using hydra, a small freshwater hydrozoa used in testing [17]. Hydra 

polyps were placed in a solution of AuNPs (1 mg/mL) and incubated for 24h with and without PEG [17]. The AuNRs 

without PEG and with cetyl trimethylammonium bromide (CTAB) caused total animal destruction whereas the 

PEGlycated AuNRs showed no damage to the hydra [17]. This suggests that the PEGlycated AuNRs therefore are safe 

for human use since hydra are effective at modelling human reactions [17]. CTAB is difficult to be removed from the 

nanorod causing the non-toxic form of AuNRs to be hard to safely manufacture. CTAB is necessary to direct rod 

growth but is also challenging to detect in solution due to its structure [56, 57]. 

A study by Ali et al. [58] found similar results for AuNR toxicity, where they injected a single dose of 25 nm 

AuNRs into mice and then assessed the histopathology of vital organs at increasing time increments for up to 15 

months. No negative side effects were found in the liver, spleen, lungs or kidneys and the mice also showed no visual 

signs of toxicity [58]. Using TEM, it was verified that there was an uptake of AuNRs and some remained after 15 

months without structural changes [58]. The highest levels of uptake were in the spleen with 78 ng of Au per mg of 

dry tissue after 2 days and decreased to 35 ng of Au per mg of dry tissue after 15 months [58]. The decrease in 

concentration is seen throughout the body due to some AuNPs being removed in excrement [58]. 
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5.3. Effect of Aspect Ratio on Heating Effectiveness 

The percentage of extinction that a plasmonic NP converts to heat increases as the particle size decreases [59]. 

Decreasing particle size also decreases the value of extinction itself [59]. Since these factors trend oppositely with size, 

this means there is an optimal size for maximizing heat generation within the AuNP size range [59]. Mackey et al. 

[52] compared how changing the aspect ratio of AuNRs would affect their heating capabilities in PTT. The group 

created three sizes of AuNRs (38×11, 28×8, and 17×5 nm) to use for comparison [52]. The larger AuNRs were created 

using seed-mediated growth, creating AuNRs with an approximate width and length of 11 nm and 38 nm, respectively 

[52]. The LSPR of these NRs was approximately 740 nm [52]. The smaller AuNRs were produced with a seedless 

chemistry method and a sodium borohydride seed substitute [52]. This resulted in AuNRs with dimensions of 28x8 

nm and 17x5 nm and LSPRs of 770 nm and 755 nm, respectively [52]. These parameters are summarized in Table 3. 

These three sizes of AuNRs were then tested for their photothermal heating properties in solution by diluting them 

in H2O until they possessed the same optical density and then exposing them to a NIR laser with a wavelength of 

808 nm at 5.8 W/cm
2
 [52]. 

A photothermal heat conversion factor was determined for each of the three sizes of AuNRs by multiplying the 

change in temperature per AuNR by a factor of 10
11
 to increase the ease of comparison [52]. The findings from this 

study are shown in Figure 2 [52]. It can be seen in Figure 2 that the 28 nm AuNR was the optimal size for use in 

PTT, as it had a greatest heat conversion factor for treatment times of 1 and 2 minutes with a maximum temperature 

change of 2.5x10
-11

 °C/particle [52]. As the 28 nm AuNRs had the best aspect ratio for optimal heating, this size 

produces the best balance between the percentage of extinction that is converted to heat and the size-extinction 

dependency [52]. The 17x5 nm AuNR showed poor results comparatively [52]. 

 

 

Table 3: Overview of AuNR’s Parameters [52] 

 

Size (nm) Seeded LSPR (nm) 

38×11 Yes 740 

28x8 No 770 

17x5 No 755 

 

 

 

 

 

 

Figure 2: Comparison of Photothermal Heat Conversion Factors Based on Irradiation Times with a NIR Laser and 

the Size of AuNRs [52]. 
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5.4. Selective Photothermal-Induced Cell Death 

To determine the effectiveness of PTT with AuNRs, Moros and colleagues [17] used melanoma cells (B16-F10) that 

were incubated with AuNRs for a day and then irradiated with a laser at intensities of 3, 4.5, and 30 W/cm
2
 for 3 

min [17]. The dish temperature was kept below 43 °C to ensure cell death was only caused by hotspots generated by 

the AuNRs [17]. After 5 hr of recovery time, the cell's conditions were monitored [17]. It was found that the AuNRs 

killed approximately 70% of the targeted tumour cells at 4.5 and 30 W/cm
2
, but no cell deaths at 3 W/cm

2
 [17]. At 

1 hr post irradiation, the cells remained expanded with a blebbing membrane, signifying apoptotic cell death [17]. 

Similar effects were also found by Soni et al. [60], where it was shown that the surrounding tissue was spared during 

the PTT using AuNRs. This study showed that increasing the rod diameter could lead to an increase in photon 

scattering, which could result in damage to surrounding tissue [60]. A rod diameter increase from 5 to 15 nm increased 

the scattering coefficient by a factor of 76 with an increase in absorption efficiency by a factor of only 1.7 [60]. 

Experiments performed by Zhang et al. [61] found a decline in absorbance peaks after a significant period of laser 

exposure using an 808 nm laser at 0.8 W/cm
2
. The group also found that the AuNRs exhibited the “melting effect” 

and underwent morphological changes to form approximately spherical AuNPs [61]. This change resulted in an 

overall change in absorption and indicated instability in the AuNRs [61]. 

 

6 GOLD NANOSHELLS 

AuNShs consist of a core material that lacks electrical conductivity and a gold shell [62, 63]. There are many variations 

in the cores of nanoshells, such as gold-sulfide, polystyrene latex sphere, and silica [55]. These types of nanoshells 

appear to be promising for cancer treatment, as their optical properties have a changeable plasmon resonance in the 

NIR region [55]. Specific types of AuNSh have size limitations and can potentially form by-products during the 

fabrication process that can negatively interfere with the hyperthermia treatment [64, 55]. A key disadvantage for 

the use of polystyrene latex cores is that their resonances cannot produce sufficient heat to kill cancer cells in tumours 

[55]. Studies that used an Au2S core with a gold shell found this to have a suitable absorbance peak of 520-900 nm 

[63]. An additional limitation in the synthesis of Au2S nanoshells is that the core and shell cannot be controlled 

independently [63]. They are dealt with as one structure, not as a separate shell and core, and this can produce 

harmful by-products that cannot be removed [63]. 

Though there are a plethora of options, the most effective AuNSh has been found to be the silica-gold nanoshell 

(AuSiNSh), which was developed around 25 years ago [55]. AuSiNShs show great promise with their structural 

integrity and adjustable resonance [26, 55]. This tunable plasmon resonance is significant in hybrid nanoshells of 

different materials, as they can be tailored to absorb or scatter light in the visible to NIR region [55, 10]. The potential 

biomedical applications of AuSiNShs include cancer hyperthermia treatment [10]. 

 

6.1. Synthesis 

A common method of synthesis is the Stober method, which consists of the silica core being grown to create particles 

with a 60 to 400 nm diameter [26, 55, 63]. There are drawbacks in this range, as the higher values are not considered 

to be NPs and could potentially cause issues during treatment and may not be a suitable size for PTT [13]. In this 

method, an ethanol solution is used to reduce tetraethyl orthosilicate, allowing for the spherical silica colloid particles 

to begin to grow and develop in size [63]. Reactions occur between the aminopropyltriethoxysilane and the silica 

surface to make it functional, which allows Au colloid to be adsorbed and create the outer shell [63]. This Au colloid 

layer will then be reduced by a HAuCl4 solution, which allows the Au colloid layer to grow to the desired thickness 

[63]. This NP evidently has a broad diameter range and researchers should be aware and stay within the optimal 

range for cancer treatment [63]. Another factor to consider is that the Stober Method is quite complicated and can 

produce unwanted toxic by-products [63]. 

In 2020, Riedel et al. [64] investigated the pulsed laser ablation in liquid method (PLAL) for the synthesis of 

AuSiNSh. This method has not yet been extensively researched for creating AuSiNSh for PTT; this is not its primary 

application [64]. This study appeared to have found a more straightforward process to synthesize AuSiNShs [64]. In 

this process, a laser was focused onto a rotating gold target submerged in a NaSiO2 and distilled water solution; the 

laser was focused for 15 min [64]. The ablation process resulted in AuSiNShs that had a diameter of 9 nm and a shell 

thickness of 2 nm [64]. 

 

6.2. Toxicity 

A study performed by Sang-Eun et al. [55] investigated how AuSiNSh with a clustered shell impacts the effectiveness 

of hyperthermia treatment. This method involved two different types of AuSiNShs, one being entirely covered with 

gold clusters (f-SGNS) and the other being partially covered with disconnected gold-clusters (p-SGNS) [55]. These 

nanoshells were both conjugated with Erbitux (ERB-SGNSh), an antibody target that binds to tumour-specific 

antigens, which is useful for tumour cell targeting [55]. 

The cytotoxicity of p-ERB-SGNS and f-ERB-SGNS was measured using a MTT assay prior to a laser treatment to 

measure photothermal performance [55]. The human epidermoid carcinoma cells were treated with p-ERB-SGNS 

and f-ERB-SGNS and incubated overnight [55]. Cellular viabilities were analysed for both untreated and treated 

cancer cells; the treatment consisted ofp-ERB-SGNS and f-ERB-SGNS [55]. The ratio of the intensity of the purple 
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formazan present in the cancer cells after incubation was measured [55]. The results demonstrated that p-ERB-SGNS 

and f-ERB-SGNS have a low cytotoxicity, as there was an 80% cell viability before irradiation [55]. 

A study conducted by Majidi et al. [65] used conjugated silica-gold nanoshells with folic acid (FA-SiO2@Au) as a 

tumour targeting agent, similarly to the ERB in the past study. In this experiment, a sample of melanoma cells and 

healthy cells were treated with 100 μg/ml concentration of FA-SiO2@Au and SiO2@Au [65]. After the incubation 

period, both FA-SiO2@Au and SiO2@Au were found to be non-toxic to healthy cells, but toxic to cancer cells [65]. 

The cancer cells showed a significant drop in cell viability after the incubation period [65]. Another study by Riedel 

et al. [64] performed an in vivo test, where mice were intravenously injected with unconjugated AuSiNShs and the 

concentrations in the organs after 24 hr were measured. The results are displayed in Figure 3 [64]. These AuSiNShs 

were synthesized using the PLAL method [64]. This study found a positive observation that there was no accumulation 

of the NP in the brain due to the blood-brain barrier [64]. It was also found that no damage occurred in the heart, 

liver, spleen, lungs, and kidneys [64]. The concentration of NPs in the organs decreased with time, and the particles 

degraded quickly in the body [64]. This further implies that the results from Riedel and coworkers’ [64] study found 

that the PLAL method of synthesizing AuSiNShs was a much simpler process that demonstrated a lower toxicity in 

comparison. 

 

 

6.3. Selective Photothermal-Induced Cell Death 

Sang et al. [55] also investigated the photothermal performance of AuSiNShs by treating epidermoid carcinoma cells 

with f-ERB-SGNS and p-ERB-SGNS. After treatment, they were incubated at 37 °C in Dulbecco’s Modified Eagle’s 

Medium (DMEM) that contained 10% fetal bovine serum and 1% antibiotics. Cells were then exposed to a NIR laser 

at 820 nm at a power of 35 W/cm
2
 for approximately 5 min [55]. 

This experiment found that more thermal energy was produced within the tumour that was treated with f-ERB-

SGNS than p-ERB-SGNS [55]. Both nanoshells were found to have an absorption peak around 700-820 nm, which 

is promising as it falls within the NIR region [55]. This study also found that there was a reduction in plasmon bands 

due to the accumulation of gold particles on the shell during synthesis [55]. Their main finding was that AuSiNShs 

with a thick shell produce the strongest absorption band, but also the lowest solution temperature increase in 

comparison to the AuSiNShs with thinner shells [55]. Overall, this indicates there was a lower hyperthermia effect 

when using NPs with thicker shells due to dissipation within the thicker shell [55]. The cell death was measured after 

irradiation and it was found that the control group had a 100% cell viability with no cell deaths, whereas the f-ERB-

SGNS and p-ERB-SGNS treatment groups had 20.6% and 45.3% cell viability, respectively [55]. 

Majidi et al. [65] used a similar process to the one used in the previous study, but the power intensity varied. An 

in-vitro test was conducted to investigate FA-SiO2@Au photothermal performance on melanoma cancer cells [65]. 

As mentioned, cancer cells were treated with FA-SiO2@Au and SiO2@Au prior to irradiation [65]. FA-SiO2@Au and 

SiO2@Au were absorbed in 10% DMEM and incubated at 37 °C for 24 hr [65]. These cells were exposed to laser 

pulses of 808 nm wavelength and power intensity of 0.9 W/cm
2
 [65]. It was found that the FA-SiO2@Au reduced 

the cell viability of tumour cells 31% more than the SiO2@Au; implying that the FA-SiO2@Au were more effective 

[65]. The study concluded that there was an overall 87% tumour cell death due to the use of FA-SiO2@Au [65]. 

 

 

 

 

Figure 3: The concentration of AuSiNShs in major organs after 12, 24, and 72 hr periods post-injection [64]. 
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7 DISCUSSIONS 

AuNSs appear to be the optimal choice given the parameters of the absorption spectrum, toxicity, selective cell killing 

ability, size, synthesis, and additional qualitative advantages and disadvantages. The absorption spectrum for all of 

the NPs considered landed within the NIR region, therefore making them viable for use in PTT [10, 29, 38, 50, 55]. 

All four shapes have also been found to have low toxicity, indicating that they would cause minimal harm to healthy 

tissue and could be viable candidates for cancer hyperthermia treatment [38, 55, 63, 66]. However, due to the well-

known safety of AuNSs and their ability to be used in PTT without surface coatings [35], these appear to have the 

lowest risk of causing toxic effects if used in vivo in humans for hyperthermia cancer treatment. 

Each AuNP produced high percentages of tumour cell death with few control cells killed [17, 29, 35, 65]. When 

comparing these results, it is notable that the following differences between experiments might have affected results: 

cell type, AuNPs concentration, power densities, and irradiation duration. Despite these differences, certain 

conclusions can be drawn. The best selective cell killing was found with AuNSs, with 100% tumour cell death [35]. 

The study by Huang et al. [43] found that when using a NIR laser, 20 times less power was required to kill cells 

treated with aggregates of antibody-conjugated AuNSs relative to control cells. This is comparable to 2 times less 

laser power when 514 nm light was used by El-Sayed et al. [35], suggesting that selective cell killing using AuNSs 

would be further improved using Huang and coworkers’ [43] method. These results indicate that AuNSs produced 

the highest percentage of selective tumour cell killing while inflicting minimal damage in healthy tissue [35]. 

Since AuNPs need to enter the tissue before PTT irradiation, it is advantageous for them to be adjustable and 

smaller in size so they can selectively accumulate in tumours with varying sizes of fenestrations [10, 17]. AuNSs are 

functional with sizes down to a diameter of 3 nm, the smallest of the 3 other AuNPs compared as shown in table 5 

[40]. This small size is important to be able to accumulate in immature tumours with smaller fenestrations [10]. 

The synthesis of medical technology should be rapid and efficient to optimize overall production and minimize 

costs [67]. AuNSs can be synthesized through a rapid reduction of HAuCl4, which is simple in comparison to the 

synthesis of other AuNPs. Their ability to be produced using a rapid, highly efficient microwave-aided method is a 

promising avenue for large, commercial scale production, which can reduce costs [39, 67, 68, 69]. Furthermore, 

particle size can also be adjusted through controlling reaction times and temperatures [39, 40]. AuNSs’ synthesis is 

efficient [10] and can be easily modified to create AuNS ranging from 3-100 nm [40]. 

AuNSs have the ability to be easily conjugated to various antibodies, improving the ability to accumulate in 

tumour tissue selectively [35]. Lastly, the use of AuNS provides a unique opportunity to simultaneously image the 

photothermal-induced damage during treatment due to the production of microbubbles [10, 44]. Overall, these 

advantages of AuNSs over other AuNPs make them ideal for PTT to potentially improve the prognosis and quality 

of cancer treatment for many patients in the future. 

 

 

Table 4: Summary of Targeted Cancer Cell Killing Studies by AuNP type. Sources: [17, 29, 35, 65] 

 

NP Type Cells/ 

animal 

Laser Power Density 

(W/cm
2
) 

Irradiation Length 

(min) 

% Tumour Cell Death 

AuNC
[29]

 Mice 0.7 10 70 

AuNS
[35]

 Cells 25 

19 

4 

4 

100 (HSC) 

100 (HOC) 

AuNR
[17]

 Cells 4.5 

30 

3 

3 

70 

70 

AuSiNSh
[65]

 Cells 0.9 5 87 

 

 

Table 5: Summary of typical particle sizes. Sources: [29, 40, 52, 63]. *9 nm diameter AuSiNShs have recently been 

formed using PLAL technology [64] 

 

NP Type Dimension (nm) 

AuNC
[29]

 Edge length: 47 

Diameter: 99 

AuNS
[40]

 Diameter: 3-100 

AuNR
[52]

 Diameter: 5-11 

Length: 17-51 

AuSiNSh
[63]

 Diameter: 9* or 60-400 
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8 CONCLUSIONS AND FURURE RECOMMENDATIONS 

1. Nanoparticle-enhanced photothermal therapy presents a promising opportunity to advance cancer treatment 

beyond current methods that frequently cause non-specific damage to healthy tissues and undesirable side 

effects. Ideally, the particles would cause no toxic effects in vivo, be fast and easy to synthesize without toxic 

byproducts, be able to selectively kill all tumour cells during PTT and have a maximum surface plasmon 

absorption in the NIR region.  

2. The use of gold is optimal due to its high biocompatibility, corrosion-resistance, low toxicity, and strong 

absorption of radiation in the NIR and visible light regions.  

3. AuNSs appear to be the most effective AuNP for the treatment of cancer using nanoparticle-enhanced PTT. 

These have been shown to outperform AuNRs, AuNCs, and AuSiNShs in the categories of toxicity, selective cell 

killing, and synthesis. In addition, they can be a sufficiently small size to accumulate in tumour tissue and their 

absorption peak can be shifted to the NIR region.  

4. AuSiNShs are another promising method for PTT when they are synthesized through the PLAL method, as this 

is more time-efficient than the conventional Stober method [63, 64]. This reduces the AuSiNShs’ diameter range 

to fall within the range of a NP [13]. However, this method has not been extensively researched and further 

work in this area is required to fully validate this method [64]. 

5. With 225,800 Canadians expected to be diagnosed with cancer in 2020, AuNSs should be further researched 

for use in AuNP-enhanced PTT. [70]. Further testing must be performed to ensure the safety of AuNPs in vivo 

in humans. Additionally, while studies have shown forms of AuNPs to be acutely non-toxic in rodent models, 

the long-term effects of these particles in vivo must be rigorously tested to ensure their safety moving forward 

from preclinical to clinical studies.  

6. AuNPs provide a promising opportunity to provide highly targeted and selective cancer treatments, unique 

from many currently in use. Their unique properties and effective use in PTT have been shown preclinically, 

demonstrating their potential to help improve the outcome and quality of life for future cancer patients. 
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