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Abstract 

Microbubbles (MBs) have been extensively investigated in the field of biomedicine for the past 

few decades. Ultrasound and laser are the most frequently used sources of energy to produce 

MBs. Traditional acoustic methods induce MBs with poor localized areas of action. A high level 

of energy is required to generate MBs through the focused continuous laser, which can be 
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harmful to healthy tissues. As an alternative, plasmonic light-responsive nanoparticles, such as 

gold nanoparticles (AuNPs), are preferably used with continuous laser to decrease the energy 

threshold and reduce the bubbles area of action. It is also well-known that the utilization of the 

pulsed lasers instead of the continuous lasers decreases the needed AuNPs doses as well as laser 

power threshold. When well-confined bubbles are generated in biological environments, they 

play their own unique mechanical and optical roles. The collapse of a bubble can mechanically 

affect its surrounding area. Such a capability can be used for cargo delivery to cancer cells and 

cell surgery, destruction, and transfection. Moreover, the excellent ability of light scattering 

makes the bubbles suitable for cancer imaging. This review firstly provides an overview of the 

fundamental aspects of AuNPs-mediated bubbles and then their emerging applications in the 

field of cancer nanotechnology will be reviewed. Although the pre-clinical studies on the AuNP-

mediated bubbles have shown promising data, it seems that this technique would not be 

applicable to every kind of cancer. The clinical application of this technique may basically be 

limited to the good accessible lesions like the superficial, intracavity and intraluminal tumors. 

The other essential challenges against the clinical translation of AuNP-mediated bubbles are also 

discussed. 
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Graphical abstract 

 

 

Potential applications of gold nanoparticle-mediated bubbles in cancer nanotechnology 
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List of Abbreviations: 

Ab: Antibody; ALG: Sodium alginate; AuNP: Gold (Au) nanoparticle; AuNRs: Gold (Au)  

nanorods; AuNSs: Gold (Au)  nanoshells; A431 cell: Epidermoid carcinoma cell line; A549 cell: 

Lung adenocarcinoma cell; BT-474 cell: Human breast carcinoma cell (HER2-positive cells); BSA: 

Bovine serum albumin; Caco-2 cell: Epithelial colorectal adenocarcinoma cells; CD8
+
 lymphocytes: 

cytotoxic T lymphocytes; Cs: Chitosan; CT: Computed tomography; Cy7: Cyanine 7; C225: Anti-

EGFR Antibody; Doxil: Liposome-encapsulated doxorubicin; EGFR: Epidermal growth factor 

receptor; FBS: Fetal bovine serum; FITC-dextran: Fluorescein isothiocyanate–dextran; Hep-2C 

cell: EGF-positive carcinoma cell; HEK293T cell: Immortalized human embryonic kidney cells; 

HAuNS: Hollow Gold (Au)  nanoshells; HNSCC cell: Head and neck squamous cell carcinoma; 

HN31 cell: Head and neck squamous cell; HeLa cell: Immortalized human cervical cancer cells; 

H1299 cell: Human non-small cell lung carcinoma cell; IgG: Immunoglobulin G; i.v.: Intravenous; 

LITT: Laser-induced thermal therapy; mAb: Monoclonal antibody; MPNS: Magneto-plasmonic 

nanoshells; MDA-MB-231: Human breast adenocarcinoma cell; MRI: Magnetic resonance imaging; 

NI: Not import; NIR: Near-infrared; Panitumumab: Anti-EGFR Antibody ; NPs: Nanoparticles; 

NOM9 cell: Immortalized normal human oral kerot-inocyte cell;  OVCAR-3 cell: Ovarian carcinoma 

cell line; PB: Plasmonic bubble; PNBs: Plasmonic nano bubbles; PNPs: Plasmonics Nanoparticles; 

PEG: Polyethylene glycol; PVP-MPNS: Polyvinylpyrrolidone-stabilized magneto-plasmonic 

nanoshells; pDNA: Plasmid DNA; PTT: Photothermal therapy; RGCs: Retinal ganglion cells; RPE 

cell: Human retinal pigment epithelium cell; siRNA: Small interfering RNA; SP: Surface plasmon; 

SNA: Spherical Nucleic Acid; ZMTH3 cell: Adherent canine pleomorphic adenoma cell. 
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1. Introduction 

Investigations related to the subject of bubbles have been started with acoustic studies. Classical 

studies on acoustics gave an insight into the theoretical foundations of bubble dynamic physics in the 

17th century and then was succeeded by aeroballistics in the 18th century [1]. The study of bubble 

dynamics and the interaction of bubbles with materials gradually transpired from an inadvertent 

branch of physics to interdisciplinary sciences. In 1963, it was observed that the focused laser could 

also generate bubbles in a liquid medium [2]. Many experimental and theoretical studies were 

performed to understand the underlying mechanisms accurately. It was found that external sources of 

energies, either ultrasound or laser, are physically able to excite the liquids and produce a localized 

high pressure and consequently generate dissolved gas in liquids [3]. At the end of this process, 

bubbles can be created and then they collapse to generate a shock wave. 

Generally, there are three traditional methods for micro- and nano-bubble generation (Figure 1): (i) 

ultrasound irradiation to the liquids [4], (ii) focused continuous laser irradiation to the liquids, and 

(iii) continuous laser irradiation to the nanoparticles (NPs)-containing liquids [5, 6]. There is also a 

new method for bubble generation in which a pulsed laser is applied to a liquid medium containing 

plasmonic NPs (PNPs). In all cases, the generated bubbles (known as transient bubbles with short 

lifetime) are either in nano or micro size and finally collapse. In biomedicine, the control of bubble 

size and its mechanical effects are an essential dilemma for using them in precise applications. When 

an external source of energy is utilized for bubble generation, the locally deposited energy must be 

lower than the threshold of causing significant damage to the normal tissues. Therefore, all methods 

of bubble generation, mentioned above, possess their own advantages and disadvantages (as 

compared in Figure 1).  
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Figure 1. Three traditional methods for micro- and nano-bubble generation and their benefits: (1) 

ultrasound irradiation to the liquids, (2) focused continuous laser irradiation to the liquids, and (3) 

continuous laser irradiation to the nanoparticles-containing liquids. 

 

Acoustic methods induce micrometer bubbles with poor localized area of action. The bubble 

generated through the focused continuous laser may need high energy, damaging the healthy tissues. 

As an alternative, light-absorbing NPs, such as gold NPS (AuNPs), are preferably used with 

continuous laser to reduce the energy threshold and action area. On the other hand, it is now well-

known that the utilization of the pulsed laser instead of the continuous lasers decreases the needed 

doses of NPs and reduces the laser power threshold.  In this concept, the process of absorbing light 

by NPs occurs in the range of nano- or pico-seconds, not in a few seconds or minutes. Consequently, 

significant thermal side effects can be managed when a pulsed laser is utilized instead of continuous 

lasers.    
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In biomedicine, as stated earlier, the most critical challenge is to control the bubble size precisely. 

One of the best solutions for the confined bubble formation is to use the PNPs [7]. In this situation, 

the generated bubble is called as the plasmonic nano-bubble (PNB). The effects of the PNBs 

generated under the interaction of pulsed lasers with PNPs are predominantly mechanical and 

confined in the bubble area.     

When located in biological environments, PNBs play their own unique mechanical and optical roles 

(Figure 2). The collapse of a bubble can mechanically affect its surrounding area and such a 

capability can be used for local surgery, cancer cell destruction, transfection and cargo delivery [8]. 

Moreover, light scattering makes the bubbles suitable for disease imaging and diagnostic 

applications [9, 10]. The present review intends to summarize the principles of PNB formation and 

bio-applications of such a kind of bubbles (see also Figure 2 for more details). AuNPs, as the most 

frequently used agents for PNB generation, are at the focal point of this review article because of 

having unique optical properties and holding a great promise in various fields of biomedicine such as 

sensor fabrication, imaging modalities, and photothermal therapy (PTT) of cancer.  
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Figure 2. Interaction of AuNPs with short-pulsed laser, two mechanisms of PB formation, and the 

possible applications of PBs in cancer nanotechnology. 

 

2. AuNP as a PB generating agent 

It is well-known that AuNPs have unique plasmon resonance properties and may absorb the optical 

energy better than other metallic NPs. Plasmon frequency is related to the coherent electron motion 

in a confined area, so the geometry and size of AuNPs influence the plasmon frequency [11]. It is 

well-documented that each size of AuNPs has its own specific absorption spectrum. The maximum 

absorption of AuNPs with a diameter of 12-41 nm occurs at 520-530 nm [12]. Also, AuNPs are 

fabricated in various shapes and each shape has its own absorption profile. Interaction of pulsed laser 
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with AuNPs leads to the production of PNBs [13]. As stated above, AuNP has a high capability for 

optical energy absorption, making it possible to deposit a high level of energy per confined volume 

at a picosecond time scale, if AuNPs receive a suitable laser beam. After the interaction of AuNPs 

and pulsed laser, two processes are probable. In the first process, the local electric field may be 

strongly enhanced, causing the ionization of AuNPs. Then, as a consequence, the high energetic 

plasma would be generated in a confined area. The second process is related to the production of a 

hot point and transferring the energy to the surrounding lactic. These two processes may lead to PNB 

generation, as explained in Figure 2 [14, 15]. 

3. Plasmon-medium interaction 

The plasmon-medium interaction must be well understood to develop a precise application in 

biomedical sciences and technologies. In practice, this is an important issue to control the biomedical 

effects and achieve a unique purpose in biomedicine. When a short laser pulse irradiates AuNPs, 

they strongly absorb laser energy in a short time (~10
-12

 s) and convert it to heat rapidly due to non-

radiative relaxation phenomena [12]. In another possible process, the ionization and deionization 

occur due to a high local electric field, which highly increases the local area temperature. Figure 3 

schematically explains these two possible processes at a glance [16-18].  

 

Figure 3. The processes possibly occur right after the interaction of short-pulsed laser with PNPs, 

like AuNPs. I) interaction of short-pulsed laser with AuNP and generation of surface Plasmon, II-A) 

plasma-mediated heating, II-B) lattice transfer heating, III) the hot shock wave, and IV) cavitation.  
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3.1. Heat-mediated PB generation 

First of all, it is vital to understand the fundamental physics of the interaction between the pulsed 

laser with AuNPs and then the underlying physics of PB formation. In this context, it has been 

demonstrated that appropriate laser light (at the resonance frequency of AuNPs) firstly delivers its 

energy to the free electrons of AuNPs. Then, the absorbed energy is transferred to the lattice of 

AuNPs through electron-phonon interactions. Finally, every single AuNP dissipates its energy to the 

surroundings by thermal diffusion. It is known that such dissipation occurs in the picosecond to 

nanosecond if the nano-scale particles are used[19, 20].  

Bubble formation is quickly initiated if femtosecond and nanosecond lasers are utilized because 

energy delivery to metal and plasmonic materials is extremely short [21]. The laser-induced heat 

transfer process with no mass transfer between various kinds of PNPs and the surrounding medium 

has been modeled in many studies [22, 23]. Here, we review such a process for some typical PNPs. 

For spherical NPs, the maximum generated temperature can be calculated according to Eq. (1):  

     
        

   
(     (

     

      
 ))           

Eq. (1) 

Where T∞, I0, Qabs, tp, r0, K∞, C0 and ρ0 are the surrounding tissue temperature, radiation intensity, 

factor of absorption efficiency, duration of laser pulse, radius of NP, ambient medium thermal 

conductivity, medium-specific heat capacity and ambient medium density, respectively. Such a 

calculated temperature (T) can then be used to calculate the final size of the produced bubble [24, 

25]. 

Gold nanoshells (AuNS) are another fascinating and widely used nanostructures for PNBs 

generation. When AuNSs are used for PNB generation, it is possible to tune the NPs maximum 

absorption peak by adjusting the shell thickness. In the light of Eq. (1), it is possible to come up with 

a new equation (Eq. 2) to calculate the heat transfer of AuNSs and their interactions with the 

surrounding medium: 
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Eq. (2) 

Where Cc, ρc rc and Cs, ρs , rs  are the heat capacity, density and radius of core and shell in the AuNS 

structure. 

It is also possible to have the highest thermal energy by adjusting the laser pulse duration time [21, 

26]. As mentioned above, the shape and size of NPs affect their optical and thermal characteristics. 

For instance, if hollow gold nanoshells (HAuNS) are used, the PNBs generation threshold can be 

adjusted via controlling the NPs size, shape, and concentration, as well as plasmon resonance 

frequency [7]. Eq. (3) suggests the way to calculate the maximum temperature dissipated from 

HAuNS structures [27].  

     
 
 
                

 
 
             

 

 Eq. (3) 

Where ρw is the density of water and Cpw is the heat capacity of water. The ρ, Cp, t and R are the 

density and heat capacity of HAuNS, shell thickness and radius of HAuNS, respectively. TG is the 

Au shell maximum temperature, which induces thermal energy flow leading to the elevation of water 

temperature and a fall in core temperature until equalization between core-shell and water is attained.  

3.2. Plasma-mediated PB generation 

There are different ways of bubble generation around PNPs when ultrashort pulses of laser are used. 

The femtosecond pulses enormously enhance the electric fields around PNPs, leading to the 

induction of nonlinear absorption of photon energy inside the liquid resulting in plasma generation 

[28]. The plasma energy is rapidly diffused. Consequently, the pressure and temperature of liquid are 

quickly increased, leading to bubble generation around PNPs [16]. Plasma formation in liquid via 

quasi-free electron is described in two mechanisms; photoionization and collision (avalanche) 
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ionization. Photoionization refers to a phenomenon that is occurred when an electron gets excited by 

absorbing the photon energy and, consequently, a direct transition from the ground state to a quasi-

free state is occurred [29]. For plasma formation by collision (avalanche) ionization, lots of electrons 

in a transmission medium get highly accelerated by an electric field and collide with other atoms in 

the medium and subsequently ionize them.  

4. PB characteristics and affecting factors   

After understanding the mechanism and physics of PB generation, some challenges must be 

addressed so that the benefits of PB can be thoroughly translated into biomedical fields. Four main 

issues which must be explored are listed below [27, 30]: 

(1) How to control bubble lifetime? 

(2) The parameters which determine the maximum bubble size, 

(3) The threshold of laser fluence, 

(4) Optimum size and concentration of AuNPs for bubble formation. 

4.1. Bubble lifetime 

Many factors affect the bubble lifetime, such as the size of PNPs, the viscosity of the surrounding 

medium and the laser parameters. For example, there is a direct correlation between PNPs size and 

the heat accumulated in the vapor phase of the surrounding liquid, which results in more reduction of 

the surface tension and medium dynamic viscosity [13]. Such changes allow the initiation of bubble 

formation and expansion at a lower laser threshold. A bubble may be several micrometers in 

diameter, and considering the relation of the diameter and lifetime, it may have several microseconds 

of a lifetime. In a simple method, Eq. (4) is proposed to estimate the bubble lifetime for a continuous 

laser [31]: 
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                        Eq.  (4) 

Where P, K, R, T, D, γ and a
3
 are ambient pressure, Henry coefficient, gas constant, temperature, 

laser beam diameter, the surface tension of the liquid/gas interface and the volume of the PB, 

respectively.  

―Fluence‖ is also one of the most critical factors affecting the bubble lifetime [30]. The more laser 

fluence and the more optical energy penetrated into PNP, the more lifetime and the larger diameter 

[32, 33].  

4.2. Maximum bubble size 

Various methods have been proposed to calculate the radius of bubbles. Rayleigh-Plesset equation is 

useful for the rising bubble, but it has some limitations regarding the viscosity and tension effects. 

Recently, another new equation has been presented for a given PNP dispersed in water  [34], which 

is based on the Rayleigh-Plesset and it considers every medium-particle, bubble-particle and bubble-

medium thermo-interactions as a function of time: 

     (
 

  

      

        
|
   

  
|)                                    Eq. (5) 

Where R, T, M, P, Cs, C∞, f, Ca and ρa are gas constant, ambient temperature, the molecular mass of the 

gas, ambient pressure, gas solubility, gas saturation far away from the bubble, heat conversion 

efficiency, ambient specific heat capacity, and ambient density, respectively [34, 35].   

Figure 4. illustrates the bubble dimension regime in different processes of pulsed laser and PNPs 

interaction. Controlling the size of PNBs enables us to develop several theranostic applications, 

which will be discussed later. 
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Figure 4. Alteration of time and size of PNBs over a life span of every single bubble.  

 

4.3. Threshold of energy density 

Methods of measuring/calculating the threshold of energy density for bubble formation has been 

theoretically investigated in some studies [24]. Letfullin reported one of the first calculation methods 

to find threshold intensity for bubble generation as below [36]: 

     
     

      
 

Eq. (6)  

Where I, ρ, q, us and Kb represent threshold intensity for bubble formation, particle density, particle 

specific heat, the velocity of bubble rising, which is about the velocity of the acoustic wave in a 

liquid, and absorption efficiency, respectively. This calculation has clarified that the threshold energy 

density of ~ 40 mJ/cm
2
 is needed for bubble generation if small particles are used, while this amount 

is ~ 11 mJ/cm
2
 if a relatively large particle is used [36]. Some other studies have also shown that the 
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PNPs and laser properties have effective relations, affecting the bubble properties [37-40]. For more 

details, we prepared Table 1 summarizing the mentioned concept.  

Table 1. Effects of PNPs and laser properties on bubble properties. 

 

Abbreviations: NPs: Nanoparticles, HAuNS: Hollow Gold nanoshells, NI: Not informed  

 

4.4. NPs concentration and size 

To find out more about the effects of PNPs concentration, it is necessary to determine the optimum 

distance between PNPs in a single medium. By defining the optical radius, thermal diffusion length, 

and absorption cross-section for each particle, it is possible to predict the photon-PNP dynamic 

interactions and the optimum distance between PNPs. Eq. (7) has derived from Rayleigh–Plesset 

equation and can be used to obtain the interparticle distance [30, 42]: 

  √ 
              

      
        

Eq. (7) 

NPs 

shape 

NPs 

concentration  

(NPs/mL) 

NPs size 

(nm) 

Laser setup 

[λ (nm); t (ps);  

E (mJ/cm
2
)] 

Bubble  

Life span (ns) 

Max Size (µm) 

Ref 

HAuNS 1×10
9 

 10 

40 

[650-100; 28; 1-100] 100 

≤1 

[27] 

Sphere 1×10
11

 60 [532; 20-14000; 5] 40 

120 

[24] 

Sphere 2.6 × 10
10

 60 [355; 15; 5.2] 10 

0.4−0.9 

[20] 

Rod  4.2 × 10
11

 10 × 59 [1064;0.5; 458] NI 

1-5µm 

[10] 

Sphere 1.7× 10
8

 78 [800; 0.1-5;150-250] 0.1 – 100ns, 

0.8 –1 µm 

[15] 

Sphere 2.4 × 10
10

 60 [532; 70; 40] ≥ 200ns 

220µm 

[41] 

20-200ns 

470µm 
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where τgrowth, Tnuc, Psat(Tnuc), P∞ and ρ(T∞) are growth time, nucleation temperature, saturated vapor 

pressure at the nucleation temperature, ambient pressure, and density of water, respectively. Using 

the value of interparticle distance, it is possible to estimate the number of required NPs to have a 

given biomedical effect. For example, it is reported that 430 particles inside a MDA-MB-231 breast 

cancer cell are required to induce an effective PTT [43].  

On the other hand, to find optimum PNP size, the wavelength of scattering and absorption are 

commonly calculated by Mie theory. It has been suggested that the best size of AuNPs for 

biomedical applications falls into a range of 10-50 nm. In such a range, the scattering is less than 

absorption; hence, most of the photon energy would be absorbed, converted to heat, and finally 

considered as the bubble growing energy [36, 44, 45].  

5. Applications of PBs for cancer therapy  

5.1. In vitro studies 

The biomedical applications of PBs have been subjected to various studies due to their promising 

properties. Pitsillides et al. [46] showed that light-absorbing microparticles provide the opportunity 

to generate tunable microbubbles by optimization of laser fluence. They reported that the generated 

PBs disrupted cell membrane integrity and induced cell lethality. They also demonstrated that the 

conjugation of the microparticles with monoclonal anti-human CD8 mouse IgG restricted the 

lethality to CD8
+
 T lymphocytes, but not to CD8

-
 cells. In another study, immunoliposomes 

containing polyvinylpyrrolidone (PVP)-coated magneto-plasmonic nanoshells (PVP-MPNS) were 

utilized as cancer therapy agents. They reported that irradiating PVP-MPNS by Ar and 532 nm lasers 

induced 44.6 and 42.6 % apoptosis in BT-474 human breast carcinoma cell lines, respectively [47]. 

In another study, Chen et al. [48] reported fast and precise single cancer cell damage using gold 

nanorods (AuNRs) and laser pulse energy as low as ~70 pJ.  
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A number of comparative studies have been conducted to investigate the effect of particle size on 

treatment outcomes. One of these studies applied AuNPs with an average size of 30 nm and 

microparticles with an average size of 0.83 mm and evaluated their toxic effects on CD8
+
 cells. The 

authors used 20-ns laser pulses at 532 or 565 nm wavelengths and observed that the NPs were more 

lethal and exhibited 95% toxicity against cells compared to 80% toxicity induced by the 

microparticles. Moreover, they reported that the smaller particles induced lower off-target toxicity 

than the microparticles, stemming from the smaller damage range of the NPs compared to 

microparticles. They concluded that the size of NPs is critical for effective cancer treatment with the 

lowest side effect [46]. Researchers have also conducted several theoretical and experimental studies 

to compare the threshold needed for NPs of different sizes. They applied Mie theory and obtained 

threshold values of 8.4, 10.4, and 14.0 mJ/cm
2
 for particles with diameters of 50 nm, 118 nm, and 

200 nm, respectively. The authors reported that the calculated values were 4 times less than the 

experimental data, around 39 mJ/ cm
2
 [49]. Table 2 summarizes the in vitro studies conducted on 

AuNPs-mediated PBs as the cancer therapy projects.  

Table 2.  In vitro studies conducted on AuNPs-mediated PBs as the cancer therapy projects. 

NPs size 

(nm) 

Surface 

coating 

Targeting 

agent 

NPs 

concentration 

Cell line  Laser setup 

[λ (nm); t (ns); E 

(mJ/cm
2
)] 

Cell 

death (%) 

Ref 

20 BSA IgG  

anti-FITC 

antibody  

0.2 

(µg/mL) 

CD8
+
 

lymphocytes 

[532;20;200] 95 [46] 

40 - Goat 

antimouse IgG 
2.4 ×10

11
 

(NPs/mL) 

MDA-MB-231  [520; 8; 80] 95   [30] 

20 

 

mPEG- 

SH 

C225 Ab 

 

0.2-0.6×10
11 

(NPs/mL) 

 

A549 

Hep-2C 

[532;10;700] 

 

73 

93 

[38] 

60 

 

Doxil C225 Ab 

  

9×10
12

 (NP/mL) HN31 

NOM9 

[780;0.7;40] ≤80 [50] 

16  PVP-

MPNS, 

 

Herceptin  50 

 (µg/mL) 

  

BT-474 [532; 8;859] 

 

42.6  

cell apoptosis 

[47] 

60 - C225 Ab  

 

2.4 × 10
10

 

NPs/mL 

HNSCC  [532; 10
-3

; 40] ≥95 [41] 
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60 - Panitumumab 0.7 

(µg/mL) 

HN31  [782;0.03; 10–66 ] Clusters, 10–100-fold 

higher than single NPs 

 [51] 

Abbreviations: BSA: Bovine serum albumin; NPs: Nanoparticles; MDA-MB-231: Human breast adenocarcinoma cell; 

CD8
+
 lymphocytes: cytotoxic T lymphocytes; IgG: Immunoglobulin G; Ab: Antibody; FITC: fluorescein 

isothiocyanate; Hep-2C: EGF-positive carcinoma cell; A549: Lung adenocarcinoma cell; HNSCC: Head and neck 

squamous cell carcinoma; HN31: Head and neck squamous cell; NOM9: Immortalized normal human oral kerot-inocyte 

cell; BT-474: Human breast carcinoma cell lines (HER2-positive cells); PVP-MPNS: Polyvinylpyrrolidone-coated 

magneto-plasmonic nanoshells; C225: Anti-EGFR Antibody. Panitumumab: Anti- epidermal growth factor receptor 

antibody 

5.2. In vivo studies  

The combination of pulsed laser and NPs has been applied to destroy skin cancer tissue in vivo 

named as the ―laser-activated nano-thermolysis as a cell elimination technology (LANTCET)‖ [38]. 

In this technique, researchers applied the microbubbles generated by the interaction of short and 

ultrashort laser with NPs to detect and eliminate metastasis and residual tumor. They also reported a 

lifetime above 100 ns for the produced microbubbles. The PNBs have also been utilized to enhance 

the efficacy of cancer chemotherapy. Some reports show that the therapeutic efficacy of Doxil 

(liposome-encapsulated doxorubicin) increases from around 7 % to 90% against the head and neck 

squamous cell carcinoma (HNSCC) in the mouse if PNBs are utilized. In this way, a 20-fold 

reduction in the Doxil effective dose and 10-fold enhancement in the treatment efficacy using 

combinatorial therapy compared with chemotherapy alone have been achieved [52].  

In addition to conventional cancer therapies, PNBs can be applied to fulfill nanosurgery against 

microscopic residual diseases. It has been shown that the application of PNBs prevented the local 

recurrence, providing 100% elimination of tumor cells, and improving survival rate more than two-

fold [41, 51, 53, 54]. Shao et al. [55] prepared AuNRs-containing folate-conjugated chitosan/sodium 

alginate microcapsules as the photothermal cancer treatment agent. They applied an 808 nm NIR 

laser with the fluences of 1.88 J/cm
2
, 5.53 J/cm

2
, and 9.74 J/cm

2
 and observed that the vapor bubbles 

are generated around the excited capsule. In vivo results demonstrated that the fabricated structures 

could pass through the biological barriers and reach the tumor tissue due to the flexibility in structure 

and the conjugated folate. The findings showed that the generated microbubbles suppressed tumor 
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growth and improved PTT efficacy compared to single AuNRs [55-57]. Table 3 summarizes the in 

vivo studies conducted in this concept.  
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Table 3. Recent in vivo studies conducted on AuNPs-mediated bubbles in the field of cancer therapy. 

Significant tumor growth inhibition has been reported.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Abbreviation: IgG: Immunoglobulin G; C225 Ab: Anti-EGFR Antibody; HNSCC: Head and neck squamous cell 

carcinoma; Cy7: Cyanine 7; Cs: Chitosan; ALG: sodium alginate; Panitumumab: Anti- epidermal growth factor 

receptor antibody; RGCs: Retinal ganglion cells 

 

6. Imaging with PBs 

The application of bubbles as the ultrasonography contrast agent has been originated from the first 

observation of image contrast enhancement through hand-agitated saline in the 1960s. Microbubbles 

are currently used as contrast agents in radiology and echocardiography. Small numbers of 

microbubbles are detectable using an ultrasound system due to their unique acoustic properties 

originated from their density, compressibility, and harmonic oscillations. Various techniques have 

been developed for detecting the transient microbubbles in recent decades, including optical and 

acoustic methods. The optical method includes high-speed photography, scattering methods, dark-

NPs size 

(nm) 

Coating  Targeting 

agent 

Laser setup 

[λ (nm); t (ns); E 

(mJ/cm2)] 

Cell line 

/animal 

Ref 

30 mPEG-

SH 

Goat anti 

mouse IgG 

[532;10;750] Rats with 

pholymorphic 

sarcoma 

[38] 

20  - C225 Ab [780;0.07;40] HNSCC 

xenografted 

mice 

[50] 

 

60 - C225 Ab [532;0.001 ,40] 

 

HNSCC 

xenografted 

mice  

[41] 

54 

 

Cy7 Cs/ALG 

microcapsules 

[780;0.07;40] Mice bearing 

4T1 tumors 
[55] 

60 - Panitumumab  [782;0.03; 10–66] HNSCC 

xenografted 

mice 

[51] 

22 sodium 

silicate 

shell 

Folic acid [ 200;5; 20] 

 

mouse ear 

tissue 

[40] 

100 - siRNAs, 

FITC-dextran 

 

[800;10
-4

; 111, 

229] 

RGCs [58] 
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field and pump-probe techniques. Active and passive cavitation detections, and the Doppler method 

are categorized in the acoustic methods. As multifunctional and sophisticated contrast agents, 

AuNPs-mediated NBs also offer the additional targeted ability and precise control over the generated 

bubbles [59-61].  

Since the time scale of the bubble collapse is about a few nano- and micro-seconds, imaging 

techniques with frame rates of at least nano- and micro-seconds are required for monitoring the 

dynamics of microbubbles activated by pulsed laser [62, 63]. For the time-resolved photothermal 

imaging of the bubble, a pulse (less than bubble lifetime), or a broad laser beam is irradiated, then a 

charged-coupled device camera records the data [64]. Optical scattering phenomena provide imaging 

and monitoring of the PNB dynamics. Moreover, for the detection of transient PNBs with optical 

methods, some requirements need to be met. For instance, PNB lifetime must be longer than the 

pulsed illumination within a nano- and pico-second range and the optical pulse should have sufficient 

energy and precise synchronization of illuminating pulses with the PNB source [65].  

The acoustic methods, based on the photoacoustic physics, detect the pressure pulse generated during 

the generation and collapse of the bubbles. Generally, the acoustic methods are employed for the 

detection of PNBs in an opaque tissue. Moreover, these methods are low-cost since the optical 

source and sensors are not required. However, the signal-to-noise ratio and tissue penetration depth 

for photoacoustic imaging are limited. Using AuNPs, it is possible to improve the sensitivity by 

increasing the optical absorption and scattering. Table 4 summarizes the studies conducted on 

AuNPs-mediated bubbles in the field of cancer imagining. 

 

 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



23 
 

Table 4. Recent studies conducted on AuNPs-mediated bubbles in the field of cancer imaging. 

Successful tumor detection has been reported. 

Abbreviations: Caco-2: : Epithelial colorectal adenocarcinoma cells; A431: Epidermoid carcinoma cell line; MDA-

MB-231: Human breast adenocarcinoma cell; HN31: Head and neck squamous cell; HNSCC: Head and neck squamous 

cell carcinoma; A549: Lung adenocarcinoma cell; NI: Not informed. “A few” means <10 ns. 

 

7. Cargo delivery using PBs 

The microbubbles open a new window to the drug delivery area as smart systems, initiating with the 

collapse near the target site and the release of encapsulated drugs. They can also facilitate drug 

internalization into the target cells and overcome the dilemma of using high dose drugs due to poor 

cellular penetration. This method has been actually evaluated for the delivery of both drugs and 

genes [68, 69]. Figure 5 represents a schematic overview of PB in the field of cargo delivery [70-75].  

 

Ref 

Examined 

cell line 

Laser setup 

 [λ (nm); t (ns); 

E (mJ/cm
2
)] 

Bubble life 

time (ns) 

NPs 

concentration 

 

NPs 

size 

(nm) 

 

Wavelength 

(nm) 

Imaging  

modality  

[7] - [355; 120 ;43] 

[500; 120 ;43] 

[350; 120 ;43] 

150-350 - 44×16,

25×93,

10×45 

532 

575 

633 

Pump-probe 

scattering 

  [532;500;2200] 

[532;500;430] 

        [532;500;170] 

        [532;500;120] 

        [532;500;90] 

20 

40 

60 

80 

100 

 

[66] Caco-2 [535;400000;30] 

 

A few 20 

(µg/mL) 

25 535 

 

Pump-probe  

[26] A431 [780;15;250] A few 60 

(µg/mL) 

40-50 - Photoacoustic  

[29] MDA-MB-

231 

[800; 45×10
-6

;60-180] A few 8 

(µg/mL) 

100 590 

- 

Pump-probe 

dark field  

[51] HN31  [782;0.3;70] A few 0.7 

(g/mL) 

 

60 

- 

633 

Acoustic / 

scattering  

[41] HNSCC [532; NI;45] 20-70 2.4×10
10

 

(NPs/mL) 

60 633 Scattering 

[67] A549 [532,0.5;240]          44 0.9×10
11

 

(NPs/mL) 

50 690  

 633   

Pump-probe 

scattering 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



24 
 

 

Figure 5. Mechanism of PB-mediated cargo delivery. Nanoholes are generated because of the 

formation of NBs under interaction of short pulsed. The presence of nanoholes on cell membrane 

promotes the internalization of drugs or genes.  

 

For gene delivery applications, it is critical to deliver the highest concentration of the genomic 

materials, as well as to preserve the transfected cells. Ultrasound makes it possible to temporarily 

increase the permeability of cells and nucleus membranes to deliver the intended amount of 

DNA/RNA [49, 76, 77]. The application of PNBs can further increase the efficacy of transfection. 

The effectiveness of transfection can be reached 80-90% via controlling the particle size, density, 

and laser fluence. In a few studies, researchers utilized the combined effects of the interaction of 100 

nm AuNPs and 532 nm wavelength laser light as the transfection-enhancing method [77-82]. They 

reported transfection efficacy of ~75% for the transfection of plasmid DNA into individual 

mammalian cells. A comparative study reported that spherical AuNPs need 33% more energy and 

exhibit 61% less efficient than shell structured AuNPs, indicating that shell structured AuNPs have 
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higher promising potential for cargo delivery [83]. Table 5 summarizes the recent studies conducted 

on AuNPs-mediated bubbles in the field of cargo delivery.  

Table 5. Recent studies conducted on AuNPs-mediated bubbles in the field of cargo delivery. 

 

Abbreviations: HeLa cells: Immortalized human cervical cancer cells; HEK293T: Immortalized human embryonic 

kidney cells; siRNA: Small interfering RNA; OVCAR-3: Ovarian carcinoma cell line; AuNS: Au nanoshells; MDA-

MB-231: Human breast adenocarcinoma cell; FBS: Fetal bovine serum; ZMTH3: Adherent canine pleomorphic 

adenoma cell; FITC-dextran: Fluorescein isothiocyanate–dextran; pDNA: Plasmid DNA; AuNRs: Au nanorods. 

H1299 cell: Human non-small cell lung carcinoma cell; RPE cell: Human retinal pigment epithelium cell. 

 

8. Theranostic methods based on PBs   

Another fascinating application of PBs is in the field of theranostics. AuNPs are well-known 

theranostic agents due to their promising properties, as we recently reviewed elsewhere [87]. 

Moreover, the combination of transient PBs and PT properties of plasmonic NPs can be a vital 

component for developing new theranostic agents. AuNPs have their specific diagnostic and 

treatment possibilities, which can be integrated with contrast enhancement and drug delivery 

Cargo NPs size  

(nm) 

NPs 

concentration 

Laser setup 

[λ (nm); t (ns);  

E (mJ/cm2)] 

cell line Delivery  

efficiency Ref 

Dextran-

tetramethylrhod

amine, 

Calcein 

 

 118 

 

 300  

NP/cell 

[532; 6; 84] 

 

HeLa 58 

[49] 

[532; 6; 36] 

 

HEK293T 98 
 

  FITC-dextran 

EGFR 

30  4×10
3

 

NPs/cell   

[532;4;1500] OVCAR-3 70 
[76] 

Antibiotics, FBS 39/28shell 

 56/15shell 

 

 

6×10
8 

AuNS/cell 

[800;0.070;35] 

[800;0.070;20] 

 MDA-MB-

231 

100 

90 [84] 

FITC-dextran 

pDNA 

200 6.3 μg/cm2 [532;1;80] ZMTH3 68 

57 

  

[85] 

FITC-dextrans, 

siRNA 

70 8.2×10
7 

NP/mL 

[561;7; 2.04×10
3
] 

 

HeLa cells, 

H1299 cells 

≥90 

>80 

 
[86] 

Doxorubicin AuNRs: 

10×59 

 

4.19 × 10
11

 

(NR/mL) 

[1064;0.5; 458] RPE cells, 

Pig Eyes (Ex 

vivo) 

 

50 

[10] 
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opportunities of bubbles to develop more efficient theranostic methods. Moreover, the size, 

mechanical properties, and cargo delivery profile of PBs can be adjusted by controlling both AuNPs 

properties and laser setup. It has been shown that small size PBs with shorter lifetime fit better for 

precise diagnostic applications, while medium-size PBs with longer lifetime are more beneficial for 

the transfection and drug delivery applications. Finally, the biggest size PBs with the longest lifetime 

are optimal to induce mechanical cell damage and cancer cell destruction [88].  

Various studies were conducted to develop sophisticated theranostic agents based on taking 

advantage of AuNPs-mediated bubbles [40, 88-95]. Lukianova-Hleb et al. [14] reported a 50-fold 

amplification of the optical scattering amplitude, selective and fast damage to specific cells using the 

combination of 50 nm AuNPs and a 532 nm wavelength pulsed laser irradiation with the duration of 

0.5 ns.  In another study, Galanzha et al. [40] fabricated a 22 nm nanobubble spaser using 10 nm 

AuNPs with a fluorescent dye-doped silica shell conjugated with folic acid. They reported that the 

fabricated nanobubble spaser was a super-contrast, multimodal, and ultrafast cellular probe with a 

single-pulse nanosecond excitation, promising for various in vitro and in vivo biomedical 

applications.   

9. The clinical opportunities and challenges  

Various preclinical studies and clinical trials have been undergoing to evaluate the efficacy and 

safety of AuNPs-based therapies. For instance, the photothermal cancer therapy effects of silica-

AuNSs have recently been investigated and somehow are still being studied in various clinical trials 

(https://clinicaltrials.gov), like: 

 NCT00848042, (2008−2014); for refractory and/or recurrent tumors of the head and neck 

 NCT01679470, (2012−2014); for metastatic lung tumors 

 NCT02680535, (2016- present); for localized prostate tumors  

These clinical trials have been based on the i.v. injections of the NPs and their accumulation into the 

tumor site based on the passive targeting approach. The photothermal effects of silica-gold AuNSs 

have also been investigated in other clinical trials for other diseases, like atherosclerosis 
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(NCT01270139). Another clinical trial study in the field of AuNPs application in cancer therapy has 

been recently started in Northwestern University (NCT03020017), in which the Spherical Nucleic 

Acid (SNA) platform's safety and efficacy on recurrent glioblastoma multiforme or gliosarcoma are 

being investigated. The SNA platform consists of nucleic acids arranged on the surface of small 

spherical gold nanoparticles.  

The biggest challenge against the translation of PNBs into oncology clinics is the low penetration 

depth of laser light in human tissues, diminishing the general application of this technique in every 

kind of cancer. This is while the other alternatives for bubble generation in cancer cells can reach 

much deeper into tissues than laser light. For example, high-frequency ultrasound grants access to 

deep tissues with good resolution (100 µm lateral and less than 50 µm axial) [96]. However, AuNPs-

mediated bubbles induced by laser have shown promising results in the field of cancer therapy over 

the past two decades, which cannot be easily ignored. As a result, it is necessary to troubleshoot and 

address this technique's challenges, especially inaccessibility of deap-seated tumors when a laser is 

used.  

The first way to address the penetration depth limitation would be the use of NIR light (750 and 1700 

nm) to benefit the first (750 and 1000 nm) and the second (1000 and 1700 nm) biological windows, 

where the water absorption is minimal [97]. In this way, it would be more possible to deliver light 

energy to the NPs accumulated in the deep-seated tumors. Although NIR lasers would make the laser 

energy delivery to deeper tumors a little bit more possible, it still has limitations because depths 

deeper than 2 cm cannot be effectively exposed by such lasers [98]. Recent advances in optical fiber 

technology have led to the emergence of the laser-induced thermal therapy (LITT) technique [99]. It 

is worthy of mentioning this method takes advantage of an optical fiber housed inside a catheter 

sheath typically used to transmit the laser irradiation from the generator to the desired site in the 

body. This approach has eliminated the major portion of cancer photothermal therapy limitations and 

allowed access to deep-seated tumors. Moreover, it is possible to integrate LITT with the imaging 

modalities such as MRI, ultrasound, CT, and fluoroscopy to precisely locate the optical fiber in the 

intended location [100, 101]. 

In practice, LITT is a well-established method and is widely applied to treat various tumors such as 

gliomas, radiation necrosis, brain tumors, liver metastases, and head and neck cancers. A study 

conducted on 899 patients with malignant liver tumors treated with MRI–guided LITT over eight 

years showed that the LITT is safe as an outpatient procedure [102]. Another survey of 381 patients 

treated with MR-guided LITT resulted in the average survival times of 45.7, 42.7, and 32 months for 
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patients with liver metastasis, patients with colorectal liver metastases, and for HCC tumors, 

respectively [103]. The clinical applications of LITT for the treatment of various brain tumors have 

also been demonstrated. Schwarzmaier et al. [104] reported a significant median overall survival 

time for 16 patients treated with MRI–guided LITT procedure. Another study evaluated the safety 

and feasibility of MRI–guided LITT for treating patients suffering from resistant focal metastatic 

intracranial tumors. They reported the treatment of 15 metastatic tumors in 7 patients [105]. 

Rosenberg et al. [106] reported improving patients' long-term survival with pulmonary metastases of 

the different primary origins, including malignant melanoma colorectal carcinoma, breast carcinoma, 

renal cell carcinoma, sarcoma, and others. They reported significant elongation in the survival rates 

when an MRI–guided LITT treatment strategy was applied. These studies all confirm the LITT 

method's clinical applicability, in which laser light is sometimes delivered to deep-seated tumors. 

Having looked at promising results reported for such a laser based tumor therapy approach [107-

114], it sounds the serious limitations against laser-induced AuNPs-mediated bubbles (as mentioned 

above) can probably be addressed through taking advantages of optical fiber technology. In this way, 

the clinical application of AuNPs-mediated bubbles may literally be inflated and intracavity or 

intraluminal tumors can also be added to the list of accessible cancers.  

The long-term toxicity and the biological fate of the AuNPs within human body are the other 

concerning issues if the AuNPs-mediated PNBs is going to translate into the oncology clinics. 

Several studies confirmed the biocompatibility of AuNPs. Gad et al. conducted comprehensive 

studies evaluating the long-term toxicity of the i.v. injected AuNSs. They assessed the 

biodistribution/clearance of AuNSs in mice, the acute and chronic toxicity in Beagle dogs, and the 

acute toxicity in rats for time durations up to 404 days. They finally ended up reporting that the 

AuNSs are biocompatible, non-toxic, and well-tolerated [115]. In another study, the safety of AuNSs 

was evaluated in 22 patients with human prostate cancer and no significant toxicity, no significant 

immunogenicity, and acceptable tolerance for 6 months were finally reported as the results [116]. 

Despite these observations, further studies are required to better and more comprehensively address 

the long-term effects of the AuNPs inside the body. Controversial/contradictory results reported in 

different toxicological studies is another challenge against the use of AuNPs-mediated bubbles for 

cancer therapy, which arise from different test models and experiment parameters. Accordingly, 

developing universal test models is necessary to obtain comparable results and draw a decisive 

conclusion. Computational modeling and in silico techniques, such as quantitative structure-activity 

relationship (QSAR) [117-120] and artificial neural networks (ANNs) [121-124] approaches may be 

considered as the proper techniques to address such concerns.  
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10. Conclusion 

Nanotechnology and nanoscience offer innovative and promising possibilities to improve the current 

imaging and treatment modalities and eliminate their limitations. Microbubbles have exhibited 

valuable results in imaging and treatment applications while having some drawbacks, such as poor 

localized areas of action and difficulty in controlling their physical and mechanical properties. The 

bubbles generated through the focused continuous laser may need high energy, damaging the healthy 

tissues. Utilizing plasmonic NPs, such as AuNPs as the energy transferring agent, provides the 

ability to apply lower energy to form the bubbles. When we generate the AuNPs-mediated bubbles 

using a laser pulse, we need lower amout of NPs in comparison to the other nanotechnology-based 

diagnostic and treatment modalities. The AuNPs-mediated bubbles are multi-functional, tunable, and 

on-demand theranostic agents, which will not emerge in AuNPs-free tissues. The use of such bubbles 

provides good control over the bubbles physicomechanical properties and enough precision at the 

location of AuNPs. Also, we would be able to remotely control and activate the AuNPs by a laser 

pulse and dynamically tune with the energy of laser pulses. Moreover, it is possible to control the 

bubble's mechanical and optical properties by adjusting the AuNPs' characteristics. Through such an 

adjustment, minimum off-target destructive damage would be achievable. Today, we know that 

small size PBs with shorter lifetime are good tools for precise diagnostic applications, while 

medium-size PBs with longer lifetime are more beneficial for transfection and drug delivery 

applications. Moreover, the biggest size PBs with the longest lifetime are optimal to induce 

mechanical cell damage and cancer cell destruction. Certainly, targeting of the AuNPs with proper 

and cancer-specific biomarkers would enhance the diagnosis/therapy efficacy of AuNPs-mediated 

bubbles. Along with listing the beneficial advantages of AuNPs-mediated bubbles, it should be 

mentioned that there are still some sever challenges against the clinical translation of this technology, 
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as discussed in section 9, needing to be addressed well so as to accelerate the clinical translation 

process. 
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