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A technique to enhance the formation of micro-bubbles around nanoparticles is 

presented. Gold nanoparticle-doped phantoms are subjected to pulsed optical and 

ultrasound fields, resulting in bubble formation and collapse, and producing strong 

acoustic emissions. The applied ultrasound field allows for cavitation at lower laser 

fluencies than using light alone. The acoustic emission associated with bubble collapse 

well exceeds the direct photoacoustic response, and is used to image a nanoparticle-

doped region in a tissue phantom. The threshold fluence reduction afforded by ultrasound 

assisted cavitation, and the associated acoustic emission, make the technique well suited 

for nanoparticle-targeted biological imaging and tissue therapy. 
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Nanoparticle based photoacoustic and photothermal contrast agents have received 

widespread interest for both diagnostic and therapeutic applications [1-10]. Light 

absorbing nanoparticles are attractive for such applications because they can exhibit large 

optical absorption cross-sections when excited with optical radiation in the surface 

plasmon absorption band, resulting in efficient and localized heating [2].  In addition, 

nanoparticles can be conjugated with antibodies or proteins to target specific biomarkers, 

opening up the possibility of molecular photoacoustic imaging or selective thermal 

therapy [11]. Nanoparticles used as contrast agents include gold nanospheres [1-5], 

nanocages [6], nanoshells [7] and nanorods [8], carbon nanotubes [9], and gold coated 

carbon nanotubes [10].  

 

Transient illumination of light absorbing nanoparticles using pulsed laser sources can 

produce rapid and highly localized heating. If a particle absorbs a sufficient amount of 

laser energy, then vaporization of a layer of liquid blanketing the particle ensues and the 

bubble goes through an expansion phase followed by cooling and collapse [12], a process 

otherwise known as inertial cavitation [13]. Laser induced cavitation is accompanied by 

an intense acoustic emission potentially enabling, for example, improvements in the 

sensitivity of photoacoustic imaging of nanoparticles or the depth within scattering media 

at which they can be detected. In addition, the mechanical shock and high pressures 

associated with bubble collapse have been shown to be a primary source of cell damage 

in pulsed laser based photothermal therapy or nanothermolysis [5, 12]. The threshold 

fluence for micro-bubble formation depends on nanoparticle type and dimensions, as well 

as the laser wavelength. Typically values for nanoparticles used for biological 
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applications range from ~300 mJ/cm2 (40 nm diameter gold nanoparticle excited at 532 

nm) to ~3.8 mJ/cm2 (11 nm x 99 nm gold coated nanotubes excited at 850 nm) [10].   

 

The threshold laser fluence for nanoparticle targeted bubble formation can be reduced if 

the nanoparticles are simultaneously subjected to an ultrasound field, and the laser pulse 

is timed to illuminate the nanoparticles during the rarefaction phase of the ultrasound [14, 

15]. Moreover, the resulting cavity expansion is dramatically increased, resulting in 

greater collapse energy and more intense acoustic emissions.  In this Letter, we 

demonstrate ultrasound assisted gold nanosphere seeded cavitation at laser fluencies well 

below those previously reported for similar structures. The ultrasound signal associated 

with bubble collapse exceeds the direct photoacoustic response, and is used to image a 

nanoparticle-doped region in a tissue phantom.  

 

A schematic of the experimental set-up is shown in Figure 1. The nanoparticle doped 

polyacrylamide gel samples were placed in a test tank filled with degassed water. A 

pulsed laser source (Continuum, Minilite-10) with a pulse width of 10 ns and operating at 

a wavelength of 532 nm was used to illuminate the target. The beam size (full width at 

half maximum) was 2.38 mm. The laser energy was controlled using a variable 

attenuator, which was calibrated to provide the pulse energy at the target. The target was 

insonified using a 1.1 MHz single- element, high intensity focused ultrasound (HIFU) 

transducer (Sonic Concepts, H101) with a focal length of 63 mm and an ellipsoidal focal 

region of diameter 2 mm and length 19 mm (6 dB). The pressure output of the HIFU 

transducer was calibrated in water using a membrane hydrophone (Precision Acoustics). 
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The transducer was driven by a 3-cycle sinusoidal pulse generated by a function 

generator and power amplifier, combined with an impedance matching circuit. The 

photoacoustic signals generated at the target were detected using a 15 MHz focused 

broadband transducer (Olympus NDT, V313) with a focal length of 19 mm. The detected 

signals were amplified by 40 dB and recorded on an oscilloscope. A digital high pass 

filter at 5.0 MHz was then applied to the signals to isolate the photoacoustic response 

from the scattered HIFU drive signal. The laser, HIFU transducer, and detection 

transducer were co-aligned using a 2 mm diameter ball bearing as an alignment target. 

The target was positioned in the central region of the laser beam and the transducers were 

positioned by optimizing the pulse-echo response. 

 

Polyacrylamide gel spheres doped with 80 nm diameter gold nanospheres (British Biocell 

International) were fabricated with diameters ranging from 530-670 µm. The spheres 

were fabricated using a syringe to drop beads of gel into light oil, where they were 

allowed to cure. After removal from the oil, the spheres were inspected and sized using 

an optical microscope. The nanoparticle concentration within the spheres was 

approximately 109 particles per ml. An image of a typical sphere is included in Fig.1. The 

spheres were embedded in a clear polyacrylamide gel matrix, which was fabricated on a 

small rod allowing for positioning of the phantoms within the test tank using computer 

controlled micrometer stages. Prior to each experiment, the doped sphere was positioned 

within the focal region of the transducers by monitoring the photoacoustic response while 

irradiating the spheres with a fluence of 25.3 mJ/cm2. A delay circuit was used to fire the 

laser pulse 42.50 ±0.02 µs after the HIFU transducer, corresponding to the time when the 
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last rarefaction cycle arrived at the target at the time of illumination. The target size was 

on the order of half of the HIFU wavelength such that the majority of the target was 

under rarefaction at the time when the laser pulse was fired. The last refraction cycle was 

selected in order to subject the bubbles, once formed, to a single rarefaction cycle and 

prevent bubble rebound and multiple growth-collapse events.   

 

The photoacoustic signal detected from a 550 µm doped sphere at a fluence of 11.4 

mJ/cm2 and in the absence of ultrasound is shown in Fig. 2(a). The top signal, which is 

offset by 15 mV, shows a single shot of raw data. The photoacoustic signal is obscured 

by the noise in the system. The bottom signal shows the response after 500 time-domain 

signal averages. The peak amplitude of the signal is 6.8 mV. Figure 2(b) shows raw 

single-shot signals received from the same sample under identical illumination 

conditions, but also subjected to ultrasound pulses with peak negative pressures of 1.5 

(top signal offset by 225 mV) and 1.0 MPa. A strong acoustic response is observed in 

both traces at 13.1 µs, approximately 0.55 µs after the photoacoustic response seen in 

Fig. 2(a). The signal is due to the expansion and subsequent driven inertial collapse of 

micro-bubbles formed in the sphere, the latter of which occurs during the compression 

phase of the ultrasound field. The inertial collapse emissions have peak amplitudes of 190 

mV and 140 mV for driving pressures of 1.5 and 1.0 MPa, respectively. The bubble 

collapse signals have substantially higher amplitudes than the corresponding 

photoacoustic signals, and enable single-shot detection of the nanoparticle-doped region.  

 

The peak amplitudes of the inertial collapse signals and photoacoustic signal observed as 
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a function of laser fluence are shown in Fig. 2(c). The plot consists of pooled data 

obtained from three different nanoparticle doped spheres of diameter 530, 550 and 670 

µm. The inertial collapse signal was not observed on every laser shot in the low fluence 

regime. The inset in Fig. 2(c) gives the probability of inertial collapse event as a function 

of laser fluence. The threshold peak signal amplitude for definition of an inertial collapse 

event was taken to be 50 mV. The amplitude data shown in Fig. 2(c) for ultrasound 

pressures of 1.0 and 1.5 MPa include only measurements where such a collapse event 

was detected. The error bars indicate the standard deviation of the measurement. The data 

indicates that the inertial collapse amplitude is primarily dictated by the applied 

ultrasound field rather than the laser fluence, and that the amplitude shows relatively 

large fluctuations about the mean, particularly at the larger peak negative pressure 

amplitude. No inertial collapse signal was observed below a fluence of 4.2 mJ/cm2 for 

either sound pressure, while the all laser pulses produced inertial collapse signals above 

13.1 mJ/cm2.  The stochastic behaviour observed between these two values is thought to 

be due to spatial or temporal fluctuations in the laser pulse and jitter in the timing of the 

pulse with respect to the ultrasound field, either of which could potentially lead to 

random transitions across the cavitation threshold.  

 

The ability to use the inertial collapse signal for imaging was also demonstrated. The 

nanoparticle doped sphere phantom was scanned across the zone where the laser and 

transducer foci overlapped in steps of 50 µm. At each position, ten A-scans were taken, 

and the peak value of the photoacoustic or inertial collapse signal from each waveform 

was selected from a ±0.6 µs time window of where the respective arrival was expected to 
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occur. The overall maximum amplitude signal was then used for imaging. This signal 

processing approach was used to reduce the amplitude scatter of the inertial collapse 

signals. Such maximum amplitude projection images of nanoparticle doped regions are 

shown in Fig.3, in which the peak signal observed from each set of A-scans is plotted as a 

function of position. Figure 3(a-b) show photoacoustic images of nanoparticle doped 

spheres at fluencies of 22.6 mJ/cm2 (Fig. 3(a)) and 11.4 mJ/cm2 (Fig. 3(b)). Note that for 

the smaller laser fluence the signal is below the noise level for the system. Figure 3(c-d) 

show images generated from the inertial collapse emissions generated in the same 

samples under the same laser fluences with the application of ultrasound with a peak 

negative pressure of 1.5 MPa. The application of the applied field results in dramatic 

improvement in our ability to detect the presence of nanoparticles in the phantom. It is 

noted that inertial collapse emissions were only observed in the presence of both 

ultrasound and laser fields under these experimental conditions.   

 

In summary, this letter describes a technique for producing targeted cavitation at light 

absorbing nanoparticles through simultaneous excitation by pulsed optical and ultrasound 

fields. When combined with more efficient photothermal contrast agents, such as gold 

nanorods, ultrasound assisted cavitation may be suitable for therapeutic and imaging 

applications at depth in biological tissue.   
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FIGURE CAPTIONS 

 

Fig. 1. Experimental setup. The following abbreviations are used: IMB- impedance 

matching box; FLS- flashlamp sync; PBS- polarizing beamsplitter; and PD- 

photodetector. 

  

Fig. 2. (a) Single shot (top) and averaged (500x) photoacoustic signals generated at a 

fluence of 11.4 mJ/cm2. (b) Single shot inertial collapse signals generated at the same 

fluence as (a) but with 1.0 and 1.5 MPa ultrasound fields. (c) Peak amplitudes of inertial 

collapse signals and photoacoustic (PA) signals generated as a function of laser fluence. 

The inset shows the probability of detecting an inertial collapse event. 

 

Fig. 3.  Images of nanoparticle doped spheres generated from the photoacoustic response 

to a laser fluence of (a) 22.6 mJ/cm2 and (b) 11.4 mJ/cm2. Images created using the 

inertial collapse signals with an applied 1.5 MPa ultrasound field are shown in (c) for a 

laser fluence of 22.6 mJ/cm2 and (d) for 11.4 mJ/cm2. The sphere diameters were 530 µm 

(a,c) and 550 µm (b,d). 
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Figure 1 
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Figure 2 

 

 



13 
 

Figure 3. 

 

 

 


