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Abstract

Microbubbles bearing plasmonic nanoparticles on their surface provide contrast enhancement for 

both photoacoustic and ultrasound imaging. In this work, the responses of microbubbles with 

surface-bound gold nanorods – termed AuMBs – to nanosecond pulsed laser excitation were 

studied using high-speed microscopy, photoacoustic imaging, and numerical modeling. In 

response to laser fluences below 5 mJ cm−2, AuMBs produce weak photoacoustic emissions and 

exhibit negligible microbubble wall motion. However, in reponse to fluences above 5 mJ cm−2, 

AuMBs undergo dramatically increased thermal expansion and emit nonlinear photoacoustic 

waves of over 10-fold greater amplitude than would be expected from freely dispersed gold 

nanorods. Numerical modeling suggests that AuMB photoacoustic responses to low laser fluences 

result from conductive heat transfer from the surface-bound nanorods to the microbubble gas core, 

whereas at higher fluences, explosive boiling may occur at the nanorod surface, producing vapor 

nanobubbles that contribute to rapid AuMB expansion. The results of this study indicate that 

AuMBs are capable of producing acoustic emissions of significantly higher amplitude than those 

produced by conventional sources of photoacoustic contrast. In vivo imaging performance of 

AuMBs in a murine kidney model suggests that AuMBs may be an effective alternative to existing 

contrast agents for non-invasive photoacoustic and ultrasound imaging applications.
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Microbubbles with gold nanorods on their surface exhibit different behaviors when exposed to low 

and high pulsed laser energy. In response to low energy excitation, the microbubble undergoes 

nanometer radial oscillations, while in response to higher laser energies, vapor nanobubble 

formation on the microbubble surface drives rapid microscale expansion. We demonstrate that 

these agents provide contrast enhancement for both ultrasound and photoacoustic imaging in vivo.
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1. Introduction

Photoacoustic imaging is a noninvasive imaging technique that provides high contrast 

images of optical absorption within living tissue.[1] Photoacoustic signals arise from the 

conversion of absorbed optical energy to heat, causing transient thermoelastic expansion and 

subsequent wideband ultrasonic emission.[2,3] While first explored for the detection of 

endogenous sources of optical contrast (e.g. hemoglobin, melanin), photoacoustic imaging 

has been extended to molecular imaging applications through the use of exogenous contrast 

agents, such as dyes and nanoparticles.[4–9] In particular, plasmonic metal nanoparticles 

exhibit optical absorption cross-sections that are orders of magnitudes higher than those of 

endogenous tissue chromophores and are effective molecular imaging agents when 

functionalized with moieties targeted to specific molecules.[6,8,10–12]

The sensitivity, specificity, and imaging depth of photoacoustics are limited by the 

efficiency with which optical absorbers convert light energy to sound.[1] The origin of 

biomedical photoacoustic signals has historically been restricted to photothermal expansion 

of liquid or solid materials that possess relatively small coefficients of thermal expansion. 

The acoustic transients produced by these materials are weak, which significantly limits the 

signal-to-noise ratio (SNR) and penetration depth of in vivo photoacoustic imaging.[1,9,13] 

While the introduction of plasmonic nanoparticles has enhanced the sensitivity of 

photoacoustic imaging on account of their greatly increased optical absorption, their 

photoacoustic emissions are still derived from thermoelastic expansion, which 

fundamentally limits the magnitude of the photoacoustic transient.[14,15] However, new 

classes of photoacoustic contrast agents that utilize vaporization and gaseous expansion for 

photoacoustic signal generation have recently demonstrated photoacoustic emissions several 

orders of magnitude greater than those typically encountered in biomedical photoacoustic 

imaging.[14–17] Furthermore, some formulations of these new contrast agents enhance 

photoacoustic emissions at laser fluences below the current safety limits for laser irradiation, 

thereby enabling optically-guided, deep tissue therapy and imaging.[14,15,18,19]
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Photoacoustic signal generation via gaseous expansion is achieved by using either a liquid 

perfluorocarbon precursor that vaporizes upon laser excitation or a preformed gaseous 

microbubble.[14–18,20–24] Preformed microbubbles bearing gold nanoparticles on their 

surface produce significant photoacoustic signal enhancement when compared to freely 

dispersed gold nanoparticles.[18,21] These agents are referred to as AuMBs, and unlike 

phase-change perfluorocarbon nanodroplets, increased pressures are not derived from the 

vaporization of a liquid perfluorocarbon precursor.[14–17] The exact mechanisms underlying 

photoacoustic signal enhancement from AuMBs are not well characterized. However, Dove 

et al recently demonstrated that, for AuMBs bearing 5 nm diameter gold nanospheres on 

their surface, heat transfer from the nanospheres to the gaseous core induces AuMB 

oscillations that enhance the photoacoustic response by approximately 8-fold relative to 

freely dispersed gold nanospheres.[22,25]

In this work, we propose two additional mechanisms for the photoacoustic enhancement 

observed from AuMBs and describe a fluence-dependent nonlinear behavior that has not 

been previously reported. High-speed video microscopy and numerical modelling results 

support the findings of Dove et al: specifically, we find that AuMB photoacoustic responses 

resulting from small increases in nanoparticle temperature are driven by conductive heat 

transfer from the nanoparticles to the AuMB gas core.[18,22] However, we empirically 

observed that when the gold nanoparticles are heated to higher temperatures, AuMBs exhibit 

radial expansion dynamics that scale nonlinearly with laser fluence. In this nonlinear regime, 

conductive heat transfer cannot confer enough energy to the gaseous core to account for the 

up to 3-fold increase in AuMB radius that was observed experimentally. Rather, these 

results suggest that AuMB expansion in response to high laser fluence is driven by vapor-

bubble formation on the gold nanoparticle surface and rapid mass-transfer from the vapor 

bubbles to the expanding AuMB.[26–30] Indeed, altered heat-transfer dynamics at the 

nanoparticlemicrobubble interface may promote nanobubble formation at lower fluence than 

is typically required for homogeneous nucleation of vapor bubbles, thereby enabling high-

SNR, vaporization-based photoacoustic imaging at safe laser fluence.[15,19,29–32]

2. Results

2.1. Synthesis and Characterization of AuMBs

Microbubbles were comprised of 1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC) and 

1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N- [PDP (polyethylene glycol) - 2000] 

(PDP-PEG2000-DSPE) lipid with a decafluorobutane (DFB) gas core. The presence of the 

PDP group enabled direct gold-thiol linkage of AuNRs to the surface of the microbubble, as 

depicted in Figure 1a.[33] After overnight incubation with AuNRs, the microbubble 

suspension turned from opaque white to dark brown, indicating a change in optical 

absorption (Figure 1b). Following a series of wash-steps to remove unbound AuNRs, an 

estimated 4300 ± 710 AuNRs were associated with each microbubble, corresponding to a 

loading efficiency of 19 ± 3% (see Supporting Information, Figure S1). Direct binding of 

AuNRs to the microbubble surface was confirmed by transmission electron microscopy 

(TEM, Figure 1c). AuNRs associated with the microbubble shell as both single AuNRs and 

AuNR aggregates of varying size and orientation. AuMBs exhibited a statistically 
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significant red-shift in peak absorbance from 749.0 ± 1.9 nm to 757.5 ± 3.1 nm, which may 

be the result of refractive index change related to the lipid shell or plasmonic coupling 

between AuNRs (n = 6, p < 0.05, Figure 1e).[34,35] Notably, far fewer AuNRs associated 

with microbubbles lacking PDP on their surface, suggesting that the presence of PDP was 

required for association of the AuNRs with the microbubble shell (Figure 1d). The surface 

zeta-potentials for the AuNRs and microbubbles were 0.10 ± 0.51 and −0.35 ± 0.83 mV, 

respectively, ruling out a strong electrostatic coupling mechanism.

2.2. AuMB Responses to Nanosecond Pulsed Laser Excitation

AuMB responses to single 5-ns laser pulses were recorded by high-speed photography and 

photoacoustic emissions were simultaneously measured by a focused 10 MHz ultrasound 

transducer. Two distinct behaviors were observed that were dependent upon the laser 

fluence. Below approximately 5 mJ cm−2, no microbubble wall motion was observable in 

the microscopy images, although low amplitude photoacoustic emissions were detected.[22] 

However, above 5 mJ cm−2, single AuMBs rapidly expanded and contracted, producing 

strong photoacoustic responses.

Figure 2a,d,g show 1-D streak camera images and temporally registered 2-D snap-shots of 

single AuMB responses to 20, 10, and 5 mJ cm−2 laser fluences, respectively. Each AuMB 

radial response is marked by a rapid expansion and contraction, although some AuMBs 

(Figure 2a,d) exhibited a prolonged compressional phase relative to their initial rate of 

expansion. Rapid AuMB expansion following laser excitation was observed more frequently 

at higher fluences and resulted in higher AuMB wall velocities and larger amplitude 

photoacoustic waves. High-speed video recordings of AuMB responses to single laser pulses 

are provided in Supplementary Movies 1-4.

Radius-time and wall-velocity curves for each AuMB are presented in Figure 2b,e,h, and the 

measured photoacoustic emissions are presented in Figure 2c,f,i. As shown by the radius-

time and velocity curves, peak AuMB wall velocities occur within the first 50 ns following 

the laser pulse or upon AuMB compression. According to potential flow theory, the acoustic 

pressure emitted by an oscillating bubble may be expressed as a function of its velocity 

potential:[25]

(1)

(2)

where φ is the velocity potential, ρw is the density of water, R(t),  and  are the 

bubble radius and its time derivatives, and r is the recording distance.[25] The calculated 

acoustic response for each bubble is presented by red waveforms in Figure 2c,f,i. The 

agreement between the measured and calculated acoustic signals suggests that the acoustic 

emission may be accurately described by potential flow theory, even though AuMB 

expansion was triggered by rapid heat deposition on the AuMB surface rather than an 

externally applied pressure source.[25,36]
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AuMB radial dynamics were investigated further for fluences of 5, 10, and 20 mJ cm−2. 

Similar to vapor bubble formation around plasmonic nanoparticles, the average relative 

radial expansion,  (Figure 3a), bubble expansion lifetime (Figure 3b), and wall 

velocities increased with increasing laser fluence.[26,36–38] A strong positive correlation 

between peak wall velocity and  was also observed (r2=0.71, Figure 3e), while the 

AuMB initial radius did not appear to impact AuMB wall velocities (data not shown). 

Notably, in all cases, the AuMB remained intact following laser irradiation, however, on 

average, the final AuMB radius decreased following laser exposure in a fluence-dependent 

manner (Figure 3d).[22] Also, as predicted by Equations 2 and 3, a positive correlation was 

observed between the measured photoacoustic signal amplitude and the microbubble wall 

velocity (r2 = 0.63, Figure 3f).[25,26,39]

2.3. Photoacoustic Emission from AuMBs

Individual AuMBs and freely dispersed AuNRs (1×1013 AuNR/ml, OD = 10) were exposed 

to 5 ns duration laser pulses at fluences between 0.1 and 50 mJ cm−2, and the peak-to-peak 

amplitude of the photoacoustic signal as a function of fluence was recorded (Figure 4a). This 

concentration of freely dispersed AuNRs was chosen for comparison with single AuMBs 

because approximately 3000 – 6000 AuNRs were contained in the optical focus of the 100X 

objective, which is comparable to the number of AuNRs on a single AuMB. Below 

approximately 5 mJ cm−2, both AuMBs and freely dispersed AuNRs behave as linear 

photoacoustic contrast agents, which produce a pressure rise, p0, in response to pulsed laser 

excitation: , where β(T) is the thermal coefficient of volumetric 

expansion, ΔT is the local temperature increase, κ is the isothermal compressibility, Γ is the 

dimensionless Grünesien parameter of the surrounding medium, μα is the absorption 

coefficient of the nanoparticle, and Φ is the laser fluence.[1,28,39,40] For fluences up to 

approximately 5 mJ cm−2, the photoacoustic signal from single AuMBs scales linearly with 

increasing fluence and is 5.4 ± 0.6 fold greater than the signal recorded from the freely 

dispersed AuNRs (Figure 4a, inset). However, above 5 mJ cm−2, the photoacoustic 

amplitude scales nonlinearly with increasing laser fluence due to rapid AuMB expansion, as 

described in Section 2.2.[26,38,39,41,42] At these increased fluences, the relationship between 

fluence and photoacoustic amplitude is best described by a nonlinear power law relation, y = 

axk, with k = 3.1. As a result of this nonlinear relationship, the median photoacoustic 

amplitude at 20 mJ cm−2 is 5.8-fold higher than would be expected if photoacoustic 

amplitudes continued to scale linearly with fluence above 5 mJ cm−2.

In addition, the threshold fluence for homogenous nucleation of vapor nanobubbles on the 

surfaces of AuNRs was studied. The presence of nanobubble formation within the optical 

focal region was determined based on the magnitude of the acoustic emission detected from 

this region (Figure S3). The homogeneous nucleation threshold fluence is defined as the 

fluence at which nanobubble formation occurs 50% of the time.[41] The probability of 

nanobubble formation as a function of fluence for single AuMBs and freely dispersed 

AuNRs is shown in Figure 4b. Association of the AuNRs on the AuMB surface reduced the 
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fluence threshold for nanobubble formation from approximately 42 mJ cm−2 to 8 mJ cm−2, 

consistent with the results of previous studies on aggregated plasmonic 

nanoparticles.[26,28,38,43]

Finally, photoacoustic signals were recorded for single AuMBs exposed to multiple laser 

pulses at fluences of 1, 5, 10, and 20 mJ cm−2 (Figure 2c). The photoacoustic signal of 

AuMBs exposed to fluences up to 5 mJ cm−2 are relatively stable, but photoacoustic signal 

enhancement only persists for 1 to 2 laser pulses above 5 mJ cm−2 due to permanent 

photothermal conversion of AuNRs to gold nanospheres.[44,45] Notably, while the 

photoacoustic signal decayed rapidly over multiple pulses at high fluence, the AuMBs 

persisted as intact microbubbles, although with substantially decreased optical absorption at 

750 nm and with a decreased radius following laser excitation (Figure 3d).

2.4. Thermal Analysis at the AuMB Surface

The enhanced photoacoustic signal produced by AuMBs and the transition to a nonlinear 

relationship between laser fluence and photoacoustic amplitudes is hypothesized to result 

from both thermal-field overlap between closely-spaced AuNRs on the AuMB surface and 

modified heat transfer dynamics in the vicinity of the liquid-gas interface. The effect of 

thermal field overlap and plasmonic nanoparticle aggregation has been considered 

previously.[26,32,46] To determine the impact of the liquid-gas interface, a 3D finite-element 

model was developed to study the thermal effects of coupling a single AuNR to the 

microbubble shell.[39,47,48] Given the small length scales involved, the primary mode of heat 

transfer between the AuNR, water, and the gas core is conduction. This may be verified by 

consideration of the Grashof number ( ) for this system, which indicates that 

viscous forces dominate buoyant forces at these dimensions.[29,49] The model geometry and 

representative two-dimensional heat transfer results from a single plane in the 3D model are 

shown in Figure 5a, while derivation of the model may be found in the Supporting 

Information.

In the simulations, a Gaussian-shaped laser pulse with 5 ns duration (FWHM) was applied to 

a single AuNR placed at varying distances, d, from the liquid-gas interface. The laser pulse 

was centered at 7 ns, and thermal profiles of the AuNR, water, and gas core at varying 

timesteps are shown in Figure 5b. For an AuNR placed 10 nm from the liquid-gas interface, 

peak AuNR temperatures occur at approximately 7 ns, while peak gas temperatures occur at 

8.5 ns. The effect of increasing the laser fluence applied to an AuNR placed 10 nm from the 

liquid-gas interface is shown in Figure 5c. As shown, water temperatures in between the gas 

and AuNR are between 8-12% higher than water temperatures on the opposite side of the 

AuNR on account of reduce heat transfer into the gas core. Note that water temperatures 

begin to reach temperatures (80% · Tc) that could result in homogenous nucleation of vapor 

nanobubbles at fluences above 7.5 mJ cm−2.[26–31,37,50,51]

The effect of increasing the distance of the AuNR from the liquid-gas interface is shown in 

Figure 5d. The AuNR reaches significantly higher temperatures when placed closer to 

interface (16% higher at d=5 nm vs d=50 nm), which translates to increased heat transfer 

into the microbubble core and increased probability of water vaporization at reduced laser 
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fluence. At distances above approximately 30 nm, thermal interactions between the AuNR 

and the gas core are significantly reduced.[42] Given the lengths of the lipid monolayer and 

PEG-2000 spacer, the AuNRs on the AuMBs used in the experimental studies are 

approximately 5 – 15 nm from the liquid-gas interface, depending on whether PEG-2000 

exists in the brush-like or mushroom-like conformation.[52,53]

The heat transfer simulations were used to estimate the total amount of energy transferred 

from the AuNR into the gas core. If the gas core is assumed to heat homogenously such that 

its time-varying temperature may be written as Tg(t) and the effects of mass transfer and 

vapor pressure are assumed to be negligible, then AuMB radial wall motions may be 

estimated by the modified Rayleigh-Plesset equation:[25,54–56]

(3)

where the time-varying gas pressure is given by . A 

description of the parameters and their values is presented in the Supporting 

Information.[57,58] The total heat transferred from the AuNR into the AuMB was computed 

at each time step of the heat transfer simulations in order to estimate Tg(t). The simulated 

gas temperatures and radial perturbations of two AuMBs containing 5000 AuNRs on their 

respective surfaces are presented in Figure 5e. Regardless of AuMB size, the peak gas 

temperature is reached at approximately 8.5 ns and decays to T0 over the next 200 ns. The 4 

μm diameter AuMB exhibits lower amplitude radial oscillations than the 2 μm diameter 

AuMB on account of its gas core reaching lower temperatures. Furthermore, the AuMBs 

oscillate at different frequencies, as is expected based on the difference in their resonance 

frequencies.[22,56] Finally, a compilation of simulation results at varying fluence and AuMB 

radii is shown in Figure 5f. As discussed, the AuMBs oscillate according to their resonance 

frequency (fR), and maximum radial excursions (ΔR) approach 100 nm for a 2.5 μm 

diameter AuMB exposed to 10 mJ cm−2 laser fluence. The simulation results are in good 

agreement with the experimental results of Dove et al, who measured up to 10 nm for 

AuMBs coated with weakly-absorbing 5 - 7 nm diameter gold nanospheres at low laser 

fluence.[22]

2.5 In vitro Multi-modality Imaging of AuMBs

In vitro photoacoustic and ultrasound pulse inversion imaging performance was assessed by 

placing AuMBs (10×106 per ml), freely dispersed AuNRs (5×1010 per ml), or freely 

dispersed AuNRs (5×1010 per ml) plus non-PDP microbubbles (10×106 per ml) into 

separate flow channels molded into a gelatin phantom. The sample of freely dispersed 

AuNRs and non-PDP microbubbles was prepared by adding the AuNRs to the microbubbles 

immediately prior to imaging so as to limit any interactions between the two contrast agents. 

As shown in Figure 6b,c, both channels containing microbubbles provided approximately 

31.6 ± 4.7 dB increased contrast in pulse inversion imaging mode, while the center of the 

channel containing freely dispersed AuNRs provided no contrast above background (Figure 

6a). Note that the pulse inversion imaging mode specifically detects microbubbles by 
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canceling out linear acoustic backscatter from tissue and preferentially retaining non-linear 

acoustic signals produced by microbubble oscillations.[59]

Conversely, all three samples provided photoacoustic imaging contrast, although with 

markedly different image characteristics. First, the freely dispersed AuNRs generated a 

photoacoustic image consistent with illuminating a cylindrical target with homogenous 

optical absorbance (Figure 6a).[2,60] As shown, no contrast enhancement was observed in 

the lumen of the channel, but signals from the top (17.3 ± 3.2 dB) and bottom (13.1 ± 2.9 

dB) interfaces are clearly distinguishable. The AuMBs also produced a strong photoacoustic 

signal from the top interface (15.6 ± 2.7 dB) and additionally provided enhanced contrast in 

the center of the lumen (11.9 ± 3.1 dB) (Figure 6b), implying heterogenous optical and 

acoustic absorption and scattering conditions within the channel.[2,21] Finally, the sample of 

freely dispersed AuNRs and non-PDP microbubbles also produced a photoacoustic signal 

from the top interface (13.7 ± 2.1 dB), but the signal from the lumen was of significantly 

lower amplitude (4.4 ± 1.7 dB) than the signal produced by the AuMBs (p < 0.01).

2.6. In vivo Multi-modality Imaging of AuMBs

Approximately 50×106 AuMBs were administered to a C57BL/6 mouse via retro-orbital 

injection to assess the in vivo imaging potential of AuMBs. B-mode, pulse-inversion, and 

photoacoustic images of AuMBs circulating in the murine kidney vasculature are shown in 

Figure 7. As shown in Figure 7b, the AuMBs enhance the ultrasound contrast by 16.8 ± 3.7 

dB in the kidney vasculature, confirming that the presence of the AuNRs on the AuMB 

surface does not significantly impact their ability to provide acoustic contrast.[18,21] 

Additionally, the AuMBs provided an average of 5.7 ± 1.6 dB photoacoustic contrast (skin 

fluence = 5 mJ cm−2) that was spatially co-registered with the AuMB signal in the pulse 

inversion image. Ultrasound contrast enhancement persisted for approximately twelve 

minutes, while photoacoustic contrast enhancement only lasted approximately three minutes. 

The mouse experienced no short-term adverse effects to heart or respiration rates as a result 

of AuMB administration.

3. Discussion

3.1. AuMB Response in the Linear Regime

In the linear regime, the amplitude of AuMB photoacoustic emissions scales linearly with 

increasing laser fluence (Figure 4a). This behavior mimics that of AuNRs, with the 

exception that the AuMBs studied in this work produced photoacoustic emissions of 5.4-fold 

greater amplitude than highly concentrated AuNRs (1×1013 ml−1, OD≅10). A similar result 

was first reported by Dove et al, who measured an 8-fold increase in photoacoustic signal 

amplitude from AuMBs templated with 5 – 7 nm gold nanospheres.[18] Photoacoustic signal 

enhancement from AuMBs is probably due to a combination of factors, not least of which is 

the reduced inter-particle spacing when AuNRs are attached to the microbubble surface. As 

an example, the freely dispersed AuNRs studied in Section 2.3 have an approximate inter-

particle spacing of 570 nm (1×1013 ml−1). The TEM results presented in Figure 1c indicate 

that AuNRs are spaced much more closely on the AuMB surface (average inter-particle 

distance ≪ 100 nm). Therefore, the microbubble acts as a scaffold for preferentially 
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arranging AuNRs at significantly reduced inter-particle distances, which is known to permit 

thermal field overlap and produce enhanced photoacoustic emissions.[26,32,46] Furthermore, 

the simulation results indicate that significant increases in water temperatures may be 

realized by reducing the distance between the AuNR and the gas core of the AuMB, thereby 

providing another source of photoacoustic enhancement unique to AuMBs (Figure 5d). This 

result, in particular, provides motivation for nanoscale-level design of AuMBs and suggests 

that heat transfer and photoacoustic amplitudes may be modified by altering the length of 

the PEG spacer.

Another possible mechanism for photoacoustic enhancement is AuMB expansion and 

oscillation in response to laser excitation.[22,61,62] Dove et al empirically demonstrated that, 

in response to low-fluence excitation, AuMBs bearing 5 – 7 nm diameter gold nanospheres 

on their surface oscillated at or near the resonance frequency of the microbubble.[22] In their 

study, AuMB radial oscillations ranged between 2 – 10 nm, and the AuMB response from 

several hundred thousand consecutive laser pulses was averaged to enable the measurement. 

The requirement for stability over this many laser pulses limited the maximum fluence that 

each AuMB could be exposed to before new nonlinear behaviors, such as those reported in 

the present study, adversely affected the measurement. However, their experimental findings 

validate our simulation results, which indicate that conductive heat transfer across the liquid-

gas boundary is sufficient to drive nanometer-scale AuMB oscillations at the AuMB 

resonance frequency.

3.2. AuMB Response in the Non-Linear Regime

At fluences above approximately 5 mJ cm−2, AuMB photoacoustic amplitudes and radial 

dynamics begin to scale nonlinearly with increasing laser fluence (Figure 4a). However, 

simulation results indicate that heat conduction into the AuMB gas core cannot account for 

the up to 3-fold increase in AuMB radius that was observed experimentally (Figure 5e). 

Instead, rapid AuMB expansion in this nonlinear regime may be driven by a combination of 

microbubble gas core expansion and vapor nanobubble formation on the surface of the 

AuNRs. In this scenario, as the wall of the microbubble core rapidly expands due to 

conductive heating, it envelopes vapor nanobubbles as they form in response to heating 

above the homogenous nucleation temperature. Homogeneous nucleation begins to occur at 

temperatures around 80% · Tc and produces vapor nanobubbles of diameters between 10 – 

1000 nm.[26–31,37,50,51] The simulation results of this study indicate that water temperatures 

at the AuNR surface approach 80% at laser fluences of 7.5 mJ cm−2 and higher, which is in 

good agreement with our experimental observations. Indeed, large AuMB expansion at 

fluences below 7.5 mJ cm−2 may result from the presence of AuNR clusters on the AuMB 

surface (Figure 1c), which are known to reduce the fluence required for vapor nanobubble 

formation.[26,31,32,43,46]

Interestingly, AuMB expansion in this nonlinear regime resulted in approximately 

spherically symmetric expansion and compression in close to 70% of AuMBs studied. This 

is in contrast to polymeric microcapsules recently described by Lajoinie et al, which 

exhibited discrete gas nucleation sites located within a dye-loaded, thick polymer shell.[36] 

Symmetric AuMB expansion may suggest relatively uniform AuNR loading on the AuMB 
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surface, and observed departures from this behavior (Supplementary Movie 5) may indicate 

the presence of large AuNR clusters acting as discrete nucleation sites on the AuMB 

surface.[26,31,32,43,46] In any case, the formation of a large secondary vapor nanobubble of 

≈1 μm diameter on the surface of an AuMB (Supplementary Movie 5), provides direct 

evidence in support of our hypothesis that vapor nanobubble formation plays a role in the 

rapid AuMB expansion observed in the nonlinear regime.

While AuMB expansion and compression is a violent process, with wall velocities up to 94 

m s−1, it was not observed to cause fragmentation of the AuMBs at fluences up to 20 mJ 

cm−2. Chomas et al conducted detailed studies on the acoustic destruction threshold of 

microbubble contrast agents and determined that wall speeds up to several hundred meters 

per second and relative radial expansions exceeding 3-fold were required for consistent 

destruction of lipid-shelled microbubbles.[63–65] In this study, no AuMBs exposed to 

fluences below 20 mJ cm−2 reached these limits, and as a result, remained intact following 

laser excitation. However, these walls speeds are probably sufficient to temporarily 

permeabilize cell membranes via sonoporation and mobilize small particles via acoustic 

radiation force, enabling the delivery of membrane impermeable drugs to cells with fine 

spatiotemporal control.[66–69]

3.3. In Vitro and In Vivo Imaging with AuMBs

Deploying optical contrast agents on the surface of microbubbles preserves the concomitant 

advantages that microbubbles afford to ultrasound imaging, primarily: contrast 

enhancement, therapeutic enhancement via sonoporation, manipulation by acoustic radiation 

force, and endothelial-cell specific molecular imaging.[52,67,69–73] Both acoustic and 

photoacoustic contrast enhancement was observed from AuMBs in vitro (Figure 6), with 

AuMBs providing significantly more contrast enhancement within the lumen than either 

freely dispersed AuNRs or a suspension of unbound AuNRs with microbubbles. In addition, 

AuMBs provided approximately 7.5 ± 2.6 dB enhanced contrast when compared to the 

suspension of freely dispersed AuNRs and microbubbles, providing further evidence of 

photoacoustic signal enhancement derived from AuNR aggregation on the microbubble 

shell.[18]

The in vivo pulse inversion images (Figure 7b) confirm that AuMBs provide 16.8 ± 3.7 dB 

ultrasound contrast enhancement, and individual vessels within the murine kidney are easily 

resolved. Photoacoustic signal enhancement of 5.7 ± 1.6 dB by AuMBs up to an imaging 

depth of 10 mm (Figure 7c) demonstrates suitable photoacoustic imaging signal for in vivo 

applications. Individual blood vessels are not resolvable in the photoacoustic images, 

primarily due averaging data across multiple photoacoustic acquisions to achieve suitable 

SNR. Ultrasound contrast enhancement persisted for approximately twelve minutes, while 

photoacoustic contrast enhancement only lasted approximately three minutes. Reduced 

photoacoustic contrast duration may be a result of the lower sensitivity inherent to 

photoacoustic imaging and photothermal conversion of AuNRs to nanospheres, which 

reduces the magnitude of the longitudinal plasmon resonance at λ = 75 nm.[44,45] However, 

it should be noted that photothermal conversion is a limitation that may be overcome by 

coating AuNRs in a rigid, melt resistant, silica shell, as described by Chen et al.[45]

Dixon et al. Page 10

Small. Author manuscript; available in PMC 2016 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A total of 50×106 AuMBs carrying approximately 2×1011 AuNRs (0.5 nM) were injected, 

which is considerably fewer AuNRs than was required to provide photoacoustic contrast in 

comparable in vivo imaging settings.[6,7] Increased photoacoustic contrast at lower AuNR 

concentrations may result from a combination of enhancement inherent to AuMBs, differing 

biodistribution patterns, and altered clearance mechanisms from the blood stream.[74–76] The 

optical power output of the linear-array photoacoustic imaging system (5 mJ cm−2 skin 

fluence at λ = 75 nm) was probably insufficient to cause widespread vapor nanobubble 

formation on the surface of AuMBs in the murine kidney, however, these results are the first 

demonstration of simultaneous in vivo ultrasound and photoacoustic imaging with AuMBs, 

confirming the feasibility of the multimodality imaging technique.

3.4 Limitations

The magnitude of the photoacoustic emission was observed to increase with increasing laser 

fluence, AuMB wall velocity, and relative AuMB expansion (Figure 3a,b). However, the 

acoustic emission during rapid expansion or compression cycles is broadband, and neither 

the 10 MHz single-element transducer nor the CL15-7 linear array transducer were able to 

adequately sample the entire waveform generated by the AuMBs.[25] Thus, the reported 

increase in photoacoustic amplitude may be an underestimation due to the bandwidth 

limitations of the ultrasound instrumentation.

The AuMBs studied in this report utilize AuNRs to confer optical absorbance at near-

infrared wavelengths and permit deep tissue in vivo imaging.[6,7,12] Relative to gold 

nanospheres, AuNRs exhibit enhanced optical absorption and improved heat transfer 

properties, which permits enhanced photoacoustic signal generation and nanobubble 

formation on the AuNR surface at lower fluence.[12,49] Therefore, the laser fluence required 

for a transition into the nonlinear regime may have been significantly higher if small gold 

nanospheres were used instead of AuNRs. However, the inverse is also true, in that the 

transition to nonlinear AuMB behavior may be achieved at even lower fluence by replacing 

AuNRs with nanoparticles that exhibit enhanced optical absorption (e.g. gold nanocages, 

golden carbon nanotubes).[28]

4. Conclusion

AuMBs exhibited two distinct behaviors that were a function of laser fluence. In the linear 

regime, individual AuMBs produced photoacoustic waves with 5.4-fold increased amplitude 

relative to highly concentrated freely dispersed AuNRs, although no AuMB oscillations 

were detected microscopically. Above fluences of approximately 5 mJ cm−2, AuMBs 

rapidly expanded and produced large amplitude photoacoustic waves that scaled nonlinearly 

with laser fluence. The increase in photoacoustic amplitude may be explained by a 

combination of properties inherent to AuMBs. First, the AuMB surface provides a scaffold 

for AuNR aggregation at small inter-particle spacing that permits thermal field overlap and 

increased water temperatures.[42,46] Second, heat transfer into the AuMB gaseous core 

causes thermal expansion of the gas phase, giving rise to large amplitude photoacoustic 

emissions due to an increase coefficient of thermal expansion.[18,22] Third, close placement 

of AuNRs to the liquid-gas interface on the AuMB surface increases local water 
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temperatures to the point that homogeneous nucleation occurs, resulting in the formation of 

vapor nanobubbles that contribute to AuMB expansion. Finally, a pilot in vivo imaging 

study with a linear-array photoacoustic imaging system achieved 16.8 ± 3.7 dB ultrasound 

and 5.7 ± 1.6 dB photoacoustic contrast enhancement from AuMBs, demonstrating their 

potential as effective multimodality contrast agents for deep tissue ultrasound and 

photoacoustic imaging.

5. Experimental Section

Synthesis and Characterization of AuMBs

PDP-microbubbles were comprised of DSPC (2 mg ml−1) and PDP-PEG2000-DSPE (1 mg 

ml−1) (Avanti Polar Lipids) in aqueous saline and were fabricated by dispersing 

decafluorobutane (DFB) gas in the lipid micellar aqueous media. Following fabrication, the 

microbubbles were subjected to centrifugal flotation to remove excess free lipid not 

associated with the microbubble shell. AuNRs (10 nm × 35 nm, Nanopartz, Inc) with 750 

nm peak optical absorption and a neutral surface charge were centrifuged three times in 

fresh saline at 12000×g for 10 min to remove excess stabilizing ligands from solution.[33] To 

complete the conjugation, approximately 9×1012 AuNRs were incubated with 5×108 

microbubbles under a DFB gas headspace for 24 hr under gentle agitation. Unattached 

AuNRs were removed by a final series of gravitational floatation steps (see Supporting 

Information). Floatation separation was performed until the optical density of the 

supernatant was less than 0.05, indicating the removal of freely dispersed AuNRs.[33] The 

surface charges of microbubbles, AuMBs, and AuNRs in 0.9% NaCl were measured by a 

Zetasizer Nano S (Malvern). Transmission electron microscopy (JEOL 2000-FX) was 

performed on a dilute suspension of AuMBs. Prior to placement in the TEM sample 

chamber, the AuMBs were incubated with 2% uranyl acetate for 30 s to provide a negative 

stain.

High-speed microscopic and photoacoustic observation of AuMB Dynamics

The experimental configuration is shown in Figure S2. Excitation light produced by a pulsed 

optical parametric oscillator (OPO) laser (Spectra Physics, Newport Corp.) operating at 750 

nm wavelength, 20 Hz pulse repetition frequency, and 5 ns pulse width was passed through 

the back lightport of an inverted microscope (IX51, Olympus) and focused through a 100X 

water-immersion objective (NA=1.0) to a spot size of 9 μm radius. A 200 μm diameter 

cellulose tube (Spectrum Labs) was positioned in the optical focus and contained a dilute 

suspension of AuMBs. The acoustic focus of a 10 MHz, 0.5 inch diameter ultrasound 

transducer (V303, Panametrics, Olympus) was co-aligned with the optical focus, and 

photoacoustic waveforms were received and amplified (40 dB) by a 5900PR pulser-receiver 

(Panametrics, Olympus) and digitized by an oscilloscope at a 200 MHz sampling frequency 

(LC334AL, LeCroy). Optical energy density incident on the cellulose tube was measured by 

a pulsed optical power meter (918D, Newport Corp). Pulse-to-pulse variation in laser output 

was approximately 11% and did not vary with fluence. The pulsed laser triggered the 

acquisition of 24 two-dimensional high-speed camera images (SIMD24, Specialised 

Imaging) and a single one-dimensional streak camera image (OptoScope, Optronis GmbH). 

The 2-dimensional images had user-selected interframe times of 10-50 ns and the streak 
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camera had a user-selected temporal resolution of between 200 and 600 ps. A xenon flash-

lamp was used to provide high-intensity illumination for the short exposure, high-speed 

imaging. Microbubble radii were measured manually in MATLAB from streak images and 

automatically on the 2D images using a snake-based image segmentation algorithm in 

MATLAB.[77]

In Vivo Imaging of AuMBs

For the in vivo imaging study, a female C57BL/6 mouse was anesthetized using 1.5% 

isofluorane and 98.5% room air following proper animal care and use protocols (approved 

by University of Virginia Animal Care and Use Committee [ACUC]). The kidney was 

located on the imaging system using B-Mode ultrasound, and 50 million AuMBs in a 

volume of 100 μl were administered via retro-orbital injection. B-Mode, pulse-inversion, 

and photoacoustic (5 mJ cm−2 skin fluence, 9 averages per image) radiofrequency data were 

acquired immediately following AuMB injection. Raw radiofrequency data was 

beamformed, IQ-demodulated, logarithmically compressed, and normalized to the maximum 

value in each image prior to being displayed on an image grid with isotropic resolution. 

Images are presented on a dB scale with linear color maps. The kidney was manually 

segmented and its outline was overlaid on the pulse-inversion and photoacoustic images for 

reference.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
(a) Schematic of AuNR linkage to microbubble surface. (b) Suspensions of AuMBs (left) 

and plain microbubbles (right). (c) Representative TEM image of AuNRs on the 

microbubble surface. Note the presence of both AuNR clusters and single AuNRs. (d) 

Significantly reduced AuNR loading on surface of microbubble with no PDP group. (e) 

Optical absorption spectra of freely dispersed AuNRs and AuNRs bound to AuMBs. Note 

the red-shift of the longitudinal plasmon resonance observed for AuMBs
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Figure 2. 
(a,d,g) Streak camera and temporally registered 2-D snapshots for single AuMBs exposed to 

single laser pulses of 20, 10, and 5 mJ/cm2 fluence, respectively. The x-axis of these 2D 

plots is time (ns), while the y-axis is distance (μm). The black, vertical dotted lines on the 

streak images indicate when the corresponding 2-D snapshot was acquired, and the black 

arrows indicate the time at which the laser pulse was applied. (b,e,h) Radius and wall 

velocity curves as a function of time for each AuMB. (c,f,i) Measured acoustic emission 

from each AuMB (black curve) along with the calculated acoustic emission derived from 

Equations 2 and 3 (red curve).
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Figure 3. 
Compiled results of high-speed camera and photoacoustic observation of single AuMB 

interactions with 5-ns duration laser pulses. (a) Relative AuMB radial expansion, (b) AuMB 

expansion lifetime, (c) peak wall velocity, and (d) relative change in AuMB radius following 

laser excitation as a function of laser fluence. (e) Peak AuMB wall velocities as a function 

Rmax/R0 and (f) peak photoacoustic signal as a function of peak AuMB wall velocity.
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Figure 4. 
(a) Peak-to-peak photoacoustic signal amplitudes of single AuMBs and freely dispersed 

AuNRs (inset) versus laser fluence. (b) Probability of photoacoustic cavitation as a function 

of fluence for AuMBs and freely dispersed AuNRs. Note the reduction in fluence required to 

initiate cavitation in AuMBs versus AuNRs (c) Photoacoustic amplitude of a single AuMB 

exposed to 25 laser pulses at varying fluence. Note that different AuMBs were used at each 

fluence due to AuNR conversion to gold nanospheres.
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Figure 5. 
(a) (Top) 3D and 2D computational grid showing AuNR d nm away from gas core (water is 

invisible in 3D rendering). The dashed green line across the 2D plane denotes where 

temperature profiles in parts (b-d) are measured. (Bottom) Simulated 2D heat transfer results 

for two AuNRs (d = 5 nm and d = 50 nm) in the central plane of the model. The 2D 

temperature data was taken at the peak of the laser pulse, which occurred at t = 7 ns in the 

model. (b) Simulated temperature profiles between 1 – 11.5 ns for an AuNR placed 10 nm 

from the liquid-gas interface. (c) Simulated temperature profiles for an AuNR placed 10 nm 

from the liquid-gas interface and exposed to varying fluence. These profiles were captured 

at t = 7 ns. (d) Temperature profiles for AuNRs exposed to 10 mJ cm−2 fluence and placed 

at increasing distances from the liquid-gas interface. (e) (Top) Simulated gas temperatures 

for two AuMBs of differing radii for the first 200 ns of the model. It is assumed that both 

AuMBs contain 5000 AuNRs on their surface, each spaced 10 nm from the liquid-gas core. 

(Bottom) Simulated radial displacements for two AuMBs corresponding to the temperature 

profiles as computed by the modified Rayleigh-Plesset equation, Equation 3. (f) (Top) 

Simulated AuMB resonance frequency as a function of initial radius, R0. (Bottom) 

Simulated maximum radial displacement of a 2.5 μm AuMB containing 5000 AuNRs on its 

surface as a function of laser fluence.
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Figure 6. 
(a) PA and PI images of freely dispersed AuNRs (5×1010 per ml) within a gelatin flow 

phantom. (b) PA and PI images of AuMBs (1×107 per ml) within a gelatin flow phantom. 

(c) PA and PI images of microbubbles (1×107 per ml) and freely dispersed AuNRs within a 

gelatin flow phantom. All PA data was taken with the following parameters: λ=750 nm, 5 

mJ cm−2 fluence, image comprised of 9 PA averages. PA and PI images are displayed on a 

linear scale with 20 and 40 dB of dynamic range, respectively.
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Figure 7. 
(a) 15 MHz B-mode image of murine kidney (outlined in blue) prior to AuMB 

administration displayed with 60 dB dynamic range. (b) Pulse-inversion image of kidney 

demonstrating approximately 20 dB peak-ultrasound contrast enhancement by AuMBs in 

the renal vasculature. (c) Simultaneously acquired photoacoustic image of AuMBs 

circulating in kidney demonstrating approximately 5.7 dB average photoacoustic contrast 

enhancement (λ=750 nm, 5 mJ cm−2 skin fluence, image comprised of 9 photoacoustic 

averages).
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