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SUMMARY: The presented experimental protocol can be used to perform real time 22 
measurements of cavitation activity in a cell culture device with the aim of enabling investigation 23 
of the conditions required for successful drug delivery and/or other bioeffects.  24 
 25 
ABSTRACT: Interest in the therapeutic applications of ultrasound is significant and growing, with 26 
potential clinical targets ranging from cancer to Alzheimer’s disease. Cavitation - the formation 27 
and subsequent motion of bubbles within an ultrasound field - represents a key phenomenon 28 
underpinning many of these treatments. There remains, however, considerable uncertainty 29 
regarding the detailed mechanisms of action by which cavitation promotes therapeutic effects 30 
and a need to develop reliable monitoring techniques that can be implemented clinically. In 31 
particular, there is significant variation between studies in the exposure parameters reported as 32 
successfully delivering therapeutic effects and the corresponding acoustic emissions. The aim of 33 
this paper is to provide an experimental protocol using widely available components for 34 
performing studies of cavitation mediated bio-effects that include real time acoustic monitoring. 35 
It is hoped that the protocol will enable more widespread incorporation of acoustic monitoring 36 
into therapeutic ultrasound experiments and facilitate easier comparison across studies of 37 
exposure conditions and their correlation to relevant bio-effects. 38 
 39 
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INTRODUCTION: 41 
Ultrasound (US) has been used widely as a diagnostic imaging technique because of its safe and 42 
non-invasive nature, its ease of implementation at a patient’s bedside, and its cost effectiveness1. 43 
Next to its diagnostic and monitoring capabilities, US has considerable potential for therapeutic 44 
applications. Early work explored its use in thrombolysis, DNA transfection, and drug delivery2–4 45 
and therapeutic US now represents a very active area of research, with applications including 46 
tumor treatment5–7, immunotherapy8,9, blood-brain barrier (BBB) disruption10–12, thrombolysis13–47 
15, and bacterial infection treatment16,17. A key phenomenon underpinning these applications is 48 
cavitation: the nucleation, growth, and oscillation of gaseous cavities due to changes in fluid 49 
pressure18,19.  50 
 51 
There is a range of mechanisms by which cavitation produces biological effects. For example, the 52 
highly nonlinear nature of bubble oscillations under the influence of an applied ultrasound field 53 
can generate microstreaming in the surrounding liquid that can both enhance drug convection20 54 
and exert shear stresses on the tissue in the vicinity of the bubbles. This is particularly prevalent 55 
when bubbles are in the vicinity of a boundary, causing bubbles to oscillate non-spherically, and 56 
may potentially promote drug uptake through shear-induced permeabilization21–24. At higher 57 
pressures, larger amplitude oscillations and rapid bubble collapse are observed, imparting direct 58 
mechanical stress25 and frequently generating shock waves, and consequent large pressure 59 
gradients, that can disrupt and permeabilize tissues26,27. The collapse of bubbles near a surface 60 
can also result in the formation of high-velocity liquid microjets28–30. These microjets can 61 
penetrate tissue, potentially creating pores or inducing secondary stress waves31,32. The 62 
permeabilization of biological membranes at both the tissue and cellular levels is variously 63 
referred to sonophoresis, used primarily in the context of US-induced enhancement in skin 64 
permeability33,34, and sonoporation, used mainly to describe the reversible permeabilization of 65 
the cellular membrane due to formation of membrane pores35,36.  66 
 67 
Viscous absorption in the liquid immediately surrounding the oscillating bubble can produce a 68 
substantial heating effect37. Moreover, the highly non-linear oscillations produce acoustic 69 
radiation at frequencies higher than the driving ultrasound field. This leads to increased 70 
absorption in the surrounding tissue and further heating38. Bubble collapse may also be 71 
accompanied by chemical effects due to the transient high temperatures and pressures in the 72 
bubble core, such as generation of highly reactive species and electromagnetic radiation, known 73 
as sonoluminescence32. These effects have been investigated to assess potential damage and/or 74 
activation of relevant cellular pathways for delivery39 and exploited in local activation of light-75 
sensitive drugs in an approach known as sonodynamic therapy40–43.  76 
 77 
Many US mediated bioeffects may be initiated solely through control of US field parameters 78 
(pressure amplitude, frequency, pulse length and repetition frequency, and duration of 79 
exposure), but to reliably generate cavitation in biological tissue often requires high input 80 
energies and hence carries an elevated risk of damage. Introduction of exogenous or artificial 81 
cavitation nuclei may substantially reduce the input energy required to produce the broad range 82 
of effects discussed above and further introduces additional effects that may not be possible with 83 
US alone. Cavitation nuclei include gas bubbles26,44, liquid droplets45–47 and solid particles48–50, 84 



   

 

with nanoscale cavitation nuclei being an emergent area of investigation for their benefits in 85 
terms of prolonged circulation time, improved extravasation and prolonged cavitation 86 
activity49,51–53.  87 
 88 
The most commonly used nuclei are gas microbubbles (MBs), originally used as contrast agents 89 
in diagnostic imaging. They are typically 1-2 micrometers in diameter and contain a core of a 90 
high-molecular-weight gas with low aqueous solubility in the surrounding medium. The core is 91 
surrounded by a protective lipid, protein, or polymer shell most commonly consisting of 92 
bioinspired phospholipids54. When exposed to a US field, the compressibility of the MBs causes 93 
them to undergo volumetric oscillations, consequently producing a strong acoustic scattering, 94 
which is responsible for the success of MBs as a contrast agent. As mentioned, these oscillations 95 
also lead to the aforementioned mechanical, thermal, and chemical effects that can be harnessed 96 
in therapeutic applications. The MB coating process also offers a mechanism for encapsulating 97 
drugs within the MB structure and for attaching drugs and/or targeting species to the MB surface. 98 
This technique facilitates the triggered release of drugs to reduce systemic toxicity55. It has also 99 
recently been shown that material from the microbubble surface may be transferred to biological 100 
structures, enhancing drug delivery through so called “sonoprinting”56–58. 101 
 102 
Monitoring of US-mediated cavitation activity can provide insights into the resultant biological 103 
effects both in vitro and in vivo and potentially allows for the tuning and optimization of these 104 
effects. The two most widely applied methods for monitoring cavitation activity are i) optical, 105 
which use ultra high speed video microscopy and is generally not feasible in vivo; and ii) acoustic, 106 
which records the re-radiated sound fields produced by oscillating and/or collapsing bubbles. 107 
Both the amplitude and frequency components of the acoustic signal contain information on 108 
bubble behavior. Low concentrations of bubbles at low incident US amplitudes have been shown 109 
to produce predominantly harmonic emissions (integer multiples of the driving frequency)59. As 110 
driving pressures increase, the bubble emission spectrum may also contain fractional 111 
components known as subharmonics and ultraharmonics60 that indicate stronger nonlinear 112 
behavior, as well as broadband noise indicative of inertial cavitation. Integer harmonics are a 113 
primary indicators of bubble oscillation but can also be caused by non-linearities anywhere in an 114 
experimental system, e.g., due to non-linear propagation. By contrast, fractional harmonics and 115 
broadband noise are very strongly correlated with bubble dynamics. 116 
 117 
The relationship between bubble behavior and the detected acoustic emissions may be 118 
complicated by factors including the incident US field, the nucleation environment, and the 119 
characteristics of the detection pathway60. Nevertheless, important information about bubble 120 
behavior and their interactions with cells can be gained by discerning trends in frequency and 121 
energy in the acoustic spectrum. These data can also provide valuable information that can be 122 
used to form the basis for clinical treatment monitoring techniques. To fully exploit this 123 
information, the development of robust, translatable, and reproducible experimental methods is 124 
required.  125 
 126 
Currently there is substantial variation in reported protocols. In terms of the apparatus, a range 127 
of design approaches has been undertaken. Several groups have made use of parallel-plate 128 



   

 

chambers56,61–63, either custom built or commercially available (e.g., OptiCell, ThermoFisher 129 
Scientific). Hu et al.’s (2013) developed a cell chamber coupled with an US sonication module and 130 
real-time confocal imaging64, Carugo et al. (2015) used a system comprising a commercially 131 
available cell culture dish with a custom-made PDMS lid to allow for submersion in a water bath 132 
during US exposure65, and Pereno et al. (2018) used a device consisting of layered acoustofluidic 133 
resonators that allow for simultaneous optical and acoustic characterization of bubble dynamics 134 
and bubble-cell interactions66. The use of custom-fabricated and application-specific designs 135 
complicates characterization of the US field and other environmental exposure conditions, 136 
making cross study comparisons challenging. For example, there is considerable variation in the 137 
US parameters identified for achieving successful sonoporation, which include center frequencies 138 
ranging from 0.02 to 15 MHz, duty cycles varying from 1% to continuous wave, and rarefactional 139 
pressures ranging from 0.1 to 20 MPa23,64,67–70 (Table 1). There is similarly considerable variation 140 
in the spectral components (harmonics, sub-harmonics etc.) that have been identified as being 141 
associated with particular bioeffects.  142 
 143 
The aim of this work, therefore, is to provide an easily reproducible system design and 144 
implementation framework for the in vitro study of cavitation-induced cellular bioeffects with 145 
the specific inclusion of a cavitation monitoring capability.  146 
 147 
PROTOCOL 148 
 149 
1. System Design Principles 150 
 151 
NOTE: This section presents the design principles used to create systems for ultrasound exposure 152 
and cavitation monitoring. These principles are illustrated with two existing systems for acoustic 153 
transfection (SAT) (shown in Figure 1). Each system consists of a cell exposure compartment, an 154 
ultrasound source, and a single element transducer functioning as a passive cavitation detector 155 
(PCD), all of which are integrated into a benchtop test chamber. These designs build upon the 156 
prior system development described in Carugo et al. (2015)65.  157 
 158 
1.1. Maximize ease of use. 159 
 160 
1.1.1. Make the cell exposure compartment compatible with existing culture techniques and 161 
imaging systems by using existing commercial cell culture devices as seeding/growth substrates. 162 
 163 
1.1.1.1. For SAT2, use a culture dish (35 mm diameter, of which a 21 mm diameter area is 164 
observable, see Table of Materials).  165 
 166 
1.1.1.2. For SAT3, use a Transwell insert (6.5 mm diameter, see Table of Materials). The 167 
Transwells have a permeable membrane and hence need to be placed in cell media rather than 168 
water. 169 
 170 
1.2. Enable rapid loading and sealing of the cell exposure compartment. 171 
 172 



   

 

1.2.1. Form the SAT2 cell exposure compartment by press fitting a flexible polymer lid over the 173 
culture dish (Carugo et al. 201565). As seen in Figure 1C, the lid has a pair of 1.2 mm diameter 174 
holes that allow filling the compartment with an 18 G blunt needle syringe. After filling, seal these 175 
filling ports with short plastic rods (Table of Materials).  176 
 177 
1.2.2. Fill the SAT3 compartment by syringe or pipette and seal by press fitting a rubber 178 
stopper/bung. 179 
 180 
1.2.3. Enable rapid loading of the sealed cell exposure compartment into the test chamber. 181 
Holders for the cell exposure compartments were built into the chamber lids, where a light press-182 
fit is sufficient to ensure proper alignment. With the systems shown in Figure 1, the time for 183 
sample changes can be as short as 20 seconds when multiple cell exposure compartments have 184 
been prepared in advance. 185 
 186 
1.2.4. Minimize the chamber internal volume so that the system is portable and the amount of 187 
required water/media can be minimized. Doing so also accelerates recovery from accidental spills 188 
or leaks of cavitation agents out of the cell exposure compartment. 189 
 190 
NOTE: The SAT2 internal volume is approximately 0.8 L. The SAT3 internal volume is 191 
approximately 7.6 L – made larger to accommodate easy loading and change of source transducer 192 
or its configuration. An internal chamber of 0.3 L was added to minimize the disposable volume 193 
and to allow biologically relevant fluids other than the tank fill water (e.g., cell culture media) to 194 

be used. The internal chamber bottom is made from 30 m thick mylar sheet to allow maximum 195 
acoustic transmission. 196 
 197 
1.2.5. Make the chamber and the internal components out of optically clear materials when 198 
possible, so that any problems (e.g., leaks, entrapped macrobubbles) can be quickly observed 199 
and remedied. 200 
 201 
1.3. Maximize acoustic transmissibility of the exposure compartment. 202 
 203 
1.3.1. Maximize transmissibility through the choices of compartment wall materials and 204 
thicknesses. Under the assumption that the liquids on either side of a wall are essentially the 205 
same (e.g., water), the magnitude of the normal incidence pressure transmission coefficient71 is:  206 

|𝑇| = (1 + (𝛾sin⁡(
2𝜋𝐿

𝜆
))

2

)
−
1

2

, where 𝜆 is the wavelength in the wall of thickness 𝐿, 𝛾 = 0.5 ∙207 

|𝑧𝐿/𝑧𝑜 −⁡𝑧𝑜/𝑧𝐿|, and 𝑧𝐿 and 𝑧𝑜 are the characteristic impedances (products of density and sound 208 
speed) for the wall material and liquid, respectively. T=1 indicates perfect transmission. 209 
 210 
1.3.2. For broad spectrum monitoring of cavitation (e.g., 1-8 MHz), most laboratory polymers 211 
(e.g., PDMS, PTFE, polystyrene) will alter the transmitted pressure by no more than 10% if the 212 
thickness of material is less than 1/10th of a wavelength in the material. This condition can be 213 
difficult to meet with standard supplies at high frequencies (e.g., #1.5 coverslip at 8 MHz), so it is 214 



   

 

good practice to predict or directly calibrate the transmission frequency response. 215 
 216 
1.3.3. For narrow band transmission of the ultrasound source signal into the cell exposure 217 
compartment, allow a thicker layer if it is approximately an integer multiple of a half wavelength 218 
in the layer material. For example, the PDMS lid in SAT2 is used at a thickness of 2.0 mm (~1 219 
wavelength at 1MHz, cPDMS ~ 1000 m/s). 220 
 221 
1.4. Maximize the exposure region through selection of source and cell environment. 222 
 223 
1.4.1. To maximize the number of exposed cells, make the area of cell attachment as broad as 224 
possible while maintaining compatibility with available culturing and imaging equipment. 225 
 226 
1.4.2. Use an ultrasound source with a field that spans the cell attachment area with minimal 227 
spatial variability by using the pre-focal region of a large focused source (SAT2) or a focused or 228 
lensed source with a main lobe width that matches the diameter of the cell attachment area 229 
(SAT3). See the Table of Materials for specific sources. 230 
 231 
1.4.3. Minimize the field complexity introduced by the cell compartment holder by mechanically 232 
supporting the cell compartment well away from the strongest part of the incident field, 233 
minimizing the scattering cross section of the holder or placing absorbing material on the holder. 234 
Examples are shown in Figure 1A and 1D. 235 
 236 
1.5. Ensure repeatable exposure conditions.  237 
 238 
1.5.1. Terminate the acoustic field in a fixed boundary to eliminate variability that can arise from 239 
air-water interfaces in partially filled chambers. In SAT2 and 3, this is accomplished by installing 240 
an acoustic absorber (see Table of Materials) on the chamber lid with a further benefit of 241 
reducing the field complexity that may arise from boundary reflections. 242 
 243 
1.5.2. Monitor and record the source drive voltage at the amplifier output/source input so that 244 
minor variability or major malfunction can be detected quickly. Use a voltage probe or other 245 
device that is safe to use over the drive voltage range of interest. Periodically check the 246 
calibration of the voltage probe using a well-known source such as a waveform generator. 247 
 248 
1.5.3. Control, monitor, and record the temperature of the chamber and its contents. Responses 249 
of cells, transducers, and propagation medium may all be temperature sensitive. In SAT2, 250 
monitoring and control are accomplished with a pair of circulation ports connected to a water 251 
conditioning system, whilst SAT3 employs an aquarium heater (not shown). Set the water 252 
temperature as needed to mimic the relevant physiological conditions for the therapeutic 253 
application. 254 
 255 
1.5.4. Carefully degas the chamber liquid(s) to minimize the likelihood of unintended cavitation 256 
and/or scattering from pre-existing bubbles in the propagation path.  257 
 258 



   

 

1.6. Calibrate the fully assembled system. 259 
 260 
1.6.1. Include a means of measuring the pressure field incident upon the exposed cells when all 261 
system components are in place, including the cell exposure compartment. In SAT2 and 3, this is 262 
accomplished with an opening in the chamber lid through which a needle or fiber optic 263 
hydrophone could be inserted without disturbing the field to be measured. Make the 264 
measurements as close as possible to where the cells are located. 265 
 266 
1.6.2. Choose a hydrophone with a sensitive radius (𝑎𝑟𝑐𝑣) is small enough that it will not 267 
misreport the pressure field being measured. The acceptable size is a function of source 268 
frequency (𝑓) and radius (𝑎𝑠𝑟𝑐) as well as the distance between source and the field scan (𝑧𝑟𝑐𝑣). 269 

A general criterion for hydrophone size selection is: 
4𝜋𝑓

𝑐

𝑎𝑠𝑟𝑐⁡𝑎𝑟𝑐𝑣

𝑧𝑟𝑐𝑣
< 1, leading to: 𝑎𝑟𝑐𝑣 <

𝑐

4𝜋𝑓

𝑧𝑟𝑐𝑣

𝑎𝑠𝑟𝑐
, 270 

where 𝑐 is the sound speed72. 271 
 272 
1.6.3. Ensure that the hydrophone is calibrated under the conditions used in system 273 
characterization, including the temperature. Specifically, if the hydrophone is held at an angle 274 
with respect to the scan plane, the hydrophone must be calibrated at that angle, as directivity 275 
effects may differ significantly from those expected based purely on geometry. The change in 276 
hydrophone sensitivity with respect to temperature should be available from the manufacturer. 277 
 278 
1.6.4. Scan the entire region in which cells may be exposed. To capture an appropriate level of 279 
field detail, use a scan spacing no coarser than 1/5th of a wavelength at the highest frequency of 280 
interest. If unexpected field complexity is observed, consider using short burst signals (e.g., 1-3 281 
cycles) to allow identification and quantification of direct and scattered field contributions. 282 
 283 
1.7. Incorporate a cavitation monitoring capability. 284 
 285 
1.7.1. Determine the monitoring transducer type and placement as part of the design of the 286 
overall system, rather than as a retrofit. In practice, this leads to a system that is maximally 287 
compact without sacrificing the ability to reliably align the critical system components.  288 
 289 
1.7.2. Place a cavitation monitoring device in the system such that it can be repeatably 290 
positioned with minimal added setup time or disturbance to workflow. In SAT2, this is 291 
accomplished with a single element piezoelectric transducer acting as a PCD fitted into the 292 
chamber lid, whilst SAT3 integrates the PCD into the source base using a 90° reflector.  293 
 294 
1.7.3. Select the PCD shape according to the objectives of the experiments. In Figure 2, 295 
calculations of the half-amplitude contours of unfocused (left) and focused (right) devices show 296 
the profound differences in spatial sensitivity with respect to frequency. The unfocused device is 297 
better suited for large volume monitoring with modest spatial variation with respect to 298 
frequency, while the focused device is better suited for more radially compact measurements at 299 
the frequencies of interest. 300 
 301 



   

 

1.7.4. Select the PCD center frequency and bandwidth to fit the needs of the experiment. The 302 
center frequency is typically chosen to be at least five times that of the ultrasound source in order 303 
to minimize sensitivity to direct source emissions. Bandwidth is typically maximized in order to 304 
observe a broad range of bubble behaviors (harmonic and broadband noise).  305 
 306 
1.7.5. Select conditioning, recording, and processing methods to allow analysis of cavitation 307 
data, as described in the next section. 308 
 309 
2. Instrumentation and Processing for Cavitation Monitoring 310 
 311 
NOTE: This section presents the signal flow components and functions recommended for 312 
collection of cavitation monitoring data, and the data processing that leads to qualitative and 313 
quantitative assessments of cavitation activity.  314 
 315 
2.1. Instrumentation (See also Figure 3). 316 
 317 
2.1.1. Unless the application calls for a customized device, select a PCD from the broad range of 318 
commercially available single element transducers, typically marketed for non-destructive 319 
testing of submerged targets. These suppliers also have cabling and accessories (e.g., the mirror 320 
reflector in SAT3). 321 
 322 
2.1.2. Minimize PCD response to the ultrasound source. This may be done both through 323 
selection of the PCD (center frequency and bandwidth) by using a notch or high pass filter. The 324 
latter is implementable either as a standalone module or as part of a signal conditioning device. 325 
 326 
2.1.3. Optimize the use of digitizer dynamic range. PCD signals may cover several orders of 327 
magnitude, both over a long exposure (as bubbles are eliminated) or if running experiments at 328 
varying ultrasound drive levels. It is therefore necessary to check that the signal conditioning 329 
chain scales all signals so that they can be properly recorded. 330 
 331 
2.1.4. Use a digitizer with a large dynamic range (at least 12 bits) to capture as much data as 332 
possible with minimal likelihood of high signal clipping and maximal signal to noise ratio (SNR) of 333 
the smallest signals. When comparing devices, review the specifications for signal to noise and 334 
distortion and/or effective number of bits, as these are more complete descriptions of attainable 335 
dynamic range. Also consider whether the size of the memory buffer is sufficient for the desired 336 
rate of data capture.  337 
 338 
2.1.5. Include a preamplifier in the signal chain, so that the smallest expected signals can be 339 
adequately captured. In our experience, PCD self-noise is well below that of most digitizers, so a 340 
modest degree of preamplification (e.g., <100x) can still improve the SNR of the final result. 341 
 342 
2.1.6. Filter the ultrasound source frequency prior to preamplification to avoid saturating the 343 
amplifier. 344 
 345 



   

 

2.1.7. If an ultrasound pulser/receiver is used to provide gain and/or filtering capabilities, use it 346 
in pulser mode to confirm path length/alignment or check for unexpected scatterers in the 347 
propagation path between the PCD and the cell exposure compartment. 348 
 349 
2.1.8. Enable real time streaming of data to storage. The SAT2 and SAT3 systems both employ 350 
12-bit streaming USB oscilloscopes, which have the conveniences of portability and well-built 351 
user interfaces.  352 
 353 
2.1.9. Confirm proper impedance matching in the signal chain to avoid gain or bandwidth errors. 354 
PCD devices typically have output impedances near 50 ohms, so a suitable process is to replace 355 
the PCD with a known signal from a waveform generator (with 50 ohm output impedance) and 356 
confirm that the signal size appearing on the digitizer matches expectations, scales linearly when 357 
the injected signal is changed, and no clipping is observed for the largest signal of interest. 358 
 359 
2.2. Processing 360 
 361 
2.2.1. Correct the raw voltage signals for all known gains and sensitivities in the signal path that 362 
relate to processing of data in the frequency range of interest.  363 
 364 
2.2.2. If the data were recorded with DC input coupling or otherwise show a DC-offset, remove 365 
this offset by direct subtraction or with a high pass filter. 366 
 367 
2.3. Compute the power spectrum 𝑃 of each recorded signal.  368 
 369 
2.3.1. Set the Fourier transform length 𝑁𝑓𝑡 so that the fundamental frequency of the ultrasound 370 

source 𝑓0 is a large integer multiple of the transform bin width: 𝑁𝑓𝑡 = 𝑛𝑓𝑠/𝑓0, where 𝑛 is an 371 

integer and 𝑓𝑠 is the sample frequency of the digitized data. Set 𝑛 ≥ 50 for clear capture of 372 
spectral features. For the example of a 1 MHz fundamental sampled at 50 MHz, 𝑁𝑓𝑡 is 2500 and 373 

the bin width is 0.02 MHz. 374 
 375 
2.3.2. As the transform length 𝑁𝑓𝑡 is usually smaller than the duration of recorded signal, use a 376 

power spectral density (𝑃) estimator such as Welch’s method73. Power in a frequency band 377 

spanning f1-f2 is 𝑃 = ∫ 𝑃𝑆𝐷⁡𝑑𝐹
𝑓2

𝑓1
, where 𝑑𝐹 is the transform bin width. 378 

 379 
2.3.3. To characterize bubble activity during each exposure, estimate the contributions to the 380 
power spectrum from integer multiples of 𝑓0 (harmonics), odd integer multiples of 𝑓0/2 381 
(ultraharmonics), and broadband noise (inertial cavitation).  382 
 383 
2.3.4. Harmonic and ultraharmonic content may be most simply estimated by selecting the 384 
power spectrum values at specific frequencies, although large amplitude tonal responses may 385 
spread into a smaller number of adjoining frequency bins.  386 
 387 
2.3.5. Estimate broad band cavitation power by subtraction of the harmonic and ultraharmonic 388 



   

 

contributions from the total power spectrum. Alternately, these contributions may be estimated 389 
using more sophisticated pre-processing74. 390 
 391 
2.3.6. Estimate the cumulative cavitation signal energy over the duration of the exposure, 392 
preferably according to spectrum feature / bubble activity type.  393 
 394 
2.3.7. Assuming all data records had equal duration 𝑇𝑟, the cumulative energy in the recorded 395 
data is 𝐸 = 𝑇𝑟 ∑ 𝑃𝑚

𝑀
𝑚=1 , where 𝑀 indicates the number or records.  396 

 397 
2.3.8. If there are gaps between recordings, as may happen when the exposure is continuous, 398 
and the saved files capture a fraction of the total exposure duration 𝑇𝑒, the cumulative energy 399 
may be estimated as 𝐸 = (𝑇𝑒/𝑀)∑ 𝑃𝑚

𝑀
𝑚=1  400 

 401 
2.3.9. Estimate the measurement SNR by comparison of spectrum levels with those of 402 
background noise recorded in absence of ultrasound.  403 
 404 
3. Experimental Protocol  405 
 406 
3.1. SAT Preparation 407 
 408 
3.1.1. Minimize the likelihood of cavitation in the propagation path by degassing the fill liquid 409 
(typically filtered water) under a pressure of -105 Pa for at least two hours. Confirmation with a 410 
dissolved oxygen probe that the partial pressure of oxygen is below 10 kPa is recommended. 411 
 412 
3.1.2. Fill the test chamber slowly to minimize re-introduction of air into the degassed liquid. 413 
Continue degassing the filled chamber if necessary. 414 
 415 
3.1.3. Clear all residual bubbles from the transducer and media container surfaces immediately 416 
after filling and again just before initiating exposure experiments. 417 
 418 
3.1.4. Make sure the temperature of the chamber and its contents have stabilized before 419 
commencing exposure experiments. 420 
 421 
3.1.5. Allow the ultrasound source power amplifier to warm up (per manufacturer 422 
recommendation) so that the gain and output are stable with respect to time. 423 
 424 
3.2. Exposure Compartment Preparation 425 
 426 
3.2.1. Cavitation agent suspension 427 
 428 
3.2.1.1. When diluting the cavitation agent, gently and continuously stir to make a uniform 429 
suspension without entrapping macrobubbles or destroying the agent (especially if they are 430 
shelled bubbles). 431 
 432 



   

 

3.2.1.2. When working with microbubbles, withdraw and dispense slowly using the largest 433 
gauge needle available to minimize destruction during the loading process75. An 18 G blunt fill 434 
needle has been used regularly with the SAT systems. 435 
 436 
3.3. SAT2 Preparation 437 
 438 
3.3.1. Sterilize the PDMS lid before use in experiments with live cells.  439 
 440 
3.3.2. Form the cell exposure compartment by press fitting the PDMS lid to the culture dish. 441 
 442 
3.3.3. Prepare a syringe with an 18 G blunt needle and fill with approximately 10 mL of liquid 443 
(e.g., microbubble suspension or water control).  444 
 445 
3.3.4. Insert the needle through one of the PDMS fill holes and slowly fill the chamber, tilting so 446 
that macrobubbles can escape through the open fill hole. For best results, tilt the chamber so 447 
that the open hole is vertically above the fill hole. 448 
 449 
3.3.5. When filled, close the open hole by inserting a short (4-5 mm) polymer rod. Set the 450 
assembly so both holes are horizontal.  451 
 452 
3.3.6. Remove the blunt filling needle while injecting extra fluid so that air is not drawn in. Close 453 
the hole with another polymer rod. This process completes the sealing of the cell exposure 454 
compartment. 455 
 456 
3.3.7. Visually check the compartment for evidence of entrapped macrobubbles, and if any are 457 
found, repeat 3.3.3.-3.3.6. 458 
 459 
3.3.8. Press fit the cell exposure compartment in the compartment holder. Install the chamber 460 
lid in place atop the chamber. Lowering the lid with an angle to horizontal discourages 461 
macrobubbles from resting on the submerged parts (absorber, holder). 462 
 463 
3.3.9. Consider the buoyancy of the particles in suspension when deciding the orientation of the 464 
cell exposure compartment (e.g., floating bubbles or sinking nanoparticles) and how this will 465 
affect their contact with cells. 466 
 467 
3.3.10.  In all operations, use as little force as possible to minimize the flexure of the cell growth 468 
surface and detachment of cells. 469 
 470 
3.4. SAT3 Preparation 471 
 472 

3.4.1. Fill the Transwell with approximately 150 L of liquid (e.g., microbubble suspension or 473 
water control).  474 
 475 
3.4.2. Form the cell exposure compartment by carefully sealing the transwell with a rubber plug, 476 



   

 

removing any overflow liquid with a clean paper towel or wipe. Before use in experiments with 477 
live cells, sterilize the rubber plug.  478 
 479 
3.4.3. Visually check the compartment for evidence of entrapped macrobubbles, and if any are 480 
found, remove the plug, remove the macrobubbles and repeat 3.4.2. 481 
 482 
3.4.4. Press fit the cell exposure compartment in the compartment holder. Install the chamber 483 
lid in place atop the chamber. Lowering the lid with an angle to horizontal discourages 484 
macrobubbles from resting on the submerged parts (absorber, holder). 485 
 486 
NOTE: As noted above, macrobubbles may cause a variety of non-repeatable and potentially 487 
detrimental effects on US exposure experiments. Most critically, macrobubbles trapped in the 488 
cell exposure compartment may cause PCD responses and local cellular bioeffects that are not 489 
representative of the intended treatment. Always visually inspect all system components to find 490 
and remove macrobubbles before initiating US experiments. 491 
 492 
4. Data Collection 493 
 494 
4.1. Establish background PCD response levels by conducting initial experiments with a cell 495 
exposure compartment filled with control liquid (e.g., degassed water or cell media). 496 
 497 
4.2. Record PCD data without driving the ultrasound source to establish background electronic 498 
noise levels.  499 
 500 
4.3. Record PCD while driving the ultrasound source at the full range of planned drive levels. 501 
This data will indicate what parts of the acoustic response are unrelated to the cavitation agents 502 
to be tested subsequently. 503 
 504 
NOTE: Common laboratory liquids (e.g., PBS or cell media) will exhibit cavitation if not degassed.  505 
 506 
4.4. Before commencing measurements, give time for the suspension to thermally equilibrate 507 
with the chamber temperature. A fine needle thermocouple may be useful for this purpose.  508 
 509 
4.5. Monitor the experiments in real time in both the time and frequency domains.  510 
 511 
4.5.1. Time domain monitoring of the PCD reveals whether signals are sized appropriately for 512 
the current instrumentation settings. Specifically, signal clipping is to be avoided, since it will 513 
appear in the frequency domain as multi-tone harmonic response. 514 
 515 
4.5.2. Time domain monitoring of the PCD also reveals if cavitation signals are seen earlier than 516 
expected based on propagation time from ultrasound source to exposure compartment to PCD. 517 
If such signals are seen, this may indicate leakage of cavitation agent into the test chamber. 518 
 519 
4.5.3. Frequency domain monitoring of the PCD indicates the type of bubble behavior and can 520 



   

 

be used to adjust to drive levels as needed to achieve the desired cell stimulus (e.g., lower drive 521 
levels for harmonic excitation). 522 
 523 
4.6. To ensure that the first exposures are not missed, start the data collection process prior 524 
to turning on the ultrasound source drive signal. 525 
 526 
4.7. Monitor the amplifier output signal that drives the ultrasound source (as opposed to the 527 
waveform generator output) throughout the experiment to ensure that the exposure is 528 
proceeding as expected. Use a high voltage probe for this measurement and make sure that the 529 
oscilloscope is set to compensate for probe attenuation.  530 
 531 
4.8. After exposing a sample, carefully remove it from the test chamber.  532 
 533 
4.8.1. Remove and clean the PDMS lid (SAT2)/rubber plug (SAT3) in preparation for any 534 
subsequent use. 535 
 536 
4.8.2. Transfer the culture dish (SAT2)/Transwell (SAT3) as needed for subsequent analysis (e.g., 537 
microscopy, fluorescence imaging).  538 
 539 
4.8.3. After a small number of exposures (e.g., 3-5), it is good practice to re-acquire baseline 540 
cavitation signals (in the absence of cavitation agent) and compare with the original data set to 541 
make sure the chamber media have not been contaminated. 542 
 543 
REPRESENTATIVE RESULTS:  544 
Figure 4 shows examples of time and frequency domain PCD responses, illustrating three distinct 545 
cavitation behaviors. All data were collected on SAT3 using SonoVue microbubbles diluted 5x in 546 
PBS. The temperature for all examples in this section was 19 ± 1 °C. The ultrasound source was 547 
driven with a 2.0 ms pulse at 0.5 MHz to achieve incident pressures of 0.20 (Figures 4A and 4B), 548 
0.30 (Figure 4C and 4D), and 0.70 MPa (Figures 4E and 4F). The signal recordings began 1.4 ms 549 
before the t=0 start of the ultrasound pulse. The inset traces show the signal as recorded (red) 550 
and with a 2 MHz high pass filter (blue) for a time window centered at the time of flight from 551 
source to cell exposure compartment to PCD. The low-level response before this time is due to 552 
directly received radiation from the source, which is common in configurations where the PCD is 553 
behind the ultrasound source. 554 
 555 
At the lowest incident pressure, the PCD response consists entirely of integer harmonics of the 556 
0.5 MHz fundamental ultrasound frequency. Increasing from 0.20 to 0.30 MPa results in 557 
pronounced ultraharmonics in the spectrum in addition to further elevated integer harmonics. 558 
The time domain waveforms at these two pressures look similar, although the 0.30 MPa results 559 
show more variability over the pulse duration. At the highest pressure, the time domain 560 
waveform amplitude has grown nonlinearly relative to the lower pressures as a result of clearly 561 
elevated broadband noise visible in the spectrum. This noise is commonly considered to be a 562 
result of inertial cavitation and in this example, corresponds to destruction of microbubbles.  563 
 564 



   

 

To see this more clearly, PCD responses as a function of time are shown in Figure 5. In the left 565 
panel (Figure 5A), full spectra are shown over a 50 second exposure time, during which the source 566 
emitted 2.0 ms pulses every 0.20 seconds. Corresponding total, harmonic and broadband powers 567 
are shown in the right panel (Figure 5B). The ultrasound was turned on at t=3.0s, at which time 568 
large-amplitude broadband responses were seen. The initial spike is thought to correspond to 569 
the destruction of the largest bubbles in the suspension (SonoVue is polydisperse) and is a 570 
common observation in cavitation experiments with shelled bubbles and even with non-571 
degassed media (e.g., PBS).  572 
 573 
After a few seconds, the broadband response rapidly diminished, apparently due to bubble 574 
destruction, and the signal is predominantly comprised of harmonics. This suggests that the freed 575 
gas and remaining microbubbles are vibrating stably and non-inertially. At t~50s, the broadband 576 
component has fallen to the level of the original background noise. Exposure tests like this are 577 
therefore important when trying to understand the timescales during which different bubble 578 
effects may be acting upon the cells in the chamber. 579 
 580 
Bubbles are likely to translate in response to radiation forces generated during US exposure and 581 
movement of microbubbles in and out of the PCD field of view can lead to increased variability 582 
in the monitored cavitation signal, especially when dealing with dilute suspensions. The sensitive 583 
region of the PCD should therefore span as much of the cell exposure surface as possible. A 584 
response comparison of focused and unfocused PCDs with identical center frequencies (see 585 
Figure 2) is shown in Figure 6, using a 20:1 dilution of microbubbles in normal PBS. The time and 586 
sample-averaged spectra in panel (Figure 6A) show that the unfocused PCD contains a stronger 587 
broadband response, accompanied by reduced sample-to-sample variability in both harmonic 588 
(Figure 6B) and ultraharmonic powers (Figure 6C).  589 
 590 
It is important to recognize that media used for in vitro cell work are not degassed and may 591 
present an enhanced background level of bubble activity. Figure 7 shows the response of PBS 592 
used in its supplier-provided form and after two hours of degassing under vacuum, after which 593 
the air saturation was reduced from 92% to 46% as determined with an optical sensor (PreSens, 594 
Germany). The spectra in Figure 7A were averaged over exposure time and repeats with five 595 
independent samples show clearly elevated ultraharmonics in normal PBS. Powers summed over 596 
three harmonics (Figure 7B) are well within the standard deviation of each experimental output. 597 
By contrast, the ultraharmonic sums in Figure 7C show that normal PBS has nearly an order of 598 
magnitude higher level and substantially higher variability between samples. These examples 599 
indicate that a common cell-compatible medium may exhibit behaviors that could be 600 
(incorrectly) attributed to the presence of microbubbles. Since it is usually impractical to degas 601 
culture medium due to the negative impact upon cells and/or cavitation agent stability, it is 602 
critical to perform suitable controls in any cavitation-related study.  603 
 604 
FIGURE AND TABLE LEGENDS:  605 
Figure 1. Illustrations of two ultrasound exposure system designs incorporating cavitation 606 
monitoring: SAT2 (A-C), SAT3 (D-F). (A) SAT2 annotated assembly with side wall removed for 607 
clarity. (B) SAT2 with side wall intact. (C) SAT2 cell exposure compartment, disassembled. (D) 608 



   

 

SAT3 annotated assembly. (E) SAT3 in normal (left) and lensed (right) configurations for beam 609 
width matching at different frequencies. (F) SAT3 cell exposure compartment, disassembled.  610 
 611 
Figure 2: Calculations of half amplitude pressure field contours for 12.7 mm diameter 612 
unfocused (left) and spherically focused (right) transducers. Frequencies of 2, 4 and 8 MHz are 613 
shown as red, blue, and green contours, respectively, for a PCD element at the coordinate origin 614 
(0,0). The outermost contours of the unfocused device are relatively insensitive to frequency, but 615 
the interior structure is frequency dependent. The spherically focused field contracts as 616 
frequency increases, but inside the contours, the fields vary smoothly. 617 
 618 
Figure 3. Instrumentation for cavitation signal conditioning and recording (blue arrows), US 619 
source excitation (red lines), and data acquisition triggering. 620 
 621 
Figure 4. Time (left) and frequency (right) domain PCD responses recorded with microbubbles 622 
diluted 5x in PBS. Incident peak pressures were (A, B) 0.2 MPa, (C, D) 0.4 MPa, (E, F) 0.7 MPa, all 623 
at 0.5 MHz. Signal recordings begin 1.4 ms before the t=0 start of the 2.0 ms duration ultrasound 624 
pulse. (A, C, E) Time domain signals (red) are shown on a fixed vertical scale, indicating how the 625 
response level changes with incident pressure. The inset traces show the signal as recorded (red) 626 
and with a 2 MHz high pass filter (blue) for a time window centered at the time of flight from 627 
source to cell exposure compartment to PCD. (B, D, F) Noise and signal power spectral densities 628 
are calculated for t<0 and t>0, respectively.  629 
 630 
Figure 5. Spectrum histories over a 50 second exposure of a suspension of microbubbles in 631 
diluted 5x in PBS. (A) Full spectra and (B) total, harmonic and broadband signal powers, all as a 632 
function of time. Drive conditions were 0.5 MHz, 0.7 MPa peak pressure, 2.0 ms pulse duration, 633 
200 ms pulse repetition period. 634 
 635 
Figure 6. Effect of PCD focusing geometry recorded with PBS. Drive conditions were: 1.0 MHz, 636 
0.50 MPa peak pressure, 3.0 ms pulse duration, 10 ms pulse repetition period. (A) Full spectra 637 
averaged over exposure time and three independent sample repeats. (B) Power in 3, 4 and 5 MHz 638 
harmonics, and (C) Power in 2.5, 3.5 and 4.5 MHz ultraharmonics. Thick lines are sample means, 639 
shaded areas indicate +/- 1 standard deviation. 640 
 641 
Figure 7. Effect of degassed media recorded with PBS. (A) Full spectra averaged over exposure 642 
time and five independent sample repeats. (B) Power in 3, 4 and 5 MHz harmonics, and (C) Power 643 
in 2.5, 3.5 and 4.5 MHz ultraharmonics. Thick lines are sample means, shaded areas indicate +/- 644 
1 standard deviation. Drive conditions were 1.0 MHz, 0.50 MPa peak pressure, 1.0 ms pulse 645 
duration, 200 ms pulse repetition period. 646 
 647 
Table 1. Summary of the range of reported parameters facilitating sonoporation in vitro. 648 

649 



   

 

DISCUSSION:  650 
The critical steps for any acoustic measurement were encapsulated by Apfel in 198176 as “know 651 
thy liquid, know thy sound field, know when something happens.” In the context of this protocol, 652 
these encompass the transducer calibration and alignment and the water preparation and bubble 653 
handling steps. First, it is essential that the hydrophone used to calibrate the driving transducer 654 
and/or the PCD is itself accurately calibrated through regular external servicing or in-house 655 
comparison to a reference standard. Similarly, the response of both the driving transducer and 656 
PCD need to be regularly characterized to check for any change in output and/or loss of 657 
sensitivity. If the driving conditions and receive sensitivity of the system are unknown, then it will 658 
be impossible to infer any meaningful relationship between exposure conditions, bioeffects and 659 
acoustic emissions. Directly related to this, the alignment of the transducers to each other and 660 
the sample chamber need to be carefully checked to ensure that the exposure conditions within 661 
the chamber are as expected and the sampling volume for the PCD corresponds to the region of 662 
interest. As indicated, the temperature and gas content of the suspending medium can affect the 663 
final results significantly and consistency is extremely important in this respect77,78. Similarly, the 664 
preparation, characterization, and handling of the cavitation agent suspension require very close 665 
attention to ensure that the expected size distribution and concentration of particles is present 666 
within the sample. For example, if the concentration of bubbles is too high, there will be effective 667 
shielding of the sample volume from the incident ultrasound field. Microbubble agents are 668 
particularly susceptible to destruction and coalescence and further guidance on their handling 669 
may be found in79.  670 
 671 
A very common problem with detection of cavitation signals is achieving an adequate SNR. This 672 
is due partly to the nature of the signal itself, as described, but may also be due to sources of 673 
electrical noise within the experimental set up. Checking the connections between system 674 
components, in particular those involving co-axial cables, may help to eliminate some of these. 675 
Replacing or repairing co-axial cables may be necessary. Identifying and removing or deactivating 676 
other equipment in the laboratory such as pumps that may cause electrical noise can also help. 677 
Poor electrical impedance matching between system components can be a further cause of poor 678 
signal to noise ratio and also potentially of damage to equipment and should be carefully 679 
checked. The triggering settings on the signal generator and oscilloscope should similarly be 680 
checked to confirm that they are configured appropriately for the experiment and have not 681 
reverted to the manufacturer default settings. If there is significant destruction of bubbles during 682 
handling, it may be helpful to attach a second syringe to the outlet port and use this to gently 683 
extract fluid from the chamber, thereby drawing in the suspension. This can also help in 684 
eliminating macro bubbles or enabling flow during US exposure, if desired. 685 
 686 
It is not possible to completely eliminate acoustic reflections within the sample chamber and 687 
hence the incident field will not be completely uniform over the whole the sample volume. As 688 
mentioned in steps 1.3.2 and 1.3.3, the transmissibility of acoustic windows will be frequency 689 
dependent and thus the desired bandwidth for acoustic emission measurements should be 690 
carefully considered. In particular there may be significant multiple reflections of higher 691 
frequency components. This is another reason why calibration of the field within the fully 692 
assembled system is so important for minimizing the uncertainty in incident pressure. 693 



   

 

Appropriate gating of the recorded signals should also be considered to minimize the effects of 694 
multiple reflections. The use of commercial devices for convenience and the need for acoustic 695 
transparency means that some optical transparency must be sacrificed. This may impact the 696 
quality of subsequent imaging, e.g., to assess cell viability or drug uptake. Some of the 697 
membranes used in commercial devices are also porous and, thus, imperfect isolation occurs 698 
between the sample chamber and the surrounding water bath. As above, the corresponding risk 699 
of contamination can be mitigated by using a smaller sub-chamber, the contents of which can be 700 
regularly replaced. The cell culture devices indicated in the Table of Materials are suitable 701 
primarily for cell monolayers that may not be representative of tissues in terms of all 702 
ultrasound/cavitation mediated bioeffects. The proximity of the cells to a solid surface will also 703 
affect microbubble dynamics in a way that may not be reflective of conditions in vivo, e.g., 704 
promoting microstreaming and microjetting as described in the introduction. These limitations 705 
can be addressed, however, through a simple substitution of alternative tissue models. 706 
 707 
The aim in proposing the SATs is to provide a means of improving the reproducibility of acoustic 708 
exposure conditions and acoustic emissions between studies of ultrasound mediated bio-effects, 709 
thus hopefully facilitating better understanding of the underlying mechanisms and the 710 
development of treatment monitoring techniques to improve safety and efficacy. The systems 711 
are designed to be compatible with commercially available cell culture devices, enabling a wide 712 
range of biological assays to be performed according to the application of interest and enabling 713 
the performance of high throughput experiments, removing the need for time consuming 714 
alignment procedures between runs. By standardizing protocols for the characterization of 715 
exposure conditions and the capture of acoustic emissions, the system dependent variability can 716 
hopefully be reduced. The range of parameters that should be explored for a particular 717 
experiment will depend upon the application (desired bio-effect, cell type, depth of target tissue 718 
if in vivo etc.) and the nature of any cavitation agent being used. Given the large number of 719 
variables (US frequency, pressure amplitude, pulse length, pulse repetition frequency etc.) fully 720 
exploring the whole parameter space is unlikely to be practicable. An advantage of the proposed 721 
protocol is that it enables some bounds on this parameter space to be quickly established. For 722 
example, it enables determination of the minimum pressure at which a cavitation signal is 723 
generated, the maximum pressure or pulse length that can be used before cell 724 
detachment/death occurs, and the pressure at which fractional harmonics or broadband noise 725 
are produced. It is recommended that such a set of scoping measurements be carried out as a 726 
first step in any study.  727 
 728 
As presented, the SATs are designed for real-time monitoring of acoustic emissions, with 729 
biological assays being performed outside of the experiment. It would be relatively simple, 730 
however, to modify the SAT to enable direct optical observation of the sample chamber via a 731 
microscope objective. This could in turn be coupled to a fluorescence and/or high-speed 732 
microscopy system to enable observation of drug uptake and bubble dynamics, for example. The 733 
PCD output as currently presented in terms of voltage indicates: i) the types of cavitation 734 
behavior and their relative proportions; ii) how long these cavitation behaviors persist; iii) 735 
whether the observed time-cumulative exposure characteristics are correlated to a particular 736 
bioeffect; and iv) whether the relative levels and time-dependent behaviors are consistent with 737 



   

 

previous experiments in the exposure system. Whilst the receive sensitivity of the PCD can be 738 
quantified, in order to reliably characterize the acoustic emissions in terms of absolute energy, 739 
additional spatial information is required. This could be achieved by replacing the PCD with an 740 
array probe to implement passive acoustic mapping (PAM)80. This would however increase the 741 
complexity of signal processing and the computational time and power required.  742 
 743 
Other instrumentation for measurement of membrane electrical resistance or application of 744 
physical targeting methods, for example magnetic fields, could also be incorporated. It would 745 
also be possible to use three-dimensional tissue structures such as tumor spheroids, organoids, 746 
or even ex vivo tissue samples on acoustically “soft” gel substrates in place of the cell monolayers 747 
to study ultrasound and cavitation mediated effects in more realistic tissue environments. 748 
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Parameter Unit Minimum Maximum

frequency MHz 0.02 15

pressure (peak negative) MPa 0.1 20

pulse length cycles 1 CW

duty cycle % 1 CW

exposure time s 10 1000
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Name of Material/ Equipment Company Catalog Number Comments/Description

Absorber

Precision 

Acoustics APTFlex F28 panel 1.0 cm standard thickness

Amplifier (power) E&I Ltd. 1040L

400W power amplifier to drive 

ultrasound source

Amplifier (pre)

Stanford 

Research 

Systems SR445A

Fixed gain multi-stage preamplifier for 

PCD signals

Aquarium heater Aquael Ultra 50W

Different models for different tank 

sizes.

Digitizer

TiePie 

Engineering HS5-110-XM

Extended memory option: 32M points 

per channel

Hydrophone

Precision 

Acoustics FOH

0.01 mm diameter sensitive area 

minimises directivity effects
Microbubbles Bracco SonoVue FDA approved microbubbles

PCD mirror (SAT3) Olympus NDT F-102 90 degree beam reflection

PCD transducer Olympus NDT V320-SU Immersion transducer, 7.5MHz

PCD waterproof cable Olympus NDT BCU-58-1 W

PDMS (SAT2 compartment lid) Corning Sylgard 184

See Carugo et al. (2015) for preparation 

guidelines

Polymer rod (SAT2 seal) Zeus PTFE monofilament

Rubber plug (SAT3 lid/seal) VWR 391-2101 6mm bottom dia., 8mm top dia., red

Signal generator Agilent 33250 Waveform generator for ultrasound source

Substrate for cell exposure 

compartment, SAT2 Ibidi m-Dish 35mm

Substrate for cell exposure 

compartment, SAT3 Corning Transwell 6.5mm

Ultrasound source (SAT3) Sonic Concepts

H107 with central 

hole

Use of a HIFU-capable source allows 

pressures >1MPa to be generated both 

at the focus and pre-focally for 

expanded spatial coverage
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Editorial comments: 
Changes to be made by the Author(s): 
 

Comment Response 

1. Please take this opportunity to thoroughly proofread the manuscript to ensure that there are no 
spelling or grammar issues. Please use American English. 

Thank you, we have checked the manuscript 
as requested and revised as needed.  
 

2. Please revise and shorten the Introduction to remove some of the background, but include all of 
the following: 
a) A clear statement of the overall goal of this method 
b) The rationale behind the development and/or use of this technique 
c) The advantages over alternative techniques with applicable references to previous studies 
d) A description of the context of the technique in the wider body of literature 
e) Information to help readers to determine whether the method is appropriate for their application 
 

We have refined the introduction as 
requested. 

3. Please include a one line space between each protocol step and then highlight up to 3 pages of 
protocol text for inclusion in the protocol section of the video. Please ensure you provide sufficient 
detail to facilitate the filming of the video. 
 

The spaces have been added and the selected 
text indicated. 

4. Please ensure that all text in the protocol section is written in the imperative tense as if telling 
someone how to do the technique (e.g., “Do this,” “Ensure that,” etc.). The actions should be 
described in the imperative tense in complete sentences wherever possible. Avoid usage of phrases 
such as “could be,” “should be,” and “would be” throughout the Protocol. Any text that cannot be 
written in the imperative tense may be added as a “Note.” However, notes should be concise and 
used sparingly. Please include all safety procedures and use of hoods, etc. 
 

The text has been revised as requested. 

 

 

5. JoVE cannot publish manuscripts containing commercial language. This includes trademark symbols 
(™), registered symbols (®), and company names before an instrument or reagent. Please remove all 
commercial language from your manuscript and use generic terms instead. All commercial products 
should be sufficiently referenced in the Table of Materials and Reagents.For example: ibidi, Corning 
 

The text has been checked and revised as 
requested. References to the table of 
materials have been added in place of the 
commercial language. 

6. Please note that your protocol will be used to generate the script for the video and must contain 
everything that you would like shown in the video. Please add more details to your protocol steps. 

The text has been checked and revised as 
requested.  

Rebuttal Letter Click here to access/download;Rebuttal Letter;response to reviewers.docx

https://www.editorialmanager.com/jove/download.aspx?id=1259381&guid=9d16380b-3510-4f3d-b6fc-925e9b09007a&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1259381&guid=9d16380b-3510-4f3d-b6fc-925e9b09007a&scheme=1


Please ensure you answer the “how” question, i.e., how is the step performed? Alternatively, add 
references to published material specifying how to perform the protocol action. Please add more 
specific details (e.g. button clicks for software actions, numerical values for settings, etc) to your 
protocol steps. There should be enough detail in each step to supplement the actions seen in the 
video so that viewers can easily replicate the protocol. For the entire protocol, please include enough 
specifics (with notes indicating what can and was modified and why) and highlight these specifics to 
allow filming. 
 

7. For example, in 1.3, please provide details that will allow replication and filming of the video: which 
ultrasound source do you recommend, which focused source should be used, how do you support the 
cell compartment well away from the strongest part of the incident field etc. 
 

The text has been checked and revised as 
requested (but avoiding use of commercial 
information as above). The reader is now 
referred to the table of materials for 
information on the ultrasound source, and is 
referred to Figs 1(A) and 1(D) for examples of 
how to hold the cell exposure compartment. 
 

8. 1.4: which acoustic absorber do you use, what should the temperature of the chamber and 
aquarium heater be? 

The absorber and heater information has 
been added to the table of materials.   

 

9. Please remove the embedded Table from the manuscript. All tables should be uploaded separately 
to your Editorial Manager account in the form of an .xls or .xlsx file. Each table must be accompanied 
by a title and a description after the Representative Results of the manuscript text. 
 

The table has been removed and uploaded as 
a separate file with its title and description. 

10. Please ensure that the references appear as the following: [Lastname, F.I., LastName, F.I., 
LastName, F.I. Article Title. Source. Volume (Issue), FirstPage–LastPage (YEAR).] For more than 6 
authors, list only the first author then et al. Please do not abbreviate journal names. 
 

The references have been checked and 
corrected where necessary. 

11. Please sort the Materials Table alphabetically by the name of the material. 
 

The table has been revised as requested. 

 

 
 



Reviewers' comments: 
Reviewer #1: 
Manuscript Summary: 
The authors identified the gap that there is considerable variation in the experimental protocol for generating cavitation and monitoring it. This variation 
can come from cavitation agents used, incident field , apparatus used, and type of bubble behavior observed. The authors have discussed a generalized 
protocol which can be tuned to suit specific needs of the reader. Experimental practices to increase reproducibility and ease of use have been outlined. 
Details on how to choose monitoring equipment and data processing parameters for an intended application are given. A specific discussion on the protocol 
to use author's customized equipment for cavitating microbubbles in cell cultures is also included. The results shown give a fair idea of the equipment, the 
various types of bubble behavior, and some critical components that play a role in cavitation analysis. The authors have discussed critical steps, limitations, 
and future applications of this protocol in the end. 
 

Comment Response 

1. The authors pointed out that there is a wide variation of exposure 
parameters for achieving successful cavitation and this protocol aims 
to address that. However, in the protocol there is no discussion on 
what the best acoustic parameters are for achieving successful 
cavitation nor a discussion on how to find them. They may also vary 
with respect to different cavitation agents. A discussion on these 
aspects may further aid the usability of this protocol. 
 

Thank you, this is a very good point. The aim of the paper is to present a 
protocol that is suitable for a wide range of therapeutic ultrasound studies and 
we have therefore deliberately avoided prescribing a specific set of exposure 
parameters. The methodology for establishing that set of parameters, however, 
should be mentioned and we have revised the discussion to address this point 
as follows: 

“The range of parameters that should be explored for a particular experiment 
will depend upon the application (desired bio-effect, cell type, depth of target 
tissue if in vivo etc.) and the nature of any cavitation agent being used. Given 
the large number of variables (US frequency, pressure amplitude, pulse length, 
pulse repetition frequency etc.) fully exploring the whole parameter space is 
unlikely to be practicable. An advantage of the proposed protocol is that it 
enables some bounds on this parameter space to be quickly established. For 
example, it enables determination of the minimum pressure at which a 
cavitation signal is generated; the maximum pressure or pulse length that can 
be used before cell detachment/death occurs; the pressure at which fractional 
harmonics or broadband noise are produced. It is recommended that such a set 
of scoping measurements be carried out as a first step in any study.” 

 



1. In line 167, perhaps the author is talking about Fig. 1(C) rather 
than 1(D) as it is difficult to visualize any holes on the lid in Fig. 1(D). 
Labelling these holes in the corresponding figure may assist in better 
visualization. 

Thank you, we have corrected the text to reference “Fig. 1(C)”. That sub-figure 
already identifies the filling ports. The revised section is: 

1.1.2.1. The SAT2 cell exposure compartment is formed by press fitting a 

flexible polymer lid over the -dish (Carugo et al. 2015). As seen in Figure 1(DC), 
the lid has a pair of 1.2 mm diameter holes that allow filling the compartment 
with an 18g blunt needle syringe. After filling, these filling portsholes are sealed 
with short plastic rods. 
 

2. In line 244, a reference for the formulation would further aid the 
readers to know the details of the derivation of the formulation 

 

Thank you, this has been added 

3. In Line 327, a reference for providing the details of the welch 
method would be helpful for the readers. 

 

Thank you, this has been added 

4. For point 2.2.4.1 and 2.2.4.2, a detail that can further aid data 
processing can be to mention an optimum size of frequency bins 
that one should use for ultraharmonic and harmonic frequencies. 

Thank you, we have added a clarifying example to 2.2.3.1. We do also already 
provide a recommendation for how to set the transform length for resolution of 
spectral features. 

“For the example of a 1 MHz fundamental sampled at 50 MHz,  Nft = 2500 and 
the bin width is 0.02 MHz.” 
 

5. For point 3.2.2, how large is the largest gauge needle. It may be 
helpful to provide a maximum or a minimum limit. 
 

Thank you, this has been added together with references to previous studies on 
microbubble destruction and the role of needle gauge.  

 
 

  



Reviewer #2: 
REVIEWER COMMENTS 
Manuscript Number: JoVE61989 
Title: Experimental protocol for studying cavitation enhanced therapy. 
Authors: Michael Gray, Alexandra Vasilyeva, Veerle Brans, Eleanor Stride. 
 

Comment Response 

This is an excellent contribution to the technical field, very well written and 
appropriately detailed. It addresses an important topic; namely, the 
specification of a system or systems(s) allowing the controlled exposure of 
microbubbles and other targets such as cells to an acoustic field. This 
should enhance the reproducibility of such studies, promoting an 
improved understanding of the bio-effects of ultrasound and confidence in 
its controlled application. I have only a limited number of comments for 
the authors to consider. 
 

We are very grateful for the reviewer’s kind comments. 

1. Page 4, line 186: it is a small point, but maybe refer to "optically clear 
materials". 
 

Thank you, this is a very good point and has been added. We have 
modified 1.1.5 as follows: 

“1.1.5. Make the chamber and the internal components out of optically 
clear materials when possible, so that any problems (e.g. leaks, entrapped 
macrobubbles) can be quickly observed and remedied.” 
 

2. Page 4, lines 190-206: Later in the manuscript (Limitations of method on 
pages 14 &15), the issues of multiple reflections are mentioned. It should 
also be mentioned here i.e. it is not just the transmissibility of the acoustic 
window that is key, but the fact that the reflections may return to the 
chamber. In this case, you may be over-correcting for membrane 
transmission, particularly at higher frequencies where the amplitude 
reflection is significant even for thin membranes. 
 

We completely agree with the reviewer and have modified the paragraph 
to make this point more explicit and also added a cross reference back to 
sections 1.2.2 and 1.2.3 to highlight the issue of variation in 
transmissibility with frequency. 

“It is not possible to completely eliminate acoustic reflections within the 
sample chamber and hence the incident field will not be completely 
uniform over the whole the sample volume. As mentioned in 1.2.2 and 
1.2.3 the transmissibility of acoustic windows will be frequency 
dependent and thus the desired bandwidth for acoustic emission 



measurements should be carefully considered. In particular there may be 
significant multiple reflections of higher frequency components. This is 
another reason why calibration of the field within the fully assembled 
system is so important to minimize the uncertainty in incident pressure. 
Appropriate gating of the recorded signals should also be considered to 
minimize the effects of multiple reflections.” 
 

3. Page 5, Section 1.4.2, lines 225-227: the authors raise the issue of using 
a voltage probe directly measuring the input drive voltage to the 
transducer. This is an important measurement as it defines the applied 
acoustic stimulus but I wondered whether the authors could state that it is 
important that the voltage probe is calibrated (you might be surprised how 
poor probes are in terms of this aspect) and specify additionally the 
voltage measurement uncertainty. This will allow readers to identify the 
transducer input voltage should they choose identical commercially 
available transducers. 
 

We have added the following to 1.4.2: 

“1.4.2. Monitor and record the source drive voltage at the amplifier output 
/ source input, so that minor variability or major malfunction can be 
detected quickly.  Use a voltage probe or other device that is safe to use 
over the drive voltage range of interest. Periodically check the calibration 
of the voltage probe using a well-known source such as a waveform 
generator.” 
 

4. Page 5, Section 1.5, lines; 235-251: I was a little confused regarding how 
this would be done especially regarding the comment "…..all system 
components are in place". To confirm, is the "Cell exposure compartment" 
still in place for the scan? If so, is the aim to get as close to the 
compartment as possible and scan over its rear (exit) surface. Or, is the 
compartment not in place, in which case the exposure conditions may not 
be representative due to multiple reflections. It may be worth mentioning 
that whilst needing to characterise the exposure under the actual 
conditions employed (long millisecond bursts), reducing the burst length 
might enable the existence of other reflections to be identified and their 
contribution estimated. 
 

Yes, this includes the cell exposure compartment, with the intention of 
making the measurements as close as possible to where the cells are 
located. We have modified section 1.5.1 accordingly: 
 
“1.5.1. Include a means of measuring the pressure field incident upon the 
exposed cells when all system components are in place, including the cell 
exposure compartment. In SAT2 and 3, this is accomplished with an 
opening in the chamber lid through which a needle or fibre optic 
hydrophone could be inserted without disturbing the field to be measured. 
Make the measurements as close as possible to where the cells are 
located.” 
 
We have added a comment about pulse length to 1.5.4. for diagnostic 
purposes: 
“1.5.4. Scan the entire region where cells may be exposed. In order to 
capture an appropriate level of field detail, use a scan spacing no coarser 



than 1/5th of a wavelength at the highest frequency of interest. If 
unexpected field complexity is observed, consider using short burst signals 
(e.g 1-3 cycles) to allow identification and quantification of direct and 
scattered field contributions.” 
 

5. Page 5, section 1.5.2, lines 245-246: worth adding temperature here, as 
the sensitivity of the hydrophone will be temperature dependent. 
Exposures at 35̊C may be difficult the quantify without some form of 
model as hydrophone calibrations are commonly carried out around 
ambient. 
 

We have modified the text in 1.5.3 as follows: 

“1.5.3. Ensure that the hydrophone is calibrated under the conditions used 
in system characterisation, including the temperature. Specifically, if the 
hydrophone is held at an angle with respect to the scan plane, the phone 
must be calibrated at that angle, as directivity effects may differ 
significantly from those expected based purely on geometry. Note: the 
change in hydrophone sensitivity with respect to temperature should be 
available from the manufacturer.” 
 

6. Page 6, Section 2, line 58: Could the authors comment on whether there 
is any benefit in the PCD being calibrated in terms of its V Pa-1 response? If 
not, why not? This could be a separate test of the relative response of the 
PCD at a single frequency against the hydrophone used for the exposure 
test. It could be a useful cross-check and might put spectra such as Figure 
5B on an absolute basis, which would be a useful parameter in terms of 
study reproducibility. 
 

This is an interesting question. The PCD signal collected as described in 
the protocol represents a spatial integration of acoustic emissions whose 
strength and distribution depend on the low frequency source field, the 
geometry of the exposure compartment, and the cavitation agent therein 
(its distribution, concentration, response properties etc.). A calibration 
performed with a point-like source or reciprocity calibration with a 
hydrophone would reveal sensitivity at one location in the PCD beam 
pattern. This would need to be integrated over the exposure 
compartment volume with assumptions made about cavitation spatial 
coherence and distribution, both of which are generally not known 
(arguably they are unknowable due to the stochastic nature of cavitation) 
and could change with low frequency source drive level and the 
cavitation types (harmonic vs. broad band) that result.  
  
This process would still yield a PCD signal that represents a system-
specific spatially integrated output. Unfortunately, therefore, given the 



assumptions and uncertainties in the process, it is not clear that the 
calibration is at all absolute or able to provide additional physical insight.  

The PCD output as currently presented in voltage units indicates: 1) the 
types of cavitation that are present and in what proportion, 2) how long 
these cavitation behaviors were present, 3) whether the observed time-
cumulative exposure characteristics were correlated to a particular 
bioeffect, and 4) whether the relative levels and time-dependent 
behaviors were consistent with previous experiments in the exposure 
system. 

Measurement scenarios where absolute energy distributions are desired 
really require array-based cavitation mapping techniques. However, their 
implementation cost is orders of magnitude more expensive to 
implement than a single-channel PCD.  Therefore, for compact, portable, 
and high throughput systems for in vitro assessments, we still believe 
that PCDs are useful despite their limitations.  
 
We have summarised the above in the discussion as follows:  
 “The PCD output as currently presented in terms of voltage indicates: 1) 
the types of cavitation behavior and their relative proportions, 2) how 
long these cavitation behaviors persist, 3) whether the observed time-
cumulative exposure characteristics are correlated to a particular 
bioeffect, and 4) whether the relative levels and time-dependent 
behaviors are consistent with previous experiments in the exposure 
system. Whilst the receive sensitivity of the PCD can be quantified, in 
order to reliably characterize the acoustic emissions in terms of absolute 
energy additional spatial information is required. This could be achieved 
by replacing the PCD with an array probe in order to implement Passive 
acoustic mapping (PAM)80. This would however increase the complexity 
of signal processing and the computational time and power required.” 
 



7. Page 7, Section 2.1.5, line 309: Direct signal inject is also a useful test for 
system linearity and detection of saturation limits. 
 

Thank you, we have added these features of injection testing to the text: 
 
“2.1.5. Confirm proper impedance matching in the signal chain in order to 
avoid gain or bandwidth errors. PCD devices typically have output 
impedances near 50 Ohms, so a suitable check would be to replace the 
PCD with a known signal from a waveform generator (with 50 Ohm output 
impedance) and confirm that the signal size appearing on the digitiser 
matches expectations, scales linearly when the injected signal is changed, 
and no clipping is observed for the largest signal of interest.” 
 

8. Page 8, Section 2.26, line 2.2.6: This is a useful measurement. Can I just 
clarify whether or not the authors use it at all i.e. in terms of subtracting 
from the "cell exposure" spectra? 

The background is used as a reference so that the confidence in a 
particular response metric (e.g. size of 3rd ultraharmonic or total 
broadband power) is meaningful but is also helpful as a diagnostic for 
electronics problems. This measurement made is in addition to controls 
with ultrasound but without cavitation agents. We typically display the 
background level in figures to indicate its level relative to the signal(s) of 
interest rather than subtracting it during processing. 
 

9. Page 8, Section 3.2.2.6: "while inject" should be "while injecting". 
 

This has been corrected, thank you. 

10. Page 10, Section 3.3.5: I believe it is better to measure the direct drive 
voltage being applied to the transducer using a high impedance scope or 
voltage probe. 
 

Section 3.3.3.5 makes this recommendation, but we have modified the 
wording to improve its clarity:  

“3.3.3.5. Monitor the amplifier output signal that drives the ultrasound 
source (as opposed to the waveform generator output) throughout the 
experiment in order to ensure that the exposure is proceeding as 
expected. Use a high voltage probe for this measurement and make sure 
that the oscilloscope is set to compensate for probe attenuation.” 
 

11. Page 11, line 500: How is the standard deviation calculated? Given that 
this is a time-varying system and spectra are being acquired continually? 
Or does this refer to what you could call "true repeats" i.e. with newly 

The standard deviations are across ‘true repeats’ at each time point, 
since cavitation behaviors are generally dependent on exposure history. 



replenished chambers with identical constituents and nominally identical 
exposure conditions? 
 

12. Page 11, Table of Materials: given the aim is to establish free-field 
condition in the exposure chamber it seems a little strange to exclude the 
absorber details. If it is commercially available, then a specification would 
be available to the interested researcher; if it is ''homemade'', what is its 
specification in terms of echo-reduction? 
 

Details have been added to the Table of Materials. All acoustic absorbers 
were made from APTFlex F28 precast panels with 1.0 cm thickness, 
Precision Acoustics Ltd., Dorset, UK.  
 

13. Page 11, Table of Materials: similarly, given the importance of 
measuring exposure to reproducibility, information on the characterisation 
system should be stated in terms of hydrophone used 
(manufacturer/type), angle of tilt and uncertainty at the particular 
frequencies of interest. This uncertainty is not just the uncertainty on the 
calibration certificate by may involve variations over the volume on 
interest - see the prior comment 4. 
 

Hydrophone details have been added to the Table of Materials and 
revisions made to the manuscript as above in respect of comments 4 and 
5.  

14. Page 13: I may have missed this but what temperature was used for 
these exposures? What was the uncertainty in temperature? 

This information has been added to the first paragraph of this section: 
 
“Figure 4 shows examples of time and frequency domain PCD responses, 
illustrating three distinct cavitation behaviors. All data were collected on 
SAT3 using SonoVue microbubbles diluted 5x in PBS. The temperatures 
for all examples in this section were was 19 ± 1 °C.” 
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6. Grant of Rights in Video – Open Access. This 
Section 6 applies only if the “Open Access” box has been 
checked in Item 1 above. In consideration of JoVE agreeing 
to produce, display or otherwise assist with the Video, the 
Author hereby grants to JoVE, subject to Section 7 below, 
the exclusive, royalty-free, perpetual (for the full term of 
copyright in the Article, including any extensions thereto) 
license (a) to publish, reproduce, distribute, display and 
store the Video in all forms, formats and media whether 
now known or hereafter developed (including without 
limitation in print, digital and electronic form) throughout 
the world, (b) to translate the Video into other languages, 
create adaptations, summaries or extracts of the Video or 
other Derivative Works or Collective Works based on all or 
any portion of the Video and exercise all of the rights set 
forth in (a) above in such translations, adaptations, 
summaries, extracts, Derivative Works or Collective Works 
and (c) to license others to do any or all of the above. The 
foregoing rights may be exercised in all media and formats, 
whether now known or hereafter devised, and include the 
right to make such modifications as are technically 
necessary to exercise the rights in other media and formats. 
For any Video to which this Section 6 is applicable, JoVE and 
the Author hereby grant to the public all such rights in the 
Video as provided in, but subject to all limitations and 
requirements set forth in, the CRC License. 
7. Government Employees. If the Author is a United 
States government employee and the Article was prepared 
in the course of his or her duties as a United States 
government employee, as indicated in Item 2 above, and 
any of the licenses or grants granted by the Author 
hereunder exceed the scope of the 17 U.S.C. 403, then the 
rights granted hereunder shall be limited to the maximum 

rights permitted under such statute. In such case, all 
provisions contained herein that are not in conflict with 
such statute shall remain in full force and effect, and all 
provisions contained herein that do so conflict shall be 
deemed to be amended so as to provide to JoVE the 
maximum rights permissible within such statute. 
8. Protection of the Work. The Author(s) authorize 
JoVE to take steps in the Author(s) name and on their behalf 
if JoVE believes some third party could be infringing or 
might infringe the copyright of either the Author’s Article 
and/or Video. 
9. Likeness, Privacy, Personality. The Author hereby 
grants JoVE the right to use the Author’s name, voice, 
likeness, picture, photograph, image, biography and 
performance in any way, commercial or otherwise, in 
connection with the Materials and the sale, promotion and 
distribution thereof. The Author hereby waives any and all 
rights he or she may have, relating to his or her appearance 
in the Video or otherwise relating to the Materials, under 
all applicable privacy, likeness, personality or similar laws. 
10. Author Warranties. The Author represents and 
warrants that the Article is original, that it has not been 
published, that the copyright interest is owned by the 
Author (or, if more than one author is listed at the beginning 
of this Agreement, by such authors collectively) and has not 
been assigned, licensed, or otherwise transferred to any 
other party. The Author represents and warrants that the 
author(s) listed at the top of this Agreement are the only 
authors of the Materials. If more than one author is listed 
at the top of this Agreement and if any such author has not 
entered into a separate Article and Video License 
Agreement with JoVE relating to the Materials, the Author 
represents and warrants that the Author has been 
authorized by each of the other such authors to execute this 
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facility, the Author shall ensure that the presence of JoVE 
employees, agents or independent contractors is in 
accordance with the relevant regulations of the Author's 
institution. If more than one author is listed at the 
beginning of this Agreement, JoVE may, in its sole 
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discretion, elect not take any action with respect to the 
Article until such time as it has received complete, executed 
Article and Video License Agreements from each such 
author. JoVE reserves the right, in its absolute and sole 
discretion and without giving any reason therefore, to 
accept or decline any work submitted to JoVE. JoVE and its 
employees, agents and independent contractors shall have 
full, unfettered access to the facilities of the Author or of 
the Author’s institution as necessary to make the Video, 
whether actually published or not. JoVE has sole discretion 
as to the method of making and publishing the Materials, 
including, without limitation, to all decisions regarding 
editing, lighting, filming, timing of publication, if any, 
length, quality, content and the like.  
12. Indemnification. The Author agrees to indemnify 
JoVE and/or its successors and assigns from and against any 
and all claims, costs, and expenses, including attorney’s 
fees, arising out of any breach of any warranty or other 
representations contained herein. The Author further 
agrees to indemnify and hold harmless JoVE from and 
against any and all claims, costs, and expenses, including 
attorney’s fees, resulting from the breach by the Author of 
any representation or warranty contained herein or from 
allegations or instances of violation of intellectual property 
rights, damage to the Author’s or the Author’s institution’s 
facilities, fraud, libel, defamation, research, equipment, 
experiments, property damage, personal injury, violations 
of institutional, laboratory, hospital, ethical, human and 
animal treatment, privacy or other rules, regulations, laws, 
procedures or guidelines, liabilities and other losses or 
damages related in any way to the submission of work to 
JoVE, making of videos by JoVE, or publication in JoVE or 
elsewhere by JoVE. The Author shall be responsible for, and 
shall hold JoVE harmless from, damages caused by lack of 
sterilization, lack of cleanliness or by contamination due to 

the making of a video by JoVE its employees, agents or 
independent contractors. All sterilization, cleanliness or 
decontamination procedures shall be solely the 
responsibility of the Author and shall be undertaken at the 
Author’s expense. All indemnifications provided herein 
shall include JoVE’s attorney’s fees and costs related to said 
losses or damages. Such indemnification and holding 
harmless shall include such losses or damages incurred by, 
or in connection with, acts or omissions of JoVE, its 
employees, agents or independent contractors. 
13. Fees. To cover the cost incurred for publication, 
JoVE must receive payment before production and 
publication the Materials. Payment is due in 21 days of 
invoice. Should the Materials not be published due to an 
editorial or production decision, these funds will be 
returned to the Author. Withdrawal by the Author of any 
submitted Materials after final peer review approval will 
result in a US$1,200 fee to cover pre-production expenses 
incurred by JoVE. If payment is not received by the 
completion of filming, production and publication of the 
Materials will be suspended until payment is received. 
14. Transfer, Governing Law. This Agreement may be 
assigned by JoVE and shall inure to the benefits of any of 
JoVE’s successors and assignees. This Agreement shall be 
governed and construed by the internal laws of the 
Commonwealth of Massachusetts without giving effect to 
any conflict of law provision thereunder. This Agreement 
may be executed in counterparts, each of which shall be 
deemed an original, but all of which together shall be 
deemed to me one and the same agreement. A signed copy 
of this Agreement delivered by facsimile, e-mail or other 
means of electronic transmission shall be deemed to have 
the same legal effect as delivery of an original signed copy 
of this Agreement.
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