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Abstract 50 

Objective: This paper is an initial work towards developing particle-mediated histotripsy (PMH) as 51 

a novel method of treating catheter-based medical device (CBMD) intraluminal biofilms. 52 

Impact Statement: CBMDs commonly become infected with bacterial biofilms leading to medical 53 

device failure, infection, and adverse patient outcomes. 54 

Introduction: Histotripsy is a non-invasive focused ultrasound ablation method that was recently 55 

proposed as a novel method to remove intraluminal biofilms. Here, we explore the potential of 56 

combining histotripsy with acoustically active particles to develop a PMH approach that can non-57 

invasively remove biofilms without the need for high acoustic pressures or real-time image 58 

guidance for targeting. 59 

Methods: Histotripsy cavitation thresholds in catheters containing either gas-filled microbubbles 60 

(MBs) or fluid-filled nanocones (NCs) were determined. The ability of these particles to sustain 61 
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cavitation over multiple ultrasound pulses was tested after a series of histotripsy exposures. Next, 62 

the ability of PMH to generate selective intraluminal cavitation without generating extraluminal 63 

cavitation was tested. Finally, the biofilm ablation and bactericidal capabilities of PMH were tested 64 

using both MBs and NCs. 65 

Results: PMH significantly reduced the histotripsy cavitation threshold, allowing for selective 66 

luminal cavitation for both MBs and NCs. Results further showed PMH successfully removed 67 

intraluminal biofilms in Tygon catheters. Finally, results from bactericidal experiments showed 68 

minimal reduction in bacteria viability. 69 

Conclusion: The results of this study demonstrate the potential for PMH to provide a new modality 70 

for removing bacterial biofilms from CBMDs and suggest that additional work is warranted to 71 

develop histotripsy and PMH for treatment of CBMD intraluminal biofilms. 72 

Keywords 73 

Ablation, Biofilm, Catheter, Focused Ultrasound, Histotripsy, Particle-Mediated Histotripsy  74 
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BACKGROUND 75 

Catheter-based medical devices (CBMDs) are thin tubes commonly made of medical-grade 76 

materials that serve a variety of functions including urine removal, medication delivery, dialysis, 77 

and others [1-3]. Each year more than 30 million urinary catheters, 5 million central venous 78 

catheters, and 450,000 vascular grafts are inserted in the United States alone [4]. These CBMDs 79 

commonly become infected with bacterial biofilms [5-7]. The pathogenesis of biofilm formation 80 

has been previously described by planktonic bacteria binding to the abiotic catheter wall, and once 81 

adhered, the bacteria secrete exopolysaccharides forming a biofilm. Once mature, biofilms are 82 

difficult to eradicate and can allow bacteria to break off and seed additional sites including the 83 

bloodstream [6, 8, 9]. The feared long-term sequelae of biofilm formation is catheter-related 84 

bloodstream infections (CRBSI) which are defined by bacteremia associated with a CBMD [10]. 85 

CBMD biofilm formation and subsequent infection have been shown to lengthen hospital stays, 86 

increase patient and hospital costs, and raise patient mortality and morbidity [8, 9, 11-14]. Thus, 87 

there is a significant need for the development of a method for selectively targeting and eradicating 88 

established luminal biofilms for preventing or treating CBMD biofilms. 89 

 Recently, our team conducted a study investigating histotripsy for the treatment of 90 

luminal biofilms [15]. Histotripsy is an image-guided and non-thermal focused ultrasound ablation 91 

method that uses high-pressure acoustic pulses to non-invasively ablate biofilms and tissues through 92 

acoustic cavitation [16, 17]. Previously, histotripsy has been shown to ablate eukaryotic tissues by 93 

creating cavitation “bubble clouds” which destroyed the tissues leaving only an acellular 94 

homogenate behind [16, 18, 19]. The ablative properties of histotripsy have been utilized in 95 

preclinical and clinical settings, most notably for liver tumor ablation [18-21]. In addition to 96 

eukaryotic tissues such as tumors, studies have shown that histotripsy will disrupt bacterial biofilms 97 

on surgical meshes, microscope slides, and graphic discs [22-26]. More recently, our lab showed 98 

that conventional histotripsy methods could be used to precisely target the lumen of urinary 99 

catheters, remove luminal biofilms, and kill suspended bacteria [15].  100 

This work builds upon our previous study that established the feasibility of utilizing 101 

conventional histotripsy methods for the treatment of luminal biofilms [15]. Although the results 102 

of that study were promising, conventional histotripsy requires high peak negative pressures (p-) 103 

often greater than 25 MPa to create cavitation bubbles clouds. In addition, conventional histotripsy 104 

requires real-time image guidance to achieve precise targeting. In the clinical setting, this approach 105 

would require a skilled clinician to perform the procedures, such as an interventional radiologist or 106 

other clinician with training in image-guided interventions. To overcome these potential limitations, 107 
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this study investigates particle-mediated histotripsy (PMH) methods that utilize externally injected 108 

particles, such as fluid-filled nanoparticles or gas-filled microbubbles (MBs), to reduce the 109 

histotripsy cavitation threshold following an approach used previously for oncology applications 110 

[27-30]. Prior work has shown that perfluoropentane (PFP) or perfluorohexane (PFH) nanodroplets 111 

can significantly reduce the histotripsy cavitation threshold, with reported p- thresholds of ~9-112 

11MPa at 500 kHz [29, 31, 32]. Similarly, our team has recently developed PFH “nanocones” (NCs) 113 

as an improved histotripsy agent with similar functionality to the PFH nanodroplets but with a 114 

smaller size (~40nm vs. ~200 nm), high stability, and a simple synthesis process that merely 115 

involves the mixing of two FDA-approved compounds [27, 28]. Finally, in addition to these fluid-116 

filled nanoparticles, prior work has shown that gas-filled MB can be used to directly seed cavitation, 117 

with recent work in our lab showing the p- threshold for generating histotripsy bubble clouds from 118 

MBs to be ~4-5 MPa [33]. These MBs, which are commonly used as FDA-approved contrast agents 119 

for ultrasound imaging [34], consist of small pockets of gas typically surrounded by phospholipid 120 

molecules, polymers, or other shells. Using these fluid-filled or gas-filled particles, histotripsy 121 

cavitation can be selectively generated only in regions containing the nucleating agent, allowing 122 

for a targeted ablation method that can be applied without the need for extremely powerful 123 

histotripsy transducers and image-guided targeting approaches [29].  124 

 In this study, we investigate the feasibility of using PMH for the treatment of luminal 125 

biofilms in a Tygon catheter mimic model. Unlike conventional high-pressure histotripsy methods, 126 

PMH would allow for a more convenient tool to non-invasively prevent or remove catheter-127 

associated biofilms without the need for real-time image guidance and large transducers capable of 128 

generating high acoustic pressures. If viable, PMH could be utilized to treat completely formed 129 

biofilms or could be used prophylactically on newly forming biofilms by removing and killing 130 

bacteria at earlier time points before biofilm maturation. Here, we use PMH to treat completely 131 

formed biofilms to simulate the worst-case scenario of these two choices. To test our hypothesis 132 

that PMH can be utilized for the ablation of luminal biofilms in CBMDs, we conducted a series of 133 

experiments to compare the cavitation thresholds inside catheters containing no particles 134 

(conventional histotripsy) as well as NCs or MBs at a range of concentrations. In addition, we tested 135 

the feasibility of selectively removing biofilms and killing suspended bacteria with PMH using both 136 

NCs and MBs. 137 

RESULTS 138 

Cavitation Threshold of Particle-Mediate Histotripsy in Tygon Catheters 139 
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In this study, we investigated a novel PMH approach for the treatment of luminal biofilms 140 

inside CBMDs. In the first part of this work, we hypothesized that PMH could be utilized to reduce 141 

cavitation pressures to enable selective cavitation inside of a catheter lumen. To test this hypothesis, 142 

the pressure required to generate histotripsy cavitation clouds within Tygon catheters was 143 

investigated for samples containing MBs, NCs, and no particles (conventional histotripsy control) 144 

(Fig.1). Results showed significantly reduced cavitation thresholds for PMH compared to control 145 

samples, with robust cavitation clouds visualized as dynamically changing hyperechoic regions 146 

within the catheter lumen on ultrasound imaging and dark, well-confined bubble clouds within the 147 

catheter lumen on optical imaging. Bubble clouds observed inside the catheter lumens for both MBs 148 

and NCs (Fig. 2) were visualized at pressures significantly below the histotripsy intrinsic threshold, 149 

matching our hypothesis. At the pressure levels directly above the cavitation threshold for each 150 

particle type, the cavitation bubble clouds were observed as small clouds formed inside the center 151 

of the catheter lumen. As the pressure was increased above the respective cavitation thresholds, the 152 

size of the bubble clouds increased to fill the entire catheter lumen in both MB and NC samples 153 

(Fig. 2).   154 

Comparing the cavitation threshold for samples containing MBs at a range of concentrations 155 

showed a cavitation threshold of 6.1±0.4 MPa for the first exposure at the lowest concentration 156 

tested, 1×107 MBs/mL (Fig. 3A). This was significantly lower than the exposure paired control 157 

sample, which showed a cavitation threshold of 22.7±0.5 MPa. Tukey post hoc analysis showed 158 

statistical significance between control and 1×107 MBs/mL samples (p<0.05). When the cavitation 159 

threshold was measured for exposures 2 and 3 in the 1×107 MBs per mL samples, the threshold 160 

increased to 15.1±4.5, and 15.0±1.8 MPa, with the respective controls at 21.1±0.5 MPa, and 161 

23.8±0.3 MPa (Fig. 3A). Again Tukey post hoc analysis showed statistical significance between 162 

control and 1×107 MBs/mL samples within exposure two and three (p<0.05). This finding matches 163 

previous work showing that MBs, which are used to directly seed cavitation, are destroyed by the 164 

histotripsy process and do not serve as repeatable cavitation nuclei over the course of multiple 165 

pulses [28]. When the MB concentration was increased to 1x108 MBs/mL, the cavitation results 166 

were consistent with a cavitation threshold of 5.8±0.5 MPa, 6.1±0.2 MPa, and 5.9±0.4 MPa for 167 

exposures 1, 2, and 3, respectively each showing statistical significance to the respective exposure 168 

control on Tukey post hoc analysis (p<0.05). Similar results were observed at the highest 169 

concentration of MBs, 1x109 MBs/mL, which showed the cavitation threshold to be 5.3±0.1 MPa, 170 

5.5±0.0 MPa, and 5.6±0.1 MPa for the three exposures, again each showing statistical significance 171 

to the respective exposure control on Tukey post hoc analysis (p<0.05) (Fig. 3A). Further statistical 172 
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analysis using Tukey post hoc testing of the two-way ANOVA showed no statistical intra-sample 173 

difference across exposure 1,2, and 3 within the control, 1x108 MBs/mL, and 1x109 MBs/mL 174 

samples (p>0.05). However, within the 1×107 MBs/mL samples statistical significance was found 175 

between exposures 1 and 2 along with 1 and 3 (p<0.05). Exposures 2 and 3 remained not statistically 176 

significant (p>0.05). Together, these results suggest that a sufficient amount of MBs were 177 

remaining after the initial exposures to maintain a reduced cavitation threshold at the higher 178 

concentrations of 1x108 and 1x109 MBs per mL despite the potentially deleterious effects of the 179 

previous pulses.  180 

Comparing the cavitation threshold for samples containing NCs showed a concentration-181 

dependent effect for reducing the histotripsy cavitation threshold, matching a previous study [27]. 182 

For samples containing NCs at the lowest concentration of 6x10-8 mL PFH /mL water, the cavitation 183 

threshold was measured to be 15.7±2.3 MPa, 17.2±3.4 MPa, and 18.4±2.0 MPa for exposures 1, 2, 184 

and 3, respectively (Fig. 3B). Although the reduction in the cavitation threshold was smaller than 185 

what was observed for MBs (as well as the higher concentration NC samples), the decrease in the 186 

cavitation threshold was still significant in comparison to the respective exposure control samples 187 

on Tukey post hoc analysis (p<0.05) (Fig. 3B). These findings are consistent with previous studies 188 

showing that NCs can be utilized as sustainable cavitation nuclei over the course of multiple pulses 189 

[33] and support our hypothesis that the NCs may offer a more consistent cavitation reduction 190 

profile compared to the MBs due to their stable molecular structure and their mechanism of 191 

reducing the cavitation threshold (PFH fluid vs. trapped gas nuclei). As the concentration of NCs 192 

was increased to 6x10-7 mL PFH /mL water, the cavitation threshold was measured to be 10.8±0.4 193 

MPa, 11.6±0.8 MPa, and 11.7±0.9 MPa for the three exposures and maintained statistical 194 

significance to each respective exposure control on Tukey post hoc analysis (p<0.05) (Fig. 3B). 195 

Similarly, the cavitation threshold for samples with NCs at 6x10-6 mL PFH /mL water was found 196 

to be 10.5±0.1 MPa, 10.8±0.2 MPa, and 10.8±0.3 MPa again, statistical significance was 197 

maintained to each respective exposure control on Tukey post hoc analysis (p<0.05) (Fig. 3B). 198 

Tukey post hoc testing of the two way ANOVA showed no statistical intra-sample difference across 199 

exposure 1,2, and 3 within the control and each concentration tested (p>0.05) 200 

Selective Luminal Cavitation using Particle-Mediated Histotripsy 201 

 To test the hypothesis that PMH can create selective luminal cavitation within catheters 202 

without generating any cavitation outside of the catheters, a second set of cavitation experiments 203 

was conducted. Results showed well-defined bubble clouds formed inside the catheters for both 204 

MB and NC filled samples exposed to ultrasound at a p- of 12.3 MPa on both ultrasound and optical 205 
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imaging when the transducer focus was aligned to the center of the catheter lumen (Fig. 4A&C). 206 

In contrast, control samples showed no detectable cavitation clouds at 12.3 MPa even when the 207 

focus was aligned directly to the center of the catheter (Fig. 4E). When the catheter samples were 208 

moved 3 mm or 6 mm vertically from the center of the transducer focus, cavitation was no longer 209 

observed inside the catheter lumen nor extraluminally at the focal location for any samples at 12.3 210 

MPa (Fig. 4A&C). These data demonstrate the selectivity of PMH methods for generating 211 

intraluminal cavitation. For comparison, a final set of control experiments was conducted at a p- of 212 

29.8 MPa in the same focal positions. These experiments showed cavitation was generated at the 213 

focus inside the catheter when the catheter was aligned with the focus as well as when the catheter 214 

samples were positioned 3 mm or 6 mm vertically from the focus center, in which case the cavitation 215 

cloud was generated outside of the catheter (Fig. 4B,D,F). This finding is expected for the pressure 216 

levels used in conventional histotripsy methods that are not selective to the fluid inside of the 217 

catheter.  218 

Particle-Mediated Histotripsy Biofilm Removal 219 

Based on the cavitation experiment results, we hypothesized that PMH could be used to 220 

remove luminal biofilms with a similar efficacy to what was shown in our prior study with 221 

conventional histotripsy, but at a reduced pressure. Results from the biofilm experiments showed 222 

that MB-mediated histotripsy (MMH) applied at a p- of 12.3 MPa generated a cavitation cloud that 223 

completely filled the catheter lumen throughout the duration of the treatment, which consisted of a 224 

single scan across the catheter. The luminal bubble cloud was observed in real-time during the 225 

treatment using both optical and ultrasound imaging, matching the results observed in the cavitation 226 

experiments previously described. Quantifying biofilm removal after treatment showed that MMH 227 

resulted in a significant reduction in the visible crystal violet staining as well as quantified biofilm 228 

using spectrophotometry (Fig. 5). More specifically, the mean untreated catheter OD590 was 229 

1.11±0.1 whereas the mean MMH treated catheter was 0.02±0.00. For comparison, the mean 230 

background catheter and LB control OD590 for these experiments were 0.01±0.00 and 0.01±0.01, 231 

respectively. These data indicated that MMH treatment significantly (p<0.05) reduced the mean 232 

OD590 by 1.10, or 98% after only a single scan through the catheter (Fig. 5A). Upon visual 233 

inspection of the untreated catheters, crystal violet-stained biofilm was clearly seen within the 234 

catheter lumen (Fig. 5B). However, after treatment with MMH, there was a visible lack of crystal 235 

violet staining within the lumen of the catheters, indicating biofilm removal (Fig. 5C). Further, 236 

control samples showed that the catheters did not contribute to crystal violet staining as seen 237 
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visually by the lack of staining and near-zero background OD signal (Fig. 5A). Finally, LB control 238 

catheters did not contribute to staining, indicating LB media sterility (Fig. 5A). 239 

Biofilm removal experiments using NC-mediated histotripsy (NMH) applied at a p- of 12.3 240 

MPa resulted in cavitation clouds generated inside the treated catheters during treatment, as 241 

expected. However, the bubble clouds did not fill the entire cross-sectional lumen throughout the 242 

treatment. Instead, ultrasound imaging showed the bubble cloud covered only a portion of the cross-243 

sectional circumference of the lumen at 12.3 MPa, as seen in (Fig. 2) at 12.3MPa with 6x10-6 mL 244 

PFH / mL water NCs. This finding, which is consistent with the higher cavitation threshold for the 245 

NCs compared to the MBs, suggests that NMH may have reduced efficacy compared to MMH 246 

when applied at the same pressure level due to a smaller bubble cloud being generated in the lumen. 247 

Although the pressure was kept at 12.3 MPa for the experiments in this study to maintain 248 

consistency across the PMH experiments with both particle types, higher pressures could be utilized 249 

in future studies using NCs to optimize bubble cloud characteristics for more effective biofilm 250 

removal. After treatment with NMH at 12.3 MPa, results showed the treated catheter OD590 was 251 

0.14±0.07, which was significantly (p<0.05) lower than the untreated catheter OD590 of 0.86±0.16. 252 

The mean background catheter and LB control OD590 for these experiments were 0.01±0.00 and 253 

0.02±0.02, respectively. Similar to the results from MB experiments, visual inspection of the 254 

untreated catheters showed a crystal violet-stained biofilm within the catheter lumen (Fig. 5D). For 255 

catheters treated with NMH, there was a visible reduction in crystal violet staining within the lumen 256 

(Fig. 5E). However, small patches of remaining crystal about stained biofilm remained, indicating 257 

only partial biofilm removal was achieved after the single scan treatment (Fig. 5E). These results 258 

were consistent with the observation that the cavitation created by NMH did not completely fill the 259 

catheter lumen, as discussed above. Control samples again showed that the catheters did not 260 

contribute to crystal violet staining, as seen visually by the lack of staining and near-zero 261 

background OD signal (Fig. 5A). Finally, LB control catheters did not contribute to staining 262 

indicating LB media sterility (Fig 5A). 263 

Particle-Mediated Histotripsy Bactericidal Effects 264 

 A final set of experiments was conducted to test the ability of PMH to kill suspended 265 

bacteria. Clinically, a desirable PMH therapy would allow for both the removal of bacterial biofilms 266 

as well as the destruction of planktonic bacteria released after biofilm removal. During these 267 

experiments, the bactericidal effect of PMH was compared for samples treated with 1, 2, 4, and 6 268 

scans through the catheter. Cavitation was observed within the lumen of the catheter during the first 269 

two scans for samples containing both MBs and NCs. However, cavitation activity significantly 270 
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decreased within the lumen of the catheters for subsequent scans. For instance, minimal posterior 271 

wall cavitation was noted for the MB group during scan numbers 4 and 6, and no cavitation activity 272 

was noted in the NC group during scan numbers 4 and 6 (See Supplemental).  273 

Analysis of CFU/mL after PMH showed only a small bactericidal effect, with a significant 274 

number of viable bacteria remaining after increasing scans across the Tygon catheter lumen (Fig. 275 

6). More specifically, results showed a 0.26±0.26 and 0.12±0.35 log10 reduction in viable bacteria 276 

after a single scan of the catheter with MB and NMH, respectively. Results showed a minor increase 277 

in the bactericidal effect of PMH for multiple scan treatments, using both MBs and NCs. The results 278 

of increasing scan number for MMH were 0.13±0.47, 0.77±0.27, and 0.67±0.21 log10 reduction in 279 

viable bacteria after 2, 4, and 6 scans across the catheter, respectively (Fig. 6A). The results of 280 

increasing scan number for NMH were 0.18±0.66, 0.28±0.29, and 0.48±0.72 log10 reduction in 281 

viable bacteria after 2, 4, and 6 scans across the catheter, respectively (Fig. 6B). Comparisons of 282 

these treatments showed a statistically significant difference between untreated samples and MMH 283 

treated catheters for 4 and 6 scan treatments (p<0.05) but no significant different for any of the 284 

NMH treated catheters (p>0.05).  285 

DISCUSSION 286 

Cavitation Threshold of Particle-Mediate Histotripsy in Tygon Catheters 287 

Overall, the implications of the cavitation threshold results are important to the clinical 288 

translation of histotripsy-based methods for the treatment of biofilms in CBMDs, particularly 289 

catheters located in regions that are difficult to target with conventional histotripsy methods. Results 290 

from these experiments support our hypotheses that PMH can consistently generate well-confined 291 

bubble clouds in catheters at lower pressures than conventional histotripsy if a high enough particle 292 

concentration is used. Further, these results correlate with previous data that suggests PMH 293 

cavitation cloud size is a function of both applied pressure and particle concentration [27]. Although 294 

our prior work has shown that conventional histotripsy can be successful in the treatment of 295 

catheter-associated biofilms, the direct implantation of histotripsy for this application would likely 296 

face technical and practical challenges before clinical translation. For instance, histotripsy often 297 

requires relatively large, focused ultrasound transducers to generate in situ peak negative pressures 298 

>25-30MPa, real-time ultrasound imaging for precise targeting, and technical expertise by a trained 299 

user (i.e. interventional radiologist) to safely apply the therapy. The PMH approach established by 300 

these experiments represents an alternative method for applying histotripsy without the above 301 

limitations, representing a significant advantage for delivering histotripsy reliably to the inside of 302 

catheters without the need for large devices and extensive technical expertise. Due to the lower 303 
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cavitation threshold, it is expected that PMH could be applied with a small, easy-to-use handheld 304 

ultrasound probe by health care professionals in a multitude of settings. A few limitations with this 305 

study exist. One limitation was that high-speed imaging of the bubble clouds only visualized a 306 

single image of each pulse and did not measure the spectral characteristics of the cavitation. Future 307 

work should therefore investigate the bubble cloud dynamics in more detail to more fully 308 

characterize the cavitation dynamics in this therapy. Additionally, although statistical significance 309 

was achieved on Tukey post hoc analysis threshold testing of the 1×107 MBs/mL samples showed 310 

significant threshold variability with increasing exposures which warranted further investigation 311 

(See Supplemental). 312 

Selective Luminal Cavitation using Particle-Mediated Histotripsy 313 

The results of the selective luminal cavitation experiments provide direct support of our 314 

hypothesis that histotripsy can be selectively generated inside catheters when using artificially 315 

introduced cavitation nuclei (fluid-filled NCs and gas-filled MBs) without generating any cavitation 316 

in the surrounding media (Fig. 4). Our previous work demonstrated catheter material and geometry 317 

have a direct effect on the intraluminal cavitation threshold, however here we controlled for this 318 

effect by using control catheters of identical material and geometry [15]. Future experiments are 319 

planned to investigate the potential for any synergistic effect of catheter material and geometry with 320 

PMH. Regardless, by utilizing PMH as opposed to conventional methods, histotripsy can be reliably 321 

applied to the inside of the catheters likely resulting in a higher safety profile and without the need 322 

for large histotripsy transducers guided by real-time imaging. Although the safety profile of PMH 323 

was not directly tested in these experiments, future in vivo animal model studies are planned to 324 

evaluate the preclinical safety of this therapy. Overall, this particle-mediated approach allows for a 325 

selective application of histotripsy that does not require the same need for precise image guidance. 326 

Using this method, a transducer with a large focal region could be rapidly scanned over a large 327 

volume containing a CBMD, with cavitation selectively generated inside the catheter lumen. This 328 

approach is also expected to enable treatment methods that could be used as repeated therapy 329 

options for both the prevention and removal of luminal biofilms in a wide range of patients at risk 330 

of acquiring a CBMD infection. Prevention would be accomplished in a prophylactic manner by 331 

treating CBMDs that commonly form biofilms to remove any initially adhered bacteria and prevent 332 

maturation of a biofilm. Further, these results also support the possibility that PMH could be utilized 333 

in outpatient or low-resource settings, as it would require less training and technical expertise in 334 

ultrasound-guided interventions to administer.  335 

Particle-Mediated Histotripsy Biofilm Removal 336 
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Results from the biofilm removal experiments demonstrate the feasibility of using PMH to 337 

generate histotripsy bubble clouds and efficiently remove a bacteria biofilm at pressure levels 338 

significantly below the histotripsy intrinsic threshold. When compared to higher pressure 339 

conventional histotripsy treatments from our prior work, PMH showed biofilm ablation results 340 

nearly equivalent to that of conventional histotripsy [15]. These results demonstrate the feasibility 341 

of using PMH for the removal of biofilms associated with CBMDs and demonstrate the advantage 342 

of PMH compared to conventional histotripsy by allowing the therapy to be applied selectively 343 

inside catheters at lower acoustic pressures. Due to these features, we expect PMH could be used 344 

for the safe, precise, and non-invasive removal of luminal biofilms. Although these initial studies 345 

demonstrate the feasibility of selective PMH, further studies will need to be conducted to elucidate 346 

the clinical safety of this technology. Additionally, further device development will be needed to 347 

construct therapy transducers with deeper focal distances to treat deep indwelling CBMDs. The 348 

further development of this technology would enable prolonged catheterization without the current 349 

risks for CBMDs. Further, as discussed above, PMH could be used without the need for large 350 

expensive equipment or specialty training. The reduction of CBMD biofilms from this technology 351 

could be used by medical personnel with less training in the outpatient setting and therefore improve 352 

patient outcomes and reduce healthcare costs, particularly for CBMDs such as dialysis access lines, 353 

central lines, and ventriculoperitoneal shunts that are difficult to treat without removal and replacing 354 

which is costly and could cause the patient more harm. 355 

Particle-Mediated Histotripsy Bactericidal Effects 356 

Results from the bactericidal experiments did not support our hypothesis PMH can kill 357 

suspended PA14 in a dose-dependent manner as was previously observed in our studies using 358 

conventional histotripsy methods [15]. Although a small reduction in bacteria was seen with PMH, 359 

it should be noted that a clinically significant reduction in viable bacteria is on the order of 2 to 3 360 

magnitudes, which was not achieved using the treatment parameters in this study and should be 361 

investigated more in future studies. It is possible that the lower pressures used in PMH may have 362 

reduced the bactericidal effects of the treatment compared to conventional histotripsy at higher 363 

pressures, which would be consistent with prior studies showing a decrease in histotripsy ablation 364 

efficiency for PMH methods tested in red blood cell tissue phantoms, likely due that to reduced 365 

bubble expansion at the lower pressure levels [33]. When compared with data from our previous 366 

work with conventional histotripsy, PMH at a p- of 12.3 MPa showed less bactericidal activity after 367 

1 scan than what was observed for conventional histotripsy at a higher pressure of 47.6 MPa [15]. 368 

This suggests that the pressure at which the histotripsy bubble cloud is generated likely plays a role 369 
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in the extent of the bactericidal effects. However, the observation that cavitation became 370 

inconsistent after more than 1 or 2 scans in the PMH studies makes it difficult to conclusively 371 

compare the bactericidal effect of PMH to conventional histotripsy methods, since PMH therapy 372 

was not able to be delivered throughout the planned treatment. Since histotripsy requires a 373 

consistent bubble cloud to be effective, the loss of cavitation with increasing numbers of treatment 374 

scans may also explain the minimal bactericidal activity observed here. Additionally, the difference 375 

in ablation efficiency between MMH and NMH is likely due at least in part to the difference in 376 

treatment pressure above the respective cavitation threshold for each ablation method. In these 377 

experiments, we used 12.3MPa for both ablation methods which corresponds to ~7 (128%) and 378 

~1.8 (16%) MPa above the cavitation threshold for MMH and NMH, respectively. Therefore, it is 379 

expected that NMH will generate a smaller bubble cloud and result in a reduced ablation efficacy 380 

in comparison to the MMH group, as observed. Additional studies characterizing the change in the 381 

cavitation threshold as a function of scan number (Supplemental Data) showed that the cavitation 382 

threshold began to rise back near that of intrinsic threshold cavitation as treatments progressed from 383 

1 to 6 scans. Further work will be needed to understand and overcome these challenges as well as 384 

optimize pulsing parameters and particle concentrations for optimal ablation efficacy. Potential 385 

solutions include developing more stable particles that allow for longer treatments, increasing the 386 

concentration of particles, injecting a constant stream of fresh particles, or developing particles that 387 

specifically bind to bacteria cells to increase the efficiency of the PMH ablation. However, it is 388 

important to note that biofilm removal with PMH is still expected to be clinically useful even if the 389 

suspended bacteria are not killed during the treatment since methods for irrigating the catheters 390 

after biofilm removal can be utilized to remove the detached bacteria. These methods, which have 391 

been previously conducted with urinary catheters [35], would need further investigation for arterial 392 

and venous catheter applications to ensure the irrigation of bacteria after PMH does not induce any 393 

adverse reactions. Further testing will be needed before the clinical translation of this technology 394 

to determine the safety and feasibility of irrigation following biofilm removal with PMH for specific 395 

CBMDs. 396 

MATERIALS AND METHODS 397 

General Experimental Setup 398 

 An 8-element, 1 MHz histotripsy transducer with a geometric focus of 36 mm, an aperture 399 

of 5.27mm, and a f-number of 0.68 was used for all experiments in this study. The full-width half-400 

maximum (FWHM) dimensions at the geometric focus of this transducer were 0.98 mm, 0.93 mm, 401 

and 3.9 mm in transverse, elevational, and axial, respectively. The transducer was mounted 402 
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vertically at the bottom of a tank filled with degassed water. The transducer was driven via a custom 403 

high-voltage pulser controlled by a field-programmable gate array (FPGA) board (Altera DE0-404 

Nano Terasic Technology, Dover, DE, USA) programmed to generate single therapy pulses. A 405 

computer-guided, 3-D positioning system with 0.05 mm motor resolution aligned the hydrophones 406 

and/or catheter mimics at the focus of the transducer situated directly between a high-speed camera 407 

and a strobe light and automated the precision movements of the catheter mimics during treatments 408 

(Fig. 1). MATLAB (MATLAB, The MathWorks, Natick, MA, USA) simultaneously controlled the 409 

positioning system, camera, and the transducer to ensure accurate positioning, incremental 410 

movements, and pulsing. A linear ultrasound imaging probe with a frequency range of 10-18 MHz 411 

(L18-10L30H-4, Telemed, Lithuania, EU) was coaxially aligned inside the transducer directly 412 

beneath the focus for treatment guidance and monitoring (Fig. 1). 413 

Hydrophone Focal Pressure Measurements and Beam Profiles 414 

 Focal pressure waveforms for the 1 MHz transducer were measured by a high sensitivity 415 

needle hydrophone (HNR-0500, Onda Corporation, Sunnyvale, CA, USA) and a custom-built fiber 416 

optic probe hydrophone (FOPH) [36] in degassed water at the focal point of the transducer. Focal 417 

pressures were directly measured with the FOPH up to a p- of 21.0 MPa. Higher pressures could 418 

not be measured directly due to the risk of damage to the fiber tip from cavitation. Summations of 419 

half of the elements within the transducer were used to measure the focal pressures up to 33.4 MPa, 420 

following previously used methods [37]. All waveforms were measured using a Tektronix 421 

TBS2000 series oscilloscope at a sample rate of 500MS/s, with the waveforms averaged over 128 422 

pulses and recorded in MATLAB.   423 

Cavitation Detection and Treatment Monitoring 424 

High-speed optical imaging and real-time ultrasound imaging were used to capture 425 

cavitation activity and monitor histotripsy treatments. Optical imaging was captured by a machine-426 

vision camera (FLIR Blackfly S monochrome, BFS-U3-32S4M-C 3.2 MP, 118 FPS, SonyIMX252, 427 

Mono, FLIR Integrated Imaging Solutions, Richmond, BC, Canada) with a global shutter and a 100 428 

mm F2.8 Macro lens (Tokina AT-X Pro, Kenko Tokina Co., LTD, Tokyo, Japan). This combination 429 

captured images with a resolution of 3.25 μm per pixel. The catheter samples were backlit by a 430 

custom-built, high-speed, pulsed, white-light LED strobe triggered with 4 μs exposures to minimize 431 

motion blur of expanding bubbles while providing sufficient lighting through the catheters. All 432 

exposures were centered at a delay of 5 µs after the pulse reached the focus allowing for 433 

visualization of each cavitation cloud formed. Ultrasound imaging was performed using a portable 434 

ultrasound imaging system (SmartUS, Telemed, Lithuania, EU) and a 10-18 MHz linear ultrasound 435 
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imaging probe (L18-10L30H-4, Telemed, Lithuania, EU). Ultrasound imaging provided real-time 436 

cross-sectional monitoring of luminal cavitation. The co-axial ultrasound imaging probe inside the 437 

histotripsy therapy transducer and a high-speed optical camera were positioned at 90 degrees from 438 

each other, as shown in (Fig. 1A). 439 

Formulation and preparation of Gas-filled Microbubbles 440 

Cationic, lipid-shelled MBs (Fig. 1B) were synthesized following recently published 441 

methods [38]. Briefly, a micellar aqueous mixture of 2 mg/ml 1,2- distearoyl-sn-glycero-3-442 

phosphocholine (DSPC; Avanti Polar Lipids, Alabastar, Alabama), 2 mg/ml polyethylene glycol 443 

6000 monostearate (PEG 6000 MS; Stepan Kessco, Northfield, Illinois), and 0.8 mg/ml 1,2-444 

distearoyl-3-trimethylammonium-propane (DSTAP; Avanti Polar Lipids, Alabastar, Alabama) in 445 

0.9% NaCl (Baxter, Deerfield, Illinois) was prepared by probe-type sonication (20 kHz, 3 min, 50% 446 

power, XL2020 instrument, Misonix Inc., Farmingdale, New York). The sonicated medium was 447 

filtered through a 0.2 um Nylon sterile filter, sparged with decafluorobutane gas (DFB, F2 448 

Chemicals Ltd; Preston, United Kingdom), and then sonicated at the highest power (20 kHz, 30 s) 449 

with the same sonicator to generate the MBs. Microbubbles from all samples had mean and median 450 

diameters between 1.5-2.5 µm with <95.5% of MBs having a diameter less than 5 µm as measured 451 

by Coulter Multisizer 3 (Beckman Coulter, Inc., Hialeah, FL) with a 50 µm orifice. MBs were then 452 

aliquoted into 13 mm glass vials, which were stoppered for refrigerated storage after filling the 453 

headspace with DFB gas. MBs were prepared by removing 1mL of stock 109 MB/mL into a 2mL 454 

microfuge tube. Serial dilutions were prepared by pipetting 100 µL of 109 MB/mL into 900 µL of 455 

degassed 0.9% NaCl in a 2mL microfuge tube to produce MB concentrations of 108 MB/mL. The 456 

same process was repeated to produce the MB 107 MB/mL dilution. MB solutions were stored at 457 

2ºC. These concentrations were utilized by starting with stock 109 MB/mL and then reducing the 458 

concentration by a factor of 10 until intraluminal cavitation thresholds began to rise. 459 

Formulation and Preparation of PFH Nanocones 460 

PFH-NC’s (Fig. 1C) were prepared via host-guest interaction between β-cyclodextrin 461 

(BCD) and perfluorohexane (PFH) with an optimized method similar to the recently published work 462 

[28]. Briefly, BCD (100 mg, 8.8 × 10-2 mmol) was completely dissolved in double-distilled water 463 

(6 mL) at room temperature followed by the addition of PFH at the optimized molar ratio of 1:5 464 

(BCD:PFH). After overnight stirring, precipitates, which are the NC aggregates that include the 465 

inclusion complex of PFH and BCD as building blocks, can be separated by simple filtration or 466 

centrifugation and then dried in a vacuum to produce solid white powder. The PFH content of the 467 

obtained powder was calculated using gas chromatography through a calibration curve containing 468 
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different concentrations of free PFH. Further evidence for the presence of the PFH was confirmed 469 

using SEM-EDAX analysis. NCs were prepared by weighing out 1.4mg of PFH NC using 470 

(ME104E, Mettler Toledo, Colombus, OH, USA) and diluting into 100 mL of degassed saline 0.9% 471 

NaCl in a 300 mL beaker producing a final solution of 6x10-6 mL PFH /mL water. This solution 472 

was stirred with a stir bar and placed under vacuum for 30 minutes. After 30 minutes NCs were 473 

serially diluted by pipetting 100 µL of NCs 6x10-6 mL PFH /mL into 900 µL of 0.9% NaCl in a 474 

2mL microfuge tube to produce NC concentrations of 6x10-7 mL PFH/mL water. The same process 475 

was repeated to produce the NC 6x10-8 mL PFH /mL water dilution. NC solutions were stored at 476 

2ºC. These concentrations were utilized by starting with a concentration similar to the highest 477 

concentration used in previous work done by our lab and then reducing the concentration by a factor 478 

of 10 until intraluminal cavitation thresholds began to rise [27]. 479 

Cavitation Threshold Experiments 480 

The cavitation threshold was compared for conventional and PMH methods using Tygon 481 

catheter mimics cut into 3 cm segments in length and filled with 45µL of distilled water containing 482 

either NCs, MBs, or no particles (0.9% saline). MB concentrations tested were 107, 108, and 109 483 

MB/mL. NC concentrations tested were 6x10-8, 6x10-7, and 6x10-6 mL PFH /mL water. For 484 

experiments, the Tygon catheters were fixed to the 3-D positioning system above the histotripsy 485 

transducer in a tank of degassed water (Fig. 1A). Real-time ultrasound imaging and high-speed 486 

optical imaging were used to capture the resulting cavitation bubble clouds under each set of 487 

exposure conditions (n=3). Histotripsy was applied to each sample at a pulse repetition frequency 488 

(PRF) of 200 Hz using short single pulses, and the driving voltage of the transducer was slowly 489 

increased in 1V increments (~0.25 MPa) until cavitation was confirmed in the lumen of the catheters 490 

on ultrasound imaging and high-speed optical imaging. This process was repeated three times for 491 

each sample to determine changes in the cavitation threshold for repeated histotripsy exposures. 492 

For each exposure, the lowest p- at which cavitation was observed in each catheter was recorded as 493 

the cavitation threshold. The process was repeated for three exposures, with the cavitation 494 

thresholds recorded as Exposure 1, Exposure 2, and Exposure 3, respectively. Statistical analysis 495 

was conducted by determining the average and 95% confidence interval for each of the three 496 

exposures (n=3 catheters per experimental condition). Further, two way ANOVA testing with post 497 

hoc Tukey’s was used to determine inter and intra group statistical significance. Finally, another 498 

set of threshold experiments were conducted to test the changes in cavitation threshold for catheters 499 

exposed to full histotripsy treatment scans (Supplemental).  500 

Selective Luminal Cavitation using Particle-mediated Histotripsy 501 
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Experiments were conducted to demonstrate the feasibility of selectively generating 502 

histotripsy cavitation inside catheter lumens using a PMH approach. Tygon catheters were 503 

prepared, the same as the previous threshold experiments with 45 µL of 109 MB/mL, 6x10-6 mL 504 

PFH / mL water of NCs, or 0.9% saline. Coaxial ultrasound imaging transducer and optical imaging 505 

were used to position the focus of the treatment transducer in the center of the catheter lumen 506 

approximately halfway in length. Histotripsy pulses were applied to the catheters at a p- of 12.3 507 

MPa or 29.8 MPa at 200 PRF, corresponding to pressures both above and below the conventional 508 

histotripsy cavitation threshold. Histotripsy pulses were applied to the catheter lumen for 15 509 

seconds, and the particle-filled catheters were then moved vertically in 3 mm increments every 5 510 

seconds followed by the acquisition of additional optical and ultrasound images at each location to 511 

compare cavitation generation in regions inside the catheter lumen to those outside of the catheter 512 

in the surrounding media. 513 

Culturing a Luminal Biofilm inside Tygon Catheter Mimic 514 

A biofilm was cultured on the inner lumen of the as previously conducted in our previous 515 

study [15]. Briefly, Tygon catheter mimics with an inner diameter of 1/16” ID and a wall thickness 516 

of 1/16” (McMaster Carr, Part # 5894K31) were selected to provide a model system with similar 517 

dimensions and material properties to clinically used catheters. The Tygon tubing was cut into 3 518 

cm long catheter segments and soaked in 10% bleach for 15 minutes for sterilization. Silicone 519 

stoppers were also sterilized via this same process. After sterilization, segments and stoppers were 520 

washed with sterile distilled water (diH2O) twice. Once washed, sterilized catheters and stoppers 521 

were placed on a sterile petri dish to dry prior to inoculation with P. aeruginosa (PA14). PA14 was 522 

sub-cultured from frozen stock stored at -80˚C. Luria-Bertani (LB) agar plates were streaked with 523 

a sterile inoculating loop dipped in a frozen PA14 aliquot and incubated overnight at 37˚C for 12 524 

hours. After overnight culture, a single colony was suspended in a 10 mL culture tube filled 525 

containing 4 mL of sterile LB broth. The culture tube was incubated and shook at 37˚C at 175 RPM 526 

for 12 hours. Bacterial density was standardized using Spectrophotometry (Biomate 5 527 

Spectrophotometer, Thermo Fisher, Waltham, MA) at Optical Density 600nm (OD600) to A=0.01. 528 

Overnight cultures were diluted into fresh LB to produce 5mL of PA14 standardized to A=0.01, 529 

and the initial bacterial concentration was confirmed by 10-fold serial dilution. An aliquot of 1mL 530 

of LB and PA14 standardized to A=0.01 was used to pipet 45 µL of standardized PA14 into the 531 

lumen of the sterilized Tygon catheters which were then caped on one end. The same process was 532 

repeated for catheters of sterile LB as a control. Capped catheters were placed in a 96 well plate 533 

(stopper side down) and incubated in a humidified incubator at 25˚C for 48 hours. After 48-hours 534 
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to grow biofilm in static cultures, Tygon catheters were flushed 2 times with 1 mL of sterile LB 535 

followed by 2 times with 1 mL of diH2O to remove planktonic bacteria. Catheters were then subject 536 

to subsequent histotripsy treatment.  537 

Particle-Mediated Histotripsy Biofilm Removal 538 

Tygon catheter mimics with cultured biofilms were used to investigate the feasibility of 539 

PMH for removing luminal biofilms. Tygon catheters were split into a NC group and a MB group 540 

each with separate control groups. Samples for each consisted of untreated (n=6), treated (n=6), 541 

background (n=6), and LB control (n=3) groups. The NC group treatment and control were filled 542 

with 45 µL of 0.9% saline solution containing 6x10-6 mL PFH /mL, while the MB group treatment 543 

and control filled with 45 µL of 109 MB/mL. The samples were then capped on each end by silicone 544 

stoppers. Histotripsy treatment of the Tygon catheters was conducted by fixing the catheters to a 545 

3D positioning system via a 3D printed scaffold (Fig. 1A&D). A pre-determined treatment zone of 546 

15.5 mm was selected to cover the area between the silicone stoppers (Fig. 1E&F). The focus of 547 

the transducer was aligned 5 mm inside of the first silicone stopper, and a custom program was 548 

used to move the focus across the total treatment zone in 1 mm steps. Histotripsy was applied for 549 

2.5 seconds in each location at a p- of 12.3 MPa for the NC group and 12.3 MPa for the MB group 550 

at a PRF of 200Hz (500 pulses per location), resulting in a total treatment time of 6 minutes and 551 

27.5 seconds per scan of the catheter. Cavitation was monitored during the treatment using both 552 

ultrasound and optical imaging. Untreated control catheters underwent this same process with the 553 

treatment transducer turned off. After treatment, catheters were flushed twice with sterile LB and 554 

twice more with diH2O to remove planktonic bacteria. Catheters were then air-dried for 10 minutes 555 

and 45 µL of 0.1% crystal violet (CV) stain was pipetted into the lumen of the catheter containing 556 

the biofilm to be quantified and left for 10 minutes. Catheters were then flushed 3 times with 1 mL 557 

of diH2O. Photographs of CV-stained biofilms were then taken. CV within the catheter was then 558 

solubilized with 100 µL of 33% glacial acetic acid into 96 well flat-bottom plates for 559 

spectrophotometry analysis (Spectra Max Plus 384 Microtiter Plate Reader, Molecular Devices, 560 

San Joes, CA). Each well was read at an absorbance of OD590 nm zeroed to 100 µL of 33% glacial 561 

acetic acid and the resulting optical density data was recorded. Absorbance of background wells of 562 

100 µL sterile LB were also included. Statistical analysis was conducted using Student’s t-tests, 563 

with corrected p-values <0.05 considered significant. 564 

Particle-Mediated Histotripsy Bactericidal Effects 565 

In addition to the removal of adherent luminal biofilms, a final set of experiments was 566 

conducted to investigate the dose-dependent bactericidal effect of PMH on PA14 bacteria in 567 
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suspension within Tygon catheters. Although our recent study demonstrated histotripsy could kill 568 

luminal bacteria, previous work has also shown that particle-mediate histotripsy methods are less 569 

efficient at ablating tissue, demonstrating the need for additional investigation into the feasibility 570 

of using PMH for killing bacteria [33]. To test this, Tygon catheters containing suspended PA14 571 

standardized to A=0.01, as previously described in the biofilm culture section, were treated 572 

directlyrather than suspended bacteria being used for biofilm formation.. Tygon catheters filled 573 

with suspended PA14 were split into PMH treated (n=3) and untreated (n=3) groups using the same 574 

concentrations and experimental set-up described in the previous section. The NC treatment and 575 

control were filled with 22.5 µL of 0.9% saline solution containing 1.2x10-5 mL PFH /mL water 576 

and 22.5 µL of standardized PA14 for a final concentration of 6x10-6 mL PFH /mL water, while the 577 

MB group treatment and control were filled with 22.5 µL of 0.9% saline solution containing 2x109 578 

MB/mL and 22.5 µL of standardized PA14 for a final concentration of 109 MB/mL and capped on 579 

each end by silicone stoppers. Histotripsy was applied at a PRF of 200Hz for 2.5 seconds per 580 

treatment location (500 pulses) at a p- was 12.3 MPa for both groups, resulting in a treatment time 581 

of 6 minutes and 27.5 seconds per scan of the catheter. Cavitation was confirmed throughout the 582 

treatment process using ultrasound and optical imaging, with control catheters again undergoing 583 

the same process with the treatment transducer turned off but filled with respective NCs or MBs. 584 

Treated catheters were further split into groups receiving 1, 2, 4, and 6 treatment scans to quantify 585 

the dose-dependent bactericidal effect of PMH. Each consecutive treatment scan was conducted by 586 

repositioning the treatment focus at the initial start point and restarting the automated treatment, as 587 

described above.  588 

After treatment, catheters were uncapped and the 45 µL within the lumen was re-suspended 589 

in 1mL of diH20 and termed stock concentration. Stock concentrations were serially diluted by 590 

removing 100 µL and pipetting it into 900 µL of diH2O. This was also conducted for the separate 591 

initial group that was set aside after the standardization of PA14 to A=0.01. Serial dilutions were 592 

carried out from stock concentration to 10-7 for a total of 8 serial dilutions. 100 mm LB agar plates 593 

were divided into 8 sections. Within each section, 20 µL of the various serial dilutions were plated 594 

using a previously described protocol [39, 40]. PA14 plated agar plates were then incubated at 37ºC 595 

for 24 hours. After incubation colonies were counted for each serial dilution that had a countable 596 

number of colonies. If two serial dilutions were countable, they were averaged together. The 597 

number of CFU/mL for the stock concentration was determined by n × 5 × 10d+1 where d = 0. The 598 

number of CFU/mL for each serial dilution was calculated by manipulating the variable d. An 599 

additional 22.2 was factored into the control and treatment groups which corrected for the initial 600 
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dilution of 45 µL in the Tygon catheters into 1 mL of diH2O. Further, an additional multiplication 601 

of 2 was added to correct for the dilution of the suspended bacteria with each of NC and MB. 602 

CFU/mL within the 45 µL Tygon catheters were then finally determined by using the equation 2 × 603 

(n × 22.2 × 5 × 10d+1). CFU counts were recorded for each catheter and CFU/mL calculated using 604 

the above formulas. Statistical analysis was conducted using Student’s t-tests, with experiment-605 

wide Bonferroni correction, between respective treatment and control groups with corrected p-606 

values <0.05 considered significant. 607 
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Due to the results of the bactericidal experiments which showed only a small amount of cell 632 

death after six scans and an observable reduction in cavitation activity over the course of the 633 

treatments, a set of experiments was conducted to investigate the change in the histotripsy cavitation 634 

threshold after 6 independent scans through the catheter lumen. Optical images of MMH showed 635 

cavitation consistent through scans one and two however during scans four and six minimal 636 

posterior wall cavitation was seen (Fig. S1). Similarly, optical images of NMH showed cavitation 637 

consistent through scans one and two however no cavitation is seen in subsequent scans.  638 

Prior to any treatment, initial results showed MB-filled catheters had a cavitation threshold 639 

of 5.2±0.3 and 5.8±0.1 MPa for the MB concentrations 1×108 and 1×109 MBs per mL, respectively 640 

(Fig. S2 A&C). After the first scan, the cavitation threshold increased to 10.4±5.4, and 17.0±8.5 641 

MPa for 1×108 and 1×109 MBs per mL concentrations, respectively (Fig. S2 A&C). After two 642 

scans, the cavitation threshold increased further to 13.0±3.5, and 17.0±3.2 MPa for the MB 643 

concentrations 1×108 and 1×109 MBs per mL, respectively (Fig. S2 A&C). After 4 scans the 644 

cavitation threshold continued to increase to 14.9±5.6, and 18.9±4.1 MPa for the MB concentrations 645 

1×108 and 1×109 MBs per mL, respectively (Fig. S2 A&C). Finally, after 6 scans the cavitation 646 

threshold approached that of the control catheters at 17.7±7.4, and 22.0±2.0 MPa for the MB 647 

concentrations 1×108 and 1×109 MBs per mL, respectively (Fig. S2 A&C). For comparison, control 648 

catheters with no MBs showed a cavitation threshold of 22.6±1.1MPa (Fig. S2 A&C), 649 

demonstrating that the cavitation threshold returned nearly equivalent levels to the controls for MB 650 

samples after six scans. This result suggests that MBs were likely destroyed during the treatment 651 

and were no longer capable of reducing the histotripsy threshold.  652 

 Prior to any treatment, initial results showed NC-filled catheters had a cavitation threshold 653 

of 10.2±0.2, and 11.3±0.3 MPa for the NC concentrations 6x10-6 and 6x10-7 mL PFH per mL water, 654 

respectively (Fig. S2 B&D). After the first scan, the cavitation threshold increased to 10.7±0.1, and 655 

17.2±3.3 MPa for the NC concentrations 6x10-6 and 6x10-7 mL PFH per mL water respectively 656 

(Fig. S2 B&D). After two scans, the cavitation threshold increased further to 20.1±3.9, and 657 

20.3±1.6 MPa for the NC concentrations 6x10-6 and 6x10-7 mL PFH per mL water, respectively 658 

(Fig. S2 B&D). Finally, after 4 scans the cavitation threshold continued to increase to 21.6±1.1, 659 

and 22.1±0.2 MPa for the NC concentrations 6x10-6 and 6x10-7 mL PFH per mL water, respectively 660 

(Fig. S2 B&D). Control catheters showed a cavitation threshold of 22.6±1.1MPa thus NCs were 661 

not tested beyond four scans (Fig. S2 B&D). As seen with the MBs cavitation became inconsistent 662 

beyond one scan for the NC concentration 6x10-7 mL PFH per mL water and two scans for 6x10-6 663 

mL PFH per mL water.  664 
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DISCUSSION 665 

Results from these experiments demonstrate an increase in the cavitation threshold with each 666 

increase in the number of scans through the catheter, likely due to the destruction of the particles 667 

after being subjected to the histotripsy bubble clouds. These data did not match the results from our 668 

initial cavitation threshold experiments that only showed an increased threshold for the lowest 669 

particle concentrations and only showed an increase in the cavitation threshold after subsequent 670 

exposures for the MB samples. However, the results from these longer treatments in which the 671 

entire catheter was exposed to multiple histotripsy treatment scans showed a greater increase in the 672 

cavitation threshold. This finding is likely due to the destruction of more MBs and NCs over the 673 

longer treatment duration, as would be expected. Overall, these results help to explain the lack of 674 

bactericidal effect observed after multiple treatment scans and demonstrate the need for further 675 

work improving PMH methods to provide sustained cavitation and bacteria ablation. 676 

METHODS 677 

A set of threshold experiments was conducted to test the changes in cavitation threshold for 678 

catheters exposed to multiple histotripsy treatment scans across the catheter. MB concentrations 679 

tested included 109 and 108 MB/mL 0.9% saline while NC concentrations tested included 6x10-6 680 

and 6x10-7 mL PFH /mL water. Control catheters were filled with no particles (0.9% saline). These 681 

experiments were conducted by treating particle-filled catheters with a custom treatment program 682 

that applied 500 histotripsy pulses per point over a predetermined 155 points in 0.1 mm increments 683 

from left to right at a pressure of 12.3 MPa at 200 PRF. After each scan, the focus was moved 7.75 684 

mm to the left resulting in a centered focus with respect to the catheters length. The cavitation 685 

threshold was again tested using ultrasound and high-speed optical imaging, as described in the 686 

previous Methods section.  687 
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FIGURES 794 

 795 
Figure 1: Experimental Set-up.  (A) Schematic showing 3D positioning system used for precise movement of samples 796 

through the focus of a stationary histotripsy transducer with coaxial ultrasound imaging and perpendicular high-speed 797 

optical imaging. (B) Molecular structure of a microbubble. (C) Molecular structure of a nanocone cluster. (D) Visual 798 

image of experimental set-up. (E) Graphical depiction of catheter with biofilm and 15.5mm treatment zone. (F) Visual 799 

image of catheter with crystal violet-stained biofilm.  800 

  801 
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 802 

Figure 2: MB Mediated Cavitation. Coaxial ultrasound imaging and perpendicular optical imaging of cavitation 803 

bubble clouds generated inside catheters containing MBs or NCs at a range of concentrations and at select pressures.  804 

 805 

  806 
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 807 

Figure 3: MB and NC Cavitation Threshold. Plot shows the pressure require to generate PMH 808 

cavitation within the lumen of the Tygon catheter mimic. Cavitation threshold denotes initial 809 

creation of cavitation for (A) MB and (B) NC. 810 

  811 
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 812 
Figure 4: MB Mediated Selective Cavitation. Images showing various MB (109 Bubble/mL) and NC (6x10-6 PFH 813 

mL / mL water) concentrations at various pressures with luminal cavitation only the focus covers the lumen denoting 814 

selective cavitation. 815 
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 816 
Figure 5: MB Biofilm Removal. MB (1x109 Microbubbles / mL), and NC (6x10-6 PFH mL / mL water) biofilm 817 

removal at 12.3MPa 200 PRF with focus increments one 0.1mm for a total treatment zone of 15.5mm with 500 pulses 818 

per increment. (A) Optical Density at 590nm of solubilize CV stain. (B) Untreated. (C) MB Treated. (D) Untreated. 819 

(E) NC Treated.  820 

  821 
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 822 

Figure 6: MB and NC Bactericidal Effects on Suspended Bacteria. Plot shows CFU/mL after 823 

treatment, and control Tygon catheter mimics filled with suspended PA14 and either 1x109 824 

Microbubbles / mL (A) or 6x10-6 PFH mL / mL water (B).  Scans indicate the number of passes the 825 

treatment transducer passed through the catheter mimic.    826 
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SUPPLEMENTAL FIGURES: 827 

 828 
Supplemental 1: Optical and Ultrasound Images After Increasing Scan Number. Optical and ultrasound images 829 

showing reduction in cavitation cloud size and intensity as scan number increases. Particle concentrations used, MB 830 

(109 Bubble/mL) and NC (6x10-6 PFH mL / mL water) concentrations.  831 
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 832 
Supplemental 2: MB and NC Threshold After Increasing Scan Number. Cavitation threshold tested after various 833 

scans through a catheter mimic with 155 points in 0.1mm increments at 500 pulses per point at 12.3MPa pressure 834 

during each respective scan. 835 
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