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Abstract

Core needle biopsy is the gold standard procedure for sampling tissues for 
pathology-based diagnostics. However, it produces significant tissue damage and 
may lead to undue pain and risk of complications such as infections. Alternatives 
such as fine needle a spiration and l iquid b iopsy have not yet achieved the same 
widespread utility owing to the limited abundance of cells and relevant biomarkers
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in extracted samples. Here we introduce a shock-scattering micro-histotripsy-
aided fine needle aspiration technology which uses cavitation to liquefy nano-liter
to micro-liter volumes to produce tissue homogenates with both intact and lysed
cells. It permits not only conventional cytopathology with high success but suf-
ficient high-quality tissue homogenates to enable reliable ancillary testing such
as genetic biomarker profiling and even whole genome sequencing with improved
quality compared to formalin-fixed samples. Our approach represents an advance
in tissue diagnostics with orders of magnitude less damage than core-needle
biopsy procedures.

Keywords: diagnostics, fine-needle aspiration, histotripsy, oncology, whole genome
sequencing

1 Introduction
Core needle biopsy (CNB) has become the gold standard for diagnosis of many cancers 
including in the breast, prostate, liver, lung or lymph nodes, due to high speci-
ficity, l ow f alse-negative r ate, a nd i ts a bility t o s ample t issue w ith i ntact structural 
characteristics[1, 2]. Despite the many advantages of core needle biopsies, there still 
exist barriers to timely cancer diagnosis. Larger caliber needles, such as 9-gauge core 
biopsy needles, are painful[3] and carry higher risk of negative side effects s uch as 
infection[4], bleeding[3], hematoma[5] and needle tract seeding[6]. These complications 
result in patient anxiety, and resistance to initial or repeat biopsies leading to missed 
diagnoses or unsuitable treatment. The risks associated with CNB can deter physi-
cians from referring low-risk patients for biopsy. In some institutions, over 30% of 
patients who underwent breast cancer screening were diagnosed with BI-RADS cate-
gory 3 lesions and were recommended for only a 6-month follow-up imaging rather than 
biopsy[7]. This is concerning when some studies have found patient non-compliance 
with short interval follow-ups to be 29%[8]. There is likely an unknown statistic of 
patients who did not receive timely diagnosis of their diseases whose prognoses may 
have been negatively affected d ue t o d elays i n d iagnosis a nd t reatment. C NB i s also 
expensive to perform, being three times as expensive as fine needle aspiration biopsy 
(FNAB)[9, 10], and requiring additional scheduling of appointments, resulting in a 
heavier burden on medical systems[11].

Comparatively, FNAB is less invasive than core needle biopsy with much lower 
incidence of the risks associated with CNB[12, 13]. While FNAB has lower sensitiv-
ity than CNB on average (74% vs 87%)[14], it has the benefit o f b eing a  same-day 
procedure, thus lowering burden on the medical system, and helping patients avoid 
unnecessary psychological distress[15, 16]. FNAB was historically popular, with suc-
cess in cytopathological analysis of aspirates for cancer diagnosis[17]. However, FNAB 
is no longer as prevalent in cancer diagnostics in recent decades since the rise of CNB 
due to multiple disadvantages. A primary barrier to the use of FNAB is the high rate 
of sampling inadequacy, with one review finding a n i nadequate s ample r ate o f u p to 
12.8% for image-guided FNAB[18]. FNAB also requires the presence of a specialized
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cytopathologist to assess sample quality. One study compared inadequate sampling 
rate of 22-gauge FNAB when performed by pathologists or non-pathologist specialists. 
Inadequate sample rates increased from 7.7% to 24.8% when performed by patholo-
gists or other specialist physicians, respectively[19]. Furthermore, FNAB provides a 
lower quantity of tissue material for downstream analysis than CNB[20]. As such, there 
is an unmet need for expanding and improving on the tissue sampling capabilities of 
FNAB in order to achieve more powerful and accurate diagnostics while maintaining 
the faster turnaround times and minimally invasive nature of FNAB.

Liquid and blood biopsies have become increasingly popular as a minimally-
invasive alternative to conventional core needle biopsies. Liquid biopsy refers to the 
detection of disease biomarkers from bodily fluids such as blood, cerebrospinal fluid, or 
urine. Blood biopsy in particular has been explored extensively for use in screening and 
molecular characterization of cancer due to the challenges associated with traditional 
biopsies. Invasive biopsies are severely limited in their utility for active surveillance 
and prognostic profiling t hroughout t reatment f or r esponse m onitoring d ue t o their 
invasive nature, high cost and low patient compliance. Additionally, tumors tend to 
be heterogeneous and constantly evolving, making it difficult to obtain comprehensive 
tumor profiles w ith t raditional biopsies[21]. W ith b lood b iopsies, c irculating tumor 
cells, tumor-derived exosomes, tumor proteins, and circulating tumor-derived nucleic 
acids like DNA, mRNA, and miRNA can be isolated from patient blood samples and 
analyzed[22]. However, liquid biopsies may have a narrow diagnostic window as it is 
difficult to  detect biomarkers present at  low concentrations at  early disease stages.

Microbubble or nanodroplet-enhanced sonication of tumors have recently shown 
promise for enhancing the detectable biomarker levels present in blood, potentially 
addressing the current limitations of blood biopsy. D’Souza et al. first described a strat-
egy for blood biomarker amplification and l ocalization using u ltrasound to overcome 
challenges faced by blood biopsy techniques[23]. Their work showed that the applica-
tion of high-intensity, low-frequency ultrasound to tumor cells can significantly increase 
tumor protein biomarkers available in the blood, and that this effect is specific to  the 
direct application of ultrasound to the tumor. Forbrich et al. extended the work on 
ultrasound-enhanced biomarker release by introducing lipid-stabilized microbubbles 
which further amplify biomarker release by reducing the cavitation energy required 
for sonoporation to occur[24, 25]. Paproski et al., subsequently demonstrated the use 
of phase-change nanodroplets to enhance RNA biomarker release from cells[26]. For-
brich et al., then compared the efficiency of mRNA and miRNA biomarker release with 
various sonication procedures with or without nanodroplets[25]. Paproski et al. next 
demonstrated that nanodroplet-aided sonication in vivo produced not only enhanced 
free biomarkers but also orders of magnitude enhancements of extracellular vesicles[27]. 
These vesicles were demonstrated to contain cellular biomarkers and blood sampling 
post-sonication led to detection of genetic biomarkers and tumor-specific mutations 
that were otherwise undetectable. A variant of the technique using phase-changing 
nanodroplets has also been shown to enhance plasma levels of cancer-derived mRNA 
and miRNA, and extracellular vesicles[26, 27], however it was concluded that these 
biomarker levels can vary greatly between patients and biomarker levels still remain



ARTI
CLE

 IN
 P

RES
S

ARTICLE IN PRESS

too low for reliable blood biopsy, especially in earlier stages of disease. In association 
with blood biopsies, a method of using high-intensity focused ultrasound to transiently 
open the blood-brain barrier and release biomarkers into the blood, known as ”sono-
biopsy”, was developed and recently achieved promising first-in-human trials in glioma 
patients[28].

Fig. 1 Illustrations of current clinical standards of biopsy compared to our method of shock-
scattering micro-histotripsy paired fine-needle a spiration b iopsy. P ortions o f fi gure cr eated in 
BioRender. Zemp, R. (2026) https://BioRender.com/yi8pn88, https://BioRender.com/mmtr3hq, 
https://BioRender.com/xhsqz77, https://BioRender.com/mt28456.

We present here a technique pairing shock-scattering micro-histotripsy tissue abla-
tion with fine-needle a spiration b iopsy ( MH+FNAB) f or a  f ast, m inimally invasive 
method of cancer diagnosis and prognosis (Fig. 1).

Histotripsy is an emerging ultrasound-based tissue ablation technique using 
extreme ultrasound pressures to induce cavitation damage of tissues. Sufficiently 
large peak negative pressures cause dissolved air endogenous to liquids and the inter-
stitial fluids o f t issues t o f orm m icrobubble c avitation clouds[29]. A s cavitational 
microbubbles coalesce and collapse, these bubbles mechanically fractionate adjacent 
cells, destroying them on a subcellular level[29, 30].

Shock-scattering histotripsy relies on nonlinear propagation to generate high peak-
positive-pressure shock-wavefronts which are then phase-inverted when scattering off 
of gas nucleation sites. This produces high peak negative pressures which nucle-
ates further cavitation nuclei and results in a cavitation cloud which achieves purely 
mechanical damage without appreciable temperature elevation in the tissue. [31, 29]. 
While boiling histotripsy also produces a mainly non-thermal mechanism for tissue 
fractionation across the ablation area, a highly spatially confined center region of the 
focus does achieve instantaneous thermal vaporization [32]. It is uncertain whether 
this localized, transient rise in temperature would have an effect o n t he biomarkers 
released for diagnostic applications.

Histotripsy has principally used massive transducer systems with low (<2 
MHz) frequencies for deep-tissue non-invasive surgical applications. Recently, micro-
histotripsy has been introduced using higher frequencies (>5 MHz) and compact 
form-factor transducers and electronics. Shock-scattering micro-histotripsy produces 
peak-negative pressures >30 MPa, which exceed the cavitation threshold intrinsic to 
tissues (-14 to -28 MPa) for single-cycle ultrasound pulses. At a frequency of 6.3 MHz, 
the formation of sub-millimeter sized cavitation clouds can be achieved[31, 33]. Shock-
scattering micro-histotripsy specializes in highly precise cavitation and minimal overall 
tissue damage that allows for navigating around potentially sensitive structures[34]. 
For this reason, shock-scattering histotripsy provides a further advantage over boil-
ing histotripsy for minimally invasive diagnostic applications, as boiling histotripsy 
produces characteristic axially-elongated tadpole-shaped ablation zones [32]. Even at
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the highest end of transducer frequencies, boiling histotripsy ablation zones cannot 
currently be miniaturized as effectively as intrinsic and shock-scattering histotripsy.

Due to the ability for histotripsy to liquefy and disincorporate soft tissues in a pre-
cise and non-invasive manner, it is a promising candidate for cancer therapy. Compared 
to current standard cancer therapy options such as radiation, surgical resection, or 
thermal ablation, histotripsy offers n on-surgical, n on-ionizing, a nd n on-thermal bulk 
removal of tumor mass through mechanical ultrasound cavitation damage[31]. A num-
ber of preclinical studies investigating the efficacy of  histotripsy for tumor treatment 
have been performed in recent years, including in hepatocellular carcinoma[35, 36], 
prostate cancer[37], melanoma[38], cholangiocarcinoma[39], renal cell carcinoma[40], 
pancreatic cancer[41], osteosarcoma[42], and glioma[43]. Results of preclinical animal 
trials for liver tumors have been particularly impressive, with tumors treated with 
complete or partial histotripsy ablation undergoing complete reabsorption of liquefied 
tumor tissue and complete local tumor regression in over 80% of cases, leaving only a 
small amount of non-tumoral fibrous scar t issue after 3  months[44, 35].

Despite the extensive and in-depth work on the therapeutic application of his-
totripsy, there are still very few studies that explore its potential as a minimally 
invasive diagnostic tool. To date, the only study published for histotripsy-assisted 
diagnosis of diseases is related to boiling histotripsy-facilitated liquid biopsy. In 2017, 
Chevillet et al.[45] performed a study using three methods of pulsed focused ultra-
sound to induce release of tumor-derived miRNAs into the blood circulation, of which 
one ultrasound method was boiling histotripsy for liquefaction of the tumor. They 
found that boiling histotripsy produced up to a 32-fold increase in plasma quantities of 
candidate biomarkers within 15 minutes after start of treatment, and levels remained 
elevated for up to 3 hours. However, since this study, no other work has been published 
on the subject, perhaps due to the arduous nature of consistent biomarker detection in 
blood samples. Additionally, no one has explored the potential of shock-scattering his-
totripsy, which can achieve smaller ablation zones, for similar applications in enhancing 
biomarkers for disease diagnosis.

The Chevillet et al.[45] study intended to maximize biomarker release into the 
blood by conducting boiling histotripsy treatment in a grid which covered most of the 
tumor, and mentions that boiling histotripsy liquefaction of tissues is potentially too 
destructive to justify its use as a replacement for needle biopsies. Their less destructive 
permeabilization method also released similar amounts of miRNA. Furthermore, they 
discuss one of their limitations being that they only examined miRNAs as biomarkers 
due to their increased stability and count in plasma, but have yet to test their method 
with other biomarker types.

In contrast, our method relies on completely mechanical shock-scattering micro-
histotripsy, and has a focus on minimizing disturbance to the overall tumor structure. 
Our method, affecting o nly 5 00 n ano-liters o f v olume, a dds n egligible d amage to 
a FNA procedure, and aims to provide the most minimally invasive alternative to 
needle biopsies, while being capable of extracting and detecting many biomarker
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types. Our method produces tissue homogenates with both intact and lysed cells,
and is proposed for use in shallow tumors, as the high frequency, compact design of
the micro-histotripsy transducer (Fig. 2A,B) currently allows for limited treatment
depth. It permits not only conventional cytopathology with high success but also
sufficient high-quality tissue homogenates to enable reliable ancillary testing such as
genetic biomarker profiling and even whole genome sequencing with improved qual-
ity compared to formalin-fixed samples. Our approach represents an advance in tissue
diagnostics with orders of magnitude less damage than core-needle biopsy procedures.

Cavitational histotripsy has proven its worth as a non-invasive method for precise
liquefaction of tissues with minimal risk of off-target effects, and we believe that there
is an opportunity for it to fill a niche within the realm of fast, minimally invasive
techniques for diagnosis and molecular characterization of cancer.

2 Results

2.1 Preliminary testing: In-vitro histotripsy of cancer cell line
pellets

To first d emonstrate t he u tility o f s hock-scattering m icro-histotripsy f or massive 
biomarker release, we performed in-vitro experiments using cell pellets.

A pilot experiment was conducted which used our custom 10mm single element 
piezoelectric shock-scattering micro-histotripsy transducer to cavitate and release 
biomarkers from centrifuged breast cancer cell pellets. Human breast cancer cells of 
triple negative subtype with hypermethylation of the BRCA1 gene (HCC-38) were 
used as an ablation target in these in-vitro histotripsy treatments. BRCA1 hyperme-
thylation was chosen as a representative cancer-specific biomarker due to the presence 
of this epimutation in a large fraction of both hereditary [46] and sporadic [47] breast 
cancers, as well as ovarian and prostate cancers[46, 48]. Micro-histotripsy was applied 
to cell pellets to establish varying baseline parameters with respect to voltage, treat-
ment duration, and single- or multi-target treatment. A minimum voltage threshold 
for cavitation to occur with our histotripsy transducer was first e stablished by cavi-
tating in water, followed by the cell pellet. Running the histotripsy driver board with 
a supply voltage of -120 VDC was enough to cause sporadic cavitation, but consistent 
cavitation was only achieved at -160 VDC. Single-target histotripsy was then applied 
for varying durations up to 2 minutes to cell pellets, acquiring pre- and post-histotripsy 
supernatant samples for each treatment duration group. Biomarker release tended to 
increase with increased treatment duration. Multi-target histotripsy was also tested, 
in which a 2-by-2 grid of spots (4 total) were ablated on the cell pellet for varying time 
durations before collecting a post-histotripsy sample. The maximum level of biomarker 
detection was achieved overall by applying histotripsy to 4 focal zones on the pellet 
for 30 seconds each (Supplementary Data 1), which was the maximum chosen time for 
the multi-target histotripsy test group in this experiment. The hypermethylated allele 
of BRCA1 was detected at 97,077-fold higher in concentration in the post-histotripsy 
sample compared to the pre-histotripsy control. Based on standard dilution curves run
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alongside the samples, this equates to about 1 million copies of the hypermethylated
BRCA1 allele present in the post-histotripsy sample at the time of sample acquisi-
tion. While the total time of histotripsy treatment for the 30sec/multi-target group
is equivalent to the 2min/single-target group, the methylated BRCA1 released from
the multi-target treatment was over 78 times the amount released in the single-target
treatment.

Fig. 2 Micro-histotripsy system and transducer specifications and imaging setup. (A) Micro-
histotripsy custom driver board connects to a -350 VDC power supply and is driven by a function
generator set to cycle at 6.3 MHz with 10 cycles per transmit pulse at a pulse repetition frequency
of 1-kHz. The transducer produces an estimated peak-negative pressure of 40 MPa in water, and
around 30 MPa in-vivo due to attenuation. (B) Custom 1-3 piezoelectric composite micro-histotripsy
transducer is 10 mm in diameter, small enough to be an easy add-on to the end of a fine needle.
(C) Schematic of the positioning of imaging and histotripsy transducers, held together by a custom
3D-printed holder, relative to a target tumor. (D) Photograph of the custom 3D-printed transducer
holder. (E) Illustration of experimental method in vivo in a mouse model. Portions of figure created
in BioRender. Zemp, R. (2026) https://BioRender.com/z3tcz3x, https://BioRender.com/c70v140.
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2.2 Cancer-specific DNA and mRNA biomarkers release
poorly into the blood circulation

Since blood biopsies have shown promise as a minimally invasive alternative to conven-
tional core needle biopsies, and because our group has previously done work enhancing 
cancer-released vesicles in chicken embryos using nanodroplet-enhanced FUS[27], the 
initial focus of this study was to use shock-scattering micro-histotripsy for enhance-
ment of blood biopsy. We applied micro-histotripsy in flank tumor-bearing mice using 
our custom shock-scattering micro-histotripsy transducer. The custom transducer is 
only 10mm in diameter with a 7-mm focal length that produces a sub-millimeter 
ablation zone. We anticipated that micro-histotripsy liquefaction of sub-millimeter 
volumes of tumor tissue could release massive amounts of biomarkers into the blood 
which could be sampled via tail vein. However, what we found after months of in vivo 
experiments in over 20 mice was that the DNA and mRNA biomarkers we were search-
ing for were being inhibited by physiological barriers, affecting entry and spread into 
the bloodstream, and we could rarely produce detectable plasma concentrations of 
our biomarkers (Supplementary Figure 1). In one attempt, blood samples were taken 
from a mouse immediately after histotripsy, at 20 minutes, and at 1, 2, 3, 4, and 
5 days after histotripsy but found no qPCR amplification o f t he t arget biomarkers. 
These results could be explained by the destructive nature of histotripsy cavitation, 
which may destroy micro-vasculature around the ablation area while causing clotting 
factors to activate, preventing larger biomarkers like DNA and mRNA from enter-
ing circulation. It is of note that smaller nucleic acids, like miRNAs have been shown 
to have better release than larger mRNAs in previous blood biopsy studies[25], and 
may be better biomarker candidates for histotripsy-enhanced biomarker release into 
blood. However, we chose instead to explore the potential for direct local sampling of 
liquefied t issue through FNA.

2.3 Qualitative effects o f micro-histotripsy

For shock-scattering micro-histotripsy paired FNA (MH+FNAB) to be a suitable pre-
liminary diagnostic test, its effects should b e small enough to have negligible impact 
on further core needle biopsies while producing massive biomarker release for opti-
mal molecular profiling o f the tumor. In order to determine the qualitative effects of 
our custom micro-histotripsy system on the tumor and surrounding tissue, in vivo 
xenograft tumors in mice were tracked during micro-histotripsy treatment by real-
time ultrasound and photoacoustic (PA) imaging, and evaluated post-procedure by 
histological analysis of the excised tumor. Under real time ultrasound imaging, micro-
histotripsy in subcutaneous xenograft tumors was shown to produce ablation zones of 
less than 1 mm in width and between 1-2 mm in length by the end of a 3 minute treat-
ment procedure (Supplementary Movie 1). However, due to the hyperechoic nature 
of the cavitation bubble under ultrasound, this measurement is larger than the true 
scale of the ablation zone which is closer to 0.5 mm in width and 1 mm in length 
when examined microscopically post-excision (Fig. 3D). Using the ultrasound B-scans, 
mean ablation volume was also estimated to be 0.124 mm3 (+/- 0.028 mm3, std. error) 
across 5 different cavitation events. This damage to the tumor is around 1% of tumor
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volume even after accounting for damage from fine-needle insertion. The histotripsy
ablation is initially observed to affect a spherical zone of about 0.5 mm in diameter at
the start of treatment. As the affected tissue is liquefied, the ablation zone gradually
lengthens in the axial direction to the transducer during the course of the 3 minute
treatment up to around 1 mm. Aspiration using a 25-gauge fine-needle paired with
micro-histotripsy produces a much smaller volume of tissue damage of about 1.8% of
the damage volume produced by one pass of a 9-gauge core needle assuming a 3 cm
biopsy depth (assume cylinder with 0.5 mm diameter vs 3.76 mm diameter).

Fig. 3 Qualitative effects of shock-scattering micro-histotripsy cavitation on tumor tissue. (A)
Ultrasound images showing mouse tumor during histotripsy, post-histotripsy liquid cavity, and FNA
of liquid in histotripsy cavity. The dotted blue line indicates tumor boundary, and the dotted yellow
line indicates the 25-gauge fine needle. (B) Oxygen-saturation PA imaging overlay on B-mode ultra-
sound of in vivo mouse tumor before and immediately post-histotripsy. Histotripsy ablation cavity is
indicated by a yellow circle, and PA SNR for the area within the tumor boundary is shown for each
respective image. (C) Excised mouse flank tumor following histotripsy treatment and euthanasia of
the mouse. The tumor is sitting atop a No.21 surgical scalpel blade, and the tiny “hole” (blue arrow)
from the histotripsy cavitation is visible on the face of the tumor. (D) H&E sections of adjacent (left)
and on-target (right) slices of the same region of the same tumor treated by micro-histotripsy cavita-
tion. Histotripsy produces a sharp boundary at the edge of the treatment zone without disturbing or
affecting the morphology of the remaining tumor tissue in the surroundings. Yellow circle indicates
region of histotripsy ablation. Red arrows show loosened cells and tissue likely to be aspirated into
the sample.
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Micro-histotripsy produces a very sharp boundary between dead and live cells at
the edge of the histotripsy focal zone (Fig. 3D) with no discernible damage to tissue
outside of the focal zone. Apart from the approximately 1mm3 histotripsy focal zone,
the remainder of the tumor remains structurally and morphologically intact follow-
ing micro-histotripsy treatment, suggesting that further acquisition of core biopsies,
if deemed necessary, should not be impacted. Micro-histotripsy produced nearly com-
plete liquefaction of the target area into subcellular debris, with some intact nuclei and
cells observable within the lysate. Some pooling of blood alongside the liquefied tissue
can be seen in the histotripsy cavity via PA imaging immediately post-treatment (Fig.
3B). PA images of the tumor show a larger signal concentrated around the ablation
zone with greater signal-to-noise ratio (SNR) immediately post-histotripsy compared
to pre-histotripsy (33.30 vs 21.54, respectively). Using this visualization method, PA
imaging can allow for further guidance of fine-needle aspiration if tumor heterogeneity
makes ultrasound needle guidance difficult.

Our shock-scattering micro-histotripsy technique produced no observable heat
damage to targeted tissues or surrounding tissue, as shown by the lack of whitish
discoloration seen in test tissues exposed to micro-histotripsy treatment for extended
periods of time up to 15 minutes (Supplementary Figure 2A). Additionally, by using
PA guidance in pre-histotripsy alignment to avoid highly vascularized areas, we are
able to minimize hemorrhage and edema around the treatment area and the area of the
tumor as a whole (Supplementary Figure 2B). However, during certain trials in which
histotripsy treatment was applied too shallowly on the mice, the micro-histotripsy did
break skin and cause edema and purple-ish bruising on the flanks of the mice which
healed within 5 days. The occurrence of such scenarios was based on the proficiency of
the investigators applying the treatment, and was consistently avoided in later trials
as the investigators became more comfortable with the procedure. No discomfort was
observed in the mice when histotripsy was applied on-target, and further experiments
applied histotripsy at least 2 mm in depth from the surface of the skin. Following his-
totripsy treatments and recovery from anesthesia, mice were immediately alert and
mobile, and displayed no signs of pain, morbidity, or other abnormal behaviors in the
following days. This allowed for up to three sets of histotripsy treatments per mouse,
each one week apart. Based on good health conditions of the mice up to the end of the
third and final treatment, there may be possibility for more treatments over a longer
period, or with greater frequency. Due to initial ethical guidelines set for total blood
volume allowed to be drawn per mouse during the planning stages of these experiments,
longer term or higher frequency treatment regimens have yet to be tested.

2.4 Enhanced detection of cancer-specific BRCA1 DNA
methylation

One envisioned way of assessing the malignancy of a suspicious lesion is to sample 
cancer-specific markers from a  fine-needle aspiration procedure. We  sought to  do  this 
with our histotripsy aided fine-needle a spiration p rocedure u sing a  x enograft mouse 
model of breast cancer (Fig. 2). Micro-histotripsy paired with fine-needle aspiration 
(MH+FNAB) significantly increased detection of epigenetic biomarkers compared to
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pre-histotripsy controls and conventional FNAB (Fig. 4A). Hypermethylation of CpG 
islands in the BRCA1 promoter region is known to be a strong indicator of heredi-
tary breast cancer risk and is present in sporadic breast tumors compared to patients 
with benign tumors[47], and was therefore chosen as a representative epimutation for 
testing. This alone may not conclude the presence of cancer, but could be one of mul-
tiple markers in a panel that could inform on cancer presence. As proof of principle, 
here we focus on hypermethylation of BRCA1 promoter which is one of many epimu-
tations that are utilized for cancer diagnosis. The presence of the hypermethylated 
allele of the BRCA1 promoter had a median fold-increase of 3174.9 (delta-CT 95%
CI: 8.28 - 14.69; 311.37 - 26432 on normal scale) in the MH+FNAB samples relative 
to the pre-histotripsy group (P = 4.58e-5), while the non-methylated allele amplified 
by a median of 238-fold (P = 0.0035, delta-CT 95% CI: 5.35 - 8.74; 40.64 - 427.9 
on normal scale) in the MH+FNAB sample compared to pre-histotripsy. This indi-
cates lower proportion of the non-methylated allele and confirms hypermethylation 
of the BRCA1 promoter, but also signifies overall improved BRCA1 biomarker detec-
tion in the MH+FNAB treated group. In the pathologist-performed conventional FNA 
group, detectable levels were not achieved for either of the BRCA1 alleles in these 
samples. As an indicator for change in total DNA material extracted by pairing MH 
with FNAB, we evaluated beta-actin quantities detected between samples from the 
pre- and post-histotripsy treatment groups, and saw a significant (P = 0.0027) median 
increase of 1,374-fold (delta-CT 95% CI: 6.68 - 12.97; 102.36 - 8017 on normal scale) 
in the MH+FNAB group relative to the conventional FNAB group. This would sug-
gest that to some extent, the enhanced biomarker quantities available for detection 
in the MH+FNAB group is due to an overall increase in the genetic material made 
available for FNAB following MH, which liquefies tougher solid tissue into fluid easily 
aspirated by needle.

Fig. 4 Micro-histotripsy liquefaction of tumors enhances cancer-specific BRCA1 epimutation release.
(A) Unmethylated and methylated alleles of BRCA1 promoter region were detected via qPCR in 
conventional FNA, pre-histotripsy FNA, or histotripsy+FNA samples (n=3 tumors conventional 
FNA, n=15 tumors pre-histotripsy, n=9 tumors MH+FNA). DNA copies detected are plotted on a 
log10 scale, error bars represent standard error. Both unmethylated and methylated alleles of the 
BRCA1 promoter region were significantly h igher i n t he h istotripsy+FNA g roup c ompared t o the 
conventional FNA (p = 0.00084 and 0.00015, respectively) and pre-histotripsy FNA (p = 0.0035 
and 4.58e-5, respectively) controls. There is no significant d ifference in  BRCA1 biomarker detection 
between conventional and pre-histotripsy FNA samples (p = 0.43 for unmethylated allele and p 
= 0.065 for methylated allele). (B) Representative qPCR curves for pre-histotripsy FNA control 
and post-histotripsy FNA samples. Groups were compared using two-sided Wilcoxon signed rank 
exact test (paired comparisons) and two-sided Wilcoxon rank sum test (unpaired comparisons) with 
Bonferroni correction for multiple comparisons. Mean and standard error are indicated.*P < 0.05; 
**P < 0.01; ***P < 0.001; ns P > 0.05.
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2.5 Enhanced Detection of Histotripsy-Amplified mRNA
Biomarkers for Cancer Subtyping

In breast cancer diagnosis, analysis of hormone receptor status of the tumor is 
a standard-of-care test that informs the clinician of cancer prognosis and suitable 
treatment strategies. Normally, core biopsies would need to be taken and multi-
day immunohistochemical analysis would have to be performed on the samples to 
determine hormone receptor status. Our technique is capable of detecting mRNA 
biomarkers for indicating hormone receptor status with a much faster turnaround 
time than standard immunostaining. MH+FNAB treatment significantly enhanced 
the detectable levels of the relevant hormone receptor mRNA levels corresponding to 
breast cancer subtype (Fig. 5A). With xenograft tumors originating from a human 
ER/PR+ breast cancer cell line (MCF7), significantly h igher q uantities o f E R(P = 
0.048) and PR(P = 0.036) mRNA were detected via RT-qPCR in the MH+FNAB 
treatment group relative to the pre-histotripsy FNAB control. Median 2645-fold (delta-
CT 95% CI: 2.14 - 23.0; 4.41 - 8.38e6 on normal scale) and 5599-fold (delta-CT 95%
CI: 5.02 - 22.29; 32.44 - 5.12e6 on normal scale) increases were detected for ER and 
PR, respectively. Conversely, in experiments using xenograft tumors originating from 
a human triple-negative breast cancer cell line (HCC-38), no significant difference was 
found in the mRNA expression of either ER or PR (P > 0.05). These results are reflec-
tive of the hormone receptor status seen in direct lysis controls from their respective 
cell lines, and correctly indicate ER/PR over-expression in a luminal breast cancer 
subtype or lack thereof in a triple-negative subtype.

Fig. 5 Micro-histotripsy liquefaction of tumors enhances cancer subtype-specific hormone receptor 
mRNA biomarker release. (A) ER, PR, and HER2 mRNA levels were quantified i n conventional 
FNA, pre-histotripsy FNA, or histotripsy+FNA samples in a luminal breast cancer (ER/PR+) or 
TNBC cancer type (luminal n=8 pre-histotripsy, n=6 post-histotripsy; TNBC n=18 pre-histotripsy, 
n=11 post-histotripsy; samples in duplicate). mRNA copies detected are plotted on a log10 scale, error 
bars represent standard error. ER and PR mRNA levels were significantly h igher post-histotripsy 
versus control (p = 0.048 and 0.036, respectively) in the luminal subtype, while no difference was 
observed in the TNBC subtype (p = 0.55 and 0.61, respectively). HER2 mRNA levels were ampli-
fied p ost-histotripsy i n t he TNBC s ubtype ( p =  2 .57e-4) d espite b oth c ell types u sed b eing known 
HER2 negative subtypes. (B) Representative gene expression qPCR curves for pre-histotripsy FNA 
control and post-histotripsy FNA samples. (C) Control experiment against a true HER2+ cell line 
shows that the HER2- cancer types still amplify under qPCR due to primer sensitivity, but signif-
icantly less quantity of HER2 mRNA is detected compared to HER2+ control (p = 0.0095) (n=2 
different c ell l ines e ach f or HER2+ a nd HER2- g roups, i n t riplicate). Groups were c ompared using 
two-sided Wilcoxon signed rank exact test (paired comparisons) and two-sided Wilcoxon rank sum 
test (unpaired comparisons) with Bonferroni correction for multiple comparisons. *P < 0.05; **P < 
0.01; ***P < 0.001; ns P > 0.05.
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Contrary to our initial assumptions, despite both MCF7 and HCC-38 cells being 
HER2 negative, the qPCR primers we used were able to detect increased levels of 
HER2 mRNA in the TNBC tumor type (P = 2.57e-4) in the MH+FNAB group com-
pared to the pre-histotripsy FNAB counterpart. However, as this result was observed 
even in the cell line lysis controls, it is most likely an effect of the qPCR primer’s high 
sensitivity to baseline levels of HER2 expression. To confirm t his, c ontrol t ests were 
performed alongside proper HER2-positive cell lines (Fig. 5C), and despite the HER2-
negative cell lines producing qPCR amplification, these samples still had significantly 
less (P = 0.0095) HER2 expression than HER2-positive controls. In the case of HER2 
expression, it may be necessary for future studies to determine a more suitable qPCR 
primer for differentiating between known HER2-positive and HER2-negative cells.

2.6 Micro-Histotripsy Paired Fine-Needle Aspiration
Enhances Cell and Tissue Sampling for Cytopathology

To test whether the applications for shock-scattering micro-histotripsy paired FNA 
could extend beyond molecular analyses, we asked cytopathologists to examine the 
adequacy of histotripsy lysate samples for use in histology. Following our procedures 
for in vivo micro-histotripsy biomarker release from flank t umors i n m ice, b ut using 
the B16F10 mouse melanoma cell line, FNAB and MH+FNAB samples were prepared 
as cell smears and cell pellets for cytopathological analysis. The total sample, which 
was made up of tissue aspirate drawn into 100 µL of EDTA buffer pre-loaded into the 
needle head, had a 20 µL fraction for smearing while the remainder was centrifuged 
for a cell pellet, keeping the supernatant for qPCR analysis. Consistent extraction 
of cellular material was achieved in FNAB+MH samples, while conventional FNAB 
samples were relatively unreliable during our attempts to extract material for analysis. 
Only 1 of 5 attempts at conventional FNAB was able to produce sufficient material 
for microscopic imaging.

Fig. 6 Cell smears and sectioned cell pellet slides for cytology analysis. (A) Cell smears and 
FFPE sectioned cell pellet slide comparisons between conventional FNAB, pre-histotripsy FNA, and 
MH+FNAB, stained with H&E and anti-S100A4 immunohistochemistry. In the pre-histotripsy sam-
ples, minimal material for staining and imaging could be extracted even after 5 separate attempts 
on different mice. In the MH+FNAB samples, mostly l oose cells can b e seen with some cell clusters 
(CL), on a backdrop of acellular debris (cloudy pink material in H&E). Cells in the sample exhibit 
classic signs of malignancy like condensed chromatin and prominent nucleoli (red arrow) as well as 
melanin expression (*). Cells stain positive for S100A4 (yellow arrows), a standard protein biomarker 
in melanoma.(B) Pathologist-evaluated cell counts per 40X FOV, with pooled scores of 10 FOVs per 
slide, per pathologist. Two pathologists performed blinded slide reviews on n=12 FNA smears, n=2 
histotripsy smears, n=6 FNA pellets, and n=1 histotripsy pellet slides.
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Histological analysis of both the cell smears and cell pellets from FNAB+MH sam-
ples show high cellularity with predominantly loose single cells, some cell-free nuclei, 
and some cell clusters. Clear visualization of enlarged nuclei with prominent nucleoli 
and coarse chromatin confirm m alignancy o f t he c ells i n t he c ell p ellet i mages (Fig. 
6), and while the cell smear images have poorer visualization, the disorganization and 
enlargement of nuclei are sufficient to  in dicate ma lignancy. Me lanin pi gment among 
the cells can also be observed in the H&E images, and the samples stain positive for 
S100A4 protein, a standard immunohistochemical marker of melanoma, reinforcing 
the melanoma origin of the samples.

2.7 Whole Genome Sequencing
We further explored the option for auxiliary analyses by performing whole-genome 
sequencing with our shock-scattering micro-histotripsy paired fine-needle aspiration 
technique. The supernatant of a centrifuged histotripsy-paired aspiration sample can 
be used for whole genome sequencing in tandem with cytological analysis of the sample 
pellet. With core needle biopsies, the standard procedure following extraction of the 
cores is fixation of the sample in a  neutral-buffered formalin so lution. This al lows for 
long term preservation of the tissues, as well as enabling the processing of the sample 
into paraffin-embedded blocks for histological analysis. However, while formalin-fixed 
core biopsy samples are commonly used for sequencing analysis due to the abun-
dance of sample availability[49], artifacts caused by formalin fixation s uch a s DNA 
fragmentation and artificial sequence alteration frequently cause issues for sequencing 
and may disproportionately affect d etection o f l ow f requency m utation variants[50]. 
Using micro-histotripsy paired FNA, we acquired sufficient, fr esh, ge netic material 
for whole-genome sequencing from only the supernatant fraction post-centrifugation 
of the aspirate sample, allowing for sequencing analysis alongside cytopathological 
analysis on the sample pellet.

DNA quality assessment using DNA gel electrophoresis showed almost no DNA 
detectable from a 25mg sample of formalin-fixed m elanoma t umor (Supplementary 
Figure 3) after 6 different a ttempts w ith v arious o ptimizations, m ost l ikely d ue to 
formalin-catalyzed cross-links causing loss during extraction, as well as extensive 
degradation of DNA due to fragmentation. The same extraction process with a fresh, 
non-frozen, non-formalin-fixed tumor (hereby referred to as “fresh tumor”) processed 
with Trizol reagent for DNA extraction yielded more than sufficient DN A fo r down-
stream analytics. Fresh tumor DNA was used in all subsequent sequencing steps. DNA 
extraction from 20 µL of micro-histotripsy aspirate produced sufficient qu ality and 
quantity of DNA for sequencing, although some DNA fragmentation was observed 
(Supplementary Figure 3). However, minor DNA fragmentation may not be an issue 
for whole genome sequencing, as DNA fragmentation is a commonly applied step in 
the DNA library preparation process. Around 120 ng of DNA was extracted from the 
micro-histotripsy aspirate sample without the need for extra pre-amplification prior 
to library preparation.
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We were able to call many mutations in both fresh tumor and histotripsy samples 
(Supplementary Data 2 and 3), which were distributed following a similar spatial 
pattern, along all chromosomes (Fig. 7A). Mutations were observed with slightly higher 
frequency in the histotripsy sample than in the fresh tumor one. As expected from 
the genome organization, most variants were comprised inside intergenic and intronic 
regions. Other less prominent categories include non-coding RNA sequences, 3’-UTR 
and exonic variants (Fig. 7B). We focused on exonic variants and specifically on those 
that are non-synonymous, i.e. leading to missense proteins (variants that lead to the 
addition of a different a mino a cids) o r t o t runcated p roteins ( giving r ise t o a  stop 
codon). Respectively, 6,628 and 9,265 non-synonymous exonic variants were detected 
in the tumor and histotripsy samples, which were located in 2,498 and 3,358 genes. 
Thus, the number of mutations detected in the histotripsy sample was higher than in 
the fresh tumor sample. All categories of mutations were detected in greater abundance 
in the histotripsy sample. Of interest, when the number of mutations in the tumor 
sample was set as reference (normalized to a value of 1) the abundance of mutations 
in the histotripsy sample exhibited a 1.2- to >3.5-fold increase in mutation abundance 
(Fig. 7C). While it is unexpected that the histotripsy sample would exhibit a higher 
frequency of mutations than a sample from the source tumor, this is most likely due 
to the histotripsy sample being from concentrated, internal regions of the tumor. In 
comparison, the tumor sample, which was made by whole-tumor lysis then processing 
of a portion of the lysate, inevitably contains surrounding non-cancerous or fibrous 
tissue, diluting the proportion of mutations that can be found within a same-volume 
sample.

We then screened cancer mutations census included in the Catalogue Of Somatic 
Mutations In Cancer (COSMIC database)[51] in search of genes that are involved 
in human cancers and were detected in our libraries. Respectively, 69 and 81 genes 
that are involved in human cancer, according to COSMIC, were found harboring non-
synonymous mutations in our tumor and histotripsy libraries, with some of those 
having direct associations to melanoma (Supplementary Data 4 and 5).

Finally, since the cells used to induce tumors in our mice harbor the prototypical 
melanoma mutation BRAF V600E in the mitogen-activated protein kinase (MAPK ) 
gene [52], we sought for such mutation in our datasets. That specific m utation was 
not found in our libraries, nor was any other mutation in the exonic regions of such 
gene. However, 2 and 44 mutations in the introns of Braf were detected in the tumor 
and histotripsy libraries, respectively.

While coverage estimated from alignments of our libraries to the mouse genome 
(mm10) showed an average coverage of 3.7X, several methodological considerations 
support the reliability of our variant calling despite this limitation. First, our sam-
ples were obtained through micro-histotripsy-aided fine n eedle a spiration, w hich, on 
the scale of DNA needed for whole-genome sequencing, yields quantities of DNA on 
the lower end of input requirements. Around 120 ng of DNA was collected in the 
histotripsy sample, and a pre-amplification s tep w as n ot u sed p rior t o l ibrary prep. 
Second, we employed stringent filtering criteria (minimal sampling depth of 10X and
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quality score of 20) that prioritize high-confidence variants over sensitivity, ensuring
that detected variants represent genuine mutations rather than artifacts. Key quality
control metrics can be found in Supplementary Fig. 4. Third, the successful detec-
tion of multiple intronic Braf mutations (2 and 44 in tumor and histotripsy libraries,
respectively) demonstrates that our sequencing pipeline effectively captured variants
in this genomic region when present at detectable levels. The absence of the V600E
mutation may reflect: (1) sampling heterogeneity inherent to fine needle aspiration pro-
cedures, (2) potential loss of the original driver mutation in subpopulations of tumor
cells, or (3) the technical challenges associated with detecting specific variants from
limited cellular material. While deeper sequencing would enhance sensitivity, our con-
servative approach was designed to minimize false positives in the context of samples
with inherently limited DNA input, where library preparation artifacts can be more
prevalent.

Fig. 7 Mouse melanoma tumor and matching histotripsy sample mutations along the chromosome.
(A)(top) Mutations found within the genome of a YUMM1.G1 mouse melanoma flank tumor inoc-
ulated in a mouse model and (bottom) within the genome of a histotripsy lysate sample extracted
via FNA from the same YUMM1.G1 tumor. (B) Tumor versus histotripsy lysate DNA mutations
per million reads on a log10 scale. (C) Number of histotripsy lysate DNA mutations normalized to
mutation count in the tumor genome.
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3 Discussion

In our study we were able to use shock-scattering micro-histotripsy ablation of tumor 
tissues to vastly multiply the quantity of cancer biomarkers available to be sampled 
via fine-needle aspiration biopsy and detected via qPCR, while only producing damage 
zones within 500 nano-liters of volume.

Although one study has previously looked at the use of histotripsy for detecting 
biomarkers via blood biopsy[45], their study intended to maximize biomarker release 
into the blood by conducting boiling histotripsy treatment in a grid which covered 
most of the tumor. Additionally, they only examined miRNAs as biomarkers due to 
their increased stability and count in plasma, but still reported only up to 32-fold 
increase in biomarker detection. In contrast, our method relies on completely mechan-
ical shock-scattering micro-histotripsy, while achieving over 3000-fold enhancement 
of DNA methylation biomarkers and up to around 5500-fold enhancement of mRNA 
biomarkers compared to pre-histotripsy controls. Shock-scattering micro-histotripsy 
affects only 500 nano-liters of tissue volume, adding nearly negligible damage to a FNA 
procedure, and this technique aims to provide the most minimally invasive alternative 
to needle biopsies, while being capable of extracting and detecting many biomarker 
types.

Shock-scattering micro-histotripsy ablation of tumor tissues was shown to be able 
to amplify detection of our representative epimutational breast cancer biomarker, 
BRCA1 promoter hypermethylation, over 3000-fold more than our conventional FNA 
control. Additionally, it was shown that micro-histotripsy aided release of mRNA 
biomarkers could correctly indicate hormone receptor status for breast cancer sub-
typing. ER and PR mRNA levels were amplified b y o ver 2 600-fold a nd 5500-fold, 
respectively, in an ER/PR+ breast cancer subtype while producing no significant 
amplification in a  triple negative breast cancer subtype. While HER2 was seen being 
amplified v ia q PCR i n a  H ER2-negative s train o f b reast c ancer, w e w ere a ble to 
show this was a result of PCR primer sensitivity, as a HER2-positive control showed 
significantly higher amplification.

Furthermore, our study shows that micro-histotripsy paired FNA applications 
can extend beyond PCR-based genomic analysis to cytopathology and whole-genome 
sequencing. Micro-histotripsy liquefaction of tumor tissue facilitated FNA sampling 
and achieved consistent extraction of cellular material adequate for cytopathology, 
even as our FNA procedures were performed by an untrained non-specialist. The 
most commonly cited complaints against conventional FNA in the literature are 
high rate of sampling inadequacy[1, 2], and the need for an on-site experienced 
cytopathologist[20, 53]. We have shown that our technique using micro-histotripsy 
overcomes these limitations, and could allow for revitalization of FNA in circumstances 
where currently, CNB is considered more appropriate.

Micro-histotripsy paired FNA is also capable of extracting sufficient DNA of  ade-
quate quality for whole-genome sequencing without the need for pre-amplification
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steps, and yielded relevant cancer-specific g enomic m utations w hich m atched and 
exceeded those detected in the excised tumor. Around 120 ng of DNA was extracted 
from our 20 µL micro-histotripsy aspirate sample without the need for extra pre-
amplification p rior t o l ibrary p reparation. For c ontext, 1  n g o f D NA i s theoretically 
enough for whole-genome sequencing, however, library preparation kits typically rec-
ommend at least 100 ng of input DNA for sequencing of larger genomes (Illumina DNA 
prep kit, 20060060). Single-cell sequencing technologies exist; however, they require 
pre-amplification s teps t o p roduce l arge c opies o f t he g enome, a mplifying picograms 
of DNA into hundreds of nanograms. This process commonly causes certain fragments 
of the genome to clone better than others, thereby skewing the representation of some 
genes.

Our work demonstrates the feasibility for micro-histotripsy paired FNA to be 
incorporated into cancer diagnosis procedures in cases where it is uncertain if a more 
invasive biopsy is required, and confers several advantages: (1) Micro-histotripsy paired 
FNA maintains the primary advantages of traditional FNA such as being quick to per-
form (under 10 minutes for liquefaction plus sampling) and inexpensive, with nearly 
no increase in tissue damage. (2) Histotripsy samples provide options for simultane-
ous molecular and cytological characterization of the tumor. (3) Due to the small 
area of effect o f micro-histotripsy, b eing around 500 nano-liters i n volume, this tech-
nique leaves ample tumor material even in the case of smaller-sized tumors, and thus 
does not affect or remove the option for core needle biopsy afterwards i f deemed nec-
essary. (4) Micro-histotripsy liquefaction of tumor tissue simplifies sample extraction 
to the point where it could be consistently performed by individuals untrained in 
conventional FNA procedures, and therefore negates the limitations of FNAB requir-
ing on-site cytopathologist presence for adequate sampling. (5) The micro-histotripsy 
paired FNA procedure can be integrated into widely-available clinical ultrasound imag-
ing platforms for imaging guidance, thereby reducing technological barriers to clinical 
translation.

Although the focus of our study was to provide proof-of-concept for cancer diagno-
sis and prognosis, micro-histotripsy paired fine-needle aspiration could very similarly 
be used to assist in evaluation of therapeutic response through tracking of molecu-
lar changes within the tumor. With the massive enhancement of biomarker quantities 
released by shock-scattering micro-histotripsy, it may be easier to track molecular 
changes in tumors sooner after the start of treatment, reducing the time taken to 
confirm efficacy of certain treatments and allowing for faster turnaround in case alter-
native treatment methods need to be explored. Compared to imaging measurement 
of tumor size which can lack sensitivity, and provide delayed indications of positive 
therapy response only, molecular tracking can provide more specific a nd up-to-date 
evaluation of treatment response[54]. Due to the rapid and minimally invasive nature 
of micro-histotripsy paired FNA, molecular evaluations of cancer response to ther-
apy could theoretically be performed as frequently as needed. In order to extend the 
capabilities of FNA, shock-scattering micro-histotripsy is able to liquefy solid tumor 
tissue, and consequently facilitates aspiration of a larger and more consistent quan-
tity of cellular material through fine needle for molecular and cytopathology analysis.
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Our shock-scattering micro-histotripsy paired FNA technique is a promising candi-
date for augmenting conventional FNA, and we expect that such a technique would 
be relatively cost-effective. Apart f rom an initial investment of capital equipment for 
micro-histotripsy, the procedure itself should not cost any more than current FNAB 
if used for cytological analysis. Additional molecular testing via qPCR would cost 
around the order of a molecular COVID test (less than $20 USD). On the other 
hand, whole-genome sequencing would be significantly more expensive to perform and 
would certainly increase the cost and complexity, but would likely only be applied 
post-diagnosis for tumor characterization and establishment of personalized treatment.

Though our work with shock-scattering micro-histotripsy paired FNA shows 
promise in in vivo cancer models, we recognize that further studies must be performed 
for this technique to be clinically applicable. Our current study focused on a sin-
gle DNA epimutation biomarker as a proof of concept, but hypermethylation of one 
gene alone may not confirm the presence of cancer. Further work to determine a  suit-
able panel of multiple biomarkers, potentially made up of both gene mutations and 
epimutations, will be necessary for cancer diagnostics with high confidence.

Additionally, the post-procedural effects o f s hock-scattering m icro-histotripsy on 
the patient, such as the potential for inflammation, e dema, i mmune r esponses, or 
tumor modulation would have to be assessed more in-depth. Our study did follow 
mice through three micro-histotripsy treatments over the course of three weeks, with 
no signs of inflammation o r m ouse d iscomfort u pon s uccessful o n-target histotripsy 
treatments, either immediately after treatment or in the days following. Quantifying 
these characteristics was not a focus of this study, and more substantial investigation 
would be needed. However, it is worth noting that in comparison, shock-scattering 
micro-histotripsy produces damage zones that are hundreds of times smaller than a 
single core needle biopsy core, and core needle biopsies also cause many side effects 
such as swelling, infection, and bleeding at a high rate[3]. While histotripsy ablation 
of cells resulting in release of various cytokines may be expected to produce some 
level of change in tumor gene expression as shown by some studies [55], this would 
not be expected to impact the accuracy of MH+FNAB for molecular analysis. The 
majority of aspirated material is acellular, the sample is acquired within 5 minutes 
of treatment, and the small scale of tumor ablation (around 1% of the tumor) may 
not produce an appreciable effect o n t umor g ene e xpression. A ny p otential changes 
in gene expression would be expected to occur in the range of multiple minutes to 
hours for rapid responses, and in the range of days for changes in development and 
pathogenesis[56], but additional studies are needed to determine longer-term impact 
of micro-histotripsy on the residual tumor in the living subject.

Currently, the shock-scattering micro-histotripsy transducers our technique uses 
are not designed for deep-tumor applications and can only achieve focal depths of up 
to 7mm. Other prototypes not used in this study have demonstrated focal depths of 2 
cm, which may be sufficient for human clinical use in superficial regions such as breast, 
skin, and head and neck tumors. Ongoing work aims to develop improved transducers 
with steerable foci and greater histotripsy focal depths. Furthermore, our group has
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recently developed an improved design for producing histotripsy at the tip of a fine 
needle, which has, so far, been presented at conferences[57]. By laterally actuating a 
needle produce flexural modes, cavitation can b e produced at the needle t ip without 
the need for an external transducer. This significantly i ncreases p otential treatment 
depth while maintaining a compact design, and may reduce concerns about suitable 
acoustic windows for histotripsy. Initial studies of this design use 25-gauge needles 1.5 
inch (3.81 cm) in length, but pilot tests indicate that cavitation with longer needle 
lengths is possible.

Concerns have been noted around the possibility of micro-histotripsy liquefaction 
of cancer cells resulting in the dislodging and release of invasive cells into the blood-
stream, turning them into circulating tumor cells. More extensive, targeted studies 
for investigating this concern will be required before micro-histotripsy paired FNA for 
cancer diagnosis can be used in a clinical context. However, multiple related studies 
on the effects o f h istotripsy on s econdary malignancies and immune system response 
to cancer have produced no contraindications that would suggest an increased risk 
of metastasis arising from histotripsy treatment. Contrary to initial concerns, various 
studies on the immunological and abscopal effects o f h istotripsy f or c ancer conclude 
that partial histotripsy ablation of primary tumors is able to stimulate the immune 
system to not only target and destroy the primary tumor, but also reduce and resist 
the formation of metastatic lesions[38, 35]. While we cannot be sure that such immune 
effects apply in the case of micro-histotripsy, with such a small percentage of the tumor 
being ablated, it would also stand to reason that the overall disturbance and move-
ment of cells would be minimal. It would, however, be worthwhile to perform studies in 
which mice treated with micro-histotripsy paired FNA are tracked for tumor progres-
sion and potential metastasis over a long period of time compared to a tumor-bearing 
untreated control.

While our design for targeting and alignment of histotripsy to the tumors is cur-
rently rudimentary, this study was designed for proof-of-concept in mice, and did not 
yet attempt to incorporate advanced targeting. Systems intended for larger mammals 
such as in pig models and eventually human subjects, would require different place-
ment of devices and probes with more advanced targeting. While our study did not 
employ a quantitative targeting method, we would aim to have future iterations of 
our device have more advanced targeting options, such as motorized XYZ stereotac-
tic positioning. For a higher-flexibility approach, i t may also be possible to design an 
apparatus in which the histotripsy transducer has a clip-on attachment to an imaging 
probe, similar in design to the FUJIFILM Sonosite needle guides. This approach would 
allow clinicians to have the option for free-hand imaging guidance of micro-histotripsy.

Here, we have shown one potential micro-histotripsy treatment regimen with set-
tings which allowed for successful, precise treatment of nano-liter volumes of tumor 
in mice models in-vivo. However our exploration of histotripsy pulse parameters and 
treatment duration, and associated effects on tumor treatment efficacy, were limited.
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For clinical translation of this method to be possible, further refinement of the micro-
histotripsy, optimizing for cavitation stability, precision, and quality of material for 
downstream analysis is crucial.

Histotripsy parameters such as pulse repetition frequency and pulse cycle num-
ber would be expected to alter the characteristics of the cavitation cloud which can 
affect both cavitation stability and ablation precision. Work by Simon et al. (2024)[58] 
established that higher PRFs allow cavitation to occur at significantly lower pressure 
thresholds. However, the total cavitation cloud area was also observed to increase with 
increasing PRF, with the potential to produce larger and more uncontrolled abla-
tion areas. Additionally, increasing the number of N cycles per pulse has been shown 
to slightly increase the lateral width of the cavitation cloud slightly [59], as well as 
produce higher peak-negative pressures due to the shock-scattering effect [60].

While stiffer t issues c an b e r esistant t o h istotripsy f ractionation v ia shock-
scattering at sub-intrinsic threshold pressures [61], studies have shown that the 
intrinsic threshold of cavitation for tissues is independent of stiffness for Young’s mod-
uli ¡ 1 MPa, and is around 25 - 30 MPa for most tissues [62]. Although the histotripsy 
used in MH+FNAB is shock-scattering histotripsy, our micro-histotripsy transducer 
is able to produce peak negative pressures up to 40 MPa with the current histotripsy 
settings, and thus we expect that slight changes in acoustic properties due to differ-
ences in tissue type, at shallow treatment depths, would not impact the efficacy of 
histotripsy treatment with our device. If the micro-histotripsy transducer were to be 
designed for deeper tissue penetration, it is likely that the effects o f l imited acoustic 
access windows and acoustic aberration due to tissue heterogeneity would intensify.

For the purposes of genetic analysis via qPCR, it is unlikely that there would be 
concern of over-treatment of histotripsy. In some pilot experiments (not reported), his-
totripsy applied for up to 10 minutes did not negatively affect the ability to perform 
molecular analysis on the sample via qPCR. Considering the qPCR target amplicons 
are all around 100-150 bps in length, it would make sense that any mechanical frac-
tionation of DNA or mRNA would result in segments well above the lengths needed 
to detect the qPCR targets.

However, for the purposes of cytology and whole-genome sequencing, there is a 
valid concern that over-treatment past a certain point may fractionate cells and DNA 
to a point where the quality of material for analysis is affected. Whole-genome sequenc-
ing would likely be affected less, as one of the steps for preparation of DNA libraries for 
sequencing is to enzymatically fragment the DNA. Our work shows some support for 
this assumption, as fragmentation of the DNA in our histotripsy sample was observed 
in a DNA gel (Supplementary Fig. 3), but the DNA was still of sufficient quality and 
quantity for sequencing. For the use of MH+FNAB for cytology, it would be reason-
able to expect that after a certain treatment duration, cells would be fractionated 
too much for cytological evaluation. With the current method of treating tumors for 
3 minutes, we already observe a high quantity of acellular debris and acellular nuclei 
present in the cell smears.
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In these cases, shortening the duration of treatment may improve the quality of 
samples for cytology and sequencing. Previous work by Landry et al. (2022)[63], using 
the same base transducer design in rat brains, achieved complete target ablation with 
a 10 second treatment time, albeit in brain, a much softer tissue. Considering this, the 
treatment time for MH+FNAB can certainly stand to be reduced without significant 
risk of incomplete ablation. However, if under-treatment were to become an issue, the 
primary concern would only be that tissues do not become fractionated enough for 
FNA, and larger tissue chunks may clog the needle and interfere with adequate sample 
collection. We have found experimentally that a 3-minute treatment time in soft tissue 
works to enable application of all three analysis methods used in this study, however 
future work could further optimize the time needed to perform the procedure in the 
clinic while ensuring maximum results for the chosen analysis method.

When using the micro-histotripsy transducers over the span of multiple exper-
iments over multiple weeks of use, we have observed progressive increase in the 
threshold driving voltage for cavitation to occur, with minimal effect o n cavitation 
cloud size as long as cavitation thresholds were achieved. We did not expressly explore 
micro-histotripsy cavitation reproducibility over time in this study. However, for clin-
ical translatability, further investigation would need to be performed to elucidate the 
effects of transducer degradation on cavitation quality. It is recommended to check cav-
itation thresholds in tissue-mimicking media periodically to ensure micro-histotripsy 
transducer operation.

Truly relevant measures of pain from MH+FNAB treatment can only be assessed 
in human clinical trials, however, there is a strong possibility that MH+FNAB on 
surface-level tissues could be performed with only local anesthesia. Currently, all exist-
ing human clinical trials of histotripsy relate to mass debulking of tissue, and require 
performance under general anesthesia[31]. Such applications not only produce greater 
damage effects on targeted tissue, producing potential for greater procedural pain, but 
also require treatment times of over 30 minutes which necessitates general anesthesia to 
avoid patient movement. In contrast, micro-histotripsy produces damage on the level 
of a pin prick, and tissue liquefaction is achieved in 3 minutes although a treatment 
time under 1 minute is likely sufficient. Additionally, while the option fo r lo cal anes-
thesia is variable, many conventional FNAB procedures such as those in the thyroid 
already use local anesthesia either topically or via subcutaneous injection[64]. Thus, 
administration of local anesthesia for MH+FNAB would not add to the procedural 
complexity beyond that of conventional methods.

A advanced application of shock-scattering micro-histotripsy for molecular charac-
terization and diagnosis of cancer has been achieved with this work. This is also only 
the second of any kind of histotripsy to be explored for use in biomarker-based biopsies, 
and our work features by far the largest fold-enhancement of biomarkers compared to 
similar previous studies. This breakthrough research provides a methodology to aug-
ment current FNAB techniques which have been limited in their applications due to 
limitations in adequate sample acquisition and requirements for the presence of an 
experienced cytology specialist. Our method of implementing shock-scattering micro-
histotripsy to enhance conventional FNA addresses the major limitations of FNA while
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maintaining the minimally invasive benefits t hat h ave e stablished F NA a s a  staple 
diagnostic procedure in many conditions. The shock-scattering micro-histotripsy sys-
tem we use features ultrasound imaging guidance platforms which are already widely 
clinically utilized, and the custom micro-histotripsy transducer and driver system are 
compact enough to be simple add-ons to a fine-needle s yringe. C ompared t o other 
histotripsy systems which require large machinery, large transducer arrays, and often 
sparsely available imaging platforms such as MRI, our proposed method simplifies 
potential integration into the clinical setting.

Shock-scattering micro-histotripsy paired fine-needle a spiration c ould change the 
way that cancer is diagnosed, treated, and tracked. Our approach shows promise for 
filling the gaps in the current standard of care to provide faster and more personalized 
treatment which may vastly improve patient outcomes.

4 Methods

4.1 Ultrasound and Histotripsy System Specifications
Histotripsy was applied using a custom single element piezoelectric shock-scattering 
micro-histotripsy transducer with a 7-mm focal length that produces a sub-millimeter 
focal zone. The custom micro-histotripsy transducer and driver board were devel-
oped in the lab group of Dr. Jeremy A. Brown (Dalhousie University). Unlike 
most current transducers for cavitational histotripsy which are large, multi-element 
arrays[65, 66, 36, 67], our custom transducer is a small, single-element transducer 
only 10 mm in diameter and is compact enough to be a simple add-on to a fine-
needle syringe as shown in Fig. 2. The micro-histotripsy transducer features a centered 
25-gauge needle through-hole for needle guidance. It features an air-backed 1-3 piezo-
electric composite made of PZT-5A / epoxy bonded to an aluminum acoustic lens and 
a ¼ wavelength parylene matching layer[68]. The custom driver board features a high-
voltage pulse generator circuit based on a design described by Brown and Lockwood 
(2002)[69]. Transmit control was achieved using a function generator connected to the 
driver board which was set to transmit at 6.3 MHz for 10 cycles per pulse at a pulse 
repetition rate of 1 kHz with an amplitude of 5.0 Vpp as shown in Fig. 2. Our micro-
histotripsy transducer, which was previously characterized by Landry et al., produces 
an estimated peak negative pressure of 40 MPa when driven at -350 VDC with 10-
cycle pulses [63]. With an approximate acoustic attenuation of 0.47dB/mm in soft 
tissue for our 6.3 MHz acoustic frequency transducer, peak-negative pressures at 5mm 
tissue depth in-vivo would be around 30.5 MPa. Shock-scattering micro-histotripsy 
cavitation running on a -350 VDC power source for 3 minutes produces complete 
liquification o f t he t argeted t issue a rea. S imultaneous u ltrasound i maging guidance 
was performed using the Vevo 3100 (VisualSonics) equipped with a 40 MHz centered 
imaging transducer, as well as pre-histotripsy photoacoustic imaging for alignment. 
Both the ultrasound imaging transducer and the histotripsy transducer were secured 
in an orthogonal orientation using a custom 3D-printed holder. Variable positioning of 
the histotripsy transducer within the holder allowed for a range of treatment depths



ARTI
CLE

 IN
 P

RES
S

ARTICLE IN PRESS

up to 7mm below the surface of the skin. The ultrasound imaging probe with cus-
tom holder attachment was fixed t o a  s tereotactic p ositioning f rame i ncluded with 
the Vevo3100 Ultrasound System (Visualsonics) for fine control and positioning of the 
apparatus throughout the treatment duration.

4.2 Cell Line and Biomarker Selection
Breast cancer model cell lines were used to test and develop our histotripsy-coupled 
biopsy method. HCC-38 (CRL-2314, ATCC) and MCF-7 (HTB-22, ATCC) were cho-
sen as triple negative and luminal human breast cancer cell lines respectively. HCC-38 
was chosen for its known hypermethylation state of the BRCA1 gene promoter region, 
an epimutation that is a strong indicator of hereditary breast cancer risk [47]. Mouse 
melanoma cell lines YUMM1.G1 (CRL-3363, ATCC) containing the human-relevant 
BRAFV600E driver mutation[70], and B16F10 (CRL-6475, ATCC) with high melanin 
production for visualization were used for gene sequencing and cytology/histology 
imaging.

4.3 Mouse Models and Tumor Xenografts

SCID Hairless Outbred (SHO, Charles River), female mice at 11-40 weeks of age were 
used in this study. Flank tumor models were prepared in SHO mice from grafts of 
each of the following cancer cell lines. MCF-7 or HCC-38 were injected at 5 million 
cells per injection for the breast cancer xenograft model and YUMM1.G1 or B16F10 
were injected at 1 million cells per injection for the melanoma allograft model in both 
flanks of the mice. Injections were composed of a 1:1 mixture of cells suspended in PBS 
and Matrigel matrix (Corning 356234) to a total injection volume of 100 µL per flank. 
Tumors were allowed to grow for 3-4 weeks or until at least 6 mm in diameter, with a 
humane endpoint set for tumors growing beyond 1 cm in diameter. Mice were housed 
in the following conditions: dark/light cycle is set on 12h/12h, ambient temperature 
range is 19 to 20 degrees Celsius, humidity 40-70%.

4.4 Histotripsy biomarker release from cancer cell line pellets
HCC-38 human breast cancer cells were grown to 80% confluency i n a  1 75 c m2 tis-
sue culture flask. C ells w ere h arvested b y i ncubation i n 1  m L 0 .25% trypsin-EDTA 
solution for 5 minutes at 37°C. Detached cells were then resuspended in sterile PBS 
and centrifuged at 500 × g for 5 minutes to pellet cells. The resulting cell pellet con-
tained approximately 10 million cells and occupied the bottom 3 mm of a standard 
50 mL conical centrifuge tube. The custom micro-histotripsy transducer was secured 
to a series of optical breadboard posts with translating micrometers in two orthogo-
nal directions for precise movement and consistent holding position of the transducer 
relative to the cell pellet.

The custom histotripsy driver and transducer system was calibrated for cavitation 
in degassed deionized water to establish the minimum settings required to achieve 
ultrasound cavitation. Initial tests in water and PBS determined a minimum set-point 
of -120 VDC on the power supply to achieve a sustained cavitation bubble cloud. An
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upper limit of -200 VDC was chosen to avoid over-voltage damage to the transducer
and driver board electronics. Voltage set-points between -120 VDC and -200 VDC were
sufficient to produce strong and consistent ultrasound cavitation, marked by an audible
buzzing sound and a sub-milimeter sized white bubble cloud visible to the naked eye in
the liquid medium. A set-point of -160 VDC was selected for all subsequent cell pellet
experiments. To establish a baseline for the pre-histotripsy sample, rather than use
the culture media that was in the flask, the cell pellets were washed in 2mL PBS three
times, then pelleted one final time before taking a 500 µL sample of PBS supernatant
from the top. Histotripsy was applied for varying times of 10, 30, 60, and 120 seconds
in a fresh vial of cells each time. We also tested multi-area targeting in a separate
group of samples, with changing of the focal spot 4 times for 3, 10, and 20 seconds
per spot over the duration of the treatment. After each histotripsy application, the
sample was centrifuged to pellet cells and cellular debris and a 500 µL sample of the
PBS supernatant was extracted. Samples were analyzed for the cancer-specific BRCA1
hypermethylation marker via qPCR.

4.5 Histotripsy biomarker release from
subcutaneously-injected tumors in mice

Fine needle aspiration biopsies both pre- and post-histotripsy were taken using a 25-
gauge needle attached to a 1 mL syringe. Due to the extremely small volume of liquid 
or tissue that can be collected via fine n eedle ( less t han 2 0 µ L), t here w as concern 
that the sample could be lost to the dead space in the needle and syringe, therefore 
the needle head was pre-loaded with 100 µL of 0.5M EDTA in water for the sample to 
dilute into. To allow for uninterrupted imaging and histotripsy, mice were anesthetized 
to surgical plane with 2% isoflurane in oxygen delivered at 1 L/min into an anesthesia 
chamber and then transferred onto a heated imaging platform for the remainder of 
the procedure.

The ultrasound imaging probe and histotripsy transducer is acoustically coupled 
to the mouse with warmed, degassed ultrasound gel. The gel is degassed by filling into 
50 mL syringes and centrifuging at 500 × g for at least 20 minutes until no bubbles 
remain in order to prevent air from interfering with histotripsy cavitation. To identify 
the location of the histotripsy focal zone within the imaging field for alignment to the 
tumor, histotripsy and imaging transducers were first fixed in  place, then ultrasound 
gel was applied on the surface of the histotripsy transducer, filling t he g ap between 
it and the imaging transducer. Away from the mouse, histotripsy was turned on to 
cavitate in gel for a few seconds in order for the operator to note the coordinates of the 
cavitation bubble in the B-mode imaging plane. The cavitation location in the imaging 
field w as t hen a ligned w ith t he d esired t arget l ocation i n t he m ouse t umor. Under 
ultrasound imaging, a pre-histotripsy fine-needle biopsy was taken in a  chosen area of 
the tumor. This was performed using the needle through-hole in the custom histotripsy 
transducer for the purpose of consistency in comparison with post-histotripsy fine-
needle aspiration method. The needle tip was inserted into the tumor until clearly 
visible under ultrasound, then constant negative pressure was applied for at least 1
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minute by pulling all the way back on the syringe plunger along with careful rotational 
and axial movement of the needle.

A different area of the tumor was chosen for histotripsy application, and following 
the 3-minute histotripsy, a post-histotripsy fine-needle biopsy to aspirate the resulting 
liquified tissue was performed. The 3-minute histotripsy sonication time was chosen for 
being a sufficient length of  time to  completely li quefy various ti ssue including mouse 
tumor, liver, and muscle, based on visualization of liquid cavity in the tissue under 
ultrasound. The needle tip was inserted through the through-hole in the histotripsy 
transducer to align directly with the histotripsy-produced cavity, and pushed into the 
tumor until the needle tip was seen to come into contact with the histotripsy-produced 
cavity under ultrasound imaging. Negative pressure was applied by pulling the plunger 
for up to 1 minute or until red/pink fluid was s een d iffusing into the EDTA solution 
in the needle head. All samples were dispensed into EDTA coated blood collection 
tubes and placed on ice and then stored in a -80°C freezer as soon as possible for 
downstream DNA/RNA extraction. Multiple freeze-thaw cycles of the samples were 
avoided to prevent degradation of nucleic acids.

A set of control conventional FNA experiments were performed by a trained 
cytopathologist. HCC-38 and B16F10 flank tumors were grown in 3  mice each, using 
the same methods as in above subsection Mouse Models and Tumor Xenografts. Once 
tumors had grown to size, the cytopathologist was asked to perform FNAB in-vivo 
on the tumor-bearing mice with whichever method they deemed appropriate. In this 
case, the cytopathologist chose to perform FNAB under ultrasound guidance using 
the pencil-grip method due to the small size of the tumors. Conventional FNA sam-
ples from B16F10 tumors were made into cell smears and FFPE cell pellet sections 
for cytopathology, while FNA samples from HCC-38 tumors were analyzed by qPCR.

Histotripsy ablation volumes were quantified from ultrasound B-scans by manually 
segmenting the histotripsy cavitation region and assuming cylindrical symmetry.

4.6 Nucleic acid extraction
For preliminary in-vitro histotripsy experiments using cancer cell line pellets, DNA 
and RNA were extracted from samples using the QIAamp DNA Micro Kit (56304, 
Qiagen) for DNA extraction, and RNeasy Mini Kit (74104, Qiagen) for RNA extraction 
following the manufacturer recommended protocols.

For in vivo histotripsy experiments in mouse models, we tested and found that at 
very low sample volumes, the presence of blood in the sample prevents extraction of 
biomarkers using the Qiagen kits. We opted to instead use the Zymo Research Direct-
zol™ DNA/RNA Miniprep Kit (R2080, Zymo) as it did not have this issue. Samples 
were lysed in TRIzol according to the kit protocol for liquid samples, and RNA and 
DNA were extracted. Due to high amounts of DNA loss from the column in the RNA 
elution step, 20 µL of the RNA eluate fraction was transferred into the final DNA 
eluate fraction. The DNA fraction was then treated with RNaseH to digest any RNA 
contamination.
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DNA samples were treated by bisulfite conversion using the Epigentek BisulFlash 
DNA Modification Kit (P-1026-050, Epigentek) for methylation-specific qPCR. RNA 
samples were reverse transcribed to cDNA using a cDNA reverse transcription kit 
(4368814, Thermo Fisher Scientific).

4.7 qPCR analysis of DNA and RNA biomarkers

Quantitative PCR (QuantStudio 6 Flex Real-time PCR System, Applied Biosystems) 
amplification of promoter region hypermethylation of the BRCA1 gene was performed 
alongside known DNA concentration standards to quantify DNA epimutation biomark-
ers released by histotripsy. qPCR primers and probes compatible with the TaqMan 
assay system were custom designed to be complementary to the bisulfite-converted 
sequence of either the methylated or unmethylated allele of the BRCA1 promoter. 
Custom primer sequences for BRCA1 were designed based on previous literature 
which utilized qMSP to determine the methylation status of BRCA1 as a predictor of 
PARP-inhibitor therapy response[71]. Custom primers also had to be designed for the 
bisulfite-converted version o f b eta-actin t o b e u sed a s a  c ontrol. M astermix without 
UNG (4440043, Thermo Fisher Scientific) was utilized for methylation-specific qPCR, 
as methylated cytosine is converted to uracil during bisulfite treatment and would be 
subject to UNG mediated degradation.

Cataloged TaqMan gene expression assays were used for qPCR detection of ER, 
PR, HER2, and beta-actin cDNA (Hs01046816 m1, Hs01556702 m1, Hs01001580 m1, 
Hs99999903 m1, Thermo Fisher Scientific), along with a UNG-containing PCR master 
mix (4440038, Thermo Fisher Scientific). A ll q PCR p rimers w ere v alidated o n cell 
line lysate samples to ensure compatibility with the chosen cell lines prior to use in 
experiments. Custom qPCR primer and probe sequences used in this study are listed 
in Supplementary Table 1. QuantStudio Real-Time PCR Software (v1.3) was used to 
visualize and export qPCR data.

4.8 Cytopathology

Mouse melanoma tumors for cytopathology were grown in mice and treated with 
histotripsy following the same method as with breast cancer tumors for qPCR analysis. 
FNA samples were collected directly into 100 µL of pH 7.0 EDTA buffer pre-loaded into 
the syringe. 20 µL of sample was then smeared on a slide within an hour of sampling, 
left to air dry for 10 minutes, and fixed in methanol followed by rapid H&E staining. 
The remainder of the sample was centrifuged at 500 × g to pellet, embedded in 3%
agar, then formalin fixed, p araffin emb edded, and  sec tioned ont o sli des for  standard 
H&E staining. Anti-S100A4 immunohistochemical staining was performed using the 
Anti-S100A4 primary antibody [EPR14639(2)] (ab197896, Abcam) at a 1:400 dilution.

Cell smears and cell pellet H&E slides were imaged at 40x magnification using the 
Aperio ScanScope Model CS slide scanning microscope. Slides containing smears and 
pellets from histotripsy aspirates as well as from conventional FNA performed by a 
cytopathologist were blinded and reviewed by 2 cytopathologists. Number of cells per 
FOV was used as a quantitative measure of slide quality. The average number of cells
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per 40X field was determined over 10 fields by starting with the most cellular field,
then counting 5 fields along the vertical axis and 5 fields along the horizontal axis.
QuPath (v0.5.1) was used to view and save images of slides for cytology.

4.9 Library prep and sequencing

Whole tumor and histotripsy aspirate samples from YUMM1.G1 mouse melanoma
allograft tumors in mice were analyzed via whole-genome sequencing. DNA was
extracted using TRIzol reagent (15596026,Thermo Fisher Scientific), then quality
checked by performing DNA gel electrophoresis to check for smeared bands. Extracted
gDNA was treated with RNaseA (19101, Qiagen) and purified using DNA Clean &
Concentrator-5 kit (D4013, Zymo).

Construction of Libraries

Library prep was done with the Illumina DNA Prep kit and Nextera DNA CD
Indexes (20060060 and 20018708, Illumina) using 150 ng of gDNA. Library prep and
DNA sequencing were performed as per manufacturer instructions. Sequencing was
performed on the NextSeq500 using the NextSeq 500/550 Mid Output Kit v2.5 follow-
ing a 150 cycles sequencing protocol which included in-instrument demultiplexing of
libraries according to their barcodes (20024904, Illumina). PhiX Control v3 (110-3001,
Illumina) was spiked in to serve as an internal sequencing control.

Bioinformatics

Quality-trimming was conducted using the fastq-mcf algorithm with a Q score
threshold of 30 and a minimal length to retain sequences of 100 bp length. For variant
calling, libraries were aligned using bwa to the mouse genome version GRCm39 [72],
while duplicates were marked and removed using elPrep [73]. Variants were called with
the HaplotypeCaller algorithm from the Genomic Analysis Toolkit (GATK) [74]. Vari-
ants were filtered with biopet-vcffilter [75], using a minimal sampling depth of 10 and
a minimal quality score of 20. Allelic frequencies were extracted using in-house scripts.
The bcftools [76] were used to split multiallelic variants (showing more than one alter-
native allele) into separate records, each representing a single allele. Indels (insertion
and deletion variants) were left-aligned to the reference genome using bcftools to stan-
dardize positioning of variants along the genome. Mutations were annotated using
the ANNOVAR annotation suite[77]. Reference sequences for mutations (mm10) were
downloaded via ANNOVAR in refGene format and VCF files generated from our
variant calling pipeline were converted to ANNOVAR format (.avinput). The actual
annotation of genetic variants was conducted with script table annovar.pl, specifically
targeting gene-based information from refGene database [77]. The databases clinVar
[78] and COSMIC [51] were used to screen for mutations of clinical relevance at the
gene level (including melanoma-associated mutations).

Bar plots were generated with in-house R scripts using library ggplot2.
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4.10 Statistical Analysis

All statistical analyses were performed in R software (version 4.3.2) unless otherwise
specified. Two-sided Wilcoxon signed rank exact test was used for paired comparisons
between two or more groups, and Wilcoxon rank sum test was used for unpaired com-
parisons. Bonferroni correction was applied to individual p-values where appropriate
to adjust for multiple comparisons. Levels of statistical significance were denoted as
follows: not significant or ns, p > 0.05; *, p ≤ 0.05; **, p ≤ 0.01; ***, p ≤ 0.001.

4.11 Ethics Approval

Every experiment involving animals, human participants, or clinical samples have been
carried out following a protocol approved by an ethical commission. Ethics approval

for all experimental protocols involving live mice in this study was received from the
University of Alberta Animal Care and Use Committee - Health Sciences. All methods
were carried out in accordance with the approved Animal Use Protocol No. 3982.

Data Availability

All data supporting the findings of this study have been deposited
in the Figshare database, and can be accessed via the following:
https://doi.org/10.6084/m9.figshare.30611120

Any additional requests for information can be directed to, and will be fulfilled by,
the corresponding authors.

Code Availability

Codes were created in R software (version 4.3.2) for generation of figures and sta-
tistical analysis. R packages used include dplyr (v1.1.4), ggplot2 (v3.4.4), ggpubr
(v0.6.0), ggsignif (v0.6.4), Hmisc (v5.1-1), and tidyr (v1.3.0). Codes are acces-
sible and are provided as part of the source data, which can be accessed via:
https://doi.org/10.6084/m9.figshare.30611120
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Figure Legends/Captions

Figure 1: Illustrations of current clinical standards of biopsy compared 
to our method of shock-scattering micro-histotripsy paired fine-needle 
aspiration biopsy. Portions of figure c reated i n B ioRender. Z emp, R.
(2026) https://BioRender.com/yi8pn88, https://BioRender.com/mmtr3hq, 
https://BioRender.com/xhsqz77, https://BioRender.com/mt28456.

Figure 2: Micro-histotripsy system and transducer specifications a nd imaging 
setup. (A) Micro-histotripsy custom driver board connects to a -350 VDC power sup-
ply and is driven by a function generator set to cycle at 6.3 MHz with 10 cycles per 
transmit pulse at a pulse repetition frequency of 1-kHz. The transducer produces an 
estimated peak-negative pressure of 40 MPa in water, and around 30 MPa in-vivo 
due to attenuation. (B) Custom 1-3 piezoelectric composite micro-histotripsy trans-
ducer is 10 mm in diameter, small enough to be an easy add-on to the end of a fine 
needle. (C) Schematic of the positioning of imaging and histotripsy transducers, held
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together by a custom 3D-printed holder, relative to a target tumor. (D) Photograph 
of the custom 3D-printed transducer holder. (E) Illustration of experimental method 
in vivo in a mouse model. Portions of figure c reated i n B ioRender. Z emp, R . (2026) 
https://BioRender.com/z3tcz3x, https://BioRender.com/c70v140.

Figure 3: Qualitative effects o f s hock-scattering m icro-histotripsy c avitation on 
tumor tissue. (A) Ultrasound images showing mouse tumor during histotripsy, post-
histotripsy liquid cavity, and FNA of liquid in histotripsy cavity. The dotted blue 
line indicates tumor boundary, and the dotted yellow line indicates the 25-gauge fine 
needle. (B) Oxygen-saturation PA imaging overlay on B-mode ultrasound of in vivo 
mouse tumor before and immediately post-histotripsy. Histotripsy ablation cavity is 
indicated by a yellow circle, and PA SNR for the area within the tumor boundary is 
shown for each respective image. (C) Excised mouse flank tumor following histotripsy 
treatment and euthanasia of the mouse. The tumor is sitting atop a No.21 surgical 
scalpel blade, and the tiny “hole” (blue arrow) from the histotripsy cavitation is visi-
ble on the face of the tumor. (D) H&E sections of adjacent (left) and on-target (right) 
slices of the same region of the same tumor treated by micro-histotripsy cavitation. 
Histotripsy produces a sharp boundary at the edge of the treatment zone without 
disturbing or affecting the morphology of the remaining tumor tissue in the surround-
ings. Yellow circle indicates region of histotripsy ablation. Red arrows show loosened 
cells and tissue likely to be aspirated into the sample.

Figure 4: Micro-histotripsy liquefaction of tumors enhances cancer-specific BRCA1 
epimutation release. (A) Unmethylated and methylated alleles of BRCA1 promoter 
region were detected via qPCR in conventional FNA, pre-histotripsy FNA, or his-
totripsy+FNA samples (n=3 tumors conventional FNA, n=15 tumors pre-histotripsy, 
n=9 tumors MH+FNA). DNA copies detected are plotted on a log10 scale, error bars 
represent standard error. Both unmethylated and methylated alleles of the BRCA1 
promoter region were significantly h igher i n t he h istotripsy+FNA g roup compared 
to the conventional FNA (p = 0.00084 and 0.00015, respectively) and pre-histotripsy 
FNA (p = 0.0035 and 4.58e-5, respectively) controls. There is no significant differ-
ence in BRCA1 biomarker detection between conventional and pre-histotripsy FNA 
samples (p = 0.43 for unmethylated allele and p = 0.065 for methylated allele). (B) 
Representative qPCR curves for pre-histotripsy FNA control and post-histotripsy 
FNA samples. Groups were compared using two-sided Wilcoxon signed rank exact test 
(paired comparisons) and two-sided Wilcoxon rank sum test (unpaired comparisons) 
with Bonferroni correction for multiple comparisons.*P < 0.05; **P < 0.01; ***P < 
0.001; ns P > 0.05.

Figure 5: Micro-histotripsy liquefaction of tumors enhances cancer subtype-specific 
hormone receptor mRNA biomarker release. (A) ER, PR, and HER2 mRNA lev-
els were quantified i n c onventional F NA, p re-histotripsy F NA, o r histotripsy+FNA 
samples in a luminal breast cancer (ER/PR+) or TNBC cancer type (luminal n=8 pre-
histotripsy, n=6 post-histotripsy; TNBC n=18 pre-histotripsy, n=11 post-histotripsy; 
samples in duplicate). mRNA copies detected are plotted on a log10 scale, error bars
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represent standard error. ER and PR mRNA levels were significantly h igher post-
histotripsy versus control (p = 0.048 and 0.036, respectively) in the luminal subtype, 
while no difference w as o bserved i n t he T NBC s ubtype ( p =  0 .55 a nd 0 .61, respec-
tively). HER2 mRNA levels were amplified post-histotripsy in the TNBC subtype (p 
= 2.57e-4) despite both cell types used being known HER2 negative subtypes. (B) 
Representative gene expression qPCR curves for pre-histotripsy FNA control and post-
histotripsy FNA samples. (C) Control experiment against a true HER2+ cell line 
shows that the HER2- cancer types still amplify under qPCR due to primer sensitiv-
ity, but significantly l ess q uantity o f H ER2 m RNA i s d etected c ompared t o HER2+ 
control (p = 0.0095) (n=2 different cell l ines each for HER2+ and HER2- groups, in 
triplicate). Groups were compared using two-sided Wilcoxon signed rank exact test 
(paired comparisons) and two-sided Wilcoxon rank sum test (unpaired comparisons) 
with Bonferroni correction for multiple comparisons. *P < 0.05; **P < 0.01; ***P < 
0.001; ns P > 0.05.

Figure 6: Cell smears and sectioned cell pellet slides for cytology analysis. (A) 
Cell smears and FFPE sectioned cell pellet slide comparisons between conventional 
FNAB, pre-histotripsy FNA, and MH+FNAB, stained with H&E and anti-S100A4 
immunohistochemistry. In the pre-histotripsy samples, minimal material for staining 
and imaging could be extracted even after 5 separate attempts on different m ice. In 
the MH+FNAB samples, mostly loose cells can be seen with some cell clusters (CL), 
on a backdrop of acellular debris (cloudy pink material in H&E). Cells in the sample 
exhibit classic signs of malignancy like condensed chromatin and prominent nucleoli 
(red arrow) as well as melanin expression (*). Cells stain positive for S100A4 (yellow 
arrows), a standard protein biomarker in melanoma.(B) Pathologist-evaluated cell 
counts per 40X FOV, with pooled scores of 10 FOVs per slide, per pathologist. Two 
pathologists performed blinded slide reviews on n=12 FNA smears, n=2 histotripsy 
smears, n=6 FNA pellets, and n=1 histotripsy pellet slides.

Figure 7: Mouse melanoma tumor and matching histotripsy sample mutations 
along the chromosome. (A)(top) Mutations found within the genome of a YUMM1.G1 
mouse melanoma flank tumor inoculated in a  mouse model and (bottom) within the 
genome of a histotripsy lysate sample extracted via FNA from the same YUMM1.G1 
tumor. (B) Tumor versus histotripsy lysate DNA mutations per million reads on a 
log10 scale. (C) Number of histotripsy lysate DNA mutations normalized to mutation 
count in the tumor genome.
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