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Robust cytotoxic T cell infiltration has proven to be difficult to
achieve in solid tumors. We set out to develop a flexible protocol
to efficiently transfect tumor and stromal cells to produce immune-
activating cytokines, and thus enhance T cell infiltration while
debulking tumor mass. By combining ultrasound with tumor-
targeted microbubbles, membrane pores are created and facilitate
a controllable and local transfection. Here, we applied a substantially
lower transmission frequency (250 kHz) than applied previously. The
resulting microbubble oscillation was significantly enhanced, reach-
ing an effective expansion ratio of 35 for a peak negative pres-
sure of 500 kPa in vitro. Combining low-frequency ultrasound
with tumor-targeted microbubbles and a DNA plasmid con-
struct, 20% of tumor cells remained viable, and ∼20% of these
remaining cells were transfected with a reporter gene both in vitro
and in vivo. The majority of cells transfected in vivo were mucin 1+/
CD45− tumor cells. Tumor and stromal cells were then transfected
with plasmid DNA encoding IFN-β, producing 150 pg/106 cells in vitro,
a 150-fold increase compared to no-ultrasound or no-plasmid con-
trols and a 50-fold increase compared to treatment with targeted
microbubbles and ultrasound (without IFN-β). This enhancement in
secretion exceeds previously reported fourfold to fivefold increases
with other in vitro treatments. Combined with intraperitoneal ad-
ministration of checkpoint inhibition, a single application of IFN-β
plasmid transfection reduced tumor growth in vivo and
recruited efficacious immune cells at both the local and distant
tumor sites.
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Checkpoint inhibition strategies have been effective in over-
coming the inhibitory mechanisms primarily dictated by the

PD-1/PD-L1 axis and result in significant clinical responses for a
subset of patients (1). Nevertheless, therapeutic efficacy remains limited
in tumors lacking a robust T cell infiltration (2). Ultrasound (US)-
mediated gene delivery has the potential to transfect tumor and
stromal cells with genes encoding for immune-related cytokine and
chemokine production, while simultaneously debulking the tumor.
US enhances the permeability of surrounding cells, allowing targeted
local drug and gene delivery through a method known as sonoporation
(3–5). Sonoporation is defined as the use of US to introduce pores in cell
membranes. Here, we apply sonoporation to transfect solid tumor cells
with plasmid DNA (pDNA) encoding IFN-β to trigger a systemic
immune response in directly treated and distant tumors (as illus-
trated in Fig. 1) and combine this with checkpoint inhibition. IFN-β is
associated with the suppression of tumor growth and immune system
stimulation through increasing natural killer cell activity, cytotoxic T
lymphocyte activity, and T helper cell generation (6).
In vivo gene delivery protocols have been designed to modu-

late expression, overcome deficiencies, compensate for abnormal

expression patterns, or replace a malfunctioning gene (7). Gene
therapy is now enhancing survival (8), and over 2,600 gene
therapy clinical trials have been completed, are ongoing, or have
been approved worldwide (9). Although viral vectors, such as
retroviruses and adenoviruses, yield higher transduction effi-
ciency, serious concerns exist regarding their immunogenicity,
systemic toxicity, insertional mutagenesis, and limited site spec-
ificity (10–12). Nonviral chemical and physical transfection
methods have emerged as cost-effective, targeted, and safer al-
ternatives to viral vectors with high potential for clinical trans-
lation (13). However, these methods are generally less efficient.
Chemical methods often lack selectivity toward target tissues and
generate high toxicity (13, 14). Among the physical methods, a
widely used procedure is electroporation, where electrical pulses
induce transient pore formation in the cell membrane within the
target tissue (15). Since the electrodes must be adjacent to the
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treated site, the method is limited to shallow targets. Otherwise,
this approach requires invasive surgical approaches (16).
Creation of a low-cost, efficient, site-specific, and nontoxic

nonviral gene transduction method remains a grand challenge. In
recent years, sonoporation has emerged as a promising nonviral
delivery method (3–5) and is endowed with the advantages of US
(safety, ease of use, cost effectiveness, and clinical availability).
Here, microbubble (MB) contrast agents, composed of a gas core
and a stabilizing shell, are used to transiently form pores in the
cell membrane and facilitate transmembrane transport of drugs
and genes (17–19). Following insonation, the cell membrane can
restore its integrity, and the delivered material remains trapped
within the cell (20). Since US can be applied noninvasively to
deep-lying tissues with direct site specificity, deep tissues can be
transduced with minimal systemic side effects. Transfection via
sonoporation has been employed for delivering genes to nu-
merous organs and tissues, including the brain (21, 22), liver
(23), pancreas (24), muscle (25–27), tendon (28), and vascula-
ture (29, 30). Applications include healing bone fracture defects
(31, 32), reconstruction of anterior cruciate ligament (33), and
hindlimb ischemia (34).
To date, US-mediated tumor transfection remains a particu-

larly difficult challenge (35–37). Some tissues, for example
muscle, are tightly structured and known to internalize DNA
(38). For these tissues, US peak negative pressures (PNPs) of
hundreds of kilopascals can enhance DNA uptake, yielding high
cell viability alongside high gene expression. Compared to mus-
cle, tumor transfection efficiency is reduced, since tumors do not
uptake DNA autonomously (38). Therefore, higher pressures
[on the order of 1 to 10 MPa for a center frequency of 1 to
5 MHz (23, 39–41)] have been proposed, with a resulting modest
transfection efficacy of 1 to 5% of live cells. This efficiency is
lower than that obtained with electroporation (13, 39, 42). A
critical factor in efficient delivery is the size of the pores resulting
from insonation relative to the size of the target cargo. In pre-
vious reports, real-time observation correlated the PNP with the
pore size. At low PNP (below 1 MPa), pore sizes range from tens
to 150 nanometers (43, 44). Membrane-impermeant dyes such as
propidium iodide and dextran (ranging from 2 to 11 nm, mo-
lecular weight of 3 to 500 kDa) (45–47) are well suited for

delivery through these pores and are therefore the most common
molecules studied in sonoporation. On the other hand, pDNA is
often over two orders of magnitude larger [pGFP is 7.5 kbp with
an estimated molecular weight of 4.95 MDa and hydrodynamic
diameter of ∼350 nm (48)]. Since these plasmids are larger than
the typical pores generated by megahertz frequency sonopora-
tion, delivery is anticipated to be inefficient.
The method proposed in this paper uniquely uses low-

frequency US (e.g., a center frequency of 250 kHz) to enhance
the pore size and combines this with an intratumoral (IT) in-
jection of cell-targeted MBs (TMBs) together with pDNA. This
kilohertz frequency range has recently entered clinical use for
brain therapy applications, since focusing through the human
skull can be achieved with reduced distortion and attenuation
(49, 50). In the past, it was assumed that MB oscillations are
maximized around their resonance frequency (2 to 10 MHz)
(51–54). Recently, we showed that when MBs are excited by a
frequency of 250 kHz (an order of magnitude below the reso-
nance frequency of these agents), their oscillations reach an
expansion ratio of 35 at a relatively low PNP of 500 kPa (55). For
tumor transfection, we hypothesize that the high-amplitude MB
oscillations occurring at a center frequency of 250 kHz will en-
hance the uptake of the genetic material, allowing for more
copies to be delivered and resulting in a higher transfection ef-
ficacy. The paper is organized as follows. First, ultrahigh-speed
optical imaging was used to directly observe MBs targeted to
cancer cells and insonated at 250 kHz in vitro. Next, the pro-
posed transfection method was optimized in a suspension of
cultured cancer cells through the delivery of a plasmid encoding
GFP (pGFP) or IFN-β (pIFN-β). Subsequently, in vivo trans-
fection of murine breast cancer with optical reporter genes
(plasmid luciferase [pLUC] and pGFP) was carried out with the
optimized in vitro parameters. Last, checkpoint inhibition was
combined with pIFN-β transfection to effectively recruit T cells
at local and distant tumor sites.

Results
Ultrahigh-Speed Imaging Results.We first confirmed the enhanced
collapse velocity obtained with the lower US center frequency
through simulation. Both the MB expansion (defined as the ratio

② Intratumoral injection of
targeted microbubbles 

and plasmid IFN-β mixture

③ Ultrasound 
application

Before sonoporation

During sonoporation

⑤ IFN-β secretion 
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response in treated 
and distant tumors
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pIFN-β delivery
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Fig. 1. Schematic illustration of tumor transfection steps of operation (Left to Right). Syringe and transducer are not drawn to scale. Anti–PD-1 is injected 3 d
prior to and 2 d following the US treatment. Targeted microbubbles and plasmid IFN-β (pIFN-β) are mixed and intratumorally injected. Low-frequency US with
a center frequency of 250 kHz is then applied to the tumor to facilitate US-mediated pIFN-β delivery. Once the plasmid is transcribed and translated, IFN-β
protein is secreted, initiating an immune response in the directly treated and the distant tumors. As a result, the tumor cell population is reduced, while the
immune cell population, particularly macrophages and CD8+ T cells, increases.
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between the peak MB diameter and MB diameter without US)
and collapse velocity were enhanced when excited with an US
frequency of 250 kHz compared to a higher frequency (SI Ap-
pendix, Fig. S1). For the 250-kHz frequency, the wall velocity on
collapse reached thousands of meters per second for an US
pressure exceeding 200 kPa.
The close proximity between the MBs and the cell membrane

is known to play a significant role in membrane perforation (44).
Therefore, in this study, TMBs, bound directly to the cell
membrane, were employed and initially compared to free MBs
(FMBs). In the past, the oscillations of TMBs were reported to
be dampened when bound to rigid surfaces and excited with a
megahertz frequency (56–58). With an ultrahigh-speed camera,
we experimentally tested whether TMBs bound to human lung
adenocarcinoma (HCC827) cells exhibit dampened oscillation
(Fig. 2A). We chose a TMB concentration such that, on average,
each cell was labeled with a single TMB. Conventional optical
imaging first confirmed that bound TMBs (Fig. 2B) were
destroyed following an US pulse at a PNP of 190 kPa (Fig. 2C).
Ultrahigh-speed images of ∼180 oscillating MBs were then in-
dividually processed to measure the diameter as a function of
time at various PNPs (examples in Fig. 2 D–F). With a PNP of
130 kPa, cavitation was stable, as evidenced by the intact MB
after insonation (Fig. 2D). The crossover from stable to inertial
cavitation occurred below a PNP of 190 kPa and resulted in MB
fragmentation (Fig. 2E).
The TMBs oscillated asymmetrically in the plane normal to

the cell boundary, such that the expansion ratio and the wall

velocity at the MB’s free (nonadherent) side was increased rel-
ative to the adherent surface and relative to FMB oscillation. For
each image, the TMB expansion ratio in the image plane was
calculated as follows:

Expansion ratio = W1 +W2

2R0
, [1]

where R0 is the resting MB radius, W1 is the expansion of the
MB’s adherent side, and W2 is the expansion of the MB’s free
side (as indicated in Fig. 2F). W1 and W2 are measured at the
point of maximal expansion. With 250-kPa insonation, the effec-
tive expansion ratio was 11 and was followed by fragmentation;
however, clearly, the free wall expansion was larger (Fig. 2F). For
the same PNP of 230 kPa, the radial oscillations of FMBs are
symmetrical (W2 = W1) (Fig. 2G), whereas oscillations of TMBs
were asymmetrical (i.e., W2 > W1) (Fig. 2H). Next, we evaluated
the expansion ratio, W1, and W2 for FMBs and TMBs as a func-
tion of PNP (Fig. 2I). While the average measured expansion
ratios for both the FMB and TMB (Av TMB in Fig. 2 G–I) were
similar, expansion was greater at the TMB free wall (W2) than at
its cell membrane-bound wall (W1). Therefore, the expansion
ratio of W2 (defined as W2/R0) was substantially greater than
the average or that of W1. The expansion ratio increases non-
linearly, reaching 45 for W2 at 430 kPa for TMBs with a resting
radius of 0.75 μm. The asymmetry factor, defined as W2/W1, also
increased with PNP (Fig. 2I) and reached 3.5 at 430 kPa (SI
Appendix, Fig. S2). While MB expansion is relatively slow and
therefore easily quantified, collapse is much more rapid and is
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Fig. 2. Ultrahigh-speed imaging of oscillating targeted microbubbles (TMBs) adherent to cells at a transmission center frequency of 250 kHz. (A) Ultrahigh-
speed imaging setup. TMBs presented in this figure are adherent to the top of the cells. A two-dimensional image of a cell with a single TMB adherent to its
top (indicated by a red arrow): (B) prior to the transmission of an ultrasound (US) pulse and (C) following transmission of an US pulse with a peak negative
pressure (PNP) of 190 kPa, at which the TMB was destroyed. Streak images of oscillating TMBs adherent to cells at various PNPs: (D) 130 kPa (stable cavitation),
(E) 190 kPa (crossover to inertial cavitation), and (F) 250 kPa (inertial cavitation). R0 indicates the MB resting radius (here 0.75 μm), and W1 and W2 are the
maximal expansion of the MB’s adherent and free sides, respectively. Streak images for a PNP of 230 kPa for (G) free MB (FMB) and (H) TMBs. (I) Expansion
ratio as a function of PNP for FMBs, bound (W1) and free (W2) walls of TMBs, and average (Av) expansion ratio of TMBs (n = 3 at each PNP). All data are
plotted as mean ± SD.
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difficult to quantify even with ultrahigh-speed photography.
However, we observe that the unbound wall collapse of a TMB
was significantly more rapid than that achieved by a FMB (given
that the wall travels a greater distance in the same time period)
and the velocity approaches the theoretical prediction of thou-
sands of meters per second from SI Appendix, Fig. S1.

In Vitro Transfection Results. In vitro transfection experiments
were conducted for cells in suspension, using a custom-made
experimental system (illustrated in Fig. 3A). Initial transfection
experiments were carried out with HCC827 cells, and pGFP was
delivered via sonoporation at a center frequency of 250 kHz.
Five days following the US treatment, the percentage of GFP+

cells was quantified using flow cytometry (Fig. 3B). For the
samples treated with US + TMB + pGFP, the percentage of live
cells that were transfected increased as a function of the PNP,
reaching ∼33% of live cells at a PNP of 500 kPa. With a constant
fluorescence threshold, the fraction of GFP+ live cells was
greater with 500 kPa, compared to 200-kPa insonation (18.5%;
P < 0.0001) or control treatments (<6%; P < 0.0001) (Fig. 3B).

Conversely, in all samples treated with US + FMB (rather than
TMBs) + pGFP, the GFP signal was similar to that of GFP-only
and US + pGFP treatments, and remained below 6% of live cells.
Alternatively, with US + TMB+ pGFP treatment, cell viability was
reduced to ∼20% at a PNP of 500 kPa (Fig. 3C, P < 0.0001). On
fluorescence microscopy, GFP was not detected with the FMB-
sonoporated sample (Fig. 3 D and E) but was detected with
TMB-sonoporated samples using the same parameters (Fig. 3 F
and G).
After establishing reproducible transfection with the HCC827

cell line, we repeated transfection studies with the neu deletion
(NDL) cell line, a syngeneic murine HER2+ orthotopic mammary
carcinoma model. With US + TMB + pGFP treatment, similar
transfection and viability trends were detected with the NDL cells,
i.e., the transfection efficiency increased as a function of the PNP,
and the viability decreased. The percentage of GFP+ live cells was
greatest 2 d posttreatment (compared to 1 or 5 d), and greater than
that resulting from GFP-only or US + FMB + pGFP control
treatments (<7%; P < 0.0001) (Fig. 3H). Therefore, further
in vitro assays were conducted 2 d post-US treatment. For a
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Fig. 3. In vitro transfection of (B–G) human lung adenocarcinoma (HCC827) and (H–M) Neu deletion (NDL) metastatic mammary carcinoma cell lines. (A) In
vitro transfection setup for cells in suspension. Magnified image of a tumor cell with adherent targeted microbubbles (TMBs). (B) Flow-cytometric analysis of
GFP+ cells as a function of the peak negative pressure (PNP) 5 d following sonoporation for pGFP only, US + pGFP, US + FMB + pGFP, and US + TMB + pGFP. (C)
Cell viability as a function of PNP 5 d following sonoporation. (B and C) Two-way ANOVA for PNP of 100 to 500 kPa with Tukey’s multiple-comparisons test.
Significance represents US + TMB + pGFP compared to both US + pGFP and US + FMB + pGFP at each pressure. (D–G) Fluorescence microscopy images of tumor
cells 5 d following sonoporation with FMBs and TMBs. (Scale bars: each 100 μm.) (D) Fluorescence only for FMB and (E) fluorescence and brightfield overlay for
FMB. (F) Fluorescence only for TMB-treated cells and (G) corresponding overlay. (H) Flow-cytometric analysis of GFP+ NDL cells 1, 2, and 5 d post sonoporation
with pGFP for no-treatment control (NTC), pGFP only, US + FMB + pGFP, and US + TMB + pGFP. Two-way ANOVA with Tukey’s multiple-comparisons test. (I)
Percentage of GFP+ cells 2 d post sonoporation using two ultrasound (US) center frequencies (500 and 250 kHz) and PNP of 500 kPa. Welch’s t test. (J and K)
Fluorescence microscopy images of NDL cells 2 d post sonoporation with TMBs. (J) Fluorescence only and (K) overlay. (L) IFN-β secretion from NDL cells 2 d
posttreatment for TMB + pIFN-β (no US), US + pIFN-β (no TMBs), US + TMB (no pIFN- β), JetPrime transfection reagent (positive control), and US + TMB + IFN-β.
(M) NDL cell viability 2 d posttreatment for NTC, TMB + pIFN-β, US + pIFN-β, JetPrime transfection reagent (positive control), US + TMB, and US + TMB + IFN-β
treatment groups. (L and M) One-way ANOVA with Tukey’s multiple-comparisons test. Adjusted P values were *P < 0.05, **P < 0.01, ***P < 0.001, and
****P < 0.0001. All data are plotted as mean ± SD.
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given PNP, reducing the US center frequency from 500 kHz (∼1%
in vitro transfection) to 250 kHz (∼21% in vitro transfection) en-
hanced transfection efficiency (Fig. 3I; P < 0.01). Similar to the
results obtained with HCC827, the GFP signal was enhanced above
baseline in the TMB-sonoporated samples using the center fre-
quency of 250 kHz (Fig. 3 J and K). pGFP transfection efficiency
was similar for no-treatment control (NTC)-treated cells and cells
treated in vitro with US + FMB+ free CD326 EpCAM antibody +
pGFP (SI Appendix, Fig. S3), confirming that conjugation of the
antibody to the MBs is required to enhance transfection.
After successfully transfecting the NDL cell line with a GFP

reporter gene, we sought to deliver pIFN-β in vitro and evaluated
IFN-β secretion via enzyme-linked immunosorbent assay (ELISA).
The same US parameters that were successful for pGFP delivery
yielded significant enhancement of IFN-β secretion in the TMB-
sonoporated samples, reaching an average of 153 pg of IFN-β per
106 live cells. This represents a 150-fold increase compared to NTC,
TMB + pIFN-β (no US), and US + pIFN-β (no TMB) groups (<1
pg per 106 live cells on average; P < 0.0001) and a 6-fold increase
compared to a common lipid-based transfection reagent (JetPrime)
positive control (25 pg per 106 live cells; P < 0.0001) (Fig. 3L). US +
TMB alone increased IFN-β secretion to 3 pg per 106 live cells.
The viability was ∼83% for the JetPrime samples and decreased
to ∼20% for the TMB-sonoporated samples (with or without
plasmid; P < 0.0001) (Fig. 3M). NDL cell viability was similar

between the NTC, TMB + pIFN-β (no US), and US + pIFN-β
(no TMB) samples.

In Vivo Reporter Gene Transfection Results. In vivo transfection
experiments were performed in the bilateral NDL murine breast
cancer model, using plasmids encoding optical reporter genes
(pLUC and pGFP) and a therapeutic cytokine (pIFN-β). The
delivery of pLUC enabled in vivo direct visualization via bio-
luminescence imaging while pGFP facilitated quantitation of
transfection on a per-cell basis using flow cytometry. Last, the
delivery of pIFN-β was combined with checkpoint inhibition, and
response evaluated using tumor growth rate, immunohisto-
chemistry (IHC), flow cytometry, ELISA, and a survival study.
Plasmid delivery via sonoporation was carried out by IT injection
of a mixture of TMBs with pDNA (injected volume was below
25 μL) into one tumor within the bilateral model (Fig. 4A).
Following IT injection, wide tumor distribution of TMBs was
visualized with contrast pulse sequence nonlinear imaging (gold
overlay) (Fig. 4B). Three-dimensional imaging further confirmed
the TMB distribution through the tumor (SI Appendix, Fig. S4).
Following therapeutic US delivery using the in vitro optimized
parameters, US imaging confirmed the destruction of TMBs
inside the tumor (Fig. 4B).

0.75

[x104]
5.5

R
ad

ia
nc

e 
[ρ

/s
ec

/c
m

2 /s
r]0 hr 20 hrs 26 hrs 45 hrs

NTC

200 
kPa

500 
kPa

IT

TMB+
pDNA

Before 
US

After US US + TMB + pGFP

100k

50k

250k

S
S

C
-H

200k

150k

0

CD45- Pacific Blue

NTC

0-103 105104103

✱✱✱✱

✱✱✱

NTC

TMB + 
pG

FP

US
+ pG

FP

US + 
TMB + 

pG
FP

0

20

40

60

80

100

C
D

45
+  [%

 li
ve

 c
el

ls
]

✱✱
✱✱

C

D

E

J

H

A B F

I

G

Fig. 4. In vivo optical reporter gene transfection using pLUC and pGFP. (A) Mixture of pDNA and targeted microbubbles (TMBs) were intratumorally (IT)
injected into one tumor within the bilateral neu deletion (NDL) tumor model in mice, followed by ultrasound (US) application. (B) Following the IT injection,
contrast pulse sequence US imaging confirmed TMB distribution before therapeutic US (gold overlay) and destruction after therapeutic US. (Scale bar: 2 mm.)
(C–E) Bioluminescence imaging at four time points (0, 20, 26, and 45 h) following pLUC transfection for (C) NTC, (D) pLUC + TMB + US with a PNP of 200 kPa, and
(E) pLUC + TMB + US with a PNP of 500 kPa. (F–J) In vivo flow cytometry results 3 d post pGFP transfection. (F and G) Representative flow cytometry dot plots
illustrating enhanced CD45+ cell recruitment in the (G) US + TMB + pGFP–treated tumors compared to (F) NTC tumors (CD45+ frequencies are the percentage of
the live-cell parent population). (H) Frequency of CD45+ cells given as a percentage of live cells. (I) Frequency of CD3+ T and CD8+ T cells in the distant tumors given
as a percentage of the CD45+ population. (H and I) One-way ANOVA. (J) GFP+ cells in the MUC1+ versus CD45+ populations. Two-way ANOVA. All comparisons use
Tukey’s multiple-comparisons test with adjusted P values of **P < 0.01, ***P < 0.001, and ****P < 0.0001. All data are plotted as mean ± SD.
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Bioluminescence imaging at four time points (0, 20, 26, and
45 h) tracked luciferase gene expression. Expression was greatest
between 20 and 26 h after insonation (SI Appendix, Fig. S5A).
Luciferase expression was absent in NTC mice (Fig. 4C), de-
tected in mice treated with pLUC + TMB + US using 200 kPa
(Fig. 4D), and enhanced fivefold further in mice treated with
500 kPa (compared with 200 kPa [P < 0.01]) (Fig. 4E and SI
Appendix, Fig. S5A). Compared to the 26-h time point, the total
flux was on average reduced by 45 h (SI Appendix, Fig. S5A). At
45 h posttreatment, the flux observed with antibody-conjugated
MBs was 4.5 times higher compared with peptide-conjugated
MBs (targeted to nucleolin) (SI Appendix, Fig. S5B).
We next transfected the tumors with a GFP reporter gene.

The maximal pGFP transgene expression level was expected to
be highest on days 2 to 3 (38). Similar to the in vitro studies, the
percentage of GFP+ tumor cells in vivo was ∼6% for day 1 and
increased to ∼20% for days 2 (P < 0.05) and 3 (P < 0.01) (SI
Appendix, Fig. S5C). As assessed by flow cytometry, the fre-
quency of CD45+ cells increased from ∼18% in the NTC
(Fig. 4 F andH) to ∼60% in the samples directly treated with US +
TMB + pGFP (Fig. 4G and H) (P < 0.01). Within the CD45+ cell
population in the distant tumors treated with US + TMB and US +
TMB+ pGFP, the frequency of CD3+ and CD8+ T cells was not
significantly different (Fig. 4I). Furthermore, IHC obtained 3 d
post-US treatment indicated similar macrophage and CD8+

T cell numbers between US + TMB and US + TMB + pGFP
cohorts (SI Appendix, Fig. S6).
The GFP+ cell percentage in the mucin 1+ (MUC1+) tumor

cell population was ∼20% (P < 0.0001), compared to 2.8%, 5.3%,
and 6.1% for the NTC, TMB + pGFP, and US + pGFP control
cohorts, respectively (Fig. 4J). An inverse trend was observed for
the CD45+ cell population, where the GFP+ cell percentage in
the control treatments was ∼6% and reduced to 1.6% for the
US + TMB + pGFP treatment (Fig. 4J). This reduction was
expected since leukocytes infiltrated after treatment. The GFP
signal was not significantly increased above baseline in the
absence of US or TMBs (Fig. 4J).

In Vivo Cavitation and Temperature and Impact on Tumor Viability.
Passive cavitation detection was used to monitor the in vivo
cavitation activity by recording and quantifying ultraharmonic
components and broadband energy in the spectrum. Ultra-
harmonics were detected in the spectrum for up to 20 s during
US application (SI Appendix, Fig. S7 A–C). At later time points,
ultraharmonics diminish suggesting TMB destruction. Temperature

monitoring during the treatment indicated a maximal tem-
perature increase of an average of 2.5 ± 1.2 °C (SI Appendix,
Fig. S7D); however, the tumor temperature was slightly re-
duced at the time of treatment onset. Therefore, the tumors
did not become hyperthermic (maximal temperature was
below 37 °C).
Furthermore, to prove that the high-amplitude TMB oscilla-

tions are capable of debulking the tumor and reducing its via-
bility, IHC 2 d posttreatment assessed tumor viability and near-
term immune response (Fig. 5). Extensive damage and reduced
tumor viability were visualized with hematoxylin and eosin
(H&E) staining, indicating that large MB oscillation occurred in
the center of tumors treated with US + TMB + pGFP. IHC also
confirmed macrophage infiltration within the treated tumors in
the damaged regions; however, CD8+ T cell infiltration was not
significantly enhanced (Fig. 5). By comparison, tumors treated
with nontargeted FMBs or with biotin-streptavidin MBs did not
exhibit similar tumor damage or macrophage and CD8+ T cell
infiltration (SI Appendix, Fig. S8).

In Vivo Therapeutic Cytokine Gene Transfection Results. The pGFP
transfection results suggest that the treatment reduces tumor
viability and recruits immune cells. We sought to further enhance
and amplify the immune response and generate a systemic im-
mune response by transfecting the tumor with pIFN-β. Since the
tumor’s checkpoint inhibitory mechanisms limit immune cell
activity, the transfection protocol incorporated the administra-
tion of an anti–PD-1 (aPD-1) checkpoint inhibitor. Initially,
aPD-1 was administered 3 d prior to the pIFN-β transfection,
and the tumors and blood were collected 2 d post sonoporation and
assayed using ELISA and flow cytometry (full regimen is presented
in SI Appendix, Fig. S9A). In the directly treated tumors, IFN-β
secretion levels in the remaining tumor rim were significantly in-
creased, reaching 3.8 pg/mg of protein compared to 1.1 pg/mg in
the NTC (P < 0.001) (SI Appendix, Fig. S9B). IFN-β levels in the
plasma were not elevated compared to the other cohorts for this
time point; however, the frequency of CD45+ cells in the blood was
increased compared to NTC (P < 0.05), reaching 48% of live cells
for the US + TMB+ pIFN-β + aPD-1 samples, compared to 25%
and 31% for the NTC and aPD-1-only groups, respectively (SI
Appendix, Fig. S9C).
For ablative treatments in refs. 59 and 60, T cell infiltration in

distant tumors was enhanced a week following US ablation, and
therefore we chose this time point to evaluate the T cell in-
filtration. Here, aPD-1 was administered 3 d prior to and 2 d

NTC

NTC

US + 
TMB + 
pGFP

(Treated)

F4/80 (Treated tumor)

20x

20x

20x

20x

20x

20x

CD8 (Treated tumor)

Fig. 5. IHC (H&E, F4/80, and CD8 staining) 2 d post pGFP transfection in no-treatment control (NTC) and directly treated US + TMB + pGFP tumors. (Scale bars:
2 mm for tumor cross-sections; 100 μm for 20× images.)
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following pIFN-β transfection with sonoporation (full regimen is
presented in Fig. 6A). On IHC gathered 7 d post sonoporation
(∼21 d post cell injection), immune cell infiltration (F4/80+

macrophages and CD8+ T cells) was increased in both the di-
rectly treated tumors and the distant tumors, compared to all
other controls (Fig. 6 B–D and SI Appendix, Fig. S10). The fre-
quency of tumor-infiltrating F4/80+ macrophages (Fig. 6C) and
CD8+ T cells (Fig. 6D) was quantified at 7 d following treatment.
F4/80+ macrophages were enhanced in the directly treated tu-
mor with US + TMB + pIFN-β + aPD-1 treatment; ∼18% of
cells were macrophages, an increase of 6.5-, 4-, and 2.5-fold
compared to NTC, aPD-1–only, and US + TMB–only groups,
respectively (P < 0.0001). The effect on the distant tumor is also
pronounced, with macrophages representing ∼8.5% of the cells
in the distant tumor following treatment with US + TMB +

pIFN-β + aPD-1, a 3.1-, 1.8-, and 2.14-fold increase compared
to the NTC, aPD-1, and US + TMB–only groups, respectively
(Fig. 6C). T cell recruitment in the directly treated tumors also
increased 7-, 4.2-, and 3-fold compared to the NTC, aPD-1 only,
and US + TMB–only treatment groups, respectively (P < 0.0001,
Fig. 6D). Distant tumor T cell recruitment was enhanced 3.4-, 2-,
and 2.5-fold compared to the NTC (P < 0.01), aPD-1 (P < 0.05),
and US + TMB distant tumors (with or without plasmid) groups,
respectively (P < 0.01, Fig. 6D). For the US + TMB protocol
(without pIFN-β), T cell recruitment was enhanced only in the
directly treated tumors (2.5-fold compared to NTC; P < 0.05).
Immune cell recruitment was similar (and reduced) in tumors
treated with US + TMB + pIFN-β (without aPD-1), US +
TMB + aPD-1 (without plasmid), and US + TMB (SI Appendix,
Fig. S10).

Fig. 6. pIFN-β transfection triggers immune infiltration in directly treated and distant tumors. (A) Regimen of pIFN-β transfection for evaluating immune
response 1 wk following sonoporation. (B) CD8+ T and F4/80+ cell (brown overlay) infiltration increased in both treated and distant tumors following
treatment with US + TMB + pIFN-β + aPD-1 compared to administration of aPD-1 alone. (Scale bars: 3 mm for tumor cross-sections; 500 μm for 5× images.) (C)
Frequency of macrophages (F4/80+ cells), given as a percentage of total cells, quantified from IHC images. (D) Frequency of CD8+ T cells, given as a percentage of
total cells, quantified from IHC images. (C and D) One-way ANOVA with Tukey’s multiple-comparisons test. (E) NDL tumor growth for the various treatments
on day 7 post US treatment. (One-way ANOVA with Fisher’s least significant difference test.) *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001. All data are
plotted as mean ± SD.
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T cell activation, assessed via OX40 staining, increased in di-
rectly treated and distant tumors and surrounding lymph nodes
for mice that received the combined treatment (US + TMB +
pIFN-β + aPD-1), compared to all other controls (SI Appendix,
Figs. S11 and S12). Foxp3 (regulatory T cells) and CD206-
expressing cells (assumed to be M2 macrophages) did not increase
within the treated and distant tumors (SI Appendix, Fig. S13).
Evaluated on day 7 post-US treatment, tumor growth re-

duction was greatest in treated and distant tumors following the
full US + TMB + pIFN-β + aPD-1 treatment, compared to
control (partial) treatments (Fig. 6E). Tumor volume was re-
duced 1 wk after the first US + TMB + pIFN-β + aPD-1
treatment (SI Appendix, Fig. S14). The treated and distant tu-
mors were each smaller than the NTC (P < 0.0001) and US +
TMB + aPD-1–treated cohorts (P < 0.05). Moreover, survival
was enhanced with US + TMB + pIFN-β + aPD-1 compared to
all of the other cohorts (P < 0.05) (SI Appendix, Fig. S15). Only
in the combined treatment group was complete regression
attained as one of six mice had no detectable tumors in the
treated or distant site at day 70.

Discussion
Our central goal in this work was to develop an US-based plat-
form technology for combining tumor debulking with effective
and reproducible transfection. Since the ratio of immune cells to
tumor burden is known to play a critical role in T cell-mediated
therapy (1), reduction in tumor bulk combined with enhanced
T cell infiltration is particularly attractive. We believe that such a
minimally invasive and easily repeated treatment can find a place
in the arsenal of immunotherapy protocols. Therapeutic appli-
cations of US have expanded to include most major organ sites,
and tumors can be debulked through US-mediated cavitation or
thermal ablation. Here, cavitation resulting from insonation of
TMBs reduced viability while transfecting tumor cells. There are
two major differences compared to previous work. First, by using
a lower frequency than previous studies, the fraction of cells
transfected and the expression levels of the transfected cytokine
were enhanced (61, 62). In vitro secretion of IFN-β reached 150
pg/106 cells for the remaining viable tumor cells, a 150-fold in-
crease compared to no-US or no-plasmid controls and a 50-fold
increase compared to treatment with TMBs and US (without
IFN-β). This result exceeds values of fourfold to fivefold im-
provement reported for ablative, radiotherapy, and chemother-
apeutic treatments in previous in vitro studies (60, 63, 64).
Second, by incorporating a checkpoint inhibitor, we were able to
enhance T cell recruitment as a result of sonoporation.
Successful US-mediated transfection requires the carefully

controlled protocol components elucidated here: creation and
titration of antibody-targeted MBs for both in vitro and in vivo
application, selection of US parameters (frequency, pressure,
and duration), control of plasmid dose and concentration, and
real-time control of insonation through cavitation detection and
imaging. We confirmed that TMB oscillations are enhanced
upon 250-kHz insonation, and these high-amplitude oscillations
facilitate gene delivery and tumor debulking. As a result of the
cavitation-mediated debulking and transfection, immune cells
(CD8+ T cells and macrophages) infiltrated the center of both
the directly treated and distant tumors.
Such nonviral US-mediated gene therapy holds promise for

clinical translation (9) due to 1) the reduced immunogenicity and
risk of insertional mutagenesis compared to viral methods (13)
and 2) minimal invasiveness compared to physical approaches
such as electroporation. Thus, it is generally accepted that
nonviral vectors have greater potential for clinical translation.
While gene therapy via sonoporation has previously been suc-
cessfully applied to various tissues and organs (21–30), efforts to

efficiently transfect tumors are ongoing (35–37). To date, a rel-
atively low transfection efficiency has been achieved with US
compared to the aforementioned methods (13). The protocol
developed here is generally applicable, facilitating the in-
troduction of a wide range of cytokines and chemokines into
tumor and stromal cells, as well as a variety of other plasmid
types. When combined with checkpoint inhibition, T cell recruit-
ment was enhanced at both the local and distant sites.
We selected IFN-β as the therapeutic plasmid due to hy-

pothesized synergy with the combined TMB and US treatment.
Inertial cavitation, as performed here, results in mechanical
damage to surrounding cells, releases nucleic acids, and has the
potential to induce both damage and pathogen-associated mo-
lecular profiles (65). Such damage also results in the production
of type 1 IFN by cells including lymphocytes (NK cells, B cells,
and T cells), macrophages, fibroblasts, and endothelial cells.
Thus, we anticipated and confirmed a low level of IFN secretion
in the absence of the plasmid. Still, IFN production, immune cell
recruitment, and survival were enhanced by the combined
treatment, compared with the TMB + US treatment alone.

Impact of Low-Frequency Oscillation. The use of low-frequency US
enlarges the focal zone and increases the penetration depth,
enabling the treatment of extensive and deep-lying tumors. TMB
oscillations were enhanced with 250-kHz insonation (compared
with higher frequencies) as observed using ultrahigh-speed im-
aging. Using passive cavitation detection, inertial cavitation ac-
tivity (and thus intense oscillation) was also confirmed within
tumors when TMBs were insonated at 250 kHz. IHC further
confirmed tumor debulking as a result of this inertial cavitation.
Previously, we applied ultrafast optical imaging of MBs in very
small vessels to directly visualize in vivo MB oscillation (66).
Upon megahertz insonation, while MB expansion was con-
strained in small vessels, rapid collapse into the endothelium did
occur and MBs jetted into and across the basement membrane.
Here, we directly injected TMBs and plasmid in the tumor, and
thus the MBs collapse against tumor and stromal cells. Due to
the enhanced oscillations at 250 kHz (compared with 1 MHz),
these effects are amplified here.
The delivery of large molecules is regulated by induction of

endocytosis and pore formation, and this process is hypothesized
to be enhanced by the lower US frequency (47). Transfection
efficiency increased with increased PNP and reduced center
frequency, while cell viability decreased. Therefore, it can be
hypothesized that the delivery of pDNA complexes was more
efficient when large pores were formed through high-amplitude
oscillations of TMBs. Here, a PNP of 500 kPa yielded over 20%
transfection in two distinct cell lines, with cell viability of ∼20%.
For example, transfection efficacy in the HCC827 cell line was
33% of live cells. Given the 20% cell viability, this translates to a
7% transfection efficacy for all cells. Increasing the PNP is likely
to further increase transfection efficiency and reduce cell via-
bility. Therefore, in our study, we focused on a PNP of 500 kPa.
Applying the same PNP with a higher center frequency of 500 kHz
resulted in ∼1% transfection.
The majority of cells transfected in vivo were MUC1+/CD45−.

Thus, we are not transfecting immune cells directly but instead
are enhancing their recruitment. A single application of tumor
cell transfection with the type 1 IFN-β plasmid reduced tumor
growth and recruited CD8+ T cells, increasing their proportion
to ∼7 and 3.5% of cells for the directly treated and distant tu-
mors respectively, compared with 1.1 and 1.7% for NTC and
checkpoint inhibition alone. The PNP required and transfection
efficiency achieved for the GFP reporter gene was consistent
between the in vitro and in vivo experiments, with ∼20% of cells
transfected. Since in vitro transfection assays are considered a
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prerequisite step for optimizing the experimental conditions, this
consistency is important and is facilitated by using the low fre-
quency of 250 kHz. Studies using a higher center frequency have
reported that in vivo transfection was accomplished with a higher
PNP compared with in vitro transfection (30, 45).
In our study, we chose to focus on the delivery of pDNA

complexes. In order to transfect, plasmids are transported into
the nucleus, a process that requires several days. The maximal
pGFP transgene expression level was highest on days 2 and 3, in
agreement with what was reported in ref. 38.

Impact of Molecular Targeting. The in vitro comparison of the
transfection efficacy using FMBs and TMBs suggests that the
proximity of the MBs to the cells is a crucial factor required to
effectively transfect tumor cells (44). This is achieved using
TMBs that adhere to the surface of the cancer cells. Insonation
of MBs without biotin–streptavidin (nontargeted FMB) or with
biotin–streptavidin without the antibody did not produce tissue
damage or macrophage and CD8+ T cell infiltration. This is in
agreement with other studies that report that streptavidin and
biotin alone are well tolerated and do not trigger immunogenic
events (67). The CD326 antibody alone did not produce a sig-
nificant therapeutic effect in numerous clinical trials in ref. 68 or
in our work when coinjected with FMBs as a component of the
treatment. Here, insonation of TMBs was insufficient to produce
comparable immune infiltration. If needed, for future clinical
use, other types of conjugation chemistries could be considered
such as maleimide-thiol conjugation chemistry (69), or peptide
conjugation strategies (70). Here, conjugation of a peptide tar-
geted to nucleolin did not result in similar transfection efficiency
as antibody conjugation.

Intratumoral Immunotherapy. In order to achieve a precise con-
centration of MBs and plasmid at the tumor site, we directly
injected these therapeutics into the tumor. Clinical trials of such
IT-delivered immunotherapies, where the immunostimulatory
agent is injected directly into the tumor rather than systemically,
are expanding in number and organ sites (71). Expert clinicians
report that sites for which biopsy is feasible can also be injected
with the comparatively smaller needles required for therapeutic
delivery. With IT injection, we aim to reduce systemic exposure,
off-target toxicity, and mass of injected therapeutic, while pro-
ducing an effective antitumor response in both the injected and
distant tumors. In this context, the treatment described here can
be applied to most organ sites (72).

Limitations of the Study. There are multiple limitations to this
work that should be considered. Our primary goal was to develop
and optimize the methodology to debulk tumor and transfect
tumor cells in situ in order to enhance the recruitment of acti-
vated CD8+ T cells at local and distant sites. Here, we chose to
transfect the tumors with a therapeutic plasmid encoding for
IFN-β, recognizing that this plasmid is synergistic with the me-
chanical US treatment applied here. This provides a general
platform on which additional protocols can be developed.
However, given that combination immunotherapy protocols have
often been shown to be even more potent (2), we recognize that
in the future, the efficacy of alternate plasmids or combinations
of plasmids should be evaluated. For each plasmid or combina-
tion, a comprehensive study should be undertaken prior to
concluding as to potential efficacy, mechanisms, and survival
enhancement. Such a study is currently underway with additional
plasmids.
Furthermore, the low-frequency US-mediated transfection

applied here has broad effects on innate and adaptive immune

cells, cytokines, angiogenesis, and stromal cells. As a result, it is
likely that depleting one cell type will not completely abrogate
the response. Once an optimized plasmid combination is estab-
lished, the exact mechanism needs to be dissected in order to
determine whether a macrophage or T cell response is required
for efficacy.
The incorporation of a plasmid encoding for a reporter gene

can also induce an intended immunogenicity (73). In our work,
the macrophage and T cell density was not dependent on the
presence of the GFP reporter gene expression; however, this
must be evaluated in each model and for each reporter. Finally,
the presence of an antibody or peptide on the MB surface can
impact response and immunogenicity. Here, insonation with a
TMB was essential for transfection, and therefore this factor
cannot be eliminated. We recognize that downstream signaling
by CD326 could also enhance response, and alternate antibodies
should be included in future studies. We conclude that the
EpCAM-targeted antibody can be used to enhance transfection
in the cell lines studied here and CD326 is a reasonable choice
and binds to multiple tumors. On its own, the CD326 antibody
did not enhance transfection.

Summary. In summary, we report that low-frequency (e.g., 250-
kHz) insonation of tumor-targeted MBs resulted in high-
amplitude oscillation in vitro and inertial cavitation in vivo. As
a result of the enhanced oscillation, tumors were debulked, and
with plasmid coinjection, transfection rates increased. Key pro-
tocol requirements developed here include the creation and
dosing of antibody–TMBs, optimization of insonation frequency
and pressure, and validation through real-time monitoring and
phenotypic assays. The resulting platform technology facilitated
controlled and localized tumor transfection and can be tailored
to induce a desired tumor and immune cell phenotype through
the selection of a tumor-specific plasmid. We hypothesized and
confirmed that tumor transfection with IFN-β enhanced the
damage-associated profile resulting from the insonation of
TMBs. When combined with checkpoint inhibition, tumor
growth was reduced in both the directly treated and distant tu-
mors, and survival was enhanced.

Materials and Methods
Supplemental materials and methods are available in SI Appendix.

MB Preparation. FMBs, composed of a phospholipid shell and a per-
fluorobutane (C4F10) gas core, were prepared as reported previously (74) and
further described in SI Appendix. Three types of TMBs were used in the
experiments described here. Two formulations used biotin–streptavidin and
biotin–antibody conjugation, and the third involved a conjugate between a
nucleolin-targeted peptide and the MB. F3-conjugated TMB were prepared
as described previously (74) and were used for comparison to the antibody-
conjugated TMB in pLUC delivery. The remaining experiments utilized
antibody-conjugated TMBs. In the high-speed imaging experiments, com-
mercially available VisualSonics target-ready MBs (FUJIFILM) were used. The
commercial TMBs have an average radius of 0.75 μm and were prepared
according to the manufacturer’s instructions. The remainder of the experi-
ments employed biotin–TMBs made in-house (see SI Appendix for full
preparation description) (75). US-driven oscillations were similar for the two
TMB formulations. Preparation of biotin-streptavidin–coated MBs was sim-
ilar to that of TMBs, without antibody conjugation; instead, biotin saturated
the exposed streptavidin binding sites.

Two antibodies were used in this study in order to assess transfection of
human and mouse cells, and the conjugation methodology was identical. For
the HCC827 (human) cell line, biotin-conjugated anti-human CD326 (EpCAM)
antibody (clone 9C4; BioLegend) was used. For the NDL (mouse) cell line,
biotin-conjugated anti-mouse CD326 (EpCAM) antibody was used (clone
G8.8; BioLegend). Ten micrograms of the appropriate antibody was added
to the avidin-conjugated MB cake and incubated for 25 min at room tem-
perature on a rotator. Following incubation, MBs were purified again to
remove excess antibody. The size and concentration of the purified MBs
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were measured with a particle counter system (Accusizer 770A; Particle
Sizing Systems). Exemplary size distributions are presented in SI Appendix,
Fig. S16. The MBs were used within 3 h of their preparation.

Ultrahigh-Speed Optical Imaging Setup. The experimental setup (illustrated in
Fig. 2A) was described previously (55) and further described in SI Appendix.
Postprocessing of the captured images was performed in Matlab to yield the
resting MB radius and expansion ratio.

Cell Culture and Assays. Two tumor cell lines were included in this study
(HCC827 human lung adenocarcinoma and NDL syngeneic metastatic
mammary carcinoma). NDL originated from the overexpression of the ErbB-2/
neu proto-oncogene (76, 77) and was a generous gift from Alexander
Borowsky (University of California, Davis, CA). Cell culture and in vitro
transfection methods are further described in SI Appendix. Following
treatment, cells were cultured at 37 °C in a humidified 5% CO2 incubator
until their assay using flow cytometry or ELISA. GFP fluorescence was
monitored by imaging of the cell plates with an upright fluorescence
microscope (Mikron Instruments) using a 63× or 20× water-immersion
objective and FITC filter set. Flow cytometry was conducted at multiple
time points following treatment. For the HCC827 cell line, flow cytom-
etry was performed on days 2 and 5. For the NDL cell line, flow cytom-
etry was performed on days 1, 2, and 5. For flow cytometry, cells were
collected in 500 μL of TrypLE Express (Thermo Fisher Scientific), and vi-
able cell number was assessed using a hemocytometer with trypan blue
dead cell exclusion. GFP expression was measured on a FACScan flow
cytometer (BD Biosciences), and data were analyzed using FlowJo vX
software (Tree Star). IFN-β production was assayed 48 h posttreatment
via ELISA (#42410; PBL Assay Science) following the manufacturer’s in-
structions. IFN-β concentration was normalized to total cell number (live +
dead cells, counted via hemocytometer) for each sample. All treatments were
analyzed in triplicate.

In Vitro Transfection Studies. The 250-kHz spherically focused single-element
transducer (beam parameters in SI Appendix, Fig. S17 A and B) was placed at
the bottom of a degassed water tank facing upwards and aligned to focus at
a 0.5-mL Eppendorf tube positioned at the focal depth of the transducer (z =
45 mm) (Fig. 3A). Negligible attenuation was detected in needle hydro-
phone pressure measurements acquired in an Eppendorf tube filled with
degassed water compared to water alone. For the in vitro assays, two
plasmids were used: pGFP and pIFN-β (see SI Appendix for plasmid pro-
duction details). For pGFP transfection, 2 × 105 cells and 9 μg of plasmid were
added to each tube, and for pIFN-β transfection, 1 × 106 cells and 25 μg of
plasmid were added to each tube. Sonication in all of the studies in-
cluded US bursts of 4 ms, pulse repetition frequency of 30 Hz, and total
treatment of 3 min. For the groups below, five PNPs were tested,
ranging between 100 and 500 kPa, at intervals of 100 kPa. pGFP trans-
fection was performed with two cell lines, HCC827 and NDL. For HCC827
pGFP transfection, five groups were tested (n = 6 per group): 1) no-
treatment control (NTC), 2) TMB + pGFP (no US), 3) US + pGFP (no
TMB), 4) US + FMB + pGFP, and 5) US + TMB + pGFP. For the NDL pGFP
transfection, five groups were tested (n = 6 per group): 1) NTC, 2) pGFP
only (no US), 3) US + FMB + pGFP, 4) US + FMB + EpCAM + pGFP, and 5) US +
TMB + pGFP. Next, the 250-kHz transducer was replaced by a 500-kHz
spherically focused single-element transducer (H107; Sonic Concepts) with a
similar focal depth, and pGFP transfection experiments were repeated at
500 kPa and 500 kHz.

pIFN-β transfection was performed with the NDL cell line. Six groups were
tested (n = 4 per group): 1) NTC, 2) TMB + pIFN-β (no US), 3) US + pIFN-β (no
TMB), 4) TMB + US, 5) JetPrime transfection agent positive control, and 6)
US + TMB + pIFN-β. US was performed with 250 kHz and a PNP of 500 kPa.
JetPrime transfection reagents (Polyplus Transfection) were used according
to manufacturer’s instructions and with the same cell to pIFN-β ratio used
with all other treatment conditions.

In Vivo Transfection Studies. A total of 201 bilateral NDL (breast cancer)
tumor-bearing mice were studied. All animal-related work performed
by our laboratory was in accordance with Guide for the Care and Use of
Laboratory Animals of the National Institutes of Health (78), and all
animal experiments were performed under a protocol approved by
the Institutional Animal Care and Use Committee of the University of
California, Davis, or Stanford University. All mice in this study were
female FVB mice (6 to 9 wk old, 20 to 25 g; Charles River). Mice were

orthotopically injected with NDL cells (1 × 106 cells/25 μL of PBS −/−) into
the bilateral #4 and #9 inguinal mammary fat pad. Therapy was started
when tumors reached ∼4 mm in the largest diameter (∼14 d after cell
injections). Due to the capabilities of our current US system, tumors
with initial volume between 2 and 120 mm3 at the start of the study
were included. Prior to the transfection experiments, the treated area
was shaved and fur further removed using a depilatory cream. US gel
was used as a coupling agent. Anesthesia was induced with 2% isoflurane
in oxygen (2 L/min). The mouse was positioned on its side, above an aga-
rose spacer (SI Appendix, Fig. S17C).

Unless otherwise indicated, a center frequency of 250 kHz, PNP of 500
kPa, burst length of 4 ms, pulse repetition frequency of 30 Hz, and a total
duration of 3 min were applied. IT injection of a mixture of 2 × 107 in-house
made MBs (either antibody or F3-peptide–conjugated TMBs) and 25 μg of
the plasmid of choice (final injected volume of less than 25 μL) preceded
sonication by 5 min. Injected dose was freshly prepared and injected
within 2 min of preparation. The TMB distribution before and after
insonation was assessed by US imaging in contrast pulse sequencing
contrast mode (Sequoia 512; Siemens; 15L8 transducer; center frequency
of 7 MHz) or by a series of coronal images that spanned the tumor
diameter at ∼60-μm intervals acquired in nonlinear contrast mode
(VisualSonics Vevo 2100; Visualsonics; MS250S transducer; center frequency
of 18 MHz).

MB oscillations in vivo were monitored by passive cavitation detection (n =
12 mice) using an unfocused, single-element, 2.25-MHz transducer (V204-
RM; Panametrics) with a 3.175-mm aperture. The passive cavitation de-
tection transducer was aligned to the focus of the therapeutic 250-kHz
transducer. Received echoes were displayed and post processed using a
programmable US system (Verasonics Vantage 256; Verasonics) with the
following parameters: sampling frequency of 8.92 MHz, 5,400 recordings
for each mouse, and a recording length of 230 μs. To improve the
signal-to-noise ratio, a rolling average filter was applied to the spectro-
grams over five recordings (i.e., 0.167 s). The received spectrograms were
normalized to set the 0-dB value as the maximum value based on the first
recording at t = 0. Tumor temperature monitoring (n = 11) was accom-
plished using a 30-gauge needle thermocouple (HYP-1; Omega Engineer-
ing), which was placed at the tumor rim with a 1 °C difference assumed
between the tumor center and tumor rim. The thermocouple was
interfaced to a data acquisition system controlled by LabVIEW (National
Instruments).

Three types of plasmids were used for the in vivo transfection studies:
pLUC, pGFP, and pIFN-β. For pLUC transfection, five groups of mice were
studied: 1) NTC (n = 3); 2) TMB + pLUC (n = 3); 3) US + TMB + pLUC, with
a PNP of 200 kPa (n = 3); 4) US + F3 TMB + pLUC with a PNP of 500 kPa
(n = 3); and 5) US + antibody-conjugated TMB + pLUC with a PNP of
500 kPa (n = 4). The remaining experiments utilized antibody-
conjugated TMB. For pGFP transfection, four groups of mice were
studied: 1) NTC (n = 3), 2) TMB + pGFP (n = 3), 3) US + pGFP (n = 3), and
4) US + TMB + pGFP (n = 5). The experiments were repeated three times,
at three different time points for flow cytometry (24, 48, and 72 h
posttreatment). For pIFN-β transfection, six groups of mice were stud-
ied: 1) NTC (n = 6; i.e., 12 tumors), 2) aPD-1 (n = 7; i.e., 14 tumors), 3) US +
TMB (n = 3), 4) US + TMB + aPD-1 (n = 6), 5) US + TMB + pIFN-β (n = 4), and 6)
US + TMB + pIFN-β + aPD-1 (n = 10). For the survival study, four groups of
mice were studied: 1) NTC (n = 3), 2) aPD-1 (n = 3), 3) US + TMB + aPD-1 (n =
6), and 4) US + TMB + pIFN-β + aPD-1 (n = 6). In each case, aPD-1 was in-
jected intraperitoneally at two time points (200 μg, each injection): 3 d
prior to and 2 d following US treatment. Treatments were repeated on a
weekly basis.

Statistics. Statistical analyses were performed using Prism 8 software
(GraphPad Software). Results are presented as mean ± SD, unless otherwise
indicated. Statistical tests are reported in the relevant captions. Values of P <
0.05 were considered significant and were adjusted for multiple comparisons
as indicated in the legends.

Data Availability Statement. All data and scripts discussed in the paper
are available to readers at Figshare (https://doi.org/10.6084/m9.figshare.
12214364.v2).
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