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Abstract  1 

Physical delivery of exogenous molecules into lymphocytes is extremely challenging 2 

because conventional methods have notable limitations. Here, we evaluated the potential 3 

use of acoustic liposomes (ALs) and sonoporation to deliver exogenous molecules into 4 

lymphocytes within a lymph node (LN). MXH10/Mo-lpr/lpr (MXH10/Mo/lpr) mice, 5 

which show systemic LN swelling, were used as the model system. After direct injection 6 

into the subiliac LN, a solution containing both ALs and TOTO-3 fluorophores 7 

(molecular weight: 1,355) was able to reach the downstream proper axillary LN (PALN) 8 

via the lymphatic vessels (LVs). This led to the accumulation of a high concentration of 9 

TOTO-3 fluorophores and ALs in the lymphatic sinuses of the PALN, where a large 10 

number of lymphocytes were densely packed. Exposure of the PALN to >1.93 W/cm2 of 11 

970-kHz ultrasound allowed the solution to extravasate into the parenchyma and reach 12 

the large number of lymphocytes in the sinuses. Flow cytometric analysis showed that 13 

TOTO-3 molecules were delivered into 0.49 ± 0.23% of CD8+7AAD- cytotoxic T 14 

lymphocytes. Furthermore, there was no evidence of tissue damage. Thus, direct 15 

administration of drugs into LVs combined with sonoporation can improve the delivery 16 

of exogenous molecules into primary lymphocytes. This technique could become a novel 17 

approach to immunotherapy. 18 

 19 

Keywords 20 

Cavitation; Drug delivery; Ultrasound; Acoustic liposome; Lymphocyte; 21 

Immunotherapy 22 

  23 



1. Introduction 1 

Immune cells protect the body against microbial threats and eliminate mutated cells, thus 2 

immune system dysfunction leads to serious diseases. For example, CD8+ cytotoxic T 3 

lymphocytes (CTLs) are major effectors in the elimination of cells that have mutated due 4 

to infection or cancer. However, functional disorders of CTLs result in disease 5 

exacerbation [1]. The delivery of exogenous therapeutic macromolecules such as DNA, 6 

peptides and siRNA into CTLs could potentially facilitate a recovery of normal function, 7 

allowing these cells to overcome several important diseases. Although viral vectors have 8 

been used for gene delivery into lymphocytes, this approach has considerable 9 

disadvantages that include the use of a potential biohazard and the risk of secondary tumor 10 

development [2]. Physical approaches such as electroporation, photoporation and ballistic 11 

transfer have been evaluated as alternative techniques for delivering exogenous molecules 12 

into lymphocytes [3-5]. However, these conventional physical methods were associated 13 

with poor delivery efficiency, in part because they were performed in an environment 14 

containing insufficient lymphocytes [6,7]. 15 

Ultrasound (US)-mediated delivery of molecules into living cells (sonoporation) is an 16 

alternative technique to viral vector methods or electroporation [8,9]. Low-intensity US-17 

driven oscillation of lipid-shelled gas bubbles can generate mechanical pressures such as 18 

microstreaming-shear stress or impulsive jets (i.e., stable cavitation). These mechanical 19 

pressures create a resealing pore on the plasma membrane of a target cell and stimulate 20 

endocytosis, thereby facilitating delivery of a membrane-impermeant agent into the 21 

cytoplasm or nucleus [10,11]. Under more intense US conditions, the bubbles undergo 22 

violent oscillations and sudden collapse to create localized surface damage (i.e., inertial 23 



cavitation) [12]. These mechanical pressures can also loosen endothelial cell junctions, 1 

promoting the leakage of components from vessels [13]. Since the mechanical stresses 2 

only affect cells or tissues within the US-irradiated area, sonoporation-driven drug 3 

delivery can achieve tissue selectivity without evoking an immune response or systemic 4 

inflammation. 5 

Previously, we demonstrated that a lymphatic drug delivery system (LDDS) was able to 6 

directly deliver drugs into the lymphatic system of the MXH10/Mo-lpr/lpr 7 

(MXH10/Mo/lpr) mouse, which exhibits systemic lymph node (LN) swelling. This 8 

approach has great potential as a method for internalizing drugs into cells that reside in 9 

LNs [14-16]. Solutions injected into the subiliac LN (SiLN) by the LDDS were able to 10 

flow into the efferent lymphatic vessels (LVs) and reach the downstream proper axillary 11 

LN (PALN) [17-19]. Therefore, the LDDS potentially could be used to deliver high 12 

concentrations of therapeutic drugs and acoustic liposomes (ALs, which act as cavitation 13 

nuclei) into the sinuses of the PALN where lymphocytes are densely packed. If 14 

sonoporation-generated mechanical pressures were able to change the structure of 15 

lymphatic endothelial cell junctions, a solution administered by a LDDS would be 16 

extravasated into the parenchyma, allowing many lymphocytes to come into contact with 17 

high local concentrations of drugs administered with the ALs. In the US field, leaked ALs 18 

and their gas vesicles would collapse or act as cavitation nuclei to increase the membrane 19 

permeability of the lymphocytes, thereby facilitating drug internalization into the targeted 20 

lymphocytes. 21 

In the present study, we investigated whether the combined use of a LDDS and 22 

sonoporation (with ALs) could be used to deliver an exogenous molecule, namely 23 



TOTO-3 fluorophore, into the LN cells of MXH10/Mo/lpr mice. Furthermore, we 1 

evaluated the efficiency of drug delivery into CD8+ T cells using immunofluorescence 2 

staining of LNs and flow cytometry. 3 

 4 

2. Materials and Methods 5 

Experiments were carried out in accordance with published guidelines and approved by 6 

the Institutional Animal Care and Use Committee of Tohoku University. The number of 7 

mice used was kept to a minimum for bioethical reasons. 8 

 9 

2.1. Mice 10 

The MXH10/Mo/lpr mouse, a sub-line of the MXH/lpr mouse obtained by intercrossing 11 

MRL/MpJ-lpr/lpr and C3H/HeJ-lpr/lpr strains, develops systemic swelling of LNs (up to 12 

10 mm in diameter, similar in size to human LNs) at only 14 weeks of age. 13 

MXH10/Mo/lpr mice (aged 14–18 weeks) were bred under specific pathogen-free 14 

conditions in the Animal Research Institute, Graduate School of Medicine, Tohoku 15 

University, Sendai, Japan. 16 

For anatomical experiments, BALB/c mice (aged 10 weeks; CLEA Japan, Tokyo, Japan) 17 

were used for comparisons of LN sizes. 18 

 19 

2.2. ALs 20 

ALs were prepared as previously described [20]. 21 

 22 



2.3. Identification of LNs 1 

One BALB/c mouse was used for identification of LNs. The mouse was euthanized after 2 

the injection of 10 μL trypan blue dye into the forepaw, and an incision was made in the 3 

ipsilateral axillary region. The subcutaneous connective tissue was separated to free the 4 

skin flap and expose the LVs and LNs located in the axillary region, taking care not to 5 

injure these structures.  6 

One BALB/c mouse and one MXH10/Mo/lpr mouse were used to visualize and measure 7 

the volume of the PALN with high-frequency US imaging (HF-US). The mouse was 8 

anesthetized and positioned on a heated stage. The scanner was equipped with a 9 

mechanical single-element transducer (RMV708 for the BALB/c mouse: central 10 

frequency, 55 MHz; axial resolution, 30 μm; lateral resolution, 70 μm; focal length, 4.5 11 

mm; depth of field, 1.4 mm; RMV-710B for the MXH10/Mo/lpr mouse: central frequency, 12 

25 MHz; axial resolution, 70 μm; lateral resolution, 140 μm; focal length, 15 mm; depth 13 

of field, 2.7 mm; VisualSonics, Toronto, ON, Canada). The B-mode images were 14 

reconstructed into a 3D image, and the volume (consisting of multiple polygons) was 15 

calculated using Vevo 770 software (VisualSonics) [15]. 16 

 17 

2.4. Delivery of TOTO-3 using a LDDS and sonoporation 18 

The delivery of TOTO-3 from the SiLN to the PALN via LVs was carried out as 19 

previously described [15], and the experimental setup is shown in Fig. 1B. Briefly, 200 20 

μL of solution containing 100 μL ALs and 100 μL TOTO-3 fluorophore (T-3604; 21 

Molecular Probes, Eugene, OR, USA; molecular weight: 1,355; absorption: 642 nm; 22 

emission: 660 nm) was injected into the SiLN through a butterfly needle (Terumo, Tokyo, 23 



Japan). A 970-kHz flat, disk-shaped and submersible US transducer with a diameter of 1 

12 mm (Honda Electronics, Toyohashi, Japan) was placed in contact with the PALN, and 2 

the PALN was exposed to non-focused US. US calibration was carried out, and the spatial 3 

peak-temporal average of the US intensity (ISPTA) was calculated as previously described 4 

[14-16]. The duty ratio was 20%, the exposure time was 60 s, and the number of cycles 5 

in the pulse was 200 [21]. A total of 16 mice were used (4 mice for each experimental 6 

condition). 7 

 8 

2.5. Immunofluorescence and staining with hematoxylin-eosin (HE) 9 

To observe the PALN region into which TOTO-3 was delivered and evaluate tissue 10 

damage, immunofluorescence on frozen sections and staining with HE were performed 11 

using standard protocols [15,16]. Each mouse was deeply anesthetized and euthanized 12 

after sonication. The PALN was extracted and embedded in optimal cutting temperature 13 

(OCT) compound (Sakura Fineteck Japan, Tokyo, Japan), and frozen samples were 14 

sectioned (10-μm thickness) with a cryostat (Thermo Fisher Scientific, Barrington, IL, 15 

USA). The sections were fixed in paraformaldehyde (Wako Pure Chemical Industries, 16 

Ltd., Osaka, Japan) at room temperature for 20 min, and nuclei were stained with 100 17 

ng/mL 4’,6-diamino-2-phenylindole (DAPI; Sigma-Aldrich, St. Louis, MO, USA) at 18 

room temperature. Lymphatic endothelia were detected using rabbit anti-lymphatic vessel 19 

endothelial hyaluronan receptor-1 (LYVE-1) primary antibody (ReliaTech GmbH, 20 

Wolfenbüttel, Germany) and Alexa-488-conjugated goat anti-rabbit secondary antibody 21 

(Invitrogen, Carlsbad, CA, USA). Images revealing DAPI (excitation: 405 nm, emission: 22 

400–450 nm), Alexa-488 (excitation: 496 nm, emission: 519 nm) and TOTO-3 23 



(excitation: 635 nm, emission: 660 nm) fluorescence were captured using a fluorescence 1 

microscope (BX51, Olympus, Tokyo, Japan). 2 

 3 

2.6. Flow cytometric analysis of TOTO-3 delivered to lymphocytes 4 

Flow cytometric analysis of cell-surface markers was carried out to identify lymphocytes 5 

into which TOTO-3 had been delivered. PALN tissue was dissociated in cold Dulbecco’s 6 

phosphate-buffered saline (PBS; Sigma-Aldrich), and a single-cell suspension was 7 

prepared by passing the dissociated tissue through a wire cloth. Cells were stained with  8 

phycoerythrin-conjugated anti-mouse CD8 monoclonal antibody (rat IgG2a; BioLegend, 9 

San Diego, CA, USA) for 20 min on ice, washed three times with PBS containing 2% 10 

heat-inactivated fetal bovine serum (HyClone Laboratories Inc., South Logan, Utah, 11 

USA) and stained with 20 μg/mL 7-aminoactinomycin D (7-AAD; BioLegend) to 12 

exclude dead cells. Multicolor flow cytometric analyses were performed with an Accuri 13 

C6 cytometer (Becton Dickinson Immunocytometry Systems, San Jose, CA, USA). 14 

 15 

2.7. Data analysis 16 

Two independent experiments were carried out for the flow cytometric analyses, and a 17 

ratio or mean fluorescence intensity (MFI) was calculated for TOTO3+CD8+7AAD- cells. 18 

Two mice were used for each independent experiment, one for PBS alone and the other 19 

for TOTO-3 + ALs + US. Data are presented as the mean ± standard deviation (s.d.). 20 

Graphs were constructed using Excel for Windows (Microsoft Corp., Redmond, WA, 21 

USA). 22 
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3. Results and Discussion 1 

As LNs are difficult to identify by the naked eye in a typical experimental mouse such as 2 

the BALB/c species, trypan blue dye was injected into the forepaw to highlight them. 3 

Figure 1A shows the gross anatomy of the BALB/c mouse after the injection of trypan 4 

blue dye. The dashed circle and triangles in the enlarged image represent the draining LN 5 

from the ipsilateral forepaw. By contrast, the LNs of MXH10/Mo/lpr mice could be 6 

clearly identified (Fig. 1B). It was straightforward to inject solutions into the SiLN of the 7 

MXH10/Mo/lpr mouse, and this LN was connected by LVs to a downstream LN (the 8 

PALN). 9 

To compare LN volume between species, a HF-US imaging system was used to construct 10 

a 3D image of each LN and calculate its volume. The PALN volumes of BALB/c and 11 

MXH10/Mo/lpr mice were 0.85 mm3 (Fig. 1C) and 430.3 mm3 (Fig. 1D), respectively. 12 

LN volume was approximately 500 times greater in the MXH10/Mo/lpr mouse than in 13 

the BALB/c mouse, which enabled solutions to be administered accurately into the LN 14 

of the MXH10/Mo/lpr mouse.  15 

Lymphocytes that differentiated in the bone marrow circulate throughout the body via 16 

blood vessels, during which time they also temporarily reside in LNs [22]. Since LNs are 17 

rich in lymphocytes, they are good candidate targets for the delivery of molecules into 18 

lymphocytes. Superficial LNs are well suited for US-mediated molecular delivery into 19 

lymphocytes because their superficial position minimizes US energy attenuation. Figure 20 

1B illustrates a schematic view of the sonoporation technique. When a mixture of TOTO-21 

3 fluorophores and ALs was injected into the SiLN, the solution drained into the efferent 22 

LVs and entered the downstream PALN [19]. The use of this LDDS enables the 23 

downstream LN’s sinuses, which contain a large number of lymphocytes, to become filled 24 



with the injected solution [23]. When one considers the structure of the endothelial wall, 1 

the delivery window is larger for lymphatic endothelia (10–100 nm) than for blood 2 

capillaries (< 10 nm) [24], meaning that drugs could potentially be delivered to 3 

lymphocytes residing adjacent to the sinuses. If this was achieved, mechanical pressures 4 

derived from sonoporation might promote the efficient delivery of drug into the 5 

lymphocytes. To test this hypothesis, immunofluorescence staining experiments were 6 

carried out after LDDS-mediated administration of TOTO-3 and ALs with/without 7 

exposure to US (Fig. 2A). Nuclei were stained blue, lymphatic endothelia were stained 8 

green, and the red area represents TOTO-3 that had been delivered to nuclei. TOTO-3 9 

signals were not detected in the negative control group. Only a weak TOTO-3 signal was 10 

detected in the marginal sinuses when 0.29 W/cm2 of US was applied to the PALN after 11 

the administration of TOTO-3 and ALs (Fig. 2B). However, a strong signal was detected 12 

both in the peripheral marginal sinuses and inner lymphatic sinuses when 1.98 or 2.93 13 

W/cm2 of US was applied to the PALN (Fig. 2C). Sonication of the PALN might lead to 14 

the collapse of ALs and generation of cavitation bubbles that induce mechanical pressures 15 

[14,16]. Cavitation bubbles near the rigid, lymphatic endothelial junctions may collapse 16 

asymmetrically to form impulsive jets that change the endothelial structure and thereby 17 

loosen the endothelial junctions [25]. Consequently, the mixture of TOTO-3 molecules 18 

and AL-derived gas vesicles would be able to extravasate into the lymphatic parenchyma 19 

where lymphocytes are densely distributed. The extravasated gas vesicles would 20 

inevitably be transported to adjacent lymphocytes, and further sonication would generate 21 

growing cavitations that would enhance cell membrane permeability and thereby promote 22 

the efficient uptake of TOTO-3 into lymphocytes. 23 



Next, to demonstrate that exogenous molecules could be internalized into lymphocyte 1 

nuclei without tissue or cellular damage, HE-stained frozen sections of the PALN were 2 

evaluated for any signs of tissue injury or cytotoxicity after sonoporation (Fig. 3). When 3 

compared with non-sonicated PALN (PBS alone), sonication resulted in no collapse or 4 

abnormalities of the intralymphatic structures, including the capsule and marginal sinus, 5 

even when high-intensity US was applied to the PALN (TOTO-3 + AL + US (2.93 6 

W/cm2)). This means that the effects of cavitation were transient phenomena and that the 7 

lymphatic endothelial cell junctions resealed after sonication. In addition, evidence for 8 

cellular damage such as nuclear fragmentation was not observed in sonicated samples. 9 

Finally, we investigated the delivery of TOTO-3 molecules into CTLs after sonoporation 10 

using 2.93 W/cm2 of US. Figure 4A shows the representative gating scheme for the flow 11 

cytometric analysis of cells isolated from the PALN. For the detection of TOTO-3 12 

positive cells, the threshold was set as zero in the PBS alone group (Fig. 4B upper 13 

panels). Thus, TOTO-3 fluorescence was not detected in the PBS alone group. In two 14 

independent experiments, TOTO-3 was delivered into 0.33% and 0.65% of CTLs (TOTO-15 

3+CD8+7AAD-), and the average was 0.49 ± 0.23% (Fig. 4B lower panels and 4C). The 16 

MFI of the TOTO-3+CD8+7AAD- cells was 2680 and 5383, respectively, and the average 17 

was 4031 ± 1911 (Fig. 4B lower panels and 4D). 18 

Previous studies have reported that several types of exogenous molecules can be delivered 19 

into lymphocytes by sonoporation in vitro [26,27]. To the best of our knowledge, the 20 

present study is the first to demonstrate that exogenous molecules can be delivered into 21 

non-dividing primary T lymphocytes in vivo by combining a LDDS with sonoporation. 22 

Recently, Karki et al. [28] reported that siRNA (MW: 14 kDa) delivery into murine and 23 



human primary T lymphocytes was facilitated by sonoporation, and the delivered siRNA 1 

was able to regulate lymphocyte function in vitro. These interesting findings indicate that 2 

mechanical stresses or impulsive pressures derived from sonoporation allow a relatively 3 

large molecule to internalize into the cytoplasm of living primary lymphocytes. In 4 

addition, macromolecules of 20 MDa could be extravasated from the vessels and 5 

distributed into the extracellular matrix by sonoporation [29]. We have shown that an 6 

impermeant molecule with a relatively large size can be delivered into primary 7 

lymphocytes in LNs using a LDDS and sonoporation. 8 

In conclusion, we report a new method of delivering exogenous molecules into mouse 9 

lymphocytes in vivo using lymphatic administration combined with sonoporation. After 10 

the injection of solution containing TOTO-3 and ALs into the SiLN of the 11 

MXH10/Mo/lpr mouse, the solution drained into the downstream PALN via LVs to 12 

accumulate at a high concentration in the sinuses where the target lymphocytes were 13 

densely packed. Under these conditions, strong TOTO-3 fluorescence signals were 14 

detected around the marginal and lymphatic sinuses of the PALN after US was applied at 15 

intensities >1.93 W/cm2, whereas weak TOTO-3 signals were observed when an US 16 

intensity of 0.29 W/cm2 was used. Furthermore, flow cytometry revealed that TOTO-3 17 

was delivered into CTLs near the sinuses. Although these data indicate that the combined 18 

use of a LDDS with sonoporation could enhance the delivery of exogenous molecules 19 

into primary lymphocytes, further studies are required to investigate the functions of T 20 

lymphocytes after the delivery of real therapeutic agents instead of TOTO-3. 21 
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Figure Legends 1 

Figure 1. Identification of LNs in BALB/c mice (A, C) and MXH10/Mo/lpr mice (B, D). 2 

Panel A shows the gross anatomy of a BALB/c mouse (female, 10 weeks of age) after the 3 

injection of trypan blue dye. The arrow indicates the injection site. The dashed outline 4 

and triangles in the enlarged picture indicate the draining LN from the ipsilateral forepaw. 5 

After 3D reconstruction using a high-frequency US imaging system, the volume of the 6 

PALN was calculated to be 0.85 mm3 (C). In contrast, the LNs in an MXH10/Mo/lpr 7 

mouse (female, 14 weeks of age) could be clearly identified (B), and the volume of the 8 

LN was calculated to be 430.3 mm3 (D), a volume more than 500 times greater than that 9 

in the BALB/c mouse. For delivery of TOTO-3 by lymphatic administration combined 10 

with sonoporation, a mixture of TOTO-3 and ALs was injected into the SiLN through a 11 

butterfly needle and flowed into the LVs at a rate of 50 μL/min. Solution entered the 12 

PALN from the afferent LVs and subsequently flowed into the marginal sinuses of the 13 

LNs. After finishing the administration, the US transducer surface was covered with 14 

liquid gel and positioned on the superficial skin at the PALN. Subsequently, US was 15 

applied to the PALN for 60 s. US signals were generated by a multifunction synthesizer 16 

and amplified by a bipolar amplifier. The US wave output was monitored on an 17 

oscilloscope. These procedures were carried out with mice under deep anesthesia. 18 

ALs: acoustic liposomes, LN: lymph node, SiLN: subiliac LN, PALN: proper axillary LN, 19 

LVs: lymphatic vessels. 20 

 21 

Figure 2. TOTO-3 localization in the PALN after sonoporation. (A) To detect the region 22 

of the PALN to which TOTO-3 had been delivered, immunofluorescence staining of 23 

sections was performed. Nuclei were stained blue (DAPI), and lymphatic endothelia were 24 



stained green. The red area represents nuclei to which TOTO-3 had been delivered. 1 

TOTO-3 signals were not detected in the negative control group. When 0.29 W/cm2 of 2 

US was applied to the PALN after the administration of TOTO-3 with ALs, a small 3 

amount of TOTO-3 signal was detected in the marginal sinuses (triangles). When 1.98 or 4 

2.93 W/cm2 of US was applied to the PALN, a strong signal intensity was detected in not 5 

only the peripheral marginal sinus but also the inner lymphatic sinuses. (B, C) 6 

Immunofluorescence on frozen sections of the PALN after 0.29 W/cm2 or 1.98 W/cm2 of 7 

US had been applied to the PALN. Images showing LYVE-1-positive lymphatic 8 

endothelia (green) and TOTO-3 delivered to lymphocytes (red) have been overlaid. 9 

Yellow regions are positive for both LYVE-1 and TOTO-3. Only a small amount of 10 

TOTO-3 signal was detected for an US intensity of 0.29 W/cm2 (*), whereas strong 11 

TOTO-3 signals were observed for an US intensity of 1.98 W/cm2 (arrows). Bar 12 

represents 100 μm. 13 

 14 

Figure 3. Evaluation of tissue or cellular damage in the PALN after sonoporation. In the 15 

PBS alone group (n = 4), PBS was administered into the SiLN, and US treatment was not 16 

carried out. In the TOTO-3 + AL + US group (n = 4), TOTO-3 fluorophores and ALs 17 

were injected together into the SiLN, and 2.93 W/cm2 of US was applied to the PALN 18 

after finishing the administration of the agents. The mice were euthanized after treatment, 19 

and the PALN was resected, embedded in OCT compound and frozen in liquid nitrogen. 20 

Frozen samples were sectioned (10 μm) and stained with HE to evaluate potential tissue 21 

damage caused by sonication. Lymphatic structures such as the capsule and marginal 22 

sinus were maintained, and no necrotic or apoptotic areas were detected in both the PBS 23 

alone and TOTO-3 + AL + US groups. 24 



 1 

Figure 4. Flow cytometric analysis of TOTO-3 delivery into lymphocytes when 2.93 2 

W/cm2 of US was applied to the PALN following the lymphatic administration of TOTO-3 

3 with ALs. (A) Representative gating strategy for CD8+ T lymphocytes. Dead cells were 4 

eliminated using 7AAD. CD8+ lymphocytes were gated on CD8+ 7AAD-. For detection 5 

of TOTO-3-positive cells, the threshold of the TOTO-3 negative population was set as 6 

the maximum fluorescence intensity in PBS alone (B). The percentage of CD8+ T 7 

lymphocytes containing TOTO-3 was 0.49 ± 0.23% (C). The mean fluorescence intensity 8 

in the TOTO-3 + AL + US group (administration of TOTO-3 and ALs followed by 9 

sonication with US) was 4031 ± 1911, whereas the value in the PBS alone group 10 

(administration of PBS into the SiLN but no sonication) was zero (D). Error bar represents 11 

± s.d. 12 
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Highlights 1 

 2 

 We report a new method of foreign molecule delivery into mouse lymphocytes in 3 

vivo 4 

 The method used lymphatic administration and sonoporation with acoustic 5 

liposomes 6 

 TOTO-3 fluorophores (molecular weight: 1,355) were delivered into lymphocytes 7 

 1.93 W/cm2 of 970-kHz ultrasound produced extravasation with minimal tissue 8 

damage 9 

 This technique is a prospective novel approach for immunotherapy 10 

 11 


