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HIGHLIGHTS 

• MB-assisted US enables efficient intratumoral pIL-12 delivery 

• Local pIL-12 expression activates NK cells and boosts antitumor immunity 

• Acoustically mediated pIL-12 delivery significantly reduces melanoma growth 

• This approach improves mouse health compared with pIL-12 injection alone  
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ABSTRACT 

In-vivo targeted delivery of immunostimulatory molecules for melanoma treatment is a 

promising strategy to overcome complexity, toxicity, and cost associated with current 

immunotherapies. Among these molecules, interleukine-12 (IL-12) is a potent 

immunostimulatory cytokine that plays a major role in antitumoral immune response. However, 

systemic administration of IL-12 induces severe side effects, highlighting the need for efficient 

and safe in-vivo delivery modalities. Microbubble-assisted ultrasound (MB-assisted US) is an 

emerging non-invasive and targeted method for therapeutic molecule delivery. This study 

aimed to evaluate its efficacy for intratumoral (i.t.) delivery of a plasmid encoding IL-12 (pIL-

12) in a mouse melanoma model. In-vitro, delivery of 5 or 10 µg of pIL-12 into melanoma cell 

suspensions using MB-assisted US increased IL-12 concentration to 1429 ± 125 and 2352 ± 

125 pg/mL, respectively, whereas pIL-12 treatment alone did not elicit IL-12 secretion. 

Similarly, acoustically mediated delivery of 10 or 50 µg of pIL-12 into melanoma spheroids 

significantly increased IL-12 concentration - 131 ± 7 and 250 ± 60 pg/mL respectively - 

compared to pIL-12 alone (0 pg/mL for 10 µg and 7.5 ± 7.5 pg/mL for 50 µg). In-vivo, 

acoustically mediated pIL-12 delivery increased serum mIL-12 concentration by 5-fold 

compared with i.t. pIL-12 injection alone, promoting NK cell recruitment and activation within 

the tumor microenvironment. By day 15, this strategy reduced tumor volume by 2.5-fold 

relative to i.t. pIL-12 alone and improved mouse health status. These findings confirm that MB-

assisted US is a relevant modality for in-vivo delivery of immunostimulatory molecules in 

melanoma therapy. 
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1. Introduction 

In Europe, malignant melanoma (MM) is a rare skin cancer and among the most aggressive and 

lethal variants. However, its incidence has been increasing [1]. In 2020, the estimated number 

of new MM cases and related deaths for both sexes were 150,600 and 26,400, respectively [2]. 

Nowadays, the average cost for MM diagnosis and treatment is 10 times greater than that of 

other skin malignancies [3]. At early stages (i.e., localized stage or stages I and II), MM is 

curable with surgery, with a 5-year specific survival rate of 98% [4]. However, worse outcomes 

have been observed for patients with late-stage melanoma. For example, the 5-y specific 

survival rate of patients with late-stage melanoma undergoing conventional therapies, including 

chemotherapy and radiotherapy, is only 5% [4]. Notably, new yet costly biologic and/or 

targeted therapies (e.g., dendritic cell vaccines, therapeutic antibodies, and checkpoint, BRAF, 

and MEK inhibitors) have been developed and validated for the treatment of advanced MM 

stages, increasing the 5-y survival rate to 50% [5]. Among these therapies, dendritic cell (DC) 

vaccines have emerged as a promising therapeutic strategy in recent years [6]. For instance, DC 

vaccination induced an objective clinical response in 10% of patients with stage III/IV 

melanoma, a rate comparable to that achieved with ipilimumab-based immunotherapy [7]. 

Moreover, Wilgenhof et al., reported that DC vaccination resulted in durable responses in more 

than 25% of patients with stage III/IV melanoma [8]. However, this process is complex and 

expensive, limiting its broader use. The main reason is that these vaccines are generated ex-vivo 

from autologous DCs, tailored for each patient. 

Notably, in-vivo delivery of immunostimulatory molecules (i.e., tumor antigens and 

cytokines) could circumvent the laborious and costly procedures involved in the design of DC 

vaccines. Among these molecules, interleukin 12 (IL-12) is a very attractive cytokine due to its 

ability to activate both adaptive and innate immune systems [9]. IL-12 is mainly produced by 

DCs, macrophages, and certain B lymphocyte subsets. It plays a central role in driving the 
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differentiation of naïve T lymphocytes into type 1 helper CD4 T lymphocytes (Th1) and 

enhancing the cytotoxic activities of cytotoxic T lymphocytes (CTLs), CD8 T lymphocytes, 

and natural killer (NK) cells [9]. IL-12 is also involved in the anti-angiogenic activities of the 

CXCL-10 chemokine by stimulating interferon g (IFN-g) production. In addition, IL-12 exerts 

positive feedback on its own secretion: IL-12-induced IFN-g secretion by Th1 and CTLs acts 

on DCs to enhance IL-12 production. These functions highlight IL-12 as a key cytokine that 

boosts the anti-tumor immune response. Notably, some clinical studies have reported that 

systemic administration of recombinant IL-12 causes serious side effects in patients with 

advanced MM, whereas local administration reduced these side effects while maintaining 

therapeutic efficacy [10, 11]. Other preclinical and clinical studies advocate the in-vivo delivery 

of an IL-12-encoding plasmid (pIL-12) via electroporation (EP) [12-15]. Although this strategy 

achieved effective regression of primary and advanced MM, electroporation remains an 

invasive physical gene delivery method associated with local undesirable effects (e.g., transient 

pain and muscle contraction) [16]. In addition, exposing tumor tissue to electric pulses requires 

positioning electrodes in direct contact with the treatment site, restricting its application to 

superficial tumors [17]. Consequently, this method requires invasive surgical procedures and/or 

the development of specialized electrodes [16, 17]. 

The design of a targeted, efficient, and safe gene delivery method remains a great challenge. 

Recently, microbubble-assisted ultrasound (MB-assisted US) has emerged as a promising 

physical modality for delivering therapeutic nucleic acids, including siRNA, microRNA, 

morpholino, mRNA and plasmid DNA (pDNA) [18]. These nucleic acids are injected in-vivo 

either in naked form or complexed with lipoplexes or polyplexes to protect them from 

enzymatic degradation [19]. Both formulations are administered with MBs in-vivo, either 

concurrently or sequentially. Nucleic acids can also be loaded onto the MB surface for co-

delivery [19-21]. MBs and nucleic acids are typically administered either directly into the target 
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tissue or intravenously. The choice of nucleic acid formulations and the administration route 

for both agents depend largely on their physicochemical and pharmacological properties, as 

well as the desired therapeutic effect. The target tissue is generally exposed to US once the 

nucleic acids and the MBs have sufficiently accumulated into the target tissue or its 

microvasculature after intratissue or intravenous (i.v.) administration, respectively [19]. The 

acoustically triggered volumetric oscillations of MBs induce several local acoustic effects near 

the plasma membrane of target cells [22] or the endothelial wall of vessels [23] supplying the 

target tissue, which promote reversible permeabilization and facilitate transfection through the 

stimulation of intracellular, paracellular, and transcellular pathways [24]. This gene delivery 

modality offers several advantages inherent to US, including its ease of application, cost-

effectiveness, safety, and clinical availability [24]. Moreover, US can penetrate the body and 

be directed to achieve targeted, non-invasive delivery of nucleic acids to superficial and deep-

seated tissues, with minimal off-target effects, under US and magnetic resonance imaging 

guidance. A growing number of preclinical investigations have demonstrated the efficacy of 

MB-assisted US for delivery nucleic acids into the heart [25], skeletal muscle [26], liver [27], 

kidney [28], tumor [29, 30], brain [31, 32], pancreas [33], tendon [34], and vasculature [35, 36].  

Recent preclinical investigations have explored the potential of MB-assisted US as a 

therapeutic modality for melanoma. This approach has been shown to enhance the intratumoral 

delivery and efficacy of various therapeutic agents, including chemotherapeutic drugs (e.g., 

doxorubicin, paclitaxel) [37], photothermal agents (e.g., gold nanorods, melanin nanoparticles) 

[38], and immunomodulatory molecules such as cytokines [39] and tumor-associated antigens 

[40, 41]. In murine melanoma models, MB-assisted US significantly improved i.t. drug 

accumulation, tumor growth inhibition, and overall survival, while reducing systemic toxicity 

[1]. Moreover, US guidance allows precise, localized, and repeatable treatments with minimal 

invasiveness. Despite these promising results, most studies have focused on small molecules or 



 7 

nanoparticles, and few have addressed the acoustically mediated delivery of therapeutic pDNA 

in melanoma (for review [1]). Thus, the potential of MB-assisted US for the localized and non-

invasive delivery of immunostimulatory pDNA, such as pIL-12, remains largely unexplored. 

Therefore, the present study addresses this gap by evaluating the efficiency and therapeutic 

efficacy of MB-assisted US–mediated intratumoral delivery of a plasmid encoding murine IL-

12 (pIL-12) in a melanoma model. Building on this evidence, the present study aimed to 

evaluate the efficacy of the MB-assisted US for delivering a plasmid encoding murine IL-12 

(pIL-12) in-vitro using melanoma cell suspensions and spheroids, as well as in-vivo using an 

aggressive murine melanoma model. This in-vivo model has also been exploited to investigate 

the anti-tumor efficacy of this strategy. 

2. Materials and methods 

2.1.Luciferase encoding plasmid (pLUC) 

A 4.6-kpb plasmid, pLUC (pGL4.13[luc2/SV40] vector; Promega, Madison, WI, USA), 

encoding luciferase under the control of simian virus 40 promoter, was prepared from 

transformed StellarTM competent cells (Clontech Laboratories, Inc., Mountain View, CA, USA) 

using the EndoFree® Plasmid purification system, following to the manufacturer’s instructions 

(Qiagen, Hilden, Germany). The quantity and quality of pLUC were verified 

spectrophotometrically using a NanoDropTM instrument (ThermoFisher Scientific, Waltham, 

MA, USA) and by agarose gel electrophoresis. Briefly, the UV absorbances of a 2 µL pLUC 

solution was measured at 230, 260, and 280 nm, with A260/A280 (range of 1.8-2.0) and 

A260/A230 (range of 2.0-2.2) ratios used as indicators of purity. The pLUC concentration was 

2 µg/µL. Then, 2 µg of pLUC was mixed with 3 µL of 5X gel loading buffer (New England 

Biolabs® Inc., Ipswich, MA). This mixture, along with 1 µg of a 1 kbp DNA ladder (New 

England Biolabs® Inc.), was loaded onto a 0.8% agarose gel (Sigma-Aldrich, St. Louis, MO) 

prepared in 1X TBE buffer  (100 mM Tris, 90 mM Borate, 1 mM EDTA and pH 8.3; Life 
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Technologies Corp., Carlsbad, CA) containing 0.05 ‰ ethidium bromide (Sigma-Aldrich). 

Electrophoresis was performed at 130 V for 45 min using a PowerPac power supply (Bio-Rad 

Laboratories B.V., Marne-La-Coquette, France), and the gel was visualized using a 

ChemiDocTM XRS detection system (Bio-Rad Laboratories B.V.).  

2.2.Interleukin-12 encoding plasmid (pIL-12) 

A 4.6-kpb plasmid, pIL-12 (pCpGfree-mIL12; InvivoGen, San Diego, CA, USA), encoding 

murine interleukine-12 (mIL-12) (Figure 1A), was prepared from transformed Escherichia coli 

(GT115; InvivoGen) using the EndoFree® Plasmid purification system (Qiagen) [42]. As 

described above, the quantity and quality of pIL-12 (2 µg/µL) were verified using 

spectrophotometry and agarose gel electrophoresis. Restriction mapping of pIL-12 was 

performed using the EcoR1 and SacI-HF® restriction endonucleases (New England Biolabs, 

Ipswich, MA, USA). For enzymatic digestion, 1 µg of pIL-12 was mixed with 1 µL EcoR1 or 

SacI-HF® in 1X NEBufferTM EcoR1 or rCutSmartTM buffer (New England Biolabs), 

respectively, and incubated at 37°C for 15 min in a heat block. After enzymatic digestion, the 

enzyme was inactivated by heating at 65°C for 20 min in a heat block. Digested DNA fragments 

were separated using agarose gel electrophoresis, as described above. 

2.3.Microbubbles 

Vevo MicroMarkerTM contrast agents (Fujifilm-VisualSonics, Toronto, Canada) were prepared 

according to the manufacturer’s instructions. These agents consist of MBs with gaseous core 

composed of a nitrogen and perfluorobutane mixture, encapsulated by a PEGylated 

phospholipid shell. The mean diameter in volume of these MBs ranges from 2.3 to 2.9 µm. The 

MBs were freshly reconstituted before each experiment, and the final concentration of stock 

solution was 2 ´ 109 MBs/mL. The concentration and dose of MBs used in this study were 

optimized in preliminary in-vitro and in-vivo experiments to ensure efficient gene delivery 

while maintaining cell viability and adequate ultrasound imaging performance. For in-vitro 
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experiments, MB concentrations of 2.7 × 106 MBs/mL and 5.4 × 10⁷ MBs/mL were selected 

for the pDNA delivery of melanoma cell suspensions and melanoma spheroids, respectively. 

For in-vivo experiments, an amount of 2 × 10⁶ MBs was injected intratumorally. These 

parameters were determined based on a balance between pDNA delivery efficiency, cell 

viability, US attenuation, and contrast enhancement [29, 43-45]. The optimized conditions 

provided a reproducible and efficient acoustic response suitable for both in-vitro and in-vivo 

acoustically mediated pDNA delivery assays. 

2.4.Cell culture 

B16F10 (ATCC-CRL-6475) murine melanoma cells were purchased from LGC Standards 

SARL (Molsheim, France). These cells were cultured as a monolayer in Dulbecco’s modified 

Eagle’s medium (DMEM® High W/GlutaMAX-I; ThermoFisher Scientific), supplemented 

with 10% fetal calf serum (FCS; Eurobio, Courtaboeuf, France) and 1% penicillin- 

streptomycin (10,000 U/mL; ThermoFisher Scientific).  

2.5.In-vitro pIL-12 delivery in cell suspension 

As previously described [44], our US device for in-vitro pDNA delivery in cell suspensions 

consisted of an arbitrary waveform generator (Agilent, Santa Clara, CA, USA) that produces a 

sinusoidal electrical signal composed of 40-cycle pulses repeated every 100 µs (i.e., 40% duty 

cycle) at a central frequency of 1 MHz. Then, the signal was amplified using a power amplifier 

(AAP-500-0.2-6-D; ADECE, Valbonne, France) and transmitted to a 1-MHz single-element 

transducer (IBMF014; NDT Systems, Nashua, NH, USA) with a diameter of 12.7 mm, a natural 

focal distance at 27 mm, and a focal spot size of 6 mm.  

For cell transfection, B16F10 cells were harvested with 0.25% trypsin-

ethylenediaminetetraacetic acid (ThermoFisher Scientific) at 37°C and resuspended at a 

concentration of 5 ´ 105 cells per 1.5 mL in DMEM® High Glucose with GlutaMAX-I 

(ThermoFisher Scientific) supplemented with 1% FCS but without antibiotics. Cell viability 
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was evaluated via Trypan Blue exclusion assay and was approximately 97%. During 

transfection, the cell suspension was maintained at 37°C in a water bath. A volume of 1.5 mL 

from the cell suspension was transferred into a plastic cuvette containing a magnetic stir bar. 

Microbubbles (MBs; 2 µL, final concentration 2.7 ´ 106 MBs/mL) and pIL-12 plasmid (2.5 or 

5 µL of 2 µg/µL pIL-12 solution) were added 1 min before US exposure. The cuvette was 

positioned at the focal point of the transducer in a degassed water tank maintained at 37°C. The 

suspension was gently stirred using a magnetic stir bar to ensure homogeneity during US 

exposure. Cells were then subjected to a peak negative pressure of 400 kPa for a total exposure 

time of 30 s, corresponding to the optimal acoustic parameters for in-vitro gene and drug 

delivery [44, 46].  

After US exposure, 500 µL of the cell suspension was seeded in 24-well culture plates 

(ThermoFisher Scientific) and incubated at 37°C in a humidified atmosphere with 5% CO2. 

Four hours later, the final concentration of FCS was increased to 10%, and 1% penicillin and 

streptomycin (10,000 U/mL) was added. The plates were then incubated as depicted above for 

48 h. Transfection efficiency was assessed by measuring IL-12 secretion in the cell culture 

medium using a mouse IL-12 ELISA kit (ab119531, Abcam, Cambridge, UK), following the 

manufacturer’s instructions. A 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide 

(MTT) colorimetric assay (ThermoFisher Scientific) was used to assess cell viability 48 h after 

pIL-12 delivery, as previously reported [47]. 

2.6.In-vitro pIL-12 delivery in melanoma spheroids 

B16F10 melanoma spheroids were generated using the hanging-drop method adapted from Akil 

et al [48]. Drops of 20 µL of cell medium supplemented with 0.5 % (v/v) methylcellulose 

(Biotechne, Noyal-Châtillon-sur-Seiche, France) containing 500 cells were suspended on the 

lid of agar-coated 24-well plates. Each well was filled with 500 µL of Dulbecco’s phosphate-
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buffered saline solution (ThermoFisher Scientific) to prevent evaporation. The plates were 

incubated at 37 °C in a humidified atmosphere with 5% CO2 for 4 days.  

Four days later, spheroids were observed under an optical microscope (EVOSTM M5000 

imaging system; ThermoFisher Scientific), and their area was measured using ImageJ software 

(NIH, Bethesda, MA, USA). As previously described [43], spheroids were washed twice with 

PBS and suspended in DMEM® High W/GlutaMAX-I supplemented with 1% FCS (5 spheroids 

per 1.5 mL). This suspension was placed in a dedicated plastic cuvette. The MBs (40 µL; final 

concentration of 5.4 ´ 107 MBs/mL) and the pIL-12 (10 or 50 µg) were mixed and added to the 

spheroid suspension 1 min before US exposure. The cuvette was immersed in a deionized, 

degassed water bath maintained 37°C, with its center positioned at the focal distance of the 

transducer. Subsequently, the spheroid suspension was exposed to US waves using the same 

device and acoustic parameters as those applied for the pIL-12 delivery in cell suspension.  

Two hours later, spheroids were transferred to 96-well ULA microplates and cultured in 

complete cell medium supplemented with 0.5% methylcellulose. The microplates were then 

incubated at 37 °C in a humidified 5% CO2 atmosphere incubator for 48 h. Spheroid growth 

was monitored using an optical microscope at 24 and 48 h after pIL-12 delivery. Spheroid area 

was quantified using ImageJ software. Finally, IL-12 secretion in the cell culture medium was 

assessed using ELISA. 

2.7.In-vivo pDNA delivery in a mouse melanoma model 

The animal study was reviewed and approved by the Animal Care and Regional Committee for 

Ethics in Animal Experiments, Centre Val-de-Loire, in accordance with European Directive 

2010/63/EU for animal experiments. Male C57Bl6 mice (Janvier Labs, Le Genest-Saint-Isle, 

France) were 5 weeks old and weighed approximately 20 g before the experiments. They were 

housed in groups of five under temperature- and humidity-controlled conditions and a 12:12 

light-dark cycle, with food and water provided ad libitum. Mice were acclimated to their 
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housing for 1 week before in-vivo procedures. To assess their physical conditions, mice were 

weighed, and their general health status (i.e., respiratory deficiency, loss of locomotion, and 

loss of appetite) [47] as well as the coat condition [49], were monitored whenever the mice 

were handled.  

Mice were anesthetized with 2% isoflurane in oxygen (2 L/min) administered via a facial 

mask. They were positioned on a thermostatically controlled pad to maintain body temperature 

at 37°C. While under anesthesia, the mice were shaved with an electric razor, and the skin at 

the injection site was cleaned. Subsequently, 100 µL of 1 ´ 106 cells in PBS was then 

subcutaneously injected in the left flank of each mouse using a 26G hypodermic needle (0.45 

× 10 mm; Terumo Europe NV, Leuven, Belgium). As previously described [47], tumor 

dimensions were measured using B-mode US imaging (Vevo F2, Visualsonics-Fujifilm Inc., 

Toronto, Canada). Tumor volume was calculated using the following formula:  

𝑇𝑢𝑚𝑜𝑟	𝑣𝑜𝑙𝑢𝑚𝑒 = 	
𝑙𝑒𝑛𝑔𝑡ℎ × 𝑤𝑖𝑑𝑡ℎ × 𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠

2  

A tumor volume between 50 and 75 mm3 was used as the criterion for the pDNA delivery in 

tumors. Mice were randomly divided into 4 groups, with 10 mice per group. While under 

anesthesia, an acoustic-absorbing pad was positioned between the mice and the heating pad. 

Tumor nodules and the surrounding skin were carefully shaved and cleaned. Then, a mixture 

of 50 µL containing 50 µg pDNA (pLUC or pIL-12) and 2 ´ 106 MBs was intratumorally 

injected using a 30G insulin syringe (0.3 × 12.7 mm; Pikdare France, Paris, France) [29, 45]. 

This administration preceded US application by 5 min to allow MB diffusion within the tumor 

tissue. Acoustic gel, used as a coupling agent, was centrifuged to remove air bubbles (10 min, 

1,500 g), and then carefully applied to the tumor. For in-vivo pDNA delivery, the in-vitro 

transducer was replaced with a dedicated, custom-built 1.1-MHz transducer (13 mm diameter) 

positioned at a natural focal distance of 27 mm, with a focal spot of 30 mm. This transducer 

was inserted in a dedicated degassed water-filled adaptor to ensure proper coupling with the 
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tumor nodule and to position the focal point at the tumor center. The tumor were then exposed 

to 1.1 MHz sinusoidal US waves with a pulse repetition period of 100 µs, 40 cycles per pulse, 

and a negative pressure of 400 kPa for 3 min, which represent the optimal acoustic parameters 

for in-vivo gene and drug delivery [44, 47]. 

As described above, the effects of in-vivo pDNA delivery on the tumor growth were assessed 

by measuring the tumor dimensions using B-mode US imaging [46, 47]. Luciferase expression 

in tumors was detected and recorded at 24 and 48 h post-gene delivery using the IVIS Lumina 

(Perkin Elmer, Waltham, MA, USA). Twenty minutes prior to imaging, luciferin (150 mg/kg 

body weight; Perkin Elmer, Waltham, MA, USA) was administered intraperitoneally. 

Following the injection, the mice were awoken. Five minutes post-luciferin injection, the mice 

were anesthetized with 2% isoflurane in oxygen (2 L/min). Bioluminescence flux was 

quantified as the total photons/sec in the region of interest drawn around the tumor.  

2.8.Serum IL-12 ELISA assay 

Blood samples were collected by cardiac puncture into serum collection tubes from the same 

animals used for flow cytometry analysis. The samples were allowed to coagulate for 2 h and 

then centrifuged at 2,000 g for 10 minutes to obtain the serum. Mouse IL-12 levels were 

determined using serum ELISA, following the manufacturer’s instructions (ab119531, Abcam, 

Cambridge, UK). 

2.9.Cell preparation and surface staining for flow cytometry 

After dissection, tumors were processed using a standardized mechanical protocol without 

enzymatic digestion. Each tumor was manually dissociated on a 100 µm cell strainer 

(ClearLine®, DUTSCHER SAS, Bernolsheim, France) using PBS 1X supplemented with 2% 

FBS. Cells were centrifuged at 500 g for 5 min at room temperature. The pellet was resuspended 

in 1 mL of red blood cell lysis buffer for 3 min, followed by the addition of 9 mL of PBS 2% 

FBS to stop the reaction. After filtration through a 40 µm cell strainer (ClearLine®, 
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DUTSCHER SAS) and an additional centrifugation step (500 g, 5 min), cells were resuspended 

in PBS with 2% FBS + 2 mM EDTA (FACS buffer) for counting and surface staining. 

Surface staining was performed on 1 × 10⁶ cells in FACS buffer under non-permeabilizing 

conditions. The procedure was carried out at 4°C and in the dark to prevent internalization of 

membrane targets. Fc gamma receptors (FcγR) were blocked using True-Stain FcX™ (anti-

mouse CD16/32; clone 93, BioLegend®, San Diego, CA, USA), followed by incubation for 20 

min with antibodies from two complementary panels. Antibody clones are indicated in 

parentheses, and antibodies were purchased from BioLegend® apart NK1.1-BB700: 

- Lymphoid panel: anti-mouse CD3-PE/Cyanine 7 (145-2C11); anti-mouse CD4-APC-A700 

(GK1,5); anti-mouse CD8-Pacific Blue (53-6.7); anti-mouse CD19-BV605 (6D5); anti-mouse 

NK1.1-BB700 (clone PK136; BD Bioscience™, Le Pont de Claix, France); anti-mouse CD69-

FITC (H1.2F3); and anti-mouse CD45- APC/Cyanine 7 (30-f11). 

- Myeloid panel: anti-mouse CD11b-APC-A700 (M1/70) anti-mouse CD11c-BV605 (NA18); 

anti-mouse Ly6C-PE-Cy7 (hk1.4); anti-mouse Ly6G-BV421 (1A8) anti-mouse MHC-II- 

PerCP/Cy5.5 (M5/114,15,2); anti-mouse CD86-FITC (GL1); and anti-mouse CD45- 

APC/Cyanine 7 (30-f11). 

Data were acquired using a flow cytometer CytoFLEX S™ (4 lasers B-R-V-N, Beckman 

Coulter Inc., München, Germany) and analyzed using Kaluza Analysis™ software version 

2.2.1 (Beckman Coulter).  

2.10. Statistical analysis  

Statistical analyses were performed using GraphPad Prism 10 software (GraphPad Software 

Inc., La Jolla, CA, USA). All quantitative data were presented as mean ± SD, unless otherwise 

indicated. Statistical tests were described in the relevant captions. Values of P < 0.05 were 

considered significant and were adjusted for multiple comparisons, as indicated in the legends. 

3. Results 
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3.1.In-vitro pIL-12 delivery in B16F10 cell suspension 

pIL-12 (also known as pCpGfree-mIL12), which encodes the murine interleukine-12 (Figure 

1A), was produced and purified from transformed E. coli GT115 cells using the EndoFree 

Plasmid purification system. Notably, endotoxins reduced the in-vitro and in-vivo transfection 

efficiencies [50] and induced non-specific immune activation in-vivo [51]. The purification 

yield was 7.5 mg. pIL-12 was predominantly present in the supercoiled form (90 ± 1%), with 

smaller proportions in the open-circular (9 ± 1%) and linear (1 ± 1%) forms (Figure 1B). No 

bacterial genomic DNA contamination was detected in the pIL-12 solution. To confirm its 

identity, pIL-12 was digested with the restriction enzymes EcoR1 and Sac1 (Figure 1B). As 

expected, the EcoR1 digestion generated two DNA fragments (1.9 and 2.7 kb), along with a 

third fragment corresponding to the linearized pIL-12 (~4.5 kb). Sac1 digestion of pIL-12 

produced two DNA fragments (1.4 and 3.2 kb). Altogether, these results confirm that pIL-12 

was produced at a high yield and displayed high purity without contamination. 

In-vitro pIL-12 delivery using MB-assisted US was assessed by measuring of IL-12 

concentrated secreted in the cell culture medium (i.e., transfection efficiency) 48 h post-

treatment using an ELISA. Simple incubation of pIL-12 (5 or 10 µg) with the B16F10 cells did 

not result in the production and the secretion of IL-12 into the cell medium (Figure 1C). In 

contrast, acoustically mediated delivery of 5 µg pIL-12 in cell suspension induced substantial 

IL-12 production (1429 ± 125 pg/mL). Doubling the pIL-12 concentration further increased IL-

12 levels (2352 ± 125 pg/mL; P < 0.05 vs. 5 µg pIL-12). The effect of pIL-12 delivery on cell 

viability using MB-assisted US was assessed via MTT assay at 48 h post-treatment (Figure 

1D). Exposure of cell suspensions to MB-assisted US alone or to pIL-12 (5 or 10 µg) alone did 

not significantly affect cell viability (P > 0.05). However, acoustically mediated delivery of 5 

or 10 µg of pIL-12 led to a slight but significant decrease in cell viability (78 ± 2% and 85 ± 

3%, respectively) compared to the control groups (P < 0.05). These findings reveal that pIL-12 
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was functional and that MB-assisted US enables efficient and safe delivery of pIL-12 in B16F10 

cell suspension. 

 

Figure 1. In-vitro pIL-12 delivery in B16F10 cell suspension using MB-assisted US. (A) 

pCpGfree-mIL12 map (created with SnapGene®); (B) Restriction enzyme digestion analysis of 

pIL-12 by agarose gel electrophoresis. Lane 1 kb ladder: DNA molecular weight marker; lane 

Ø: undigested pIL-12; lane EcoR1: pIL12 digested with EcoR1 restriction enzyme; lane Sac1: 

pIL12 digested with Sac1 restriction enzyme; (C) Transfection efficiency of B16F10 cells; cell 

suspensions incubated with pIL-12 (5 or 10 µg) and MBs and exposed to US. Secretion of IL-

12 in the cell culture medium was assessed 48 h post-treatment using ELISA; (D) Cell viability 
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of transfected B16F10 cells was assessed using an MTT assay 48 h post-in-vitro pIL-12 

delivery. All data are expressed as mean ± SD calculated from five independent experiments. 

Statistical analysis was performed using the One-way ANOVA with Tukey’s multiple 

comparison test. Adjusted P value was *P < 0.05.  

3.2.In-vitro pIL-12 delivery in melanoma spheroids 

pIL-12 was acoustically delivered to B16F10 melanoma spheroids at two doses: 10 µg (the 

higher concentration used in-vitro in cell suspension) or 50 µg (the concentration used in-vivo), 

thereby partially mimicking the in-vivo context. The concentration of IL-12 secreted in the cell 

medium (i.e., transfection efficiency) was measured 48 h post-treatment using ELISA (Figure 

2A). Melanoma spheroid growth was assessed using optical microscopy before (day 4) and 

after (days 5 and 6) in-vitro pIL-12 delivery (Figures 2B & 2C).  

Treatment of melanoma spheroids with 10 and 50 µg of pIL-12 alone induced no or minimal 

(0 and 7.5 ± 5 pg/mL) production and secretion of IL-12 into the cell culture medium, 

respectively (Figure 2A). In contrast, acoustically mediated delivery of 10 and 50 µg of pIL-

12 in melanoma spheroids resulted in significant IL-12 production in cell culture medium (i.e., 

131 ± 7 and 250 ± 60 pg/mL; P < 0.05) compared to their respective control groups (P < 0.001). 

Regardless of the pIL-12 concentrations, exposure of melanoma spheroids to either pIL-12 

alone, MB-assisted US alone, or pIL-12 in combination with MB-assisted US did not 

significantly affect the spheroid growth (P > 0.05). These results demonstrate that MB-assisted 

US is an efficient modality for delivering pIL-12 into melanoma spheroids without inducing 

cell damage. 
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Figure 2. In-vitro pIL-12 delivery in B16F10 melanoma spheroids using MB-assisted US. 

(A) Transfection efficiency of melanoma spheroids: spheroid suspension was incubated with 

pIL-12 (10 or 50 µg) and MBs, and then exposed to US. Secretion of IL-12 in the cell culture 

medium was assessed 48 h post-treatment using ELISA; (B) Growth of transfected melanoma 

spheroids: spheroid growth was assessed using an optical microscope before (day 4) and after 

(days 5 and 6) in-vitro pIL-12 delivery. All data were expressed as mean ± SD and calculated 
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from five independent experiments. Statistical analysis was performed using the One-way 

ANOVA with Tukey’s multiple comparison test. Adjusted P value was *P < 0.05; (C) 

Representative images of transfected melanoma spheroids. Scale bar indicates 300 µm. 

3.3.In-vivo assessment of acoustically mediated pDNA delivery: Validation with pLUC and 

therapeutic evaluation with pIL-12 in a melanoma mouse model 

To evaluate the feasibility of in-vivo pDNA delivery by MB-assisted US, the delivery and 

expression of a luciferase reported plasmid (pLUC) were assessed in a B16F10 melanoma 

mouse model prior to investigating the therapeutic efficacy of pIL-12 delivery. Melanoma 

tumors were thus treated once their volume reached 50 mm3 (Figures 3A &3B). A solution of 

pLUC (50 µg) and MBs (2 ´ 106 MBs) was co-injected intratumorally 5 min prior to US 

application to allow diffusion of MBs and pLUC within the tumor tissue (pLUC+MB-US; 

Figure 3C). Additionally, a group of melanoma tumors received an i.t. injection of pLUC alone 

and served as the control group (pLUC). Luciferase expression in the melanoma tumors was 

assessed using bioluminescence imaging at 24 and 48 h post-pLUC delivery (Figure 3D). The 

effects of in-vivo acoustically mediated pLUC delivery on mouse quality of life were assessed 

by a qualitative analysis of general health status and a quantitative analysis of body weight 

(Figure 3E) and coat condition (Figure 3F).  

Intratumoral administration of pLUC alone did not induce luciferase expression in the tumor 

tissue (Figure 3D). In contrast, acoustically mediated pLUC delivery led to a significant 

increase in luciferase expression in the tumor tissue 24 h post-treatment (i.e., 6 ± 2 × 105 

photons/sec), compared to pLUC alone (****P < 0.0001). At 48 h, luciferase expression 

slightly declined (P > 0.05; compared to 24 h). Moreover, no variation in overall general health 

or physical condition was observed between mice receiving pLUC treatment alone and those 

receiving acoustically mediated pLUC delivery. Both mouse groups similarly exhibited a slight 

gain in body weight (1-2 g on average, ~10% of initial body weight after 12 days; Figure 3E) 
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and a minimal comparable increase in coat condition score (0.5 ± 0.1 and 0.4 ± 0.1; P > 0.05) 

(Figure 3F). Altogether, these results reveal that MB-assisted US enhances i.t. delivery of 

pLUC without inducing adverse side effects. 
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Figure 3. In-vivo pLUC delivery in a mouse B16F10 melanoma model using MB-assisted 

US. (A) Timeline of the experiments for acoustically mediated pLUC delivery in mouse 
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melanoma model. Tumors were treated (red arrow) either by i.t. injection of pLUC alone 

(pLUC) or by i.t. coadministration of pLUC and MBs, followed by US exposure (pLUC+MB-

US); (B) Growth of in-vivo B16F10 melanoma tumors: volume was monitored using 

anatomical US imaging; (C) US imaging of i.t. MBs bioavailability: B-mode (left image) and 

contrast-enhanced US (CEUS) imaging (right image) of i.t. MB distribution before and after 

their i.t. administration (50 µL containing 2 ´ 106 MBs); (D) Quantitative bioluminescence 

imaging of luciferase expression inside the melanoma tumor: A mixture of 50 µL containing 

50 µg pLUC and 2´106 MBs were intratumorally coadministered. This injection preceded the 

US application by 5 min to allow for MB diffusion inside the tumor tissue. Luciferase 

expression in the melanoma tumors was detected and recorded 24 and 48 h post-treatment; (E) 

Effect(s) of acoustically mediated pLUC delivery on mouse body weight; (F) Effect(s) of 

acoustically mediated pLUC delivery on mouse coat state. This score was measured whenever 

the mice were handled. All data were expressed as mean ± SD and calculated from ten mice. 

Statistical analysis was performed using the Two-way ANOVA with Tukey’s multiple-

comparisons test. Adjusted P value was *P < 0.05. 

Following the in-vivo validation of efficient pDNA using the pLUC, the therapeutic efficacy 

of acoustically mediated pIL-12 delivery was subsequently evaluated in the same melanoma 

model. As shown in Figure 4A, melanoma tumors were either left untreated (Ctrl), exposed to 

US following i.t. injection of MBs (MB-US), received i.t. administration of pIL-12 (pIL-12) 

alone, or treated with i.t. coadministration of pIL-12 and MBs followed by US exposure (pIL-

12+MB-US; Figure 4A). The therapeutic efficacy of in-vivo pIL-12 delivery with or without 

MB-assisted US was monitored using anatomical US imaging (Figure 4B). As described 

above, the effects of in-vivo acoustically mediated pIL-12 delivery on the mouse weight and 

coat condition were also assessed (Figure 4C & 4D). 
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Intratumoral administration of pIL-12 alone did not affect the tumor growth compared to the 

control group (pIL-12 vs Ctrl; P > 0.05) (Figure 4B). Similarly, exposure of tumors to MB-

assisted US alone did not disrupt tumor growth compared to the control group and pIL-12 

treatment (MB-US vs Ctrl or vs pIL-12; P > 0.05) (Figure 4B). In contrast, acoustically 

mediated pIL-12 delivery resulted in a significant decrease in tumor volume compared to 

control group (pIL-12+MB-US vs Ctrl; ***P < 0.001) and other experimental groups (pIL-

12+MB-US vs pIL-12 or vs MB-US; ***P < 0.001) (Figure 4B). By day 15, the average tumor 

volume in the pIL-12+MB-US group was 2.5-fold lower than that of the control (i.e., Ctrl) and 

other experimental groups (i.e., pIL-12 and MB-US). These results indicate that in-vivo 

acoustically mediated pIL-12 delivery effectively inhibits tumor growth. 

Moreover, mice that were untreated (Ctrl), exposed to US after i.t. injection of MBs (MB-

US), or administered pIL-12 alone did not show an overall deterioration of their general health 

conditions (e.g., respiratory deficiency and loss of appetite). They exhibited a body weight gain 

of approximately 3 g (i.e., 13% of initial body weight on day 15) (Figure 4C). However, they 

displayed physical impairments such as locomotion and coat condition (i.e., a coat state score 

greater than 1; Figure 4D), which are likely due to the tumor growth. In contrast, mice treated 

with pIL-12+MB-US exhibited neither an overall deterioration of their health status nor loss of 

body weight (Figure 4C). Notably, these mice exhibited normal locomotion and a significantly 

lower coat condition score (0.4 ± 0.1) than those of control (2.0 ± 0.3 for Ctrl) and experimental 

mice groups (1.6 ± 0.3 for pIL-12 and 1.4 ± 0.3 for MB-US) at the 15th day (***P < 0.001). 

Altogether, these data suggest that the slowed tumor growth induced by acoustically mediated 

pIL-12 delivery was associated with improved overall health in mice. 
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Figure 4. In-vivo pIL-12 delivery in a mouse B16F10 melanoma model using MB-assisted 

US. (A) Timeline of the experiments for acoustically mediated pIL-12 delivery in a mouse 

melanoma model. Tumors were treated (red arrow) either by i.t. administration of pIL-12 alone 
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(pIL-12), i.t. injection of MBs followed by US exposure (MB-US), or by an i.t. coadministration 

of pIL-12 and MBs followed by US exposure (pIL-12+MB-US). A group of tumors left 

untreated served as the control group (Ctrl); (B) Growth of B16F10 melanoma tumors in-vivo, 

monitored using anatomical US imaging; (C) Effect(s) of acoustically mediated pIL-12 delivery 

on mouse body weight. Mice were weighed whenever they were handled; (D) Effect(s) of 

acoustically mediated pIL-12 delivery on mouse coat condition. Coat score was measured 

whenever mice were handled. All data are expressed as mean ± SD and were calculated from 

ten mice. Statistical analysis was performed using the Two-way ANOVA with Tukey’s 

multiple-comparisons test. Adjusted P value was *P < 0.05. 

3.4.Immunomodulatory response of acoustically mediated pIL-12 delivery 

The expected outcome of pIL-12 delivery using MB-assisted US is an increase in serum mIL-

12 levels. Therefore, to evaluate whether i.t. acoustically mediated delivery of pIL-12 also 

induces systemic mIL-12 release, serum mIL-12 concentrations were measured using ELISA 

48 h post-pIL-12 administration. The results revealed that the i.t. acoustically mediated delivery 

of pIL-12 significantly increased serum mIL-12 concentrations by 5-fold and 13-fold compared 

to the i.t. pIL-12 injection alone (P < 0.05) or the control group (P < 0.01), respectively (Figure 

5B). These results indicate that in-vivo acoustically mediated pIL-12 delivery enhances the 

production and systemic secretion of IL-12. 

To evaluate the immunomodulatory effects of acoustically mediated pIL-12 delivery, flow 

cytometry was performed on five tumors per group (Ctrl, pIL-12, and pIL-12+MB-US). The 

analysis included quantification of major i.t. immune populations, T lymphocytes and subsets, 

B lymphocytes, NK cells, monocytes, neutrophils, and dendritic cells, as well as two activation 

markers: CD69 for T and NK cells, and CD86 for myeloid cells. Among all assessed 

parameters, only NK cell frequency and activation were significantly influenced by the 

treatment. A significant increase in NK cell frequency was observed in the pIL-12+MB-US 



 26 

group compared to the control group (P < 0.05), while no differences were detected between 

the pIL-12 group and the other groups (P > 0.05; Figure 5C). Similarly, CD69 expression on 

NK cells was significantly higher in the pIL-12+MB-US group compared to both the control 

and pIL-12 groups (P < 0.05), with no difference observed between the latter two (P > 0.05; 

Figure 5D).  
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Figure 5. Immunomodulatory effects of acoustically mediated pIL-12 delivery. (A) 

Experimental timeline for acoustically mediated pIL-12 delivery in a mouse melanoma model. 
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Tumors were treated (red arrow) either by i.t. administration of pIL-12 alone (pIL-12), by i.t. 

injection of MBs followed by US exposure (MB-US), or by an i.t. coadministration of pIL-12 

and MBs followed by US exposure (pIL-12+MB-US). A group of tumors left untreated served 

as the control group (Ctrl); (B) Serum concentration of mIL-12. Secretion of IL-12 in the blood 

was assessed 48 h post-pIL-12 delivery using ELISA; (C) Frequency of NK cells expressed as 

a percentage of CD45⁺ cells in tumors; (D) CD69 expression on the surface of intratumoral NK 

cells in tumors. Data are presented as median with minimum and maximum values. Statistical 

significance was determined using the Kruskal–Wallis test followed by Dunn’s post hoc test 

for multiple comparisons. P < 0.05 was considered statistically significant. “ns” indicates non-

significant differences; * indicates P < 0.05 and ** indicates P < 0.01. 

4. Discussion 

The present study aimed to assess the efficacy of MB-assisted US for pIL-12 delivery in both 

in-vitro (i.e., suspension of melanoma cells and melanoma spheroids) and in-vivo melanoma 

models. In-vitro, acoustically mediated pIL-12 delivery resulted in significant production and 

secretion of IL-12 in the cell culture medium (Figures 1C & 2A) without inducing irreversible 

cell damage (Figures 1D & 2B, C), compared with pIL-12 treatment alone (Figures 1 & 2). 

These findings indirectly suggest that the increase in IL-12 production could be ascribed to 

enhanced intracellular uptake of pIL-12 via acoustically induced hydrophilic membrane pores 

and its subsequent expression by the melanoma cells. Indeed, previous investigations reported 

that MB-assisted US reversibly increases the native membrane permeability of tumor cells 

through the formation of transient hydrophilic membrane nanopores [52-54]. The intercellular 

uptake of exogenous molecules, including nucleic acids (i.e., pDNA, siRNA, and miRNA), 

chemotherapeutic drugs, antibiotics, and antibodies, relies on passive diffusion through these 

membrane pores, allowing these molecules to freely access the cytoplasm of tumor cells [55, 

56]. Moreover, MB-assisted US was more efficient at delivering pIL-12 in melanoma cell 
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suspensions than in melanoma spheroids under similar experimental conditions (Figures 1 & 

2). Indeed, exposure of cell suspension to MB-assisted US in the presence of 10 µg pIL-12 

resulted in an 18-fold increase in IL-12 levels compared to acoustically mediated pIL-12 

delivery in melanoma spheroids. As previously described [57], the difference in IL-12 levels 

could be attributed to more efficient membrane permeabilization and pIL-12 delivery in cell 

suspension compared to spheroids. Indeed, pIL-12 and MBs have greater access to all 

melanoma cells in a suspension of individual cells than in the spheroids. These spheroids are 

in-vitro three-dimensional tumor models that partly reflect tumor architecture and heterogeneity 

[58, 59]. The high density and/or the dense extracellular matrix of melanoma cells might restrict 

the diffusion of pIL-12 and MBs into spheroids, inducing the permeabilization and the 

transfection of only a small number of cells primarily located in the peripheral layers of the 

spheroids [57]. In-vitro studies using low molecular weight and fluorescent markers (e.g., 

propidium iodide, dextrans, doxorubicin and nanoparticles) have confirmed that MB-assisted 

US permeabilizes and delivers such molecules to peripheral tumor cells in spheroids [43, 60, 

61]. Since these molecules are not pDNA, reporter gene-encoding pDNA or fluorescently 

labeled pDNA could be used to more thoroughly investigate this hypothesis [62, 63]. 

Subsequently, our in-vivo results demonstrated that MB-assisted US delivery of pIL-12 

significantly reduced tumor growth compared to pIL-12 treatment alone (Figures 3 & 4). In 

agreement with previous studies [29, 45], we hypothesize that i.t. injection of a mixture of pIL-

12 and MBs may ensure their diffusion throughout the tumor, reaching melanoma cells, 

fibroblasts, immune cells, and other cell types. Subsequent exposure of the melanoma tumor to 

US may then activate the MBs, permeabilizing the cells and enhancing the intracellular delivery 

of pIL-12 [24, 64, 65]. In future investigations, the i.t. distribution and identification of 

transfected cell populations will be examined by histology and flow cytometry following 

immunolabeling with cell type-specific antibodies after acoustically mediated delivery of 
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pDNA encoding enhanced green fluorescent protein (eGFP). Consistent with previous reports 

[66, 67], the efficacy of i.t. pDNA delivery could be correlated with MB cavitation activity 

measured in real time during US exposure using a passive cavitation detection system. Such 

investigations would help clarify how acoustic activity relates to transfection efficiency and 

subsequent IL-12 expression. In the present work, transfected cells produced and secreted IL-

12 (Figure 5B), thereby activating the anti-tumoral immune response through NK cell 

recruitment and activation in the tumor microenvironment (Figure 5C & 5D) [12, 14, 15, 42]. 

In addition to enhancing pDNA uptake, MB cavitation generated under our US conditions may 

also induce mechanical effects on tumor cells and stromal structures. Cavitation activity can 

produce transient membrane disruption, shear stress and localized microvascular perturbation, 

leading to the release of tumor antigens, nucleic acids and other damage-associated molecular 

patterns (DAMPs). Such danger signals are known to activate type I interferon pathways in 

various cell types, including NK cells, macrophages, fibroblasts, endothelial cells and 

lymphocytes, thereby promoting the recruitment and activation of cytotoxic immune 

populations [68]. Consistent with these mechanisms, US-mediated cytokine or pDNA delivery 

has been shown to enhance T-cell infiltration at both local and distant tumor sites  [29] and to 

potentiate antitumor immunity when used as an acoustic DNA vaccination strategy [45]. 

Although cavitation-induced tissue perturbation was not quantified in the present study, these 

biophysical effects are compatible with the enhanced NK-cell recruitment observed in our 

model. Future work will characterize the extent of cavitation-induced tissue remodeling and 

DAMP signaling under our US conditions to better define their contribution to the 

immunological cascade initiated by IL-12 expression. Together, these observations illustrate 

the capacity of acoustically mediated pIL-12 delivery to trigger local cytokine production. 

Beyond this direct activation, IL-12 induces a broader set of coordinated immunological 

pathways within the tumor microenvironment that further contribute to tumor control. Upon 
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binding to its heterodimeric receptor (IL-12Rβ1/β2) on T cells, NK cells, and macrophages, IL-

12 activates the JAK2/TYK2–STAT4 signaling pathway, resulting in robust IFN-γ secretion. 

IFN-γ amplifies local inflammation and drives the production of CXCL9 and CXCL10, 

chemokines that promote the recruitment, retention, and activation of cytotoxic T lymphocytes 

and NK cells, thereby establishing a self-sustaining IL-12–IFN-γ–CXCL9/10 feedback loop 

[9]. In parallel, IL-12 and IFN-γ promote macrophage polarization towards a pro-inflammatory 

M1 phenotype characterized by elevated iNOS and TNF-α expression while limiting M2-type 

features [14, 15, 69]. These cytokines also enhance antigen visibility by increasing MHC class 

I and II expression on tumor and antigen-presenting cells, improving T-cell activation and 

priming [9, 15, 70]. Collectively, these mechanisms reinforce antitumor effector functions and 

contribute to durable tumor suppression [13]. Therapeutic cancer vaccines also aim to stimulate 

strong Th1-oriented immunity, often through systemic delivery of tumor antigens formulated 

with adjuvants that promote IL-12 and IFN-γ production. Although these strategies can 

effectively prime cytotoxic T-cell responses, they generally require repeated immunizations, 

rely on efficient antigen presentation in secondary lymphoid organs, and may induce off-target 

inflammation. In contrast, MB-assisted US provides a non-invasive and spatially restricted 

method to deliver pIL-12 directly within the tumor microenvironment, ensuring high local 

cytokine expression while limiting systemic exposure and toxicity. By bypassing the need for 

antigen formulation and systemic immune priming, this approach offers a practical advantage 

over vaccine-based strategies, achieving rapid and concentrated immunostimulation at the 

tumor site. Similarly, recent preclinical studies reported that MB-assisted US effectively 

delivered pDNA encoding IFN-g and granulocyte-macrophage colony-stimulating factor into 

orthotopic breast tumors in mice, resulting in a significant reduction in tumor growth by 

stimulating anti-tumoral immune responses [29, 45]. In addition to its therapeutic relevance, 

the protocol established in this study provides a versatile framework for i.t. transfection of other 
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cytokine-encoding pDNAs. MB-assisted US offers precise spatial targeting, non-invasive, high 

local gene expression, and minimal systemic exposure, making it well suited for dissecting the 

isolated contributions of individual interleukins as well as potential synergistic interactions 

between complementary cytokines. This modularity positions our approach as a practical 

platform for future investigations aiming to explore combinations of immunostimulatory 

pathways within the tumor microenvironment. Altogether these results confirm that MB-

assisted US is a promising modality for the in-vivo delivery of pDNA encoding 

immunostimulatory molecules.  

Nevertheless, while i.t. administration of both agents using US guidance is feasible in clinical 

settings for the treatment of superficial tumors, such as skin and breast tumors, it cannot be 

considered the most conventional route in routine clinical practice [1]. The i.t. route 

circumvents the blood-tumor barrier and the tumoral interstitial pressure and allows the direct 

injection of large amounts of pDNA [71]. However, this route has two main limitations: the 

injected volume and its restriction to superficial tumors [72]. For the treatment of superficial 

and deep-seated tumors, i.v. injection is currently the simplest and safest method used in clinical 

practice for administering MBs and therapeutic molecules, including pDNA [71, 72]. However, 

the main limitation of this administration route is the rapid enzymatic degradation of pDNA, 

which necessitates i.v. injection of a high dose of pDNA. To overcome this issue, pDNA is 

typically complexed with cationic lipids or polymers [73]. These complexes are then co-

injected with MBs, and their respective doses are handled independently prior to their i.v. 

administration. Another option is to load pDNA on MBs during their assembly or to incubate 

pDNA with cationic MBs [20, 30]. However, in this case, the respective concentrations of MBs 

and pDNA are interdependent. Therefore, further studies are required to compare these 

administration routes for acoustically mediated delivery of pDNA encoding 

immunostimulatory molecules in murine models of primary and metastatic melanoma. 
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Furthermore, our preclinical results showed that although tumor growth in the control groups 

was not associated with a significant deterioration of overall physical condition (e.g., 

respiratory failure, loss of appetite, and loss of body weight), locomotion impairments and 

deteriorations of coat condition were observed (Figure 4). However, the acoustically mediated 

delivery of pIL-12 into the tumor significantly reduced these locomotor impairments and coat 

deterioration, suggesting that this therapeutic strategy improved the overall health of the mice 

(Figure 4). In addition, these in-vivo results revealed that acoustically mediated delivery of 

pIL-12 did not induce adverse side effects, demonstrating that this protocol was well tolerated 

and safe, which is in agreement with previous studies [29, 45-47].  

Our in-vivo results demonstrated that acoustically mediated delivery of pIL-12 significantly 

increased systemic and i.t. IL-12 levels, promoted NK cell recruitment and activation within 

the tumor microenvironment, and resulted in a marked reduction in tumor volume. These 

findings confirm that this strategy elicits a potent antitumor immune response while 

maintaining good overall tolerance. To place these results in context, the therapeutic efficacy 

of our approach can be compared with previously reported IL-12 delivery strategies based on 

electroporation. Electroporation (EP) has been extensively used for intratumoral delivery of IL-

12 in melanoma models and has consistently shown potent therapeutic efficacy. In B16-F10 

melanoma, i.t pIL-12 electrotransfer induced complete tumor regression in 47–80% of treated 

mice and conferred long-term protection against tumor rechallenge [74, 75]. These effects were 

associated with strong local expression of IL-12 and IFN-γ, CD8⁺ T-cell and NK-cell 

recruitment, and perforin/granzyme-mediated cytotoxicity [76]. Combination strategies, such 

as electro-chemo-gene therapy with bleomycin or co-delivery of suicide genes, further 

enhanced antitumor responses and prevented metastasis [76, 77]. Clinical translation of this 

approach confirmed its capacity to activate tumor-specific immunity and to improve responses 

to immune checkpoint inhibitors in advanced melanoma [78]. Nevertheless, EP requires direct 
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electrode contact and generates transient but painful muscle contractions and tissue damage, 

which limit its repeatability and clinical versatility. In contrast, MB-assisted US allows non-

invasive, spatially targeted, and repeatable delivery of therapeutic pDNA [79]. Beyond pDNA, 

MB-assisted US has successfully enhanced the delivery of chemotherapeutic agents (e.g., 

doxorubicin, paclitaxel) [80], oncolytic virus [81], and immunostimulatory cytokines such as 

IL-2, TNF-α, and IFN-β [82], leading to tumor growth inhibition and immune activation in 

several preclinical cancer models. The present study demonstrates that acoustically mediated 

delivery of pIL-12 achieves a magnitude of tumor growth inhibition comparable to that reported 

with electroporation, while avoiding tissue injury and preserving animal well-being. These 

findings highlight MB-assisted US as a clinically attractive and safe alternative for localized 

immunogene therapy of melanoma. 

Our in-vivo therapeutic scheme could likely be optimized by adjusting US settings (e.g., 

acoustic pressure and exposure period) and pIL-12 (e.g., concentration and administration 

route) and MB-related parameters (e.g., soft versus hard-shelled MB, free MBs versus pIL-12-

loaded MBs, concentration, size, and administration route). Future investigations will need to 

determine the effects of MB number and frequency and pIL-12 administration on the efficacy 

of our therapeutic strategy in murine models of primary and metastatic melanoma. As 

previously reported [42, 83, 84], the potential synergy of this strategy with other anti-tumor 

therapies (e.g., radiotherapy, chemotherapy, and irreversible electroporation) could also be 

explored under the same in-vivo models. 

5. Conclusions 

In summary, MB-assisted US efficiently delivered pIL-12 in-vitro (i.e., suspension of 

melanoma cells and spheroids) and in-vivo. This US modality enhanced the in-vivo therapeutic 

efficacy of IL-12 compared to pIL-12 treatment alone. Nevertheless, further developments and 

complementary experiments are required to fully potentiate this immunotherapeutic strategy. 
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In the future, MB-assisted US could serve as a promising approach for in-vivo delivery of 

immunostimulatory molecules, either alone or in combination with other anti-tumor therapies 

(e.g., chemotherapy, radiotherapy and immunotherapy).  
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