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SUMMARY: 29 

This protocol describes the assembly and operation of a low-cost acoustofluidic device for rapid 30 

molecular delivery to cells via sonoporation induced by ultrasound contrast agents. 31 

 32 

ABSTRACT: 33 

Efficient intracellular delivery of biomolecules is required for a broad range of biomedical 34 

research and cell-based therapeutic applications. Ultrasound-mediated sonoporation is an 35 

emerging technique for rapid intracellular delivery of biomolecules. Sonoporation occurs when 36 

cavitation of gas-filled microbubbles forms transient pores in nearby cell membranes, which 37 

enables rapid uptake of biomolecules from the surrounding fluid. Current techniques for in vitro 38 

sonoporation of cells in suspension are limited by slow throughput, variability in the ultrasound 39 

exposure conditions for each cell, and high cost. To address these limitations, a low-cost 40 

acoustofluidic device has been developed which integrates an ultrasound transducer in a PDMS-41 

based fluidic device to induce consistent sonoporation of cells as they flow through the channels 42 

in combination with ultrasound contrast agents. The device is fabricated using standard 43 

photolithography techniques to produce the PDMS-based fluidic chip. An ultrasound piezo disk 44 
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transducer is attached to the device and driven by a microcontroller. The assembly can be 45 

integrated inside a 3D-printed case for added protection. Cells and microbubbles are pushed 46 

through the device using a syringe pump or a peristaltic pump connected to PVC tubing. 47 

Enhanced delivery of biomolecules to human T cells and lung cancer cells is demonstrated with 48 

this acoustofluidic system. Compared to bulk treatment approaches, this acoustofluidic system 49 

increases throughput and reduces variability, which can improve cell processing methods for 50 

biomedical research applications and manufacturing of cell-based therapeutics. 51 

 52 

INTRODUCTION: 53 

Viral and non-viral platforms have been utilized to enhance molecular delivery to cells. Viral 54 

delivery (transduction) is a common technique utilized in cell-based therapies requiring genomic 55 

modification. Limitations with viral delivery include potential insertional mutagenesis, limited 56 

transgenic capacity, and undesired multiplicity of infection1,2. Therefore, non-viral molecular 57 

delivery techniques are in development for a broad range of biomedical and research 58 

applications. Common techniques include mechanical, electrical, hydrodynamic, or the use of 59 

laser-based energy to enhance uptake of biomolecules into cells3. Electroporation is a commonly 60 

used non-viral molecular delivery platform which has the ability to induce transient perforation 61 

in the plasma membrane for intracellular delivery of molecular compounds4-9. However, the 62 

transient perforation of the plasma membrane is a stochastic process and molecular uptake via 63 

electroporation is generally dependent on passive diffusion across the transient membrane 64 

pores4,7,8. 65 

 66 

An alternative method is the utilization of ultrasound for enhanced intracellular molecular 67 

delivery via cavitation of ultrasound contrast agents (i.e., gas-filled microbubbles). Microbubble 68 

cavitation induces microstreaming effects in the surrounding media which can cause transient 69 

perforation of nearby plasma membranes (“sonoporation”) allowing rapid intracellular uptake of 70 

biomolecules via passive or active transport mechanisms10-12. Sonoporation is an effective 71 

technique for the rapid molecular delivery to cells, but this approach often requires expensive 72 

equipment and bulk treatment methods which are limited by lower throughput and higher 73 

variability in ultrasound exposure conditions13. To address these limitations, acoustofluidic 74 

devices, which enable consistent sonoporation of cells in suspension, are currently in 75 

development. 76 

 77 

Acoustofluidics is an expanding field that integrates ultrasound and microfluidic technologies for 78 

a wide variety of applications. This approach has previously been used for particle separation by 79 

applying continuous ultrasound energy to induce standing acoustic waves within the fluidic 80 

channels14-17. Particles are sorted toward different parts of the device based on a variety of 81 

properties such as particle size, density, and compressibility relative to the medium16. 82 

Acoustofluidic technologies are also in development to enable rapid molecular delivery to a 83 

variety of cell types for research applications and manufacturing of cell therapies18. Recently, we 84 

demonstrated enhanced molecular delivery to erythrocytes using a PDMS-based acoustofluidic 85 

device19. In the acoustofluidic platform, cell and microbubble dynamics can be manipulated to 86 

induce physical interactions that enable enhanced delivery of biomolecules. The efficiency and 87 
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consistency of intracellular molecular delivery can potentially be increased by optimizing the 88 

distance between cells and microbubbles. 89 

 90 

One important application for acoustofluidic-mediated sonoporation involves transport of 91 

biomolecules into primary human T cells. Immunotherapies based on adoptive T cell transfer, 92 

such as Chimeric Antigen Receptor T cell (CAR T) therapy, are rapidly emerging for treatment of 93 

various diseases, including cancer and viruses such as HIV20. CAR T therapy has been particularly 94 

effective in pediatric acute lymphoblastic leukemia (ALL) patients, with complete remission rates 95 

of 70-90%21. However, T cell manufacturing for these therapies generally depends on viral 96 

transduction which is limited by potential insertional mutagenesis, long processing times, and 97 

challenges of delivering non-genetic biomolecules such as proteins or small molecules1. 98 

Acoustofluidic-mediated molecular delivery methods can potentially overcome these limitations 99 

and improve manufacturing of T cell therapies. 100 

 101 

Another important application for acoustofluidic-mediated sonoporation involves intracellular 102 

delivery of preservative compounds, such as trehalose, which protect cells during freezing and 103 

desiccation. Trehalose is produced by some organisms in nature and helps them tolerate freezing 104 

and desiccation by protecting their cellular membranes22,23. However, trehalose is not produced 105 

by mammalian cells and is impermeable to mammalian cell membranes. Therefore, effective 106 

molecular delivery techniques, such as sonoporation, are necessary in order to achieve sufficient 107 

intracellular trehalose levels required to protect internal cellular membranes. This approach is 108 

currently in development for dry preservation of various cell types. 109 

 110 

This protocol provides a detailed description of the assembly and operation of a relatively low-111 

cost acoustofluidic system driven by a microcontroller. Ultrasound contrast agents are utilized to 112 

induce sonoporation within the fluidic channels and enable rapid molecular delivery to various 113 

cell types, including T cells and cancer cells. This acoustofluidic system can be used for a variety 114 

of research applications and may also be useful as a prototype system to evaluate sonoporation 115 

methods for improved cell therapy manufacturing processes. 116 

 117 

PROTOCOL: 118 

Whole blood donations were collected from healthy donors following protocols approved by the 119 

institutional review board at the University of Louisville. 120 

 121 

1. Fabrication of acoustofluidic device 122 

 123 

1.1 Obtain a photomask with a concentric spiral design containing channels with a diameter 124 

of 500 µm. A CAD file is provided in the supplemental files as an example. A custom photomask 125 

can be ordered from a commercial vendor or patterned using a mask writer. 126 

 127 

1.2 Prepare a mold of the concentric spiral design on a photoresist-coated silicon wafer using 128 

standard photolithography techniques. 129 

 130 

1.2.1 Add approximately 2 Tbsp (~30 mL) of SU-8 2100 to a 100 mm silicon wafer. 131 
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 132 

1.2.2 Spin-coat the wafer on a spinner at a speed of 150 rpm for 30 s to spread out the 133 

photoresist, then increase the speed to 1,200 rpm for 60 s to yield a thickness of 200 µm. 134 

 135 

1.2.3 Cure the photoresist-coated wafer in a polyimide vacuum oven with a 30 min ramp up 136 

and 30 min dwell at 115 °C, then ramp down for 30 min. 137 

 138 

1.2.4 Expose the photoresist-coated wafer for 130 s using a mask aligner with the photomask 139 

from step #1. 140 

 141 

1.2.5 Bake the wafer after exposure following the same process described in step 1.2.3. 142 

 143 

1.2.6 Develop the photoresist in SU-8 developer solution for approximately 8 min  144 

 145 

CAUTION: Only use developer solution in a well-ventilated chemical fume hood. 146 

 147 

1.3 Silanize the mold to make the surface more hydrophobic. Place the photoresist-coated 148 

wafer into a desiccator and add a 20 µL drop of trichlorosilane (C8H4Cl3F13Si). Apply vacuum to 149 

the chamber for 30 s, then seal the chamber and leave overnight. 150 

 151 

CAUTION: Chlorosilane is very hazardous and flammable. Exposure causes severe burns and eye 152 

damage.  153 

 154 

1.4 Combine 54 g of polydimethsiloxane (PDMS) base and 6 g of curing agent in a cup and mix 155 

vigorously and thoroughly with a spatula for at least 1 min. 156 

 157 

1.5 Place the cup containing the PDMS solution into a desiccator for approximately 30 min or 158 

until remnant air bubbles are removed from the solution. 159 

 160 

1.6 Place photoresist-coated wafer with the patterns facing upward in a 150-mm Petri dish. 161 

 162 

1.7 Pour the PDMS solution over the mold inside the 150-mm Petri dish. 163 

 164 

1.8 If needed, place the 150-mm Petri dish inside a desiccator and apply vacuum until 165 

remnant air bubbles disappear. 166 

 167 

1.9 Transfer the 150-mm Petri dish into a lab oven and bake for 2 h at 60 °C to cure the PDMS. 168 

 169 

1.10 After curing, carefully remove the PDMS from the Petri dish by cutting around the edges 170 

of the wafer using a razor blade. 171 

 172 

1.11 Cut out each individual device using a knife or razor blade. 173 

 174 

1.12 Punch holes through the inlet and outlet ports of each device using a 2.5-mm biopsy 175 
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punch. 176 

 177 

1.13 Place each PDMS device in a plasma asher with channels exposed (facing upward). Apply 178 

oxygen plasma treatment (100 W for 45 s, 500 mbar O2) then immediately place each PDMS 179 

device onto a clean soda lime glass microscope slide (75 mm x 25 mm x 1 mm) with channels 180 

facing the glass surface. 181 

 182 

1.14 Let devices bond overnight at room temperature. 183 

 184 

1.15 Gently apply silicone to the surface of the 1-cm diameter piezo transducer at a thickness 185 

of ~1-2 mm, then carefully align the transducer with the concentric spiral and gently press it onto 186 

the bottom of the glass microscope slide (opposite side from the PDMS device). 187 

 188 

2. Assembly and operation of acoustofluidic system 189 

 190 

2.1 Connect a microcontroller to a computer using a USB A to B cable. A green power LED 191 

indicator (labeled PWR) should illuminate. 192 

 193 

2.2 Use the associated program on the computer to upload a program which generates an 8 194 

MHz signal. An example program is provided in the Supplemental Files. After uploading the 195 

program, it will be stored into microprocessor memory and will not need to be uploaded again. 196 

 197 

2.3 Solder a 1” 22G wire to the end of each wire on the PZT transducer. 198 

 199 

2.4 Connect the negative (black) terminal wire of PZT transducer to a GND pin via the soldered 200 

wire. 201 

 202 

2.5 Connect the positive (red) terminal wire of PZT transducer to the output pin (#9 in the 203 

provided example program) via the soldered wire. 204 

 205 

2.6 Optionally, mount the acoustofluidic device and the microcontroller in a 3D-printed case. 206 

CAD files are provided in the Supplemental Files as examples. Additional wires can be connected 207 

to other microcontroller pins to control an external LED indicator and on/off push button if 208 

desired. 209 

 210 

2.7 Cut 3-6” sections of tygon PVC soft plastic tubing (1/16” ID, 1/8” OD) and push the tubing 211 

into the inlet and outlet ports. It may be necessary to rotate the tubing while applying pressure 212 

until it fits in the opening. Optionally, after inserting the tubing into each port, glue can be applied 213 

at the junction to bond the PDMS and tubing together. 214 

 215 

2.8 Assemble the microfluidic reservoir according to manufacturer’s instructions. 216 

 217 

2.9 Cut a 3-6” section of tygon PVC soft plastic tubing (1/16” ID, 1/8” OD) and push the tubing 218 

over the 1/32” ID tubing from the microfluidic reservoir output tubing. Optionally, wrap the 219 
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junction with paraffin film to prevent leakage. 220 

 221 

2.10 Fill a 60-mL syringe with ambient air (optionally, filter the air with a 0.2-µm filter and 222 

connect it to tygon PVC tubing (1/16” ID, 1/8” OD) on the side of the microfluidic reservoir. 223 

 224 

2.11 Set the syringe pump to a rate of 200 mL/h to push the cell/ultrasound contrast agent 225 

solutions through the acoustofluidic device at a volumetric flow rate of 50 mL/h and collect the 226 

samples from the output of the acoustofluidic device into a 50 mL centrifuge tube. Optionally, 227 

rinse channel prior to acoustofluidic treatment with 15 mL of 70% ethanol solution to increase 228 

sterility of fluidic channels. Additionally, channels can be rinsed with 15 mL of deionized water to 229 

remove residual ethanol in the device prior to pumping cells through the system. 230 

 231 

3. Preparation of ultrasound contrast agents 232 

 233 

NOTE: Ultrasound contrast agents significantly enhance acoustofluidic delivery of molecular 234 

compounds by transiently increasing permeabilization of nearby cellular membranes19. 235 

Molecular delivery is very limited without ultrasound contrast agents in this system. 236 

 237 

3.1 Prepare a phospholipid solution in a 20 mL scintillation vial containing the following 238 

mixture: 239 

 240 

3.1.1. Add 25 mg of 1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC). 241 

 242 

3.1.2. Add 11.6 mg of 1,2-distearoyl-sn-glycero-3-ethylphosphocholine (DSEPC). 243 

 244 

3.1.3. Add 0.26 mg of 1,2-distearoyl-sn-glycero-3-phosphoglycerol (DSPG). 245 

 246 

3.1.4. Add 0.88 mg of polyoxyethylene 40 stearate. 247 

 248 

3.2 Add chloroform until all phospholipids are dissolved (e.g., 3 mL of chloroform). 249 

 250 

3.3 Evaporate chloroform in a desiccator for 48 h to form a dry lipid film (evaporation under 251 

argon or with a rotary evaporator can be used to accelerate the drying process). 252 

 253 

3.4 Rehydrate the lipid film with 10 mL of sterile phosphate-buffered saline (PBS). 254 

  255 

3.5 Sonicate the lipid solution for 3 min at 40% amplitude to form a cationic micellar solution. 256 

 257 

3.6 After sonication store the phospholipid solution at 2-6 °C for up to 1 month. 258 

 259 

3.7 To prepare ultrasound contrast agents, add 200 µL of cationic micellar solution and 600 260 

µL of sterile PBS to a 2 mL glass septum vial. 261 

 262 

3.8 Seal the vial by crimping the cap. 263 
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 264 

3.9 Use a 1.5” 20G needle to fill the vial head space with decafluorobutane gas for 30 s. 265 

 266 

3.10 Amalgamate the vial for 45 s at 4,350 cpm to form perfluorobutane gas-filled ultrasound 267 

contrast agents. 268 

 269 

3.11 Add 25 µL of ultrasound contrast agent solution per 1 mL of cell solution immediately 270 

before pumping the combined contrast agent/cell mixture through the acoustofluidic device. The 271 

cell solution can be modified as desired by the user, but in our studies the cell solution consisted 272 

of primary T cells in step 4.21, and A549 lung cancer cells in step 5.7, respectively. 273 

 274 

4. Preparation of primary T cells 275 

 276 

4.1. Isolate peripheral blood mononuclear cells (PBMCs) from whole blood solutions and store 277 

at -150 °C. Density gradient separation containing a substrate is commonly utilized to separate 278 

PBMCs from whole blood24-26. 279 

 280 

4.2. Thaw frozen vial in 37 °C water bath.  281 

 282 

4.3. Dilute thawed PBMCs 1:10 with PBS in a 15 mL centrifuge tube. Each 1 mL vial contains 283 

approximately 10 million PMBCs. 284 

 285 

4.4. Centrifuge diluted PMBCs at 580 x g for 11 min at 4 °C. 286 

 287 

4.5. Aspirate the supernatant and add 13 mL of MACs running buffer to resuspend the cells. 288 

 289 

4.6. Count the PMBCs with an automated cell counter or hemocytometer. 290 

 291 

4.7. Centrifuge the PMBCs again at 580 x g for 11 min at 4 °C and aspirate the supernatant. 292 

 293 

4.8. Add 40 µL of chilled running buffer per 10 million PMBCs. 294 

 295 

4.9. To isolate T cells, add 10 µL of Pan T-Cell Biotin Antibody Cocktail per 10 million PMBCs. 296 

 297 

4.10. Gently agitate the PMBCs and store the solution at 4 °C for 5 min per 10 million cells. 298 

 299 

4.11. Add 30 µL of running buffer and 20 µL of Pan T-Cell MicroBead Cocktail per 10 million 300 

PMBCs. 301 

 302 

4.12. Mix the PMBCs and beads thoroughly and incubate for an additional 15 min at 4 °C. 303 

 304 

4.13. Add running buffer to reach a total volume of 500 µL. 305 

 306 

4.14. Separate primary T cells with a commercially available benchtop magnetic sorting 307 
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instrument using the “depletes separation” setting following manufacturer’s protocol. This step 308 

should yield between 5-10 million T cells after cell sorting.  309 

 310 

4.15. Count T cells using an automated cell counter or hemocytometer. 311 

 312 

4.16. Dilute T cells in 10 mL of sterile PBS and centrifuge at 580 x g for 10 min at 4 °C to pellet 313 

the cells.  314 

 315 

4.17. Aspirate the supernatant and resuspend T cells in 1 mL of PBS. 316 

 317 

4.18. Count T cells using an automated cell counter or hemocytometer and aliquot 1 million/mL 318 

for experiments. 319 

 320 

4.19. Prepare a 1 mg/mL fluorescein solution in PBS. 321 

 322 

4.20. Add 100 µL of 1 mg/mL fluorescein solution per 1 mL of T cell solution (final fluorescein 323 

concentration = 100 µg/mL) immediately prior to processing.  324 

 325 

4.21. Add 25 µL of ultrasound contrast agent solution as previously described in step 3.11. 326 

 327 

4.22. Process 1 mL aliquots of cells using the acoustofluidic system (see steps 2.10-2.11). This 328 

step enhances delivery of fluorescein into primary T cells. 329 

 330 

4.23. Immediately after treatment, wash cells three times via centrifugation at 580 x g for 10 331 

min with 500 µL of PBS to remove extracellular fluorescein. Cells should be washed within 10 min 332 

after adding fluorescein solution. 333 

 334 

4.24. After final washing step, resuspend cells in 250 µL of PBS and measure fluorescence on 335 

flow cytometer. 336 

 337 

5. Preparation of A549 lung cancer cells 338 

 339 

5.1. Culture A549 (adenocarcinomic human alveolar basal epithelial) cells in complete DMEM 340 

media (10% fetal bovine serum, 1% penicillin/streptomycin) at 37 °C and 5% CO2 in a flat-bottom 341 

tissue culture flask. 342 

 343 

5.2. Harvest A549 cells when they reach 70-90% confluency. Aspirate media from the flask 344 

and wash the cells once with PBS to remove serum proteins. 345 

 346 

5.3. Add trypsin (0.25%) EDTA to the flask and incubate for 5 min at 37 °C. Trypsin is a digestive 347 

enzyme which causes the cells to detach from the bottom surface of the tissue culture flask. 348 

 349 

5.4. Transfer trypsin solution to a 15 mL centrifuge tube and neutralize it by adding complete 350 

DMEM media at a 1:3 ratio. 351 
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 352 

5.5. Pellet the cells via centrifugation at 1,500 x g for 5 min at 4 °C. 353 

 354 

5.6. Aspirate the supernatant and resuspend the pellet at a concentration of 100,000/mL in 355 

PBS solution containing 200 mM trehalose in 15-mL conical vial. 356 

 357 

5.7. Add 25 µL of ultrasound contrast agent solution as previously described in step 3.11. 358 

 359 

5.8. Process 1 mL aliquots of cells using the acoustofluidic system (see steps 2.10-2.11). This 360 

step enhances delivery of trehalose into A549 lung cancer cells. 361 

 362 

5.9. Immediately after treatment, wash cells three times via centrifugation with 500 µL of PBS 363 

to remove extracellular trehalose. Cells should be washed within 10 min after adding trehalose 364 

solution. 365 

 366 

5.10. After final washing step, resuspend cells in 100 µL of PBS. 367 

 368 

5.11. Add 11 µL of 1% Triton X-100 solution to lyse cells and release intracellular trehalose. 369 

 370 

5.12. Vortex for 15 s, then incubate for 30 min at room temperature. 371 

 372 

5.13. Vortex again for 15 s, then measure trehalose concentration using commercially available 373 

trehalose assay following manufacturer’s recommendation. 374 

 375 

REPRESENTATIVE RESULTS: 376 

An image of the acoustofluidic system assembled inside a 3D-printed case is shown in Figure 1. 377 

This protocol produces an acoustofluidic system that can be used to enhance intracellular 378 

molecular delivery in multiple cell lines using ultrasound contrast agents.  379 

 380 

Figure 2 demonstrates enhanced intracellular delivery of a fluorescent compound, fluorescein, 381 

to primary human T cells with acoustofluidic treatment compared to an untreated control group 382 

(p<0.05, n=3/group). T cells were suspended at a concentration of 1 million/mL in PBS with 100 383 

µg/mL fluorescein solution and 25 µL/mL ultrasound contrast agent solution, and the mixture 384 

was passed through the acoustofluidic device for ultrasound treatment. Intracellular fluorescein 385 

delivery and cell viability were measured with flow cytometry after washing cells via 386 

centrifugation to remove extracellular fluorescein. T cells in the untreated control group were 387 

also suspended at 1 million/mL in PBS with 100 µg/mL fluorescein solution, but ultrasound 388 

contrast agent solution was not added and cells were not passed through the acoustofluidic 389 

device. The fluorescence intensity of T cells increased by 5-fold after acoustofluidic treatment 390 

relative to the fluorescence intensity of T cells in the untreated control group, indicating 391 

enhanced delivery of fluorescein. Cell viability decreased slightly after acoustofluidic treatment 392 

but remained above 80% (p<0.05, n=3/group).  393 

 394 
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Figure 3 demonstrates enhanced intracellular delivery of a preservative compound, trehalose, to 395 

human A549 lung carcinoma cells with acoustofluidic treatment compared to flow alone (no 396 

ultrasound contrast agents or ultrasound exposure) and compared to cells in the untreated 397 

control group (ANOVA p<0.05, n=3/group). A549 cells were suspended at a concentration of 398 

100,000/mL in PBS with 200 mM trehalose solution and 25 µL/mL ultrasound contrast agent 399 

solution, and the mixture was passed through the acoustofluidic device for ultrasound treatment. 400 

A549 cells in the control groups (“Flow Only” and “No Treatment”) were also suspended at 401 

100,000/mL in PBS with 200 mM trehalose, but ultrasound contrast agent solution was not added 402 

and cells were not exposed to ultrasound treatment. Intracellular trehalose was quantified using 403 

a trehalose assay kit and normalized to the untreated control group. Cell viability was measured 404 

with trypan blue assay. There was no statistical difference in cell viability between groups (n=3-405 

7/group). 406 

 407 

FIGURE AND TABLE LEGENDS: 408 

 409 

Figure 1: Photo of acoustofluidic system. The acoustofluidic flow system contains a PDMS-based 410 

flow chamber with an integrated PZT transducer driven by a microcontroller. A 3D-printed case 411 

with an LED indicator and on/off push button are optional additional features. 412 

 413 

Figure 2: Acoustofluidic treatment enhances fluorescein delivery to human T cells. (A) 414 

Fluorescence intensity in primary T cells increased after acoustofluidic treatment with fluorescein 415 

compared to the untreated control group (no acoustofluidics and no microbubbles) (p<0.05, 416 

n=3/group). (B) Cell viability decreased slightly after acoustofluidic treatment but remained 417 

above 80% as measured by flow cytometry (p<0.05, n=3/group). (C) Representative flow 418 

cytometry histogram indicating higher fluorescence in the acoustofluidic treatment group. 419 

 420 

Figure 3: Acoustofluidic treatment enhances trehalose delivery to human lung cancer cells. (A) 421 

Trehalose uptake increased in A549 lung carcinoma cells compared to flow only (no ultrasound 422 

and no microbubbles) and the untreated control group (ANOVA p<0.05, n=3/group). (B) Cell 423 

viability remained above 90% after acoustofluidic treatment as measured by trypan blue assay 424 

(n=3-7/group). 425 

 426 

DISCUSSION: 427 

This protocol describes the assembly and operation of a low-cost acoustofluidic system which 428 

enhances intracellular delivery of biomolecules for research applications. There are several 429 

important factors to consider when assembling and operating this system. The acoustofluidic 430 

device is fabricated in PDMS, which is a biocompatible material that can easily be molded with 431 

consistent channel dimensions27. The device channels can be rinsed with 15 mL of 70% ethanol 432 

solution prior to acoustofluidic processing in order to increase sterility when working with 433 

cultured cells. Following ethanol cleaning, 15 mL of deionized water can be used to rinse the 434 

device to remove residual ethanol from the channels prior to adding cell solutions. Small 435 

acoustofluidic channels can easily become blocked by debris or cell aggregates, making this a 436 

limitation for the frequent use of the device. Thoroughly rinsing the channels between each 437 

sample will help prevent problems with channel blockage. In addition, multiple PDMS devices 438 
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can be fabricated in each batch so that devices can be quickly replaced if necessary. For 439 

ultrasound-based applications, it is important to produce PDMS devices with a consistent 440 

thickness, as differences in PDMS thickness can affect the ultrasound pressures within the fluidic 441 

channels. Ultrasound waves propagate continuously through the device and transmitted waves 442 

interact with reflected waves to form standing acoustic wave patterns that are very sensitive to 443 

differences in PDMS thickness17. The PDMS thickness is primarily determined by the amount of 444 

PDMS added to the mold (step 1.7) and this protocol yields a PDMS thickness of 3.5 mm.  445 

 446 

The maximum output frequency of the microcontroller (8 MHz) was selected to produce the 447 

smallest acoustic wavelength within the fluidic channel. The microcontroller output is typically a 448 

square wave but oscilloscope measurements revealed that the output at 8 MHz becomes more 449 

similar to a sinusoid waveform due to slew rate limitations. A limitation of this system is that the 450 

maximum voltage output of the microcontroller is 5V and an external RF amplifier is required if 451 

higher voltage outputs are desired. The free-field pressure output of the transducer in this system 452 

was 18 kPa at 1 cm as measured with a needle hydrophone (Precision Acoustics, Dorchester, 453 

United Kingdom). Although this pressure is relatively low, standing waves within the channels 454 

can increase the acoustic pressures which samples are exposed to as they pass through the 455 

ultrasound beam. 456 

 457 

Ultrasound contrast agents are used to nucleate acoustic cavitation within the acoustofluidic 458 

channels which enhances delivery of biomolecules across cell membranes28,29. This protocol 459 

describes synthesis of perfluorocarbon gas-filled microbubbles encapsulated by a cationic 460 

phospholipid membrane. As previously described, this formulation consists of microbubbles 461 

primarily between 1-3 µm in diameter30. The positively charged surface of the microbubbles 462 

attracts them toward negatively-charged cell membranes, which increases sonoporation-463 

mediated molecular delivery when the microbubbles and cells are in close proximity. The 464 

concentration of microbubbles in the cell solution is a critical factor that can influence the 465 

efficiency of molecular delivery and cell viability after acoustofluidic treatment, and the optimal 466 

microbubble concentration may be specific to each cell type19. The concentration of gas-filled 467 

microbubbles with a lipid shell can decrease over time after synthesis so ultrasound contrast 468 

agents should be used within a few hours after synthesis. 469 

 470 

We demonstrated delivery of a fluorescent compound (fluorescein) to primary non-activated 471 

human T cells using the acoustofluidic system in this protocol. It is important to note that the 472 

activation status of primary human T cells may affect the efficiency of intracellular molecular 473 

delivery. The fluorescence properties of fluorescein enable sensitive intracellular detection with 474 

flow cytometry, but other soluble compounds can also be delivered into cells using this 475 

acoustofluidic system. For example, we demonstrated acoustofluidic delivery of trehalose into 476 

human lung cancer cells. Acoustofluidic delivery of trehalose into cells may enable increased 477 

recovery after frozen and dry storage, which could have significant impacts on a range of 478 

biomedical and research applications19. 479 

 480 

Acoustofluidic delivery of other biomolecules, such as proteins or DNA plasmids, is also possible, 481 

although a limitation of this system is that the efficiency of molecular delivery may be lower for 482 
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larger compounds18,31. Optimization of acoustofluidic flow rate, concentrations of ultrasound 483 

contrast agents, cell concentrations, and media may be needed for delivery of other 484 

biomolecules. In addition, optimal parameters may vary between different cell types due to 485 

factors such as cell diameter, morphology, membrane properties, and phenotype. 486 

 487 

The acoustofluidic system described in this protocol can be easily assembled and operated at 488 

relatively low cost. Additionally, this system can be customized for other applications by 489 

connecting other signal sources or ultrasound transducers to generate specific output pressures 490 

and frequencies32-34. In addition, the syringe pump system described in this protocol can be 491 

replaced with peristaltic pumps if desired. At a flow rate of 50 mL/h the residence time for cells 492 

within the ultrasound beam as they pass through the acoustofluidic channel is approximately 1 493 

s, but this residence time can be modified as needed for specific applications by adjusting the 494 

fluid flow rate. 495 

 496 

Unlike other common transfection techniques, biomolecules can be delivered into cells within 497 

minutes instead of hours and this system does not require specialized and expensive equipment. 498 

In addition, this system is compatible with a wide range of commonly used cell culture media or 499 

other buffers. In summary, this acoustofluidic system enables rapid delivery of biomolecules to 500 

cells, which may be useful for a wide range of research applications. 501 
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4. Please include the significane of preparing this as a note with citations if any. 
The significance of using ultrasound contrast agents has been added to the manuscript: 

“NOTE: Ultrasound contrast agents significantly enhance acoustofluidic delivery of 
molecular compounds by transiently increasing permeabilization of nearby cellular 
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“Add 25 µL of ultrasound contrast agent solution per 1 mL of cell solution immediately before 
pumping the combined contrast agent/cell mixture through the acoustofluidic device. The cell 
solution can be modified as desired by the user, but in our studies the cell solution consisted of 

primary T cells in step 4.21, and A549 lung cancer cells in step 5.7, respectively.” 
 

6. Where was the ultrasound contrast agent used in this example. Please bring out clarity. 
Additional steps were added (4.21 and 5.7) to clarify where the ultrasound contrast agent was 
added: 

“4.21. Add 25 µL of ultrasound contrast agent solution as previously described in 
step 3.11.” 
“5.7. Add 25 µL of ultrasound contrast agent solution as previously described in 
step 3.11.” 

 
7. Citations if any to show how this is done. 
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“Density gradient separation containing a substrate is commonly utilized to separate 
PBMCs from whole blood.24-26” 

 
8. Ethics statement for the use of human materials required. 
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9. Cell number and volume per vial of PBMCs? 

Thank you for pointing out these omissions. We have added these details as requested. 

Step 4.3: “Dilute thawed PBMCs 1:10 with PBS in a 15-mL centrifuge tube. Each 1-mL vial 
contains approximately 10 million PMBCs.” 

 
10. To what cell number? 
This is an excellent point. The text has been modified to specify the cell number:  

Step 4.14: “Separate primary T cells with a commercially available benchtop magnetic 
sorting instrument using the “depletes separation” setting following manufacturer’s 
protocol. This step should yield between 5-10 million T cells after cell sorting.”  

 
11. Cell number for experiment being presented? 
 
We have added this detail as requested: 

“Count T cells using an automated cell counter or hemocytometer and aliquot 1 
million/mL for experiments.” 

 
12. So the acoustofluidic device is being used to incorporate fluorescein in this case? 
 



That is correct. The acoustofluidic device was being used to deliver fluorescein intracellularly in 
primary T cells. The text has been revised to clarify this: 

Step 4.22: “Process 1-mL aliquots of cells using the acoustofluidic system (see steps 
2.10-2.11). This step enhances delivery of fluorescein into primary T cells.” 

 
13. Speed? 
Thank you for pointing out this omission, we have added information on centrifugation speed 
and duration after treatment. 

Step 4.23: “Immediately after treatment, wash cells three times via centrifugation at 
580 x g for 10 min with 500 µL of PBS to remove extracellular fluorescein. Cells should 
be washed within 10 min after adding fluorescein solution.” 

 
14. Again please bring out clarity for the use of acoustofluidic system here. Is it used for 

incorporating trehalose into the cells-please clearly mention this. Also where did you 
incorporate the contrast reagent in this case. 

Thank you for this feedback. We have added additional details describing when the ultrasound 
contrast agents are added and what biomolecule is being delivered with this protocol. Please see 
below: 

Step 5.7: “Add 25 µL of ultrasound contrast agent solution as previously described in 
step 3.11.” 
Step 5.8: “Process 1-mL aliquots of cells using the acoustofluidic system (see steps 2.10-
2.11). This step enhances delivery of trehalose into A549 lung cancer cells.” 

 
15. Please include more details on figure 2 and 3. How the experiment was performed, how did 

you normalize the values, at what point the measurement was taken, number of cells to begin 
with, number of experiments as replicate, number of wells per experiment, etc. 

Thank you for the feedback. The text was revised to provide these additional details as requested: 
 

“Figure 2 demonstrates enhanced intracellular delivery of a fluorescent compound, 
fluorescein, to primary human T cells with acoustofluidic treatment compared to an 
untreated control group (p<0.05, n=3/group). T cells were suspended at a concentration 
of 1 million/mL in PBS with 100 µg/mL fluorescein solution and 25 µL/mL ultrasound 
contrast agent solution, and the mixture was passed through the acoustofluidic device for 
ultrasound treatment. Intracellular fluorescein delivery and cell viability were measured 
with flow cytometry after washing cells via centrifugation to remove extracellular 
fluorescein. T cells in the untreated control group were also suspended at 1 million/mL in 
PBS with 100 µg/mL fluorescein solution, but ultrasound contrast agent solution was not 
added and cells were not passed through the acoustofluidic device. The fluorescence 
intensity of T cells increased by 5-fold after acoustofluidic treatment relative to the 
fluorescence intensity of T cells in the untreated control group, indicating enhanced 
delivery of fluorescein. Cell viability decreased slightly after acoustofluidic treatment but 
remained above 80% (p<0.05, n=3/group).” 

 



“Figure 3 demonstrates enhanced intracellular delivery of a preservative compound, 
trehalose, to human A549 lung carcinoma cells with acoustofluidic treatment compared 
to flow alone (no ultrasound contrast agents or ultrasound exposure) and compared to 
cells in the untreated control group (ANOVA p<0.05, n=3/group). A549 cells were 
suspended at a concentration of 100,000/mL in PBS with 200 mM trehalose solution and 
25 µL/mL ultrasound contrast agent solution, and the mixture was passed through the 
acoustofluidic device for ultrasound treatment. A549 cells in the control groups (“Flow 
Only” and “No Treatment”) were also suspended at 100,000/mL in PBS with 200 mM 
trehalose, but ultrasound contrast agent solution was not added and cells were not 
exposed to ultrasound treatment. Intracellular trehalose was quantified using a trehalose 
assay kit and normalized to the untreated control group. Cell viability was measured with 
trypan blue assay. There was no statistical difference in cell viability between groups (n=3-
7/group).” 

 
16. If any of the figures are reprinted from previously published figures, please include a reprint 

permission as well. 
We confirm that none of these figures were previously published.  
 
17. Please remove the word Aurdino from the figure as it is commercial. 
Thank you for this helpful comment. We have removed the word “Arduino” from Figure 1 as 
requested. 
 
18. Please expand on the limitation of the acoustic device. 
Thank you for this feedback. We have added additional text to expand on the limitations of this 
system: 
 

Line 428-432: “A limitation of this system is that the small acoustofluidic channels can easily 
become blocked by debris or cell aggregates. Thoroughly rinsing the channels between each 
sample will help prevent problems with channel blockage. In addition, multiple PDMS devices can 

be fabricated in each batch so that devices can be quickly replaced if necessary.” 
 
Line 474-476: “Acoustofluidic delivery of other biomolecules, such as proteins or DNA 
plasmids, is also possible, although a limitation of this system is that the efficiency of 
molecular delivery may be lower for larger compounds.18,31” 
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