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Abstract—Continuous-flow acoustofluidic technologies can potentially improve processing of T lymphocytes for
cell therapies by addressing the limitations with viral and non-viral delivery methods. The objective of this study
was to assess the intracellular delivery efficiency with acoustofluidic treatment compared with that of static ultra-
sound treatment. Optimization of parameters in acoustofluidic and static configurations was performed by
assessing intracellular delivery of a fluorescent compound (calcein) in viable human Jurkat T lymphocytes. Ultra-
sound pressure and the concentration of cationic phospholipid-coated microbubbles influenced calcein delivery in
both systems. In the static system, a treatment time of 45 s increased molecular delivery compared with 0�30 s (p
< 0.01). Refined parameters were used to assess molecular delivery of small and large compounds (0.6-kDa cal-
cein and 150-kDa fluorescein isothiocyanate�dextran, respectively) after ultrasound treatment with the acousto-
fluidic or static systems. Molecular delivery was similar with refined parameters for acoustofluidic treatment and
static treatment (p > 0.05), even though acoustofluidic treatment had lower microbubble concentration (24 mg/
mL vs. 94 mg/mL) and shorter treatment time (»2�3 s vs. 45 s). This study indicates that the acoustofluidic sys-
tem can significantly enhance intracellular molecular delivery, which could potentially enable acoustofluidic cell
transfection during continuous flow processing for manufacture of cell therapies or other applications. (E-mail:
jonathan.kopechek@louisville.edu) © 2022 World Federation for Ultrasound in Medicine & Biology. All rights
reserved.
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INTRODUCTION

Cell-based therapies have the capacity to significantly

improve treatment regimens for many diseases, includ-

ing cancer, autoimmune diseases, infectious diseases and

metabolic diseases (Deeks et al. 2002; Brentjens et al.

2007; Buzhor et al. 2014; Schuster et al. 2017; Annesley

et al. 2018; Ying et al. 2019). Recent developments in

adoptive cell therapies, specifically chimeric antigen

receptor (CAR) T cells, have significantly improved

patient outcomes in B-cell malignancies, such as leuke-

mia and lymphoma (Annesley et al. 2018). In fact, com-

plete remission rates have been observed in up to

80%�90% of B-cell acute lymphoblastic leukemia

patients after treatment in clinical trials (Davila et al.
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2014; Turtle et al. 2016; Gardner et al. 2017). Although

similar efficacy has yet to be observed with CAR T treat-

ment for other diseases, there is significant potential to

develop improved CAR T and other cell-based therapies,

which can enhance targeted cytotoxic activity while

reducing off-target effects (Choe et al. 2021). This

approach offers a distinct advantage over traditional can-

cer treatment regimens, such as chemotherapy and radia-

tion, by engineering a patient’s own immune cells to

directly attack cancer cells. However, limitations with

current processing techniques and technologies for CAR

T manufacturing, such as genotoxicity caused by viral

vectors, have prevented widespread adoption of this bio-

technology therapy (Stoiber et al. 2019).

For ex vivo modification of T lymphocytes, viral

vector technology is primarily being used. Viral vectors

have been found to have high efficacy in delivery of

nucleic acids to T lymphocytes; however, these results

are not reproducible in all cell types because intrinsic
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properties of certain cells make it difficult to consistently

deliver nucleic acids intracellularly. For example, innate

immune cells, such as dendritic cells and macrophages,

have evolved to rapidly recognize microbes (e.g.,

viruses) through pattern recognition receptors, which are

able to recognize common components observed in

invading microbes (Kawai and Akira 2010). This subse-

quently triggers downstream pathways to destroy the

detected microbes. Limitations with viral vector techni-

ques may include potential insertional mutagenesis,

undesired multiplicity of infection and limited non-

nucleic acid delivery, such as therapeutic proteins for

example. Non-viral transfection approaches have

focused on passive loading of human T lymphocytes via

physical techniques such as electroporation and shear

stress-mediated membrane permeabilization (Sugar and

Neumann 1984; Hashimoto and Takemoto 2015;

DiTommaso et al. 2018). Static electroporation techni-

ques have generated significant interest as this method

uses an applied voltage to induce transient perforation in

the plasma membrane and temporally improve intracel-

lular uptake (Sugar and Neumann 1984). However, cur-

rent electroporation methods have several limitations,

including challenges with scale-up for manufacturing

processes and generally lower delivery efficacy com-

pared with viral vectors (Nayerossadat et al. 2012). For

example, one recent study reported more than 95% trans-

duction in HeLa cells using viral delivery (Prel et al.

2015), while another study reported a transfection effi-

ciency of 66% with electroporation (Chicaybam et al.

2016). Recently, a microfluidic squeezing platform has

been developed that induces transient perforations in the

plasma membrane by taking advantage of the compres-

sion forces and the shear stress induced as cells pass

through a very narrow constricted channel at a high

velocity (Sharei et al. 2013; DiTommaso et al. 2018).

The formation of transient perforations enables biomole-

cules to diffuse from the extracellular buffer into the

cytosol (Sharei et al. 2013). However, a fundamental

limitation of this technology is the potential for cell

debris to cause blockage of the narrow microfluidic

channels and prevent consistent processing (Dressaire

and Sauret 2016).

To address these limitations, ultrasound technology

has the ability to rapidly delivery biomolecules intracel-

lularly using ultrasound contrast agents (i.e., microbub-

bles) to induce a mechanism known as “sonoporation”

(Bhutto et al. 2018; Centner et al. 2020). Sonoporation

occurs when ultrasound-induced microbubble cavitation

occurs near cell membranes. This phenomenon induces

transient perforation of the plasma membrane, which

allows intracellular transport of macromolecules that

may otherwise be an impermeant because of macromo-

lecular properties such as size, charge and polarity. The
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pores in the cell membrane typically repair quickly via

active repair mechanisms influenced by factors such as

pore size and Ca2+ concentration (Zhou et al. 2008; Hu

et al. 2013). This approach can potentially enable rapid

loading of biomolecules into cells with higher efficacy

and viability compared with other physical delivery

methods. Microbubbles are currently approved by the

U.S. Food and Drug Administration (FDA) for clinical

applications involving cardiac imaging, and are also in

development for gene therapy and biomolecular delivery

applications, including antigenic protein delivery and

transfection of immune cells such as dendritic cells and

T lymphocytes (Dewitte et al. 2014; Centner et al.

2021a, 2021b). The efficiency of intracellular delivery is

a fundamental parameter for effective ex vivo modifica-

tions of cells. The coupling of ultrasound and microbub-

bles potentially offers a solution to address the

intracellular delivery limitations of other physical sys-

tems. Static ultrasound delivery systems are often used

for ultrasound-based molecular delivery systems, which

involve single-element transducers or transducer arrays

placed in a medium, such as water or cell culture

medium, with cells suspended or adhered in a static sam-

ple chamber, such as a well plate, petri dish or test tube.

However, the volume of these static systems is generally

limited by heterogeneous ultrasound pressures outside

the ultrasound focus, and throughput is a significant limi-

tation for potential large-scale processing of cell-based

therapies. Previously, 500-mL solutions with 1 min of

ultrasound exposure were used for molecular delivery

applications (Janis et al. 2021), which enables a maxi-

mum processing rate of 30 mL/h.

Acoustofluidic technologies (i.e., coupling of ultra-

sound and fluidic channels) represent a potential solution

to these challenges. Previous studies have determined

that acoustofluidics can rapidly enhance intracellular

delivery of molecular compounds (Belling et al. 2020;

Centner et al. 2020). Some studies have investigated

contrast agent-free acoustofluidic methods for molecular

delivery applications (Carugo et al. 2011; Longsine-

Parker et al. 2013; Belling et al. 2020). Initial studies,

however, had limited processing rates (0.1 mL/min) or

required coupling of electroporation to induce sufficient

transient perforation (Carugo et al. 2011; Longsine-

Parker et al. 2013). Recently, contrast agent-free acous-

tofluidic methods have also induced molecular delivery

by utilizing acoustic radiation force to push cells toward

the capillary wall coated with a tethered DNA molecule

(Belling et al. 2020). Tethering molecules to the capil-

lary wall may not be feasible for some types of biomole-

cules, and the tethering process may not be compatible

with typical aseptic processing methods used for cell

therapy manufacturing. We have previously developed

acoustofluidic systems that use exogenous microbubbles
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to enhance molecular delivery to multiple cell types,

including cancer cells, erythrocytes and T lymphocytes

(Centner et al. 2020, 2021a, 2021b; Janis et al. 2021).

This approach has the capacity to process cell solutions

with continuous flow rates >100 mL/h, which signifi-

cantly increases throughput compared with static sys-

tems (Centner et al. 2020; Janis et al. 2021). Although

acoustofluidics technology has the potential to address

limitations of static ultrasound systems for cell process-

ing, the delivery efficiency of each system has not been

directly compared.

The objective of this study was to optimize and

compare the molecular delivery efficiency using a static

ultrasound system and an acoustofluidic system, by mod-

ulating microbubble concentration, ultrasound output

pressure and ultrasound exposure duration. Although the

concepts of sonoporation and ultrasound-mediated

molecular delivery are well established, ultrasound-

mediated molecular delivery with acoustofluidic systems

is not well characterized. In this study, we initially

assessed the effect of several key parameters on intracel-

lular delivery efficiency of a fluorescent compound (cal-

cein) in human T lymphocytes. After optimizing key

parameters for the static ultrasound system and the

acoustofluidic system, we also compared the intracellular

delivery efficiency of molecular compounds of different

size (0.6-kDa calcein and 150-kDa fluorescein isothiocy-

anate [FITC]�dextran) after treatment in each system.

The molecular weight of 150-kDa FITC-dextran is simi-

lar to or larger than those of many proteins (Billett

1990), including clustered regulatory interspaced palin-

dromic repeat (CRISPR) enzymes which can be used for

gene editing in CAR T therapy. These results provide

new insights into the optimal system and conditions for
Fig. 1. (a) Static configuration with an ultrasound imaging pro
bubble cavitation in cell solution for enhanced molecular deliv
fluidic device with an ultrasound imaging probe transmitting
microbubble cavitation occurs in cell solution for enhanced m

(c) Concentric spiral acoustofluidic device design wi
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ultrasound-enhanced molecular delivery of anchorage-

independent cells such as T lymphocytes.
METHODS

Molecular delivery to human T lymphocytes

Jurkat T lymphocytes were cultured in RPMI-1640

medium (Cytiva Life Sciences, Marlborough, MA,

USA) supplemented with 10% fetal bovine serum (FBS)

and 1% penicillin/streptomycin at 37˚C and 5% CO2 in a

flat-bottom tissue culture flask. Jurkat T lymphocytes

were harvested when 70%�90% confluent and were

resuspended in complete RPMI-1640 at a concentration

of 100,000 cells/mL after centrifugation at 1500g for

5 min at 4˚C. Intracellular delivery of calcein (Sigma-

Aldrich, St. Louis, MO, USA) was used to determine

optimal parameters in each system for microbubble con-

centration, ultrasound pressure and ultrasound exposure

duration, after ultrasound treatment with an extracellular

calcein concentration of 160 mM. Microbubble concen-

trations between 0 and 94 mg/mL were tested, as were

peak negative ultrasound output pressures between 0 and

5.1 MPa and ultrasound exposure durations up to 60 s.

After optimization of microbubble concentration, ultra-

sound pressure and ultrasound exposure duration for the

static system (Fig. 1a) and the acoustofluidic system

(Fig. 1b), delivery efficiency was compared by utilizing

a small molecule (0.6-kDa calcein) and a large molecule

(150-kDa FITC�dextran, Sigma-Aldrich) at a concen-

tration of 1 mM.

After ultrasound treatment, cells were centrifuged

and washed three times with phosphate-buffered solution

(PBS) to remove extracellular fluorescent compounds.

Flow cytometry (MACSquant, Miltenyi Biotec, Bergisch
be transmitting pulsed ultrasound signal to induce micro-
ery to Jurkat T lymphocytes (not to scale). (b) Acousto-
pulsed ultrasound signal into the fluidic channel so that
olecular delivery to Jurkat T lymphocytes (not to scale).
th 1-£ 1-mm channel geometry (not to scale).
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Gladbach, Germany) was used to measure intracellular

molecular delivery by computing the mean fluorescence

intensity after gating out non-viable cells as determined

by propidium iodide (PI) staining. On the basis of prior

studies, membrane repair typically occurs within min of

sonoporation (Fan et al. 2012; Hu et al. 2013; Centner et

al. 2021a, 2021b). Therefore, PI was added to samples

30�60 min after ultrasound treatment to ensure suffi-

cient time for membrane repair so that DNA staining

was minimized in viable cells. Representative flow

cytometry scatterplots in Figure 2 illustrate the gating
Fig. 2. Representative flow cytometry scatterplot of Jurkat T ly
(FITC) fluorescence intensity and propidium iodide fluorescen
cells (PI�) and values in the right-half plane represent non-v
cytometry scatterplot for a sample with ultrasound treat
FITC�dextran. (b) Representative flow cytometry scatterplot f
without ultrasound treatment. (c) Representative flow cytometr
acoustofluidic treatment and cationic microbubbles, indicating

ble (PI�) c
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procedure after ultrasound treatment. As seen in the scat-

terplots, propidium iodide fluorescence increases after

acoustofluidic treatment (with or without FITC�dextran

in these representative samples), which causes a larger

number of cells to move into the right-hand quadrants.

Furthermore, FITC fluorescence increases after acousto-

fluidic treatment with FITC�dextran, which causes a

larger number of cells to move into the upper quadrants.

Cells that stained positive for PI were gated out because

of loss of viability, and the mean fluorescence intensity

was computed for all viable cells remaining (PI-nega-
mphocyte population based on fluorescein isothiocyanate
ce intensity. Values in the left-half plane indicate viable
iable cells (PI+), respectively. (a) Representative flow
ment and cationic microbubbles in the absence of
or a flow-only control sample exposed to FITC�dextran
y scatterplot for a sample exposed to FITC�dextran with
that FITC fluorescence is significantly increased for via-
ells.

ille from ClinicalKey.com by Elsevier on December 08, 
n. Copyright ©2023. Elsevier Inc. All rights reserved.



94 Ultrasound in Medicine & Biology Volume 49, Number 1, 2023
tive), which were located in the lefthand quadrants of the

scatterplots. The FITC gate (between upper and lower

quadrants) was not used for fluorescence intensity analy-

sis but is seen in this figure to illustrate the shift in fluo-

rescence above baseline after ultrasound treatment,

indicating intracellular delivery of fluorescent com-

pounds in viable T lymphocytes.

Static ultrasound treatment

Static ultrasound treatment was performed in a cus-

tom setup as illustrated in Figure 1a, where static refers

to the fluid dynamics of the cell solution rather than the

dynamic ultrasound wave. This setup was used in previ-

ous sonoporation studies (Janis et al. 2021), and is based

on similar static sonoporation chambers described in the

literature (Miller et al. 1999; Kopechek et al. 2015).

Jurkat T lymphocytes (100,000 cells in 1 mL of supple-

mented RPMI medium) were transferred to 15-mL cen-

trifuge tubes with fluorescent compound (calcein or

FITC�dextran) and cationic microbubbles 1 min before

ultrasound treatment. The centrifuge tube was placed in

a water tank 40 mm away (ultrasound focus) from the

P4-1 ultrasound transducer (2.5-MHz center frequency,

ATL, Bothell, WA, USA), and B-mode pulses were gen-

erated by an ultrasound imaging system (Vantage 64LE,

Verasonics, Kirkland, WA, USA) with a pulse repetition

frequency (PRF) of 3333 Hz and duty cycle <1%. The

free-field ultrasound pressure output was measured using

a 0.2-mm needle hydrophone (Precision Acoustics, Dor-

set, UK) at 40 mm away from P4-1 transducer.

Acoustofluidic treatment

Acoustofluidic treatment was performed in a flow

chamber as illustrated in Figure 1b and 1c. The acousto-

fluidic flow chamber consisted of a concentric spiral

channel geometry designed in SolidWorks (Waltham,

MA, USA) and fabricated in Accura 60 plastic using

stereolithography 3-D printing (Xometry, Gaithersburg,

MD, USA) with a cross-sectional channel diameter of

1£ 1 mm. The concentric spiral design was used to max-

imize the exposure duration for cells within the ultra-

sound beam. Stainless-steel barbed tube fittings (10�32

threads, McMaster-Carr, Elmhurst, IL, USA) were

inserted into pre-threaded inlet and outlet ports for con-

nection with polyvinyl chloride (PVC) tubing (1/16 in. i.

d., McMaster-Carr). Cells were pumped through acous-

tofluidic channels using a peristaltic pump at a flow rate

of 1.5 mL/min (Boxer GmbH, Ottobeuren, Germany),

resulting in approximately 2�3 s of ultrasound exposure.

A peristaltic pump was used in this study as these are

often used for aseptic cell therapy manufacturing pro-

cesses, but it should be noted that this pump causes pul-

satile flow. An ATL P4-1 ultrasound transducer was
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placed directly on top of the plastic acoustofluidic device

with a thin layer of ultrasound gel used for acoustic cou-

pling, and B-mode pulses (2.5 MHz, 12-mm focus,

3333-Hz PRF) were generated by a Verasonics Vantage

64LE ultrasound imaging system. The free-field ultra-

sound pressure output was measured using a 0.2-mm

needle hydrophone (Precision Acoustics) 40 mm away

from P4-1 transducer. In situ ultrasound pressures within

the acoustofluidic channel could not be measured

directly. Current approaches to characterize ultrasound

fields within acoustofluidic channels typically use theo-

retical simulations of the acoustic field or measurements

of motile cells that redistribute spatially based on acous-

tic pressure patterns within the channels (Barnkob and

Bruus 2009; Kim et al. 2021). In this study, we reported

calibrated free-field output pressure measurements as

previously described (Centner et al. 2020, 2021a, 2021b;

Janis et al. 2021).
Microbubble synthesis

Cationic microbubbles were synthesized as previ-

ously described to form gas-filled microspheres encapsu-

lated by a phospholipid shell (Kopechek et al. 2019). A

microbubble formulation with cationic surface charge

was used in this study for molecular delivery applica-

tions to T lymphocytes, as we previously demonstrated

that acoustofluidic treatment with cationic microbubbles

significantly enhances molecular delivery compared

with a microbubble formulation with a neutral surface

charge (Centner et al. 2021a, 2021b). Chloroform solu-

tions of 1,2-distearoyl-sn-glycero-3-phosphocholine

(DSPC, Avanti Lipids, Alabaster, AL, USA), 1,2-dis-

tearoyl-sn-glycero-3-ethylphosphocholine (DSEPC,

Avanti Lipids), 1,2-distearoyl-sn-glycero-3-phosphogly-

cerol (DSPG, Avanti Lipids) and polyethylene glycol-40

stearate (Sigma-Aldrich, St. Louis, MO, USA) at a molar

ratio of 100:43:1:4.5 were combined in a 20-mL glass

vial and desiccated to remove chloroform. An aqueous

micellar lipid solution was prepared by adding PBS and

sonicating (Qsonica, Newtown, CT, USA) to resuspend

the dry lipid film. The resulting 10 mg/mL phospholipid

solution was diluted 1:4 in PBS and sealed in a glass

vial. The vial head space was filled with decafluorobu-

tane gas (FlouroMed, Round Rock, TX, USA), followed

by amalgamation for 45 s at 4350 cpm (DB-338, COXO,

Foshan City, China) to form perfluorobutane gas�filled

microbubbles (MBs). This synthesis process yields

approximately 2£ 109 microbubbles/mL with a mean

diameter of 2 § 1 mm determined with a Coulter counter

as previously described (Kopechek et al. 2019). A repre-

sentative brightfield microscopy image of the microbub-

ble solution is provided in Figure 3.
ille from ClinicalKey.com by Elsevier on December 08, 
n. Copyright ©2023. Elsevier Inc. All rights reserved.



Fig. 3. Representative brightfield microscopy image of cationic microbubbles, which can oscillate in response to ultra-
sound waves and enhance molecular delivery to nearby cells. Bar = 50 mm.
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Microbubble attenuation measurement

Acoustic attenuation measurements of microbubble

solutions, which contained 100,000 T lymphocytes/mL

in supplemented RPMI medium, were conducted in a

separate acoustic chamber as previously described

(Centner et al. 2021a, 2021b) to assess the effect of

microbubble concentrations, ultrasound treatment pres-

sure and treatment time duration on microbubble

destruction in the static and acoustofluidic configura-

tions. A 3-D-printed acoustic chamber was designed in

SolidWorks and fabricated using an Ender-3 3D printer

(Creality, Shenzhen, China) with a fused filament depo-

sition of 1.75-mm polylactic acid (PLA) filament

(McMaster-Carr). Two lead zirconate titanate (PZT)

transducers with a center frequency of 3.3 MHz and a

diameter of 25 mm (Stem Inc., Davenport, FL, USA)

were aligned opposite each other at a distance of 31 mm.

The transducers were used as a source and receiver,

respectively, to measure acoustic attenuation through

each microbubble sample. The microbubble solution

was added to 4.5-mL disposable polystyrene cuvettes

(VWR, Radnor, PA, USA) with a 1-cm acoustic path

length, which were placed in the acoustic chamber at the

center of the ultrasound beam. Samples that were tested

at different microbubble concentrations were diluted at a

1:4 ratio in 3 mL of PBS to prevent saturation of the

acoustic attenuation signal. A waveform generator

(DG822, Rigol, Suzhou, China) was used to generate a

3.3-MHz pulse with 500-cycle pulses at an interval of

10 ms. Received ultrasound signals were acquired using

a digital oscilloscope (DS1202Z-E, Rigol) at a sampling

rate of 10 MHz. All signals were transferred to a desktop

computer for processing with MATLAB (The Math-

Works, Natick, MA, USA). The attenuation coefficient

was calculated using previously described methods
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(Kopechek et al. 2011). The attenuation coefficient in

decibels per centimeter, adB/cm, was calculated where Sr
and Ss are the average power spectrum with and without

ultrasound scatter, respectively, and x is the acoustic

path distance, measured in centimeters, between the

acoustic source and acoustic receiver:

adB=cm ¼
10 log Sr=Ssð Þ

x
ð1Þ

The peak magnitude in the frequency domain was deter-

mined at 3.3 MHz for each sample. Without ultrasound,

scatter references were acquired with Jurkat T solution

containing no microbubbles diluted at a 1:4 ratio in

3 mL of PBS.
Statistical analysis

Statistical analysis was performed using analysis of

variance (ANOVA), where statistical significance is

defined as p < 0.05, and n represents individual repeats

for each experiment. Between-group comparisons were

applied by using post hoc analysis with Tukey’s test. Sta-

tistical analysis was performed using SPSS 26 (IBM,

Armonk, NY, USA). Bars in figures represent the mean

§ standard error.
RESULTS

Effect of microbubble concentration on intracellular

calcein delivery in static ultrasound system

Ultrasound-mediated delivery of calcein to Jurkat T

lymphocytes at various microbubble concentrations was

evaluated using flow cytometry measurements after

ultrasound treatment at an output pressure of 3.8 MPa

with an ultrasound exposure time of 30 s. The ultrasound

output pressure of 3.8 MPa was previously identified to
ille from ClinicalKey.com by Elsevier on December 08, 
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be the minimum acoustic pressure required for complete

microbubble destruction during acoustofluidic treatment

(Centner et al. 2021a, 2021b). Cationic microbubble con-

centrations between 0 and 94 mg/mL were tested, and the

highest level of molecular delivery occurred after ultra-

sound treatment at a microbubble concentration of 94

mg/mL (Fig. 4a, ANOVA p < 0.001, n = 7 or 8/group).

Post hoc analysis indicated that intracellular fluores-

cence was significantly higher after ultrasound treatment

at a microbubble concentration of 94 mg/mL compared

with 0, 5, 9 or 24 mg/mL, respectively (p < 0.01). No

statistically significant difference in molecular delivery

was detected between the 47 and 94 mg/mL microbubble

concentrations (p > 0.05). Measurements of cell mem-

brane integrity using propidium iodide (PI) staining, as

an indicator of cell viability, revealed a general decreas-

ing trend at increasing microbubble concentrations

(Fig. 4b, ANOVA p < 0.001, n = 7 or 8/group). Cell via-

bility was significantly lower after ultrasound treatment

with 94 mg/mL microbubble concentration compared

with treatment with 0, 5, 9, 24 or 47 mg/mL, respectively

(p < 0.05), although differences in cell viability between

treatment conditions were relatively small and viability

remained above 80% after treatment at all microbubble

concentrations between 0 and 94 mg/mL. Acoustic atten-

uation of each sample was also measured to assess the

effect of ultrasound treatment on microbubble destruc-

tion at each microbubble concentration. Compared with

acoustic attenuation measurements in negative control

samples without ultrasound treatment, no statistically

significant differences in microbubble destruction were

observed at microbubble concentrations of 5, 9 and 24

mg/mL, respectively (Fig. 4c, ANOVA p > 0.05, n = 6/

group), possibly because of low sensitivity of the
Fig. 4. (a) Delivery efficacy of calcein (100 mg/mL) with var
treatment (3.8 MPa, 30s). The 94 mg/mL microbubble concen
pared with the 0�9 mg/mL microbubble concentrations (analy
and 24 mg/mL microbubble concentration (p < 0.01). (b) The 9
ity compared with the 0�24 mg/mL microbubble concentration
(p < 0.05), respectively. Cell viability remained >80% for al
cantly reduced for the 47 and 94 mg/mL microbubble concent
ultrasound-treatment controls, indicating significant microbubb

p < 0.001, n =

Downloaded for Anonymous User (n/a) at University of Louisv
2023. For personal use only. No other uses without permissio
acoustic attenuation measurements at these microbubble

concentrations. However, significant microbubble

destruction was detected after ultrasound treatment at

microbubble concentrations of 47 and 94 mg/mL, respec-

tively (p < 0.001). Intracellular fluorescence intensity

levels were highly correlated with levels of microbubble

destruction (R2 = 0.94), which suggests that increased

microbubble destruction is associated with enhanced

intracellular molecular delivery during ultrasound treat-

ment in a static system. Furthermore, cell viability was

inversely correlated with microbubble destruction

(R2 = 0.99).

Effect of microbubble concentration on intracellular

calcein delivery in acoustofluidic device

Intracellular delivery of calcein in Jurkat T lympho-

cytes was evaluated using flow cytometry after acousto-

fluidic treatment at various microbubble concentrations.

Post hoc analysis indicated that calcein delivery was sig-

nificantly enhanced after acoustofluidic treatment with

the 24 mg/mL microbubble concentration, compared

with all other microbubble concentrations tested with the

acoustofluidic system (Fig. 5a, ANOVA p < 0.001, 5 or

6/group). Cell viability was slightly lower after acousto-

fluidic treatment at the 24 mg/mL microbubble concen-

tration compared with the negative control group

without acoustofluidic treatment or compared with the

acoustofluidic treatment at a microbubble concentration

of 5 or 9 mg/mL, respectively (Fig. 5b, ANOVA p <

0.001, n = 5 or 6/group), but cell viability remained

above 85% after acoustofluidic treatment at all micro-

bubble concentrations tested between 0 and 94 mg/mL.

Acoustic attenuation was very low after acoustofluidic

treatment with microbubble concentrations of 5, 9 and
ying microbubble concentrations using static ultrasound
tration enhanced biomolecular delivery of calcein com-
sis of variance [ANOVA] p < 0.001, n = 7 or 8/group)
4 mg/mL microbubble concentration had reduced viabil-
s (p < 0.001) and 47 mg/mL microbubble concentration
l treatment groups. (c) Acoustic attenuation was signifi-
rations when treated with ultrasound compared with no-
le destruction occurred at these concentrations (ANOVA
6/group).
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Fig. 5. (a) Delivery efficacy of calcein (100 mg/mL) with varying microbubble concentrations using acoustofluidic treat-
ment (3.8 MPa). The 24 mg/mL microbubble concentration enhanced molecular delivery of calcein compared with all
other microbubble concentrations (analysis of variance [ANOVA] p < 0.001, n = 5 or 6/group). (b) The 24 mg/mL
microbubble concentration had decreased viability compared with lower microbubble concentrations (0�9 mg/mL).
However, cell viability remained >85% for all treatment groups. (c) Acoustic attenuation was significantly reduced for
47 mg/mL (ANOVA p < 0.05, n = 6/group) and 94 mg/mL (p < 0.001) microbubble concentrations when treated with
ultrasound compared with no-ultrasound-treatment controls, indicating significant microbubble destruction occurred at

these concentrations.
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24 mg/mL, although there were no statistically signifi-

cant differences (Fig. 5c, ANOVA p > 0.05, n = 6/

group). Significant microbubble destruction was

observed after acoustofluidic treatment at 47 and 94 mg/

mL microbubble concentrations, respectively, compared

with measurements at microbubble concentrations of 47

and 94 mg/mL without ultrasound treatment (p < 0.05

and p < 0.001, respectively). Microbubble destruction

was poorly correlated with relative intracellular fluores-

cence levels (R2 = 0.00), which suggests that increased

microbubble destruction is not associated with enhanced

molecular delivery based on microbubble concentration

in the acoustofluidic system.
Effect of ultrasound output pressure on molecular

delivery in static ultrasound system

Molecular delivery was evaluated with flow cytom-

etry after treatment with a static ultrasound system at
Fig. 6. (a) Static ultrasound treatment (30 s) with the 94 mg/m
output pressure. The 5.1-MPa peak negative pressure enhance
pressures (0 and 2.5 MPa) (analysis of variance [ANOVA] p
>65% in all samples. Cationic microbubbles present with and
sures. (c) Acoustic attenuation was significantly reduced in

(ANOVA p < 0.001, n = 6/group), indicating microb
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various ultrasound pressures for 30 s with a microbubble

concentration of 94 mg/mL. Ultrasound treatment signif-

icantly enhanced molecular delivery compared with the

negative control group without ultrasound treatment

(Fig. 6a, ANOVA p < 0.001, n = 9 or 10/group). Post

hoc analysis indicated that there was a statistically sig-

nificant increase in molecular delivery at a peak negative

output pressure of 5.1 MPa compared with no ultrasound

(0 MPa) and 2.5-MPa ultrasound pressure output (p <

0.001), but no statistically significant differences were

detected between ultrasound output pressures of 3.8 and

5.1 MPa (p > 0.05). Flow cytometry analysis of PI stain-

ing indicated a general trend of decreasing cell viability

with increasing ultrasound output pressure. Post hoc

analysis indicated that cell viability after treatment with

at an ultrasound output pressure of 5.1 MPa was signifi-

cantly lower compared with treatment with ultrasound

output pressures of 0 MPa (no ultrasound) or 2.5 MPa
L microbubble concentration and varying peak negative
d calcein (100 mg/mL) delivery compared with all other
< 0.001, n = 9 or 10/group). (b) Cell viability remained
without ultrasound treatment at different treatment pres-
samples treated with ultrasound pressures >2.5 MPa
ubble destruction at higher acoustic pressures.
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(Fig. 6b, ANOVA p < 0.001, n = 9 or 10/group).

Although cell viability was reduced with ultrasound

treatment, under all treatment conditions, more than

65% of cells remained viable. Acoustic attenuation of

each sample was measured to assess the effect of ultra-

sound output pressure on microbubble destruction during

treatment in the static system. A significant decrease in

acoustic attenuation was observed with ultrasound treat-

ment compared with no ultrasound treatment (Fig. 6c,

ANOVA p < 0.001, n = 6/group). Post hoc analysis indi-

cated that there was a statistically significant difference

in attenuation after treatment at ultrasound output pres-

sures of 3.8 and 5.1 MPa compared with no ultrasound

treatment (p < 0.001), indicating that higher ultrasound

pressures are required for significant levels of microbub-

ble destruction during treatment for 30 s with a micro-

bubble concentration of 94 mg/mL. No statistically

significant differences in microbubble destruction were

observed between ultrasound output pressures of 3.8 and

5.1 MPa (p > 0.05). Microbubble destruction was highly

correlated with relative intracellular fluorescence levels

(R2 = 0.91), which suggests that increased microbubble

destruction is associated with enhanced intracellular

molecular delivery during ultrasound treatment in a

static system.

Effect of ultrasound output pressure on molecular

delivery in acoustofluidic system

Acoustofluidic-mediated molecular delivery was

evaluated with flow cytometry after treatment at various

peak negative ultrasound output pressures between 0 and

5.1 MPa. A significant increase in calcein delivery was

detected after ultrasound treatment with the acoustoflui-

dic device, compared with the negative control group

that did not undergo ultrasound treatment (Fig. 7a,
Fig. 7. (a) Efficacy of acoustofluidic device in delivery of calc
tion and varying peak negative output pressures; 3.8 and 5.1 M
compared with 0 MPa (no ultrasound treatment) and 2.5 MPa
group). (b) Cell viability was reduced in 3.8- and 5.1-MPa treat
tively (p < 0.001). Cell viability remained >75% in all sampl
samples treated with ultrasound pressures >2.5 MPa compa
(ANOVA p < 0.001, n = 4�6/group). Additionally, 3.8 MPa (p

attenuation compared with 2.5 MPa, indicating micro
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ANOVA p < 0.001, n = 6 or 7/group). Post hoc analysis

indicated that molecular delivery in the acoustofluidic

system was significantly enhanced at ultrasound output

pressures of 3.8 and 5.1 MPa compared with 0 MPa (no

ultrasound) and 2.5 MPa (p < 0.001). Post hoc analysis

also indicated that there was no statistically significant

difference in molecular delivery between ultrasound out-

put pressures of 3.8 and 5.1 MPa (p > 0.05). Flow

cytometry analysis of PI staining indicated that acousto-

fluidic treatment reduced cell viability compared with

the negative control group without ultrasound (Fig. 7b,

ANOVA p < 0.001, n = 6 or 7/group). Treatment with

higher ultrasound output pressures (3.8 and 5.1 MPa)

caused a statistically significant decrease in viability

compared with no ultrasound treatment (0 MPa) and

treatment at lower ultrasound output pressures (2.5 MPa,

p < 0.001), respectively. However, cell viability

remained above 75% viability after acoustofluidic treat-

ment under all treatment conditions (peak negative ultra-

sound output pressure between 0 and 5.1 MPa). Acoustic

attenuation of each sample was measured to assess the

effect of acoustofluidic ultrasound pressures on micro-

bubble destruction. No statistically significant differen-

ces in microbubble destruction were observed after

treatment at ultrasound output pressures of 0 MPa (no

ultrasound) or 2.5 MPa (Fig. 7c, ANOVA p > 0.05,

n = 4�6/group), but there was a significant decrease in

acoustic attenuation after acoustofluidic treatment at

ultrasound output pressures of 3.8 and 5.1 MPa, com-

pared with the control group without ultrasound. Addi-

tionally, acoustic attenuation was higher after

acoustofluidic treatment at an ultrasound output pressure

of 2.5 MPa compared with treatment at ultrasound output

pressures of 3.8 MPa (p < 0.05) and 5.1 MPa (p < 0.01),

indicating higher levels of microbubble destruction at
ein (100 mg/mL) with 24 mg/mL microbubble concentra-
Pa enhanced calcein delivery in Jurkat T lymphocytes
(analysis of variance [ANOVA] p < 0.001, n = 6 or 7/
ments compared with 0- and 2.5-MPa treatments, respec-
es. (c) Acoustic attenuation was significantly reduced in
red with flow conditions without ultrasound treatment
< 0.05) and 5.1 MPa (p < 0.01) had decreased acoustic
bubble destruction at higher acoustic pressures.
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increased ultrasound pressures in the acoustofluidic

device. Intracellular fluorescence levels and microbubble

destruction were highly correlated (R2 = 0.99), which

suggests that increased microbubble destruction is asso-

ciated with intracellular molecular delivery during

acoustofluidic treatment.

Effect of ultrasound treatment time on molecular

delivery in static system

The effect of various ultrasound treatment durations

between 0 and 60 s was tested with flow cytometry after

treatment in the static system at a microbubble concen-

tration of 94 mg/mL. Ultrasound treatment increased

molecular delivery compared with the negative control

group without ultrasound treatment (0-s treatment dura-

tion; Fig. 8a, ANOVA p < 0.001, n = 7�9/group). Post

hoc analysis indicated that molecular delivery was sig-

nificantly higher with a 45-s treatment duration than

with a 15-s (p < 0.001) or 30-s (p < 0.01) treatment

duration, but no statistical difference was detected

between 45- and 60-s treatment durations (p > 0.05).

Flow cytometry analysis of PI staining indicated a gen-

eral trend that as treatment time increased, there was a

corresponding decrease in cell viability. Post hoc analy-

sis revealed a statistically significant decrease in cell via-

bility after ultrasound treatment compared with the

negative control group without ultrasound treatment

(Fig. 8b, ANOVA p < 0.01, n = 7�9/group), but there

were no statistically significant differences in cell viabil-

ity between ultrasound treatment groups, and cell viabil-

ity remained at 75% in all treatment conditions

(ultrasound treatment durations between 0 and 60 s).

Acoustic attenuation of each sample was measured to

assess the effect of ultrasound treatment duration in a

static system on intracellular molecular delivery. Post
Fig. 8. (a) Delivery efficacy of calcein (100 mg/mL) with var
MPa, 94 mg/mL microbubble concentration). Static ultrasound
delivery of calcein compared with no ultrasound treatment (0 s
variance [ANOVA] p < 0.001, n = 7�9/group). Additionally, 4
ery compared with 30 s of static ultrasound treatment (p < 0.0
ultrasound treatment time (p < 0.05). (b) Cell viability was re
(no ultrasound, p < 0.01). Cell viability remained a >70% for
cantly reduced in samples with �30 s of ultrasound treatment

group)
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hoc analysis indicated that acoustic attenuation was sig-

nificantly decreased in samples with ultrasound treat-

ment durations �30 s compared with the negative

control group without ultrasound treatment (0 s, Fig. 8c,

ANOVA p < 0.01, n = 6�12/group), indicating that

microbubble destruction persists for more than 15 s dur-

ing ultrasound treatment. However, no statistically sig-

nificant differences in acoustic attenuation were detected

between ultrasound treatment durations of 30, 45 and

60 s (p > 0.05). A significant correlation was still

observed between microbubble destruction and molecu-

lar delivery with an R2 of 0.94, suggesting that increased

microbubble destruction is highly correlated with

increased molecular delivery.

Effect of ultrasound treatment duration on molecular

delivery in acoustofluidic system

The impact of ultrasound treatment duration on cal-

cein delivery to Jurkat T lymphocytes was investigated

with flow cytometry after treatment in the acoustofluidic

system. Samples were circulated through the acoustoflui-

dic device once or twice (1£ and 2£ ultrasound dura-

tions, respectively), with a microbubble concentration of

24 mg/mL added before each pass through the device)

and with (3.8-MPa ultrasound output pressure) or with-

out ultrasound treatment. Exposure time for the acousto-

fluidic group is approximately 2�3 s per exposure with a

flow rate of 100 mL/h. Molecular delivery was signifi-

cantly higher after 1£ and 2£ ultrasound treatments

compared with the respective negative control groups

without ultrasound treatment (Fig. 9a, ANOVA p <

0.001, n = 6/group). Although the ultrasound treatment

duration was double in the 2£ treatment group, post hoc

analysis indicated that there was no statistically signifi-

cant difference in calcein delivery between the two
ying treatment times for static ultrasound treatment (5.1
treatment times of 45 and 60 s enhanced biomolecular

) and 15 s of static ultrasound treatment time (analysis of
5 s of static ultrasound treatment enhanced calcein deliv-
1). Similar results were observed between 45 and 30 s of
duced with 60-s treatment compared with 0-s treatment
all treatment groups. (c) Acoustic attenuation was signifi-
time compared with 0 s (ANOVA p < 0.01, n = 6�12/
.
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Fig. 9. (a) Delivery efficacy of calcein (100 mg/mL) with varying treatment time for acoustofluidic treatment (3.8 MPa,
24 mg/mL microbubble concentration). The 1£ and 2£ acoustofluidic treatments enhanced biomolecular delivery of
calcein compared with their no ultrasound treatment control, respectively (analysis of variance [ANOVA] p < 0.001,
n = 6/group). (b) Cell viability remained >85% for all treatment groups with no statistical significance detected between
groups. (c) Acoustic attenuation was significantly reduced in samples with multiple acoustofluidic treatments compared
with the multiple flow-only control in which microbubbles were added prior to each treatment (ANOVA p < 0.001,

n = 6/group).
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ultrasound treatment duration groups, as measured by

flow cytometry (p > 0.05). Flow cytometry analysis of

PI staining indicated that there were no significant differ-

ences in cell viability between ultrasound treatment

groups and control groups without ultrasound treatment,

and cell viability remained above 85% in each group

(Fig. 9b, ANOVA p > 0.05, n = 6/group).

The effect of ultrasound treatment on microbubble

destruction was assessed after acoustofluidic treatment.

No statistically significant difference in acoustic attenua-

tion was detected between the 1£ ultrasound treatment

duration and no ultrasound treatment (Fig. 9c, ANOVA

p > 0.05, n = 6/group), but a significant difference in

attenuation was measured between the 2£ ultrasound

treatment duration and no ultrasound treatment (p <

0.001).
Comparison of refined static and acoustofluidic

conditions on intracellular molecular delivery

The efficiency of intracellular molecular delivery in

Jurkat T lymphocytes was measured after treatment in

the static system and the acoustofluidic system under

refined conditions for direct comparison between config-

urations. Delivery of a small molecule (calcein, 0.6 kDa)

and that of a large molecule (FITC�dextran, 150 kDa)

were measured for comparison. Static ultrasound treat-

ment and acoustofluidic treatment significantly enhanced

molecular delivery of calcein (Fig. 10a, ANOVA p <

0.01, n = 5 or 6/group) and 150 kDa FITC�dextran (p <

0.001) compared with negative control groups without

ultrasound treatment. There was no statistically signifi-

cant difference in intracellular delivery of calcein or

150-kDa FITC�dextran between static ultrasound treat-

ment and acoustofluidic treatment (p > 0.05), indicating

that the acoustofluidic system achieved molecular deliv-

ery results similar to those of static ultrasound treatment.
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Flow cytometry analysis of PI staining indicated that

there was a statistically significant decrease in cell via-

bility after treatment with the static ultrasound system

(Fig. 10b, ANOVA p < 0.001, n = 5 or 6/group) and

acoustofluidic treatment (p < 0.001) compared with neg-

ative control groups without ultrasound. However, no

statistically significant differences in cell viability were

detected between ultrasound configurations (p > 0.05),

and cell viability remained >70% after all treatment

conditions tested.

Cell viability was also measured using trypan blue

assay immediately after treatment (day 0) and 2 d after

treatment to assess cell survival and proliferation over

time after treatment. As illustrated in Figure 11, the num-

ber of viable cells did not statistically differ between

acoustofluidic treatment and the flow-only control group

immediately after treatment (ANOVA p > 0.05, n = 5/

group). At 2 d after treatment, the number of viable cells

was higher in the flow-only control group compared

with the acoustofluidic treatment group (p < 0.001), but

cell proliferation was evident in both groups because of

the higher numbers of viable cells compared with day 0

(p < 0.001). These results indicate that a large number

of cells remain viable and continue to proliferate after

acoustofluidic treatment.
DISCUSSION

Acoustofluidics is a rapidly developing field with a

broad range of applications such as particle/cell manipu-

lation and separation (Bruus et al. 2011; Gedge and Hill

2012; Lenshof et al. 2012; Wu et al. 2017). More

recently, acoustofluidic-mediated delivery has generated

significant interest (Belling et al. 2020; Centner et al.

2020, 2021a, 2021b; Salari et al. 2021). However, acous-

tofluidic-mediated molecular delivery to cells has not

been directly compared with static ultrasound systems.
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Fig. 10. (a) Delivery efficacy using 0.6 mg/mL (1 mM) of calcein (0.6 kDa) and 150 mg/mL (1 mM) of 150-kDa fluores-
cein isothiocyanate (FITC)�dextran was assessed with refined static treatment (5.1 MPa, 45 s and 94 mg/mL microbub-
ble concentration) and acoustofluidic treatment (5.1 MPa, 24 mg/mL microbubble concentration) parameters. Static
treatment and acoustofluidic treatment enhanced biomolecular delivery of calcein (ANOVA p < 0.01, n = 5 or 6/group)
and 150-kDa FITC-dextran (p<0.001) compared with negative control (no ultrasound treatment), respectively. (b) Static
and acoustofluidic treatments had decreased cell viability compared with negative control (p < 0.001). No statistically
significant differences in cell viability were detected between static and acoustofluidic treatments for calcein and 150-

kDa FITC�dextran treatment groups, respectively (p > 0.05).
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In this study, a 3-D-printed concentric spiral acoustoflui-

dic system was tested in comparison with a static ultra-

sound system using the same P4-1 ultrasound transducer

array. The impact of various treatment conditions on

intracellular molecular delivery was evaluated in each

ultrasound treatment system. Intracellular delivery of

small molecules (0.6-kDa calcein) and large molecules

(150-kDa FITC�dextran) was assessed in each system.

Intracellular delivery of large molecules, such as

CRISPR endonucleases and proteins, is of clinical signif-

icance because they have the capacity to modulate
Fig. 11. Cell viability and proliferation after acoustofluidic tre
after treatment (day 0), the number of viable cells did not stat
flow-only control group (analysis of variance [ANOVA] p > 0.
viable cells was higher in the flow-only control group compared

cell proliferation was evident by the larger numbers of viable
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protein expression, induce genome editing, alter cell

behavior and inhibit or enhance interactions in desired

cells, such as T lymphocytes, for immune therapies,

gene correction and cell/tissue engineering (Cho et al.

2013; Ebina et al. 2013; Barrangou and Doudna 2016;

Lee et al. 2019). One hundred fifty�kilodalton

FITC�dextran is similar in molecular weight to CRISPR

endonucleases, which are promising techniques for

genomic modification with high specificity (Kocak et al.

2019). Additionally, 150-kDa FITC-dextran has a larger

molecular weight than most mammalian proteins. For
atment, as measured with trypan blue assay. Immediately
istically differ between acoustofluidic treatment and the
05, n = 5/group). At 2 days after treatment, the number of
with the acoustofluidic treatment group (p < 0.001), but
cells in both groups compared with day 0 (p < 0.001).
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example, hemoglobin, a proteinaceous macromolecule in

red blood cells that carries oxygen to tissue, has a molec-

ular weight of approximately 65 kDa (Billett 1990).

Thus, our findings provide important insights into molec-

ular delivery of large molecules in acoustofluidic sys-

tems, relative to a traditionally used static configuration.

Previous acoustofluidic applications for molecular

delivery have generally used polydimethylsiloxane

(PDMS)-based photolithography techniques or a glass

substrate to generate acoustofluidic devices (Belling et

al. 2020; Centner et al. 2020, 2021a, 2021b; Salari et al.

2021). PDMS-Based acoustofluidic devices offer distinct

advantages, such as rapid device generation and the abil-

ity to produce very small channel dimensions. However,

PDMS-based acoustofluidic devices have important lim-

itations because PDMS can have batch-to-batch variabil-

ity in geometric dimensions, which can alter the

ultrasound field in the acoustofluidic channel for each

batch of devices (Hill et al. 2002). This can have a signif-

icant impact on reproducibility for applications such as

particle/cell sorting, enrichment and molecular delivery

(Hill et al. 2002, Johansson et al. 2009; Centner et al.

2020, 2021a, 2021b). Glass substrate-based acoustoflui-

dic devices allow certain molecules and cells to adhere

to the channel walls (Belling et al. 2020; Salari et al.

2021). T lymphocytes, however, are anchorage indepen-

dent, and tethering biomolecules to a capillary wall may

severely reduce processing rate, which can limit the

availability of essential therapies. The processing rate is

fundamentally important for T-lymphocyte therapies,

such as CAR T, which often require approximately 108

cells for each treatment (Neelapu et al. 2017; Maude

et al. 2018; Schuster et al. 2019). To address these limi-

tations, a 3-D-printed plastic-based concentric spiral

acoustofluidic device allows consistent fabrication of

acoustofluidic devices with consistent channel and

device dimensions, which can increase reproducibility

and consistency for acoustofluidic applications.

Unique to our acoustofluidic delivery technique is

the utilization of microbubbles as a mediator of molecu-

lar delivery. Other studies have focused on other effects

of ultrasound, such as acoustic radiation forces and

microstreaming effects, where ultrasound is applied con-

tinuously to induce these effects (Belling et al. 2020;

Salari et al. 2021). Acoustic radiation force has been

used to force cells to the distal portion of the channel,

where cells shear against the wall for enhanced molecu-

lar delivery (Belling et al. 2020). With our acoustofluidic

configuration, acoustic radiation force is not expected to

force cells to pressure nodes and antinodes, as a short

pulse (less than 1% duty cycle) was used in this study

instead of continuous ultrasound. Additionally, thermal

effects are not expected to play an important role in

molecular delivery because of the low duty cycle (<1%)
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and short exposure time (»2�3 s) of our acoustofluidic

device (Centner et al. 2021a, 2021b). However, acoustic

radiation force may still potentially play a role in deliv-

ery as microbubbles can be forced radially toward cells

even with short ultrasound pulse durations (Zhou et al.

2012). Microbubble destruction resulting from cavitation

has been reported to induce temporary pores in the

plasma membrane for effective sonoporation (Zhou et al.

2012; Hu et al. 2013). Additionally, microstreaming is

induced by microbubble oscillation/cavitation and may

contribute to molecular delivery (Marmottant and Hil-

genfeldt 2003; Collis et al. 2010). Although the in situ

acoustofluidic pressures within the channels have not

been directly measured, it is feasible that microbubble

oscillation/cavitation may be a predominant mechanism

as our ultrasound output pressure is significantly above

the stable/inertial cavitation threshold for lipid-coated

microbubbles (Helfield et al. 2016). These effects could

potentially facilitate molecular delivery via sonopora-

tion, but further research is required to determine pre-

dominant mechanisms.

In this study, acoustic attenuation was measured to

assess the correlation between microbubble destruction

and molecular delivery. In the static configuration,

reduced microbubble attenuation relative to the control

group was positively correlated with increased molecular

delivery (R2 = 0.91). This is consistent with prior studies

that observed reduced microbubble attenuation with

increased ultrasound treatment time in a static configura-

tion (Escoffre et al. 2013). Interestingly, a similar trend

was not observed with acoustofluidic treatment

(R2 = 0.00), indicating that there was no linear relation-

ship between microbubble attenuation and molecular

delivery. With the acoustofluidic device, a microbubble

concentration of 24 mg/mL enhanced molecular delivery

to Jurkat T lymphocytes compared with all other micro-

bubble concentrations tested with the acoustofluidic

device. We previously reported a similar trend with

acoustofluidic delivery in erythrocytes (Centner et al.

2020). A possible explanation for this effect is that

higher microbubble concentrations can induce

“shadowing” effects because of increased scattering and

attenuation of ultrasound waves through microbubble

solutions, resulting in reduced ultrasound pressures in

more distal locations. The residence time in the 1-mm

concentric spiral acoustofluidic channel is significantly

shorter (»2�3 s) than the 45-s treatment duration in the

static configuration. Thus, there is an optimal

“therapeutic window” for microbubble concentration

that will enhance molecular delivery to cells with the

selected acoustofluidic parameters.

The effect of ultrasound output pressure on molecu-

lar delivery has been previously described using a static

ultrasound setup (Bhutto et al. 2018); however, few
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studies have used cationic microbubbles for molecular

delivery to T lymphocytes, which express anionic glyco-

proteins and glycolipids on the plasma membrane sur-

face (Springer 1990). Cationic microbubbles may have

increased affinity to the plasma membrane because of

charge�charge interactions, and it has been reported that

cationic microbubbles induce increased molecular deliv-

ery levels to T lymphocytes compared with neutral

microbubbles when undergoing ultrasound treatment

(Centner et al. 2021a, 2021b). Similar trends were

observed with static treatment and acoustofluidic treat-

ment, as both conditions had a general increase in molec-

ular delivery at higher ultrasound output pressures (>3.8

MPa).

Ultrasound treatment duration was also investigated

in the static treatment configuration and the acoustoflui-

dic system. An increase in molecular delivery was

observed with static treatment until 45 s, with no differ-

ences detected between 45 and 60 s. Yet, static treatment

had similar acoustic attenuation for ultrasound durations

of 30�60 s. It is possible that the microbubble lipid shell

may rupture within 30 s but cavitation activity may con-

tinue for a longer duration. Without an intact lipid shell,

the perfluorocarbon gas molecules may rapidly dissolve

into the liquid medium before acoustic attenuation meas-

urements are acquired (Sarkar et al. 2009). Unlike static

treatment, acoustofluidic treatment did not result in a sta-

tistically significant difference in molecular delivery

when comparing acoustofluidic treatment with one pass

and two passes through the device (p > 0.05), suggesting

that repeated exposure does not enhance molecular

delivery. We previously determined that residence time

within the acoustofluidic device can influence molecular

delivery (Centner et al. 2020), but the parameters in the

earlier study were significantly different (slower flow

rate, lower ultrasound pressure, different channel dimen-

sions and different cell type). In this study, it is possible

that the amount of microbubble destruction that occurred

during the first pass caused maximum levels of molecu-

lar delivery, which was not further enhanced during the

second pass through the acoustofluidic device.

Refined static treatment and refined acoustofluidic

treatment enhanced molecular delivery for calcein (p <

0.01) and FITC�dextran (p < 0.001) compared with

respective negative control groups without acoustoflui-

dic treatment. No statistically significant differences

were detected between static treatment and acoustoflui-

dic treatment regardless of molecular size, indicating

that similar levels of molecular delivery were achieved

with each configuration. Although the levels of molecu-

lar delivery were similar between configurations, the

acoustofluidic system offers distinct advantages com-

pared with static treatment, especially for anchorage-

independent cells such as T lymphocytes. Static
Downloaded for Anonymous User (n/a) at University of Louisv
2023. For personal use only. No other uses without permissio
treatment is labor intensive, has limited throughput and

has increased risk of variability between batches,

whereas the acoustofluidic system enables a faster proc-

essing rate, less treatment time and a lower microbubble

concentration compared with static treatment while

achieving similar levels of molecular delivery with small

and large molecules. Future integration of a single-ele-

ment transducer within a 3-D-printed fluidic chamber

with preprogrammed acoustic settings will enable non-

specialized personnel to easily operate this device in a

closed-flow system to maintain a sterile environment.

Increased cell concentration, increased flow rate and par-

allelization are feasible options to further improve scal-

ability for cell manufacturing applications. Our findings

in this study represent an early step toward development

of optimized methods for molecular delivery of exoge-

nous macromolecules for potential T-lymphocyte thera-

pies, such as CAR T.

CONCLUSIONS

This study indicates that microbubble concentration

and ultrasound pressure are key factors in optimizing

molecular delivery to T lymphocytes using static ultra-

sound systems or acoustofluidic systems. Additionally,

ultrasound treatment duration was a significant factor in

delivery efficiency using the static ultrasound system.

Similar levels of molecular delivery were achieved for

small and large molecules with refined parameters in

each system, yet acoustofluidic treatment required a

duration of only »2�3 s and a 24 mg/mL microbubble

concentration for optimal delivery, whereas static ultra-

sound treatment required a duration of 45 s and a 94 mg/

mL microbubble concentration. These results indicate

that acoustofluidic treatment is an effective approach to

intracellular delivery of biomolecules and offers distinct

advantages for cell manufacturing applications. Further

development of this technology could potentially

improve manufacturing processes for cell-based thera-

pies such as CAR T, which may expand treatment avail-

ability and improve patient outcomes.
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