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In vitro evaluation of PEI-coated
microbubble– neutrophil
conjugates for ultrasound-
guided cell delivery
Hossein Razmi Bagtash1,2‡, Roshni Gandhi1†‡, Ghazal Rastegar1,
Amine Azizi1, Aparna Priyadarshani Jha1, Shuai Shao1,2,
Emma Salari3, Shashank R. Sirsi1* and Caroline N. Jones1,2*

1Department of Bioengineering, University of Texas at Dallas, Richardson, TX, United States,
2Department of Biomedical Engineering, The University of Texas (UT) Southwestern Medical Center,
Dallas, TX, United States, 3Department of Biology, University of Texas at Dallas, Richardson, TX, United
States
Background: Immunotherapies have advanced cancer treatment; however, their
clinical ef�cacy remains limited for solid tumors due to challenges associated
with effectively directing immune cel ls into the complex tumor
microenvironment. Recent developments in Ultrasound Contrast Agent (UCA
— also known as “microbubble”) technology have provided novel opportunities
to enhance targeted therapeutic delivery. In this study, we introduce an
innovative approach of leveraging microbubbles to enhance immune cell
targeting by directly attaching microbubbles to immune cells, establishing an
in vitro platform to evaluate microbubble–immune cell conjugation with
potential applicability to ultrasound-guided delivery strategies.
Methods: To create novel microbubble-immune cell conjugates, we created
polyethyleneimine (PEI) coated microbubbles and attached them to
differentiated HL-60 (dHL-60) cells. These positively charged PEI microbubbles
were formulated using azide- DBCO click chemistry between DBCO-labeled
microbubbles and the azide functional groups on the PEI polymer. Following this
step, we utilized electrostatic interactions to attach our positively charged PEI
microbubbles to our negatively charged dHL-60 cells. We conducted viability
experiments to assess the compatibility of these designs and then used
micro�uidic chemotaxis platforms to quantify the microbubble-conjugated
dHL-60 cell migratory behavior, examining parameters including migration
velocity and percentage. Additionally, we investigated the impact of ultrasound
power on primary human neutrophils to validate the functional responsiveness of
these physiologically relevant immune cells.
Results: We formulated our PEI microbubble-conjugated dHL-60 cells and
veri�ed that cell viability remained greater than 88% four hours after the
conjugation process for different ratios of dHL-60 cells to PEI microbubbles.
We found that cell: microbubble ratios of 1:1 and 1:2 produced higher migration
rates compared to ratios of 1:5 and 1:10 for both dHL-60 cells and PEI
microbubble-conjugated dHL-60 cells. Moreover, we found that higher
microbubble binding also reduces cell velocity. Lastly, we found that cell
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migration remained comparable towards both chemoattractants under all
ultrasound conditions tested (negative control, -30 dB, -10 dB, 0 dB) .
Conclusions: Here we demonstrated the feasibility of ultrasound-compatible
immune cell constructs while preserving migratory function in vitro . The novel
PEI microbubble and immune cell conjugates reported in this work provide a
foundation for future studies aimed at radiation-force-assisted immune
cell delivery.
KEYWORDS

cell migration, chemotaxis, immunotherapy, microbubbles, micro� uidic, neutrophil,
ultrasound
Introduction
The tumor microenvironment (TME) plays a pivotal role in

determining the ef�cacy of cancer immunotherapies (1). Its
complex and dynamic landscape establishes diverse physical,
chemical, and immunological barriers that obstruct the effective
in�ltration and activity of immune cells within tumor tissues (1, 2).
Speci�cally, the pronounced heterogeneity of the TME, its dense
extracellular matrix (ECM), and abnormal vasculature impede
immune cell migration and limit their cytotoxic capabilities upon
reaching the tumor core (3, 4). In addition to these structural
challenges, the TME exerts active immunosuppressive effects
through factors such as hypoxia, acidosis, and the accumulation
of immunosuppressive cell types, including regulatory T cells and
myeloid-derived suppressor cells (1, 3). To overcome this
limitation, strategies that deliver pre-activated or pre-treated
immune cells directly into the tumor hold promise for enhancing
their functional activity and persistence in these hostile
environments (1, 2, 5–7). Cancer immunotherapy relies on using
the natural killing mechanisms of the immune system to eliminate
tumor cells (2, 8) by either activating an antigen on the tumor or
enhancing the immune system itself. Given the current limitations
of immunotherapy, especially in solid tumors, a method of
delivering immune cells to the complex tumor microenvironment
can help improve ef�cacy of this therapy. Many immunotherapy
strategies aim to enhance immune cell in�ltration into tumors by
manipulating chemokines that attract effector cells to the tumor
microenvironment (4, 9). Directly introducing speci�c
subpopulations of immune cells into solid tumors, rather than
relying on tumor-driven immune cell recruitment, has the
potential to revolutionize the cl inical applicat ion of
immunotherapy. However, instead of conventional intratumoral
injection approaches, employing focused ultrasound (FUS) for
targeted delivery offers several distinct advantages (10). First,
ultrasound enables broader spatial coverage within the tumor and
surrounding stroma, ensuring more uniform modulation and
02
minimizing regions that remain inaccessible to injected cells (11–
13). Second, it reduces procedural risks associated with needle-
based delivery, such as bleeding, infection, tumor seeding, and
patient discomfort, making it safer and less invasive, particularly
for deep or delicate anatomical sites (14, 15). Third, FUS provides
noninvasive access to multifocal or anatomically challenging
lesions, guided by real-time imaging for high precision (10, 16).
Together, these advantages position focused ultrasound as a
powerful alternative for enhancing the safety, ef�cacy, and
translational potential of intratumoral immunotherapy.

Microbubbles are composed of an exterior shell that can be
made up of lipids, polymers, or proteins that encapsulate a gas core
(17). These microbubbles are similar in size to red blood cells and
stay in circulation for in vivoapplications, they can be employed for
a variety of therapeutic purposes (17). Moreover, they are
acoustically responsive and can move in the direction of a
propagating ultrasound wave; this phenomenon is known as
primary radiation force application (18). This unique aspect of
microbubbles makes them versatile cargo delivery vehicles, meaning
therapeutic drugs and genes can be delivered to speci�c areas of the
body (17, 19–21). Cells can be delivered using microbubbles for in
vitro and in vivo applications as a way to improve upon
immunotherapy (22–24). Previous studies have demonstrated the
ability to conjugate Sonazoid microbubbles to natural killer cells for
cell therapy and imaging (22). Other studies have demonstrated the
ability to deliver stem cells using microbubbles to treat post
myocardial infarction atherosclerosis (23). Further research is
needed to explore different types of microbubble and cell
conjugates, identify optimal ratios of these compounds, and
translate them into clinical trials for immunotherapy. We have
developed a novel microbubble and cell conjugate for
immunotherapy purposes using polyethyleneimine (PEI)
microbubbles and neutrophils. By pre-conjugating our
microbubbles to immune cells, we propose to enable their site-
speci�c delivery to the solid tumor using low-intensity radiation
force ultrasound. As a crucial initial step, it is necessary to show that
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the microbubble conjugation process onto immune cells does not
affect their function or activity, which is the main focus of
this study.

To evaluate the effects of microbubble conjugation on immune
cell viablility and function, a micro�uidic platform to monitor cell
migration was used. Such platforms enable the quanti�cation of
immune cell migration function in physiologically appropriate,
controlled settings (25–28). Micro�uidics technologies have been
used to quantify immune cell- function (25, 29–32). These
platforms have been used to de�ne dynamic processes including
chemotaxis (33, 34), cell-cell interactions (35, 36), and
immunological responses (29, 35–38). Micro�uidic systems can
measure immune cell migration in linear gradients of
chemoattractants (31, 39, 40).

In this study, a micro�uidic system was utilized to explore the
migratory patterns of immune cells conjugated with microbubbles,
allowing for real-time observation of how microbubble conjugation
and ultrasound power in�uences cell migration to chemotactic
signals. Neutrophil-like differentiated HL-60 (dHL-60) cells have
been used in this study, as HL-60 cells are frequently used as model
systems to investigate neutrophil function. DHL-60 cells exhibit
characteristics of neutrophils, including chemotaxis, bactericidal
activity, neutrophil extracellular trap (NET) creation, and reactive
oxygen species (ROS) generation (41, 42). dHL-60 cells provide a
reproducible, genetically tractable, and scalable system for studying
neutrophil behavior, including migration, all of which are critical to
our microbubble-conjugation and ultrasound-based targeting
strategy (43, 44). To validate our �ndings in a physiologically
relevant context, we also performed key functional experiments
using primary human neutrophils. These primary cells were used
for migration studies under ultrasound stimulation. Importantly,
the results observed in primary neutrophils were consistent with
those obtained using dHL-60 cells, supporting the relevance of the
cell line as a model system while ensuring that our conclusions are
applicable to actual human immune cells. This approach not only
supports the development of targeted delivery strategies but also
deepens our understanding of immune cell function within
engineered microenvironments. We validate the formulation of a
novel type of polyethyleneimine (PEI) microbubbles which is a
branched cationic polymer that has the ability to carry more cargo
due to its chemical structure (45). Moreover, because of the click
chemistry, PEI microbubbles are fast and stable (46). We con�rmed
that the attachment of PEI microbubbles to immune cells does not
have a detrimental impact on viability and migration.
Materials and methods

dHL-60 cell culture

HL-60 cells (ATCC CCL- 240) were purchased from the
American Type Culture Collection (ATCC, Rockville, MD, USA).
Cells were cultured in Iscove’s Modi�ed Dulbecco’s Medium
(ATCC) and supplemented with 20% fetal bovine serum. Cells
were cultured at 37°C and at 5% CO2. In order to bring the cells to a
Frontiers in Immunology 03
differentiated state, dimethyl sulfoxide (DMSO, Sigma-Aldrich, St.
Louis, MO) was added and the cells were incubated for 4–5 days.
dHL-60 cells were used for preliminary viability and conjugation
experiments due to their reproducibility and ease of culture.
Primary human neutrophils

Five milliliters of peripheral blood were collected from healthy
donors into heparinized tubes. Human neutrophils were isolated
using the Human Neutrophil Isolation Kit (Stemcell Technologies)
following the manufacturer’s protocol. After isolation, the cells were
adjusted to the desired concentration and mixed with PEI-coated
microbubbles at speci�c ratios. Following exposure to de�ned
ultrasound power, the neutrophils were injected into the
micro�uidic system to assess chemotaxis and migratory behavior
over a 4-hour period using time-lapse imaging. Primary neutrophils
were used for migration studies to ensure physiologically relevant
functional responses.
Preparation of microbubbles

Lipid microbubbles for PEI conjugation were prepared using a
similar protocol that has been described previously (47). Notably, in
this study we have changed the conjugation chemistry from
maleimide-thiol to copper free Strain-Promoted Azide-Alkyne
Cycloaddition (SPAAC) click chemistry. Lipid �lms were
prepared with 1,2-distearoyl-sn-glycero-3-phosphocholine
(DSPC), N-(methylpolyoxyethyleneoxycarbonyl)-1,2-distearoyl-
sn-glycero-3-phosphoethanolamin (DSPE-PEG2000), and 1,2-
distearoyl-sn-glycero-3-phosphoethanolamine-N-poly (ethylene
glycol)-dibenzocycolctyne (DSPE-PEG-DBCO) using a molar
ratio of 90:5:5 respectively. Each lipid was dissolved in a
chloroform (Sigma-Aldrich, St. Louis, MO) stock solution and
mixed into a single 20 mL glass vial to achieve the desired lipid
ratios. This mixture was nitrogen evaporated and stored at -20°C.
The stored 5% DBCO �lm was suspended in 10 mL of 1X phosphate
buffer saline (PBS, Fisher Scienti�c, Waltham, MA), 10% propane-
1,2,3-triol (glycerol, 92.09 FW) (v/v), and 10% propane-1,2-diol
(propylene glycol, 76.1 FW) (v/v), creating a 2 mg/mL solution. An
Isotemp Heating Block was used to heat the solution up to 65°C. In
order to completely suspend the lipid, the solution was bath
sonicated using an Ultrasonic Bath Sonicator (Fisher Scienti�c,
Waltham, MA). A probe tip sonicator with a microtip attachment at
maximum amplitude for 10 seconds was used to emulsify the lipid
solution with Deca�uorobutane (PFB, 238 MW, FluoroMed LP,
Round Rock, TX) gas to form the microbubble suspension. The
microbubbles are then cooled in an ice bath and centrifuged three
times using a Bucket Centrifuge Model 5804R (Eppendorf,
Hauppauge, NY) at 300 relative centrifugal force (RCF) for 3 min
to separate the microbubbles from free lipid. The size distribution
and concentration of the �nal bubble suspension was measured by a
Multisizer 4e Coulter Counter (MS4, Beckman Coulter, Brea, CA)
and shown in Figure 1B.
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Azide-PEI conjugation to DBCO-
microbubbles

Azide-labeled branch polyethylene glycol polyethylenimine
(N3-PEI-PEG) with a PEI molecular weight of 10k, PEG
molecular weight of 2k, and a 20% substitution ratio (Nanosoft
Polymers, Winston-Salem, NC) was conjugated to the
microbubbuble surface using a protocol similar to our previous
work (48). The suspension volume for 10 mg/mL of PEI-g-PEG is
determined using the molecular weight and size distribution data of
the 5% DBCO microbubbles. Then, 100 uL of microbubbles are
slowly mixed in the solution consisting of PEI-g-PEG and 1XPBS.
The microbubbles and PEI-g-PEG solution were stored in a 3 mL
Luer tip syringe. This solution is then mixed thoroughly for 60
minutes using a Laboratory Tube Rotator to allow suf�cient time for
the azide-DBCO covalent bonds to form (Figure 1A). This solution
is then washed three times using the same settings described above
for the centrifuge and characterized again using the
Coulter Counter.
PEI microbubble conjugated dHL-60 cell
preparation

The HL-60 cells (CCL-240, ATCC) were mixed with PEI
microbubbles, shown in Figure 2A, along with the microbubble
generation process, at ratios of 1:1,1:2, 1:5, and 1:10. These ratios
were calculated using the concentration and volume of the HL-60
cells and PEI microbubbles. Schematic design of the formulation of
PEI microbubbles using 5% DBCO microbubbles and
polyethyleneimine (PEI). Due to electrostatic interactions, the
negatively charged HL-60 cells will bind to the positively charged
PEI microbubbles (Figure 2B).
Frontiers in Immunology 04
Fluorescamine detection assay

Dilutions of 10 ug/mL to 1000 ug/mL were made using
polyethyleneimine (PEI) (Sigma-Aldrich, St. Louis, MO) and
phosphate buffered saline (PBS). A �uorescamine stock solution
with a concentration of 3 mg/mL was made (Sigma-Aldrich, St.
Louis, MO) with dimethyl sulfoxide (DMSO) (Sigma-Aldrich, St.
Louis, MO). Aliquots of 90 µL of the polymer stocks were pipetted
into a 96 well microplate. PEI microbubbles and DSPC-DSPE
microbubbles (acting as a negative control) were also pipetted
into the microplate and diluted with 1xPBS to reach a �nal
volume of 90 µL and concentration of 3E9 #/mL. Each well was
mixed with 30 µL of �uorescamine. The �uorescence was detected
using a �uorescence plate reader with an emission �lter of 460 nm
and an excitation �lter of 400 nm.
Live/dead assay of dHL-60 cells

After treatment with microbubbles, dHL-60 cells were seeded
on a glass-bottom 96-well plate (Cellvis, P961.5HN) at a
concentration of 8 × 105 cells/mL in 100 µL of complete IMDM.
To assess the effect of microbubble treatment on the viability of
dHL-60 cells, dHL-60 cells were stained with the LIVE/DEADTM
Viability/Cytotoxicity Assay Kit (Invitrogen, L32250) based on the
manufacturer’s protocol. Brie�y, a 2X dye solution was prepared in
complete IMDM and 100 µL of the dye solution was added to each
well to reach a working concentration of 1X at t=0 h and 4 h after
microbubble treatment. Cells were imaged on a Nikon ECLIPSE
Ti2-E microscope using a Plan Apo 20X objective (NA = 0.80) at
37°C to capture live and dead cells at t=0 h and t=4 h. Images were
acquired using NIS-elements (Nikon Inc.) software and recorded
using FITC (live cells) and Cy5 (dead cells) channels. Cells were
FIGURE 1

Characterization of PEI microbubbles. (A) PEI microbubbles were synthesized using azide-DBCO click chemistry. Results show that there is a greater
concentration of PEI detected using the �uorescamine assay for the 5% DBCO microbubbles than DSPC-DSPE-PEG-2k microbubbles since more
amine groups were detected after the click-chemistry reaction. (B) Size distribution of PEI microbubbles from the Coulter Counter. The PEI
microbubbles have an average concentration of 8.532E9 microbubbles per mL and a mean diameter of 2.568 µm. Data are presented as mean ± SD
from three independent experiments. Statistical signi�cance was assessed using an unpaired two-tailed Student’s t-test. **p < 0.01.
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stored in the incubator at 37°C with 5% CO2 between the two time
points of imaging. Image analysis was performed in ImageJ. Cell
viability was quanti�ed as the percentage of live cells per image, i.e.,
the number of live cells divided by the sum of the number of live
cells and the number of dead cells. The number of cells was
measured using Thresholding and Analyze Particles functions.
The Watershed function was used to segment clumps of cells.
Only objects with a larger area than 15 µm2 were classi�ed as
cells to exclude spurious spots and debris.
PEI microbubble formulation

PEI microbubbles were created using azide-DBCO click
chemistry. A �uorescamine assay was used to detect the amine
groups present in the azide-DBCO reaction. We determined that
more PEI was coated on the 5% DBCO microbubbles than the
DSPC-DSPE-PEG2k microbubbles since the 5% DBCO
microbubbles had an average concentration of 59.5 µg/mL while
the DSPC-DSPE-PEG2k microbubbles only had an average
concentration of 18.05 µg/mL (Figure 1A). The DSPC-DSPE-
PEG2k microbubbles did not have any DBCO amine groups
present, and therefore a click chemistry reaction did not occur;
any residual PEI left over after the centrifugation steps could have
led to the values detected for the control group. Size distribution of
PEI microbubbles was normal with a �nal concentration of 8.5E9
#/mL and mean diameter of 2.568 µm (Figure 1B).
Frontiers in Immunology 05
Micro�uidic device preparation along with
chemotactic migration of dHL-60 cells
conjugated with PEI microbubbles

Micro�uidic devices were fabricated using traditional
photolithography techniques. Silicon mold was used to create
devices with two chemoattractant reservoirs for generating linear
gradients toward a central reservoir, where dHL-60 cells were
cultured to study their migratory behavior. Each device also
included ten migration channels (10 µm width × 10 µm height)
connecting the central reservoir to the left and right
chemoattractant reservoirs (Figures 3A, B). This process also
utilizes replication molding, in which a PDMS prepolymer is
created by mixing PDMS and a curing agent. The PDMS
prepolymer is poured into the silicon mold of desired structure; it
is then cured and later punched with a biopsy puncher. Oxygen
plasma bonding (Harrick Plasma) was used to attach a glass slide to
the bottom of the device. The migration patterns of the HL-60 cells
were determined using micro�uidic chemotaxis assays. Fibronectin,
a glycoprotein in the extracellular matrix, was used to coat the
micro�uidic channels in order to increase cell adhesion. The PEI
microbubbles and HL-60 cells were mixed at ratios of 1:1, 1:2, 1:5,
and 1:10. These conditions were loaded onto the dHL-60 cells
chamber of multiple devices (Figure 3A). Chemoattractants N-
Formylmethionine-leucyl-phenylalanine (fMLP, Sigma-Aldrich, St.
Louis, MO) and Leukotriene B4 (LTB4, Cayman Chemical, Ann
Arbor, MI) were loaded into two chemoattractant chambers at a
FIGURE 2

Preparation and conjugation process of PEI microbubbles with HL-60 cells. (A) Schematic design of the formulation of PEI microbubbles using 5%
DBCO microbubbles and polyethyleneimine (PEI). (B) PEI microbubble conjugated HL-60 cells were made by utilizing the electrostatic forces
between the positively charged PEI microbubbles and negatively charged HL-60 neutrophils. Created with BioRender.com.
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concentration of 100 nM. Time lapse images were taken using the
Nikon TiE fully automated microscope (Nikon Inc., Melville NY).
Images were recorded at 2:30 minute intervals for 4 hours. The
number of cells migrating towards fMLP and LTB4 and the number
of PEI microbubble conjugated HL-60 cells were quanti�ed.
Figure 3B shows a real-time microscopic image of the
micro�uidic system, highlighting dHL-60 cells within the cell
loading chamber and migration channels.
Ultrasound treatment of microbubble-
conjugated neutrophils

To evaluate the effect of ultrasound power on primary
neutrophil migratory behavior, microbubble-conjugated
neutrophils were exposed to ultrasound at different power levels
prior to micro�uidic migration assays. While most experiments in
this study were conducted using differentiated HL-60 (dHL-60)
cells, human primary neutrophils were employed in this section to
validate the observed ultrasound effects in physiologically
relevant cells.

Ultrasound exposure was performed using the Siemens Sequoia
ultrasound with the 15L8 Linear transducer (Dr. Lux’s laboratory,
UTSW Medical Center). Cells were treated under four conditions: (1)
control (no ultrasound), (2) low-power ultrasound, (3) medium-power
ultrasound, and (4) high-power ultrasound. The speci�c acoustic
power settings for the low, medium, and high-power conditions were
-30 dB, -10 dB, and 0 dB, respectively. Supplementary Video 1
demonstrates the visual response of microbubble-conjugated cells to
0 dB ultrasound application. The ultrasound acoustic radiation force
Frontiers in Immunology 06
was done using continuous pulse wave doppler mode to emit radiation
force at different outputs.

Acoustic radiation force was generated by pulsed-wave (PW)
Doppler on a Siemens Sequoia ultrasound system using a
methodology adapted from Gessner et al (49). PW Doppler was
operated at a center frequency of 7.0 MHz. Power output was
adjusted between �30 dB (MI � 0.03), �10 dB (MI = 0.29), and 0 dB
(MI = 0.93). B-mode imaging for anatomical guidance was
performed at 8.0 MHz. PW Doppler settings included a gain of
10 dB, gate length of 18 mm, sample volume depth of 10 mm, and a
sweep speed of 50 mm/s."

For each condition, neutrophils were conjugated to microbubbles
at a 1:2 cell-to-microbubble ratio. The cell–microbubble suspensions
were transferred to sterile Eppendorf tubes and subjected to
ultrasound exposure for 10 seconds at room temperature.
Following ultrasound treatment, the cells were immediately
introduced into the micro�uidic migration assay platform.

Neutrophil migration was quanti�ed as described in the
migration assay section. The percentage of migrating cells was
compared across all ultrasound conditions to assess the impact of
ultrasound power on neutrophil motility.
Ethics statement

Primary human neutrophils were isolated from peripheral
blood obtained from healthy adult donors under a protocol
approved by the Institutional Review Board (IRB) at the
University of Texas at Dallas. All donors provided written
informed consent prior to participation.
FIGURE 3

Design of a micro�uidic device, chemotactic movement of dHL-60 cells conjugated with PEI microbubbles. (A) The micro�uidic device’s schematic
illustration. An array of migration channels (10 µm width, 10 µm height) connects the device’s central reservoir to two chemoattractant reservoirs
(fMLP and LTB4). Cells migrate along the channels in response to chemoattractant gradients created by the fMLP and LTB4 reservoirs, while the
central reservoir acts as the loading point for cells. (B) Microscopic image of the micro�uidic system showing PEI microbubble-conjugated dHL-60
cells migrating toward the fMLP and LTB4 chemoattractant reservoirs in the upper and lower chambers. 200 µm is represented by the scale bar.
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Results

Microbubble treatment does not impact
the viability of dHL-60 cells in 4 h

We investigated the viability to determine the effect of PEI
microbubble conjugation process on the survival of dHL-60s
(Figures 4A, B). Previous literature states that microbubbles are
stable, speci�cally polymer-based microbubbles (17). The viability
of the PEI conjugated dHL-60 cells was compared with the control
dHL-60 cells. A LIVE/DEAD™ Viability/Cytotoxicity assay was
used to determine the viable and nonviable cell count, and the
percent viability. The percent viability of the PEI microbubble
conjugated HL-60 cells was compared to that of the control dHL-
60 cells. There was no signi�cant difference between the percentage
viability of the PEI microbubble conjugated dHL-60 cells and that of
the control dHL-60 cells which have been shown in Figures 4A, B.
Frontiers in Immunology 07
Migration patterns of HL-60 cells and PEI
microbubble conjugated HL-60 cells

The migration patterns of HL-60 cells and PEI microbubble
conjugated dHL-60 cells were determined using micro�uidic
chemotaxis assays. We tested cells to microbubble ratios of 1:1,
1:2, 1:5, 1:10, and control with no microbubbles conjugated with
cells. fMLP and LTB4 chemoattractants were used in this assay.
Cells migratory behavior was different for different cell:
microbubble ratios. As shown in Figures 5A, B, dHL-60 cells
showed the highest migration for 1:1 and 1:2 ratio considering
this fact that conjugating cells with microbubbles signi�cantly
decreased their migratory behavior. For 1:5 and 1:10 cell:
microbubble ratio we observed the lowest migration toward both
fMLP and LTB4 chemoattractants. Interestingly, PEI microbubble
conjugated dHL-60 cells migration was the highest for 1:2, 1:1, 1:5
and 1:10 respectively. We observed that more of the PEI
FIGURE 4

Microbubble treatment does not impact the viability of dHL-60 cells in 4 h. (A) 20X representative images showing live (green) and dead (red) dHL-
60 cells on a glass-bottom 96-well plate at t= 0 h and 4 h after treatment with microbubbles at 1:1, 1:2, 1:5, and 1:10 ratios or no treatment
(control). Cells were stained with the LIVE/DEADTM Viability/Cytotoxicity Assay Kit at two separate time points. Scale bar, 50 mm. (B) Bar plots
showing the viability or the percentage of live dHL-60 cells in speci�ed conditions at t=0 h and 4 h. Each data point represents a ROI and n = 6
ROIs per condition (technical replicates). Bars show mean ± SD with the mean values written above the points. ns: p � 0.05, ordinary one-way
ANOVA with Tukey multiple comparisons test.
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