Open Access Article. Published on 27 January 2026. Downloaded on 6/12/2026 5:52:34 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Nanoscale
Horizons

COMMUNICATION

¥ ROYAL SOCIETY
PP OF CHEMISTRY

View Article Online
View Journal | View Issue

’ '.) Check for updates ‘

Cite this: Nanoscale Horiz., 2026,

11,1081 . .
Dorian Durig,

Received 22nd October 2025,

Accepted 22nd December 2025 *ab

Agata A. Exner
DOI: 10.1039/d5nh00708a

rsc.li/nanoscale-horizons

CAR-T cell therapy has led to remarkable advances in the outcomes of
patients with acute lymphoblastic leukemia (ALL), B cell lymphomas,
and multiple myeloma. Given these successes in hematologic malig-
nancies, extensive efforts are now focused on developing CAR-T cell
therapies to treat solid tumors. The treatment of solid tumors poses
significant hurdles with cell trafficking necessary to achieve efficacy
and minimize off-tumor side effects. The development of simple, safe
and inexpensive modalities for tracking CAR-T cell distribution in
clinical use in vivo could provide critical insights to facilitate the
development of improved CAR-T products for solid tumors. Here,
we demonstrate a strategy to monitor CAR-T cells in vivo using
ultrasound imaging of nanobubble (NB) labeled cells. NBs are ultra-
sound contrast agents composed of a lipid shell and a C4F;o gas core
that can be efficiently internalized into cells. This approach enables us
to image the CAR-T cells using nonlinear contrast-enhanced ultra-
sound (CEUS). Utilizing this method, we found that CAR-T cells can be
visualized after injection into both tumor-bearing and non-tumor
bearing mice. In summary, our ultrasound-based tracking approach
can effectively monitor the trafficking of CAR-T cells in vivo, offering a
valuable new strategy that can further enable the development of new
CAR-T products and strategies to modulate cell trafficking.
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New concepts

This study demonstrates a novel concept in nanomedicine: the feasibility
of non-invasively tracking CAR-T cells using nanosized ultrasound con-
trast agents. This innovative approach addresses critical challenges in
understanding CAR-T cell infiltration and localization within solid tumor
environments. Unlike existing methods for non-invasive CAR-T cell
tracking, which are often limited by high costs, restricted accessibility,
reduced cell viability, or reliance on radiation exposure, our method
leverages nanobubbles combined with ultrasound to offer a cost-effective,
safe, and widely accessible alternative. By utilizing nanobubble interna-
lization in CAR-T cells, this research establishes an innovative method for
ultrasound-based immune cell tracking. It offers valuable insights into
the potential of nanotechnology to improve CAR-T cell therapy, particu-
larly in overcoming the challenges associated with treating solid tumors.
These findings contribute to the field of materials science by showcasing
how nanoscale engineering can enable practical and clinically relevant
solutions in immune cell tracking and therapy.

Introduction

Chimeric antigen receptor T cell (CAR-T) therapy is an
advanced form of adoptive cell therapy (ACT) that has signifi-
cantly impacted the field of immunotherapy. CAR-T cell therapy
uses patient-specific T cells to create several FDA-approved
products to treat B-cell malignancies and multiple myeloma.'”
The manufacturing process involves the genetic engineering of
the patient’s T cells to express a chimeric antigen receptor
directed towards a target antigen expressed on tumor cells such
as CD19, which is expressed specifically on malignant and
normal B cells. The genetically modified T cells are intravenously
infused into the patient where it is hoped that they will traffic to
the tumor, expand, and kill the tumor cells.

Despite notable achievements in hematological malignan-
cies, the success of CAR-T therapy has not been reproduced in
treating solid tumors.? The limited success is hypothesized to
be attributed to multiple factors, including an immunosup-
pressive tumor microenvironment, on-target off-tumor toxi-
city, T cell exhaustion, tumor heterogeneity, poor trafficking
to the tumors, and lack of CAR-T cell persistence.” To
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understand the factors contributing to the limited success of CAR-T
cells in treating tumors, and to better finetune dosage parameters
while mitigating side effects, such as neurotoxicity and cytokine
release syndrome, the biodistribution and trafficking of the cells to
the target after infusion need to be studied.’

Currently, clinically available methods are inadequate for
assessing the real-time trafficking patterns of CAR-T cells in
organs and tumors, which is essential for evaluating treatment
efficacy and adjusting strategies accordingly. The standard practice
for monitoring cellular kinetics and patient responses to immu-
notherapy involves intermittent blood draws, which provides valu-
able information such as white blood cell counts and the presence
of CAR DNA.® However, these tests fail to reveal the biodistribution
and movement of CAR-T cells within the body. Real-time tracking
of immune treatments would allow for a more comprehensive
understanding of how CAR-T cells engage with the tumor micro-
environment, providing timely insights that can improve therapeu-
tic outcomes.

The benefits of tracking CAR-T cells via imaging have recently
been recognized, leading to the adoption of various techniques that
utilize modalities such as MRI, PET, and optical imaging, each
providing unique information that surpasses the periodic blood
draws used in the clinic.”"> These approaches, however, also have
disadvantages and limitations: MRI suffers from low temporal
resolution and high costs, PET is associated with radiation expo-
sure and limited spatial resolution, while optical imaging has
shallow penetration depth and is restricted to superficial
tissues.">'* Although each technique offers valuable information,
no single method has been established as the definitive standard
for monitoring the trafficking and distribution of cells. To provide
an alternative strategy for tracking CAR-T cells in vivo, we investi-
gate using contrast-enhanced ultrasound (CEUS).

Ultrasound (US) imaging is a non-ionizing modality that is
widely used and accessible at a low cost. It offers deep penetra-
tion and high spatial and temporal resolution, making it
extensively used for ultrasound-guided procedures and exam-
inations, including guidance of cell transplant injections.'>™®
However, even in these applications, the transplanted cells can
be difficult to differentiate from surrounding soft tissue, mir-
roring the challenges faced in identifying immune cells follow-
ing immunotherapy treatment. As a result, US contrast agents
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(UCAs) have become a promising tool for enhancing cell
visibility by labeling cells, thereby increasing their contrast
relative to surrounding tissue.*®™*

UCAs are made up of lipids, proteins, or polymers that form
a shell around a gas core, creating a bubble.>” Microbubbles
(MBs), which are commercially available UCAs, range in size
from approximately 1 to 8 um and are primarily used to
enhance vascular imaging due to their confinement within the
vasculature.”>*® However, nanosized contrast agents, such as
nanobubbles (NBs), have emerged as an alternative to MBs
due to their smaller size of approximately 100-600 nm in
diameter.”” This smaller size allows NBs to move beyond the
vasculature, making them a more promising UCA for labeling cells
expected to extravasate and infiltrate tissue. Additionally, the size of
NBs enables their internalization into cells, allowing them to serve
as effective labels for tracking. Several studies have demonstrated
the effectiveness of nanosized contrast agents in labeling and
tracking various cell types, including stem cells and NK
cells.’®2%*2% Byilding on this foundation, we aim to track CAR-T
cells using US imaging enhanced by NBs, which could enable
timely and cost-effective monitoring of these therapeutic cells.

Prior studies have demonstrated the ability of NBs to be
trafficked inside cells via phagocytosis or receptor-mediated
endocytosis.>**” We hypothesize that CAR-T cells may also
utilize endocytosis to uptake NBs during co-incubation,
enabling non-invasive, real-time monitoring of infused cells.
To evaluate this technique, we labeled CD19-targeted CAR-T
cells because of their widespread clinical use for Lymphoma
and the potential of this monitoring method to enhance an
approved immunotherapy (Fig. 1). We then assessed the
trafficking of labeled CD19 CAR-T cells using NLC imaging
in both a healthy murine model and a Burkitt’s lymphoma
(RAJI cells) murine model. In healthy tissue, CD19 CAR-T cells
exhibited rapid influx post-injection, whereas in tumor tis-
sues, accumulation was slower, highlighting tissue heteroge-
neity and differences in CD19 CAR-T cell dynamics across
tissues. Our findings show that CD19 CAR-T cells remain
localized within tumor regions for the full 75 minutes post-
infusion, supported by NLC signal from US, as well as flow
cytometry and histology. While therapeutic effects are typi-
cally observed at later time points, our findings show that
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Schematic illustration of the NB labeling process of CAR-T cells and their injection into tumor bearing mice. Images are not to scale.
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CAR-T cells trafficked into and persisted within tumor-
associated vasculature and tissue, as indicated by the sus-
tained NLC signal over time. These results demonstrate the
feasibility of using this imaging technique for non-invasive,
real-time tracking of CAR-T cells, underscoring its potential
for clinical application in CAR-T cell therapy monitoring.

Materials and methods
Preparation of CAR-T cells

Peripheral blood mononuclear cells (PBMCs) were isolated
from healthy donor whole blood samples mononuclear periph-
eral blood samples were processed within 24 hours of receipt.
The study was approved by the University Hospital Cleveland
Medical Center institutional review board and all donors gave
written informed consent. T cells were stimulated using Milte-
nyi TransAct reagent (Miltenyi Biotec; Bergisch Gladbach, Ger-
many). In addition, T cells were supplemented with cytokines
(IL2 every other day to a final concentration of 30 IU per pL).
The activated T cells were cultured in complete RPMI medium
supplemented with 10% fetal bovine serum (FBS; Cytiva; Marl-
borough, MA) and 1% Penicillin-streptomycin antibiotics (Pen
Strep; Cytiva; Marlborough, MA).>® During labeling, however,
the cells were cultured in 3% human serum albumin. Following
activation, T cells were cultured with periodic media changes,
maintaining a concentration of 1 million cells per mL.

For genetic modification, CD19 CAR Lentiviral particles were
produced by transfecting HEK293T cells using Lipofectamine™
3000 (Thermo Fisher Scientific; Waltham, MA) with a second
generation 41BB/CD3zeta containing CAR plasmid and helper
plasmids, encoding as VSV-G, GAG/POL, and REV (Addgene;
Watertown, MA). The T cells were transduced with the corres-
ponding CD19 lentiviral vector, 1 day after activation, and
expanded for a maximum of 10 days before cryo-freezing the
cells in liquid nitrogen.>®

At day 5 and onwards, the expanded CAR-T cells were
assessed for viability, CAR-expression, and cytotoxicity. The
viability was assessed by trypan blue counts, and the CAR
expression was assessed by flow cytometry using anti-FMC63
FITC (Acrobiosystems; Newark, DE) on the Attune Flow Cyt-
ometer (Thermo Fisher Scientific). In addition, the function-
ality of the CAR-T cells was validated for cytotoxicity via in vivo
survival study.

Preparation of nanobubbles

NBs were prepared according to a previously published
protocol.*® However, we used C,Fy, as an alternative gas, which
has shown to improve stability compared to C;Fs.>"** Briefly, the
lipids DPPA (1,2-dipalmitoyl-sn-glycero-3-phosphate; Avanti Polar
Lipids Inc.; Pelham, AL), DPPE (1,2-dipalmitoyl-sn-glycero-3-
phospho-ethanolamine; Avanti Polar Lipids Inc.; Pelham, AL),
DSPE-mPEG-2k (1,2-distearoyl-snglycero-3-phosphoethanolamine-
N-{methoxy(polyethylene glycol)-2000]; Laysan Lipids; Arab, AL),
and DBPC (1,2-dibehenoyl-snglycero-3-phosphocholine; Avanti
Polar Lipids Inc.; Pelham, AL) were dissolved in propylene glycol
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(PG; Sigma Aldrich; Saint Louis, MO) at 80 °C in a hot water bath.
Simultaneously, a solution of phosphate-buffered saline (PBS;
Gibco Life Technologies; Grand Island, NY) and glycerol (Sigma
Aldrich; Saint Louis, MO) was heated to 80 °C. Once the lipids
were fully dissolved, the PBS-glycerol solution was added to the
lipid mixture. The final solution was added to a 3 mL headspace
vial and sealed. The gas was then exchanged with C,F;, (Perfluor-
obutane; FluoroMed; Round Rock, TX) and the vials were acti-
vated using mechanical agitation (Vialmix). NBs were isolated by
centrifugation 5 minutes at 50 g, unless otherwise noted, and
extracted prior to use. Rhodamine-NBs were formulated by incor-
porating DSPE-PEG-Rhodamine (1,2-dioleoyl-sn-glycero-3-phos-
phoethanolamine-N-(lissamine rhodamine B sulfonyl); Avanti
Polar Lipids Inc.; Pelham, AL) into the lipid mixture prior to lipid
dissolution. The NBs were characterized using dynamic light
scattering (DLS; Litesizer DLS 500, Anton Paar) demonstrating
plain NBs with no fluorescent label have an intensity-weighted
diameter of 293.52 + 50 nm, while rhodamine-labeled NBs have
an intensity-weighted diameter of 258.52 + 42 nm (Fig. S1). The
polydispersity index (PDI) for plain and rhodamine-labeled NBs
was 0.16 + 0.07 and 0.18 £ 0.04, respectively. The zeta potential
measured in diethyl pyrocarbonate (DEPC) water was —52.49 +
0.98 mV for plain NBs and —49.33 £+ 0.23 mV for rhodamine-
labeled NBs. Based on previously characterized NB formulations
using resonant mass measurement (RMM; Archimedes®™, Malvern
Panalytical), the NBs have a concentration of approximately
3.5 x 10"" NBs per mL.>>**?* Additionally, brightfield microscopy
(Keyence BZ-X800 Microscope) was used to image the NBs diluted
to approximately 3.5 x 10° NBs per mL (Fig. S2).

Labeling CAR-T cells with nanobubbles

CD19 CAR-T cells were thawed in complete RPMI media con-
taining 10% FBS and 1% Pen Strep. After thawing, the cells
were left in the complete media for 30 minutes before being
centrifuged for 5 minutes at 500 g and collected. The cells were
then diluted to 5 x 10° cells per mL in RPMI media with 3%
human serum albumin (HSA; Innovative Research; Novi, MI).
NBs were added to the cell solution to achieve concentrations of
10Kk, 15k, or 20k NBs per cell. The NB-cell solution was incubated
at 37 °C with 3% CO, for 1 hour, with gentle shaking every
15 minutes. After the incubation period, the cells were centri-
fuged at 230 g for 10 minutes and washed in incomplete media.

In vitro ultrasound imaging setup

The in vitro US imaging was conducted in a three well agarose
phantom shown in Fig. 2a. The phantom was prepared by
dissolving low-temperature gelling agarose (Sigma Aldrich;
Saint Louis, MO) at a 2.4% w/v concentration in deionized
(DI) water. The agarose solution was then poured into a mold
with the desired specifications (Fig. 2a). During imaging, the
MS250 US transducer (Vevo™ 2100, FUJIFILM VisualSonics) was
positioned perpendicular to the wells against the phantom and
coupled with US gel. Approximately 50 uL of the cell suspension
was placed in the well and imaged using nonlinear contrast
(NLC) mode with the following parameters: 4% power, 18 MHz,
1 fps, 35 dB contrast gain, 18 dB 2D gain. The nonlinear
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Fig. 2 (a) In vitro imaging setup using the 3-well agarose phantom with
the transducer placed horizontally at the side of the phantom. (b) NLC
cross-sectional image produced by the in vitro imaging setup using the
phantom with all 3 wells filled with NB contrast agent. The red circle over
the center well indicates the ROI used to analyze the average signal
intensity (scale bar = 2.8 mm).

contrast mode on the Vevo 2100 uses a form of amplitude
modulation to generate the images.**

In vitro ultrasound imaging

NB-labeled CAR-T cells were evaluated in vitro utilizing two
distinct methods within the US imaging setup: (a) imaging the
labeled cells at discrete time-points over 24 hours, and (b)
minimum detectable concentration. In the discrete time-point
study, cells were labeled with 10k, 15k, and 20k NBs per cell.
After labeling, the cells were diluted to 1 x 10° cells per mL in
complete RPMI media and transferred to a 96-well plate with
200 pL per well. The samples were imaged immediately after
labeling, and then at 0.5, 1, 2, 3, 6, and 24 hours post-labeling.
Between imaging sessions, the cells were kept in an incubator
at 37 °C with 5% CO,. To evaluate the minimum detectable
concentration the cells were labeled with 20k NBs per cell. After
labeling, the cells are diluted to 1 x 10°, 10>, 10%, and 10 cells
per mL in PBS and evaluated in the phantom. For each study
the control samples containing only CAR-T cells underwent the
same labeling conditions and imaging parameters, but without
the addition of NBs.

Nanobubble stability in physiological conditions

NBs were resuspended in Plasmalyte (Baxter Healthcare; Deer-
field, IL) at a concentration of 1 x 10'" NBs per mL and
incubated at 37 °C with 5% CO,. Stability was assessed at 0,
1, 2, 3, and 6 hours using US imaging and DLS. The NBs were
diluted to 1 x 10® NBs per mL in PBS for US imaging and to
1 x 10’ NBs per mL for DLS analysis (Fig. S3). These dilutions
were applied consistently across all time points.

In vivo ultrasound imaging

Male and female NCG mice (strain code: 572; Charles River)
were handled in according to a protocol approved by the
Institutional Animal Care and Use Committee (IACUC) at Case
Western Reserve University. The RAJI cells (ATCC) were injected
intravenously (2 x 10° cells in 150 pL of PBS) to establish
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disease over the course of three weeks. Tumor growth was
monitored using bioluminescence imaging (PerkinElmer), US
imaging was performed around the left kidney after confirma-
tion of tumor growth in this region by bioluminescence ima-
ging. Approximately 0.7-1 x 107 NB labeled CAR-T cells were
injected intravenously, and mice were imaged during and after
labeled cell infusion at the following time points: 0, 5, 15, 30,
45, 60, and 75 minutes. Each time point had n = 4, except for
the 5-minute time point, where n = 3. Liver imaging studies
were conducted separately in non-tumor bearing NCG mice.
The liver was imaged at the same time points as the tumor-
bearing mice (n = 3).

US imaging was conducted using the Vevo 2100 ultrasound
system with the MS250 transducer in NLC mode. The same
parameters were used as the in vitro studies: 4% power, 18 MHz, 1
fps, 35 dB contrast gain, and 18 dB 2D gain. All animals underwent
hair removal in the region of interest (ROI) and were anesthetized
via inhalation of 2% isoflurane mixed with 1.5 L min~" of air and
were placed on a heating platform to maintain a stable tempera-
ture throughout the imaging timeframe.

Image analysis

NLC images were quantified using FUJIFILM VisualSonics Vevo
LAB software. For in vitro data analysis, an ROI was drawn, as
shown in Fig. 2b, with an additional ROI selected outside the
well of the phantom to quantify the background signal. The
background was subtracted from the average signal intensity
within the well to provide comparability between samples. For
the analysis of in vivo studies, ROIs were manually drawn over
each area of interest (liver, kidney, and tumor) to exclude
surrounding tissues. The baseline NLC signal in each tissue
was acquired and quantified prior to the infusion of labeled
cells. Following this background acquisition, the nonlinear
signal intensity was measured for the infusion of labeled cells,
with the maximum value used for the 0 min discrete time point.
The mean nonlinear signal was then calculated for frames
captured at 5, 15, 30, 45, 60, and 75 minutes post-infusion.
The baseline signal was used to compute the signal-to-baseline
ratio over the 75-minute period and to adjust the NLC signal
over time by subtracting the background.

Confirmation of CAR-T cell labeling

Labeling efficiency of CAR-T cells with Rhodamine-conjugated
NBs was assessed through flow cytometry and microscopy for
flow cytometry analysis, following the labeling procedure
described in the methods. A minimum of 200000 events per
sample were collected to ensure robust data. Flow cytometry
data were analyzed using Attune software and formalized with
FlowJo software (BD Biosciences, NJ). Rhodamine-conjugated
NB-labeled CD19 CAR-T cells were compared to unlabeled
CD19 CAR-T cells, which served as controls to verify the label-
ing process. Uptake of Rhodamine-conjugated NBs by CAR-T
cells was quantified through the positive shift in Rhodamine
fluorescence, with distinct separation from the control group,
confirming successful and efficient labeling.

This journal is © The Royal Society of Chemistry 2026
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CAR-T cell labeling was also confirmed by confocal micro-
scopy. Here, CAR-T cells were labeled with rhodamine-labeled
NBs and then diluted to 1 x 10°~2 x 10° cells per mL in PBS.
The cells were fixed onto a glass slide using 4% paraformalde-
hyde (PFA; Fisher Chemicals, Pittsburgh, PA) for 30 minutes,
washed with PBS three times, stained using DAPI mounting
media (Fisher Chemical; Pittsburgh, PA) and sealed with a glass
coverslip. Slides were kept at 4 °C until imaging. Imaging was
performed on a Leica SP8 confocal microscope.

Assessment of macropinocytosis-mediated nanobubble uptake
in CAR-T cells

Macropinocytosis, an endocytosis pathway, was evaluated as a
potential mechanism of NB uptake, as it is known to be
upregulated in activated T cells and enables internalization of
particles between 200 nm-20 um.*>*® To assess this pathway,
CAR-T cells were pre-incubated with or without 50 uM EIPA (5-
(N-ethyl-N-isopropyl)amiloride; Sigma Aldrich; Saint Louis,
MO), a macropinocytosis inhibitor, in incomplete RPMI med-
ium for 15 minutes. Cells were then labeled with C,F;, rhoda-
mine NBs at a ratio of 20k NBs per cell for 1 h. Labeled cells
were subsequently analyzed by US imaging, flow cytometry, and
confocal microscopy as previously described.

Biodistribution of CAR-T cells in vivo

Prior to injection, NBs were isolated by centrifugation for
10 minutes at 50 g and used to label CAR-T cells following
the same labeling protocol described above. Male NCG mice
(6-8 months old) were intravenously injected with approxi-
mately 1 x 10’ NB-labeled CAR-T cells. For biodistribution in
healthy mice (n = 3), NLC imaging was performed over the liver
during and after infusion at 0, 5, 15, 30, 45, 60, and 75 minutes.
The percent change in NLC signal for healthy mice imaged over
the liver is shown in Fig. S4. For tumor-bearing mice, additional
NCG mice (n = 3) were intravenously inoculated with 2 x 10°
RAJI cells (ATCC) in 150 pL PBS and monitored for 3 weeks until
disseminated disease was established. Tumor localization adja-
cent to the kidney was confirmed by bioluminescence (Spec-
trum) imaging prior to US.

At 75 minutes post-infusion, ~ 0.5 mL of blood was collected
via cardiac puncture. Bone marrow was flushed from femurs
with 1 mL PBS, and organs including lungs, kidneys, liver, and
spleen were harvested. In tumor-bearing mice, the RAJI tumor
mass adjacent to the kidney was also excised. Each organ was
weighed and divided, with portions allocated for histology
(fixed in 10% neutral buffered formalin) and for flow cytometry
(processed fresh).

For flow cytometry, tissues were mechanically dissociated to
generate single-cell suspensions. Following digestion, suspen-
sions were filtered through a 70 um strainer and treated with
RBC lysis buffer (ChemCruz; Dallas, TX, at 5 min, RT). The cells
were then washed with FACS buffer (PBS + 2% FBS). Cell
suspensions were incubated with DNase I (100 U mL’,
Worthington Biochemical; Lakewood, NJ) and collagenase type
IV (1 mg mL™", 30 min, 37 °C, Worthington Biochemical) to
reduce clumping and improve cell recovery. These suspensions
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were spun down and stained with BV421-conjugated anti-
human CD45 (BioLegend; San Diego, CA; clone HI30, 1:100;
15 min; RT). After washing, samples were analyzed on an
Attune NxT flow cytometer (Thermo Fisher Scientific), acquir-
ing at least 100 000 events per sample. For quantitative compar-
ison, a consistent sample volume was analyzed (e.g., 100 puL of
blood or a defined fraction of each organ digest), and absolute
CAR-T cell counts were extrapolated to yield normalized values
expressed as cells per mL of blood or cells per g of tissue. Data
was processed using FlowJo v10, with background fluorescence
determined using uninfused controls and in vitro control gates.
Samples that failed quality control criteria, such as incomplete
tissue dissociation or poor viability, were excluded.

Histology and immunohistochemistry

Immunohistochemistry (IHC) was performed by HistoWiz, Inc.
using a Leica Bond RX automated stainer (Leica Microsystems)
with standard protocols. Paraffin-embedded tissue sections
(4 pm) underwent heat-induced epitope retrieval (HIER) in
EDTA-based buffer (pH 9, Leica AR9640) at 100 °C for
20 minutes (CD19) or 30 minutes (CD3). Endogenous perox-
idase activity was blocked with peroxide buffer (Leica Micro-
systems). CD19 staining was performed with a ready-to-use
antibody (Agilent, GA65661-2), and CD3 with a 1:50 dilution
(Leica, NCL-L-CD3-565), each followed by DAB polymer detec-
tion, hematoxylin counterstaining, and coverslipping (Sakura
Tissue-Tek Film). Slides were scanned at 40x magnification on
an Aperio AT2 scanner (Leica Microsystems).

Cell densities were quantified in QuPath, where representa-
tive tumor and organ regions were annotated and DAB-positive
cells automatically detected.?” The cell counts were exported for
comparison with imaging data.

For US analysis, matched frames were selected at baseline
(0 min) and post-infusion (75 min). ROIs were defined, and
total NLC signal was quantified in MATLAB. Background-
corrected NLC values were correlated with IHC-derived cell
counts using Pearson’s correlation in GraphPad Prism.

In vitro assessment of viability and differentiation via flow
cytometry

To assess CAR-T cell proliferation, both NB-labeled CAR-T cells
and unlabeled control T cells were cultured and counted every
two days following culture initiation. Cell counts were per-
formed using the Countess (Invitrogen; Waltham, MA) with
trypan blue exclusion to distinguish viable cells from non-
viable ones.

To evaluate differentiation and viability following labeling,
CAR-T cells were stained with the following reagents: CD3
(APC), CD4 (APCeflour780), CD8 (BV510), CD45RA (BV605),
CCR7 (PE), CAR antigen (FITC), and CD27 (AF700) antibodies,
as well as the viability dye (7-AAD), (BD BioSciences; Franklin
Lakes, NJ). Flow cytometry data were analyzed using Flow]o
software (BD Biosciences; Franklin Lakes, NJ). The memory
panel, assessing differentiation markers, was performed 4 days
after labeling to monitor any potential effects over time. Addi-
tionally, the study was verified across a range of NB
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concentrations (1k, 5k, 10k, and 20k NBs per cell) to determine
if the labeling process had any concentration-dependent
impact on CAR-T cell differentiation. For this study, CAR-T
cells were labeled using C3;Fg NBs. The labeling protocol con-
sisted of a 1-hour incubation on a shaker set to 225 rpm (linear
rocking). The cells were incubated in complete RPMI medium,
with a seeding density of 5 x 10° cells per mL, with the
incubator maintained at 5% CO.,.

In vivo efficacy and biodistribution

An efficacy study was conducted to verify the in vivo function-
ality of the NB-labeled CAR-T cells compared to the unlabeled
CAR-T cell control group. Male and female mice received
intravenous injections via the tail vein with 1 million
luciferase-expressing RAJI tumor cells. In the inoculated mice
used for the US imaging, CAR-T cells are injected 1 week
following tumor inoculation. Approximately 10 million CAR-T
cells, labeled with 20k NBs per cell following the same protocol
used in the differentiation study, were administered intrave-
nously via the tail vein. Progression of the tumor burden was
monitored weekly by weight measurements and biolumines-
cence imaging using the IVIS Spectrum Imager (PerkinElmer;
Waltham, MA). Mice were injected with 10 mg kg ' of
p-Luciferin (Invitrogen; Waltham, MA) subcutaneously. After
10 minutes, the images were taken and then analyzed with
Living Image (PerkinElmer). Background values were taken
prior to luciferase imaging to remove noise from the biolumi-
nescent regions of interest. Tumor burden was quantified in
terms of luciferase intensity (radiance).

View Article Online
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Statistical analysis

NLC data was plotted and analyzed using Excel and GraphPad
Prism, with each experiment conducted three times unless other-
wise specified. Unpaired two-tailed #tests were utilized to com-
pare the two groups. Data is presented as mean + SEM (standard
error of the mean), unless stated otherwise, and a p-value of less
than 0.05 was deemed statistically significant. Outliers were
assessed and removed using Grubbs’ test with a significance
threshold of p = 0.05. To minimize bias and ensure analytical
rigor, image analysis and ROI selection were performed using
predefined criteria prior to correlation with histological outcomes.

Results and discussion

In vitro evaluation of labeled CAR-T cells

The labeling efficiency of CAR-T cells with NBs was first
evaluated in vitro using an agarose phantom (Fig. 3a and b).
Unlabeled control CAR-T cells showed negligible signal, with
NLC values of 10° cells per mL (19.05 4 6.17 a.u.) and 10> cells
per mL (33.64 + 2.40 a.u.). In comparison, NB-labeled CAR-T
cells demonstrated significantly higher signals at 10° cells per
mL (64 032.52 + 20 859.39 a.u.) and 10> cells per mL (105.09 +
60.02 a.u.), showing a 3362-fold and 3-fold increase, respec-
tively, over unlabeled cells.

Based on these results, the in vitro detection threshold is 10°
cells per mL, determined from the labeled-to-unlabeled NLC
signal ratio. Despite only ~6 cells per imaging slice, labeled
cells produced a signal ~2.3x higher than unlabeled cells,
even though some cells may move out of the imaging plane,
highlighting the sensitivity of this approach. This demonstrates

a b .
| NB Labeled CAR-T Cells | | CAR-T Cells | 1 _ns s B & beled
Conc —~ 100000 A unlabeled
(cells/mL) 10¢ 10° 104 108 10¢ 105 104 103 ; 100004 |® z
T 1000
(=
NLC 7] 1004 -
(8]
-
= LA L
A
c 1 1 1 1 T
Time 10° 10° 10* 10°
(hrs.) d Concentration (cells/mL)
100000~ -e- 10k NB/cell
NB1 e ] 10000 = 15k NB/cell
s/ce 3 20k NB/cell
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[]
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Fig. 3 (a) NLC images of CAR-T cells labeled with 20k NBs per cells and unlabeled CAR-T cells at concentrations of 1 x 10°-1 x 10° cells per mL (scale
bar = 1.4 mm). (b) Average NLC signal (a.u.) in each well at different concentrations of labeled and unlabeled cells, normalized by subtracting the
background signal from the phantom (n = 3). (c) CAR-T cells labeled with various concentrations of NB per cell during the co-incubation process. (scale
bar = 1.4 mm). (d) Average NLC signal (a.u.) over time for CAR-T cells labeled with 10k, 15k, and 20k NBs per cell and unlabeled cells, with background
subtraction performed as in (b) (n = 3). Al NLC signal and values shown here reflect imaging under the specific ultrasound parameters used in this study;
alternative imaging parameters may alter signal dynamics.
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a high detection sensitivity compared to other techniques,
which report thresholds between 10* and 10° cells per mL.%>"?

To evaluate the stability of the signal within labeled cells
and the effects of NB concentration on the labeling process,
CAR-T cells were incubated at 37 °C with 10k, 15k, and 20k NBs
per cell and imaged at 0.5, 1, 2, 3, 6, and 24 hours (Fig. 3c). All
samples exhibited high NLC signal immediately after labeling.
The signal gradually decreased to baseline over 24 hours
(Fig. 3d). Cells labeled with 20k NBs per cell showed the highest
average NLC signal at all time points. At 6 hours, the signal in
these cells remained 5.5 times that of the unlabeled cells. The
average signal for the 10k and 15k NB per cell samples decayed
faster and returned to baseline at 6 hours. From this study we
opted to use the 20k NBs per cell concentration for labeling
CAR-T cells.

In vivo detection of labeled CAR-T cells in non-tumor bearing
mice

Using the optimized concentration of 20k NBs per cell for
labeling CAR-T cells, the CAR-T cells were evaluated in vivo
through intravenous administration to immunodeficient mice
(Fig. 4a). The liver was selected for initial evaluation due to its
low baseline NLC signal with US. After infusion, the liver NLC
signal increased by an average of 13-fold over baseline, followed
by a gradual decrease over 75 minutes (Fig. 4b). This study
serves as a proof-of-concept to demonstrate the feasibility of
tracking CAR-T cells in vivo using US. It is likely that the signal
detected during this time course represents CAR-T cells

NLC
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transiently passing through the liver as current research sug-
gests that CAR-T cells begin to accumulate to higher levels in
the liver approximately 3-24 hours post-infusion.®**> In our
studies, the liver signal drops to baseline at approximately
30-45 minutes following injection, indicating that majority of
the cells have moved out of the general circulation and into
other tissues around this time. Flow cytometry biodistribution
analysis performed after 75 minutes (Fig. 4c) confirmed low
CAR-T cell concentrations in the liver (~544 cells per g) and
blood (~ 46 cells per mL). Importantly, the blood concentration
was below the in vitro limit of US detection (10° cells per mL),
consistent with the absence of detectable signal at this later
time point. At early time points, the low levels in the liver and
blood are consistent with ex vivo qPCR studies in healthy male
mice infused with the same number of CAR-T cells.*> Our
approach allows us to visualize early time points post-
infusion, providing crucial insights into initial CAR-T cell
interactions with tissues. While CAR-T cell efficacy is often
assessed at later time points, understanding these early
dynamics remains essential for optimizing treatment outcomes,
ensuring effective targeting from the outset, and addressing
potential challenges such as poor infiltration or early off-target
effects. Currently, CAR-T cells are known to accumulate in
tissues such as the lung within the first day of therapy, however
earlier time points have not been rigorously studied.”®?*>3°
Future studies will extend these time points to provide a more
comprehensive understanding of CAR-T cell dynamics over
longer durations.
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(a) B-mode and NLC images of the liver of an NCG mouse over 75 minutes before and after the infusion of labeled CAR-T cells (scale bar =

3.5 mm). (b) Average signal intensity of the liver over time following infusion of labeled CAR-T cells (n = 3), analyzed using the ROI depicted in the
background image of Fig. 4a. Signals at all time points were normalized by dividing by the baseline signal. (c) CAR-T cell biodistribution in the kidneys,
liver, and blood of healthy mice was assessed by flow cytometry after infusion and 75 minutes of US imaging (n = 3). Kidney and liver values are reported
as cells per g of tissue (normalized to tissue weight), and blood values as cells per mL (normalized to sample volume).
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In vivo detection of labeled CAR-T cells in tumor mouse models

To demonstrate initial proof of concept in a tumor model, NB-
labeled CAR-T cells were evaluated in an immunodeficient
mouse model using systemic RAJI lymphoma tumors and
CD19 CAR-T cells. This model system is beneficial as CD19
CAR-T cells are known to be efficacious against these tumor
cells and the CD19 CAR-T cells can traffic to the tumors.**3°
In mice, systemic administration of RAJI cells resulted in
tumor formation in various organs, but tumors consistently
formed in and adjacent to the kidneys. We focused our
imaging on this region, with baseline tumor distribution
visualized via IVIS imaging (Fig. S5a). US imaging was
carried out during infusion and at 5, 15, 30, 45, 60, and
75 minutes post-infusion. Following imaging, the presence
and distribution of both CD19+ tumor cells (Fig. S5b and c)
and CD3+ CAR-T cells were confirmed by flow cytometry and
histology.

Fig. 5 shows representative B-mode and NLC images
and analysis for a single mouse. Both tumors adjacent to the
kidney and the kidney itself were imaged at each time point. All
regions exhibited elevated NLC signal during infusion (Fig. 5b).
The variability in image contrast among these regions high-
lights tissue heterogeneity, which can influence the rate of CAR-
T cell infiltration into tumors. This variability is evident in the
tumor infusion plot, where regions show different increases in
NLC signal. These findings align with published studies high-
lighting the heterogeneous nature of RAJI tumors.**™** During
the initial 30 second infusion, the kidney exhibited a 3-fold
increase in NLC signal suggesting we are detecting the CAR-T
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Fig. 5
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cells in circulating transiting through the kidney. Conversely,
tumors located near the kidney cortex or adjacent to the kidney
itself (denoted as ‘tumor 1’) show reduced NLC signal likely due
to differences in vascular density.

Following the infusion, images were acquired intermit-
tently over 75 minutes. After 5 min, the signal intensity
increased to 5-fold higher levels compared to baseline
(Fig. 5c). This latent, but substantial increase in signal sug-
gests a slower but notable cell penetration into the tumor.
NLC images (Fig. 5a) further illustrate the extensive infiltra-
tion into the large adjacent tumor at the 5 minute mark. Over
time, a spike in NLC signal is observed across all tumors. As
the cells become more homogeneously distributed in the
blood following the infusion, the signal decreases but stabi-
lizes without dropping below the baseline, indicating persis-
tent but slow CAR-T cell infiltration. Interestingly, ‘tumor 2’ in
the kidney shown in Fig. 5, shows an increase in signal
intensity starting at the 45-minute mark, potentially signaling
the onset of cell migration to this area.

Similarly, after the initial spike from the bolus injection and
a temporary decrease as the cells distribute uniformly in the
bloodstream (while maintaining a signal twice the baseline),
the kidney gradually increases in NLC signal between 15 and
45 minutes. This NLC signal remains stable from 45 to
75 minutes, signifying ongoing CAR-T cell filtration through
the kidney and indicating their persistent presence and
potential interaction within the kidney microenvironment.

The mean NLC signal for labeled CAR-T cell distribution in
RAJI tumors across seven mice is shown in Fig. 6. Consistent
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(a) B-mode (L) and CEUS (R) images of the left kidney and tumors of an NCG mouse over 75 minutes. The ROIs (in blue) shown in the images

highlight selected areas for analysis in panels (Fig. 5b) and (Fig. 5¢c). (scale bar = 2.5mm) (b) Infusion of labeled CAR-T cells into the ROIs depicted in
(Fig. 5a) for the kidney and tumors. (c) NLC signal intensity within the ROIs at various time points over 75 minutes, where time point O represents pre-
infusion, and subsequent points are post-infusion of the labeled CAR-T cells.
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Fig. 6

(a) Average NLC signal (a.u.) in tumor-bearing mice over 75 minutes. For each mouse, the background NLC signal was measured pre-injection

and subtracted from the NLC signal at each time point to normalize the data. Variation in sample numbers (mice imaged, n = 7; kidney tumors, n = 12;
adjacent tumors, n = 8; kidneys, n = 7) reflects biological variability in metastatic localization and the number of visible tumors per mouse. (b) Average
signal-to-baseline ratio for tumor-bearing mice over 75 minutes. Ratios were calculated by dividing the NLC signal (a.u.) at each time point by the pre-
injection baseline; values below 1 indicate signal lower than baseline. (c) CAR-T cell distribution in the kidneys, liver, adjacent tumors, and blood was
assessed by flow cytometry after infusion and 75 minutes of US imaging. Kidney, liver, and tumor values are reported as cells per g of tissue (normalized to

tissue weight), and blood values as cells per mL (normalized to sample
developed adjacent tumors, therefore n = 2 is reported for that group.

with the individual example described above, post-infusion
data normalized to background (Fig. 6a) demonstrated that
tumor signal peaked within 5 minutes, reflecting the influ-
ence of tumor vascular heterogeneity on CAR-T cell distribu-
tion. Across tissues, the signal-to-baseline ratios (Fig. 6b)
highlighted relative increases above intrinsic NLC signal.
Across all mice, a pronounced spike in NLC signal was
observed immediately after bolus infusion, which then sta-
bilized but consistently remained above baseline in the
tumor region throughout the 75 minute observation period.
In contrast, signals in the healthy liver returned to baseline
within 30-45 minutes, underscoring that sustained signal
in tumor-bearing tissues reflects prolonged persistence of
CAR-T cells.

Consistent with in vivo NLC imaging, flow cytometry of CD3+
CAR-T cells after imaging (Fig. 6c and Fig. S6b) revealed
elevated levels in all tissues of tumor-bearing mice compared
to healthy controls, reflecting prolonged persistence of cells in
circulation, likely driven by tumor-associated chemokines.??*
Low levels of tumor cells were also detected in the blood, which
may help sustain CAR-T cells in circulation longer than in
healthy mice (Fig. S5b).

This journal is © The Royal Society of Chemistry 2026

volume). Flow cytometry was performed on three mice (n = 3); only two

In the blood, CAR-T cells were ~8-fold higher than in
healthy mice, with tissue fold changes of ~8-fold in the
kidneys and ~6-fold in the liver (Fig. S6). At 75 minutes in
healthy mice, blood and liver harboured very low CAR-T cell
numbers, below those in tumor-bearing mice, corresponding to
the rapid decline of liver NLC signal to baseline. Compared to
healthy mice, these elevated blood levels in tumor-bearing mice
suggest that circulating CAR-T cells contribute to the sustained
NLC signal observed in tumor-associated regions.

Histological CAR-T cell distribution and NLC correlation

Representative THC and H&E images of kidneys, internal
tumors, and adjacent tumors are shown in Fig. 7a. DAB stain-
ing for CD3 highlights CAR-T cells, with DAB + haematoxylin
providing counterstain and H&E showing tissue morphology.
The kidney exhibits more prominent DAB signal, likely reflect-
ing its larger vascular supply compared to the smaller, less
vascularized internal tumors located in the cortical region.
Internal tumors within the kidney display more sporadic
CAR-T cell populations, with less consistent staining patterns.
Adjacent tumors show more prominent CAR-T cell populations
than internal tumors, though these cells visually align with red

Nanoscale Horiz., 2026, 11,1081-1094 | 1089
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(a) IHC and H&E images of kidneys, internal tumors, and adjacent tumors. Columns show DAB staining for CAR-T cells, DAB + hematoxylin

counterstain, and H&E stain, respectively (Large images: scale bar = 100 um; zoomed-in images: scale bar = 20 um.) (b) Quantification of CAR-T cell
counts per ROI (kidney tumors, n = 9; adjacent tumors, n = 2, due to limited adjacent tumor availability; kidneys, n = 3). (c) Total NLC signal (a.u.)
measured in the same ROIs used for cell counting, normalized by subtracting each ROI's pre-injection NLC value from its 75-minute post-injection value
(kidney tumors, n = 9; adjacent tumors, n = 2, due to limited adjacent tumor availability; kidneys, n = 3). (d) Quantification of CAR-T cell counts per ROI

compared with total NLC signal from US data, with a correlation analysis (r?> = 0.3999, p = 0.0368).

blood cell striations observed in H&E sections, suggesting
localization within the vasculature.

Quantification of CAR-T cell counts per ROI (Fig. 7b) corre-
sponds with the DAB staining patterns, with kidneys having the
highest counts, followed by internal tumors, and adjacent
tumors. The total NLC signal per ROI from US (Fig. 7c) similarly
shows the highest signal in the kidneys, followed by adjacent
and internal tumors, demonstrating that the NLC signal and
histological CAR-T cell counts correspond across regions. Cor-
relation analysis (Fig. 7d) demonstrates a significant relation-
ship between histologically measured CAR-T cell numbers and

1090 | Nanoscale Horiz., 2026, 11, 1081-1094

total NLC signal (r* = 0.3999, p = 0.0368), indicating that both
tissue-localized and circulating CAR-T cells contribute to the
NLC signal.

Nanobubble labeled CAR-T cell phenotyping and validation

To confirm that NBs were internalized by CAR-T cells, we used
rhodamine-conjugated NBs in addition to detecting nonlinear
signal via US. Both flow cytometry and confocal microscopy
were employed to verify NB labeling (Fig. 8a and b). The
presence of intracellular rhodamine signal supports the inter-
nalization of the NBs by the CAR-T cells. To investigate the

This journal is © The Royal Society of Chemistry 2026
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Days after Tumor Injection

(a) Flow cytometry panel showing the colocalization of CAR expression and rhodamine NB NLC signal. (b) Proliferation assay comparison of

labeled and control CAR-T cells (n = 3). Expansion showed a non- significant effect on the growth of the cells after activation. (c) Viability of labeled cells
and unlabeled cells (control) following the labeling procedure (n = 3). NBs did not impact the viability of the cells as measured by trypan blue. (d) Confocal
microscopy of rhodamine NB-labeled CAR-T cells: red = rhodamine, blue = DAPI (scale bar = 5 um) (e) Mice were intravenously injected with RAJI-
luciferase to establish tumor burden. Untreated mice (n = 6) and mice treated with control CAR-T (n = 5) or NB CAR-T (n = 5) were monitored for
survivability, with both treated groups exhibiting similar survival compared to untreated controls. Tumor burden was assessed using luciferase imaging

(photons per s).

uptake mechanism, CAR-T cells were labeled in the presence of
EIPA, a macropinocytosis inhibitor (Fig. S7). Cells labeled with-
out EIPA showed a 3-fold higher median fluorescence intensity
by flow cytometry and a 2-fold higher NLC by US compared to
EIPA-treated cells. Confocal imaging further revealed less rhoda-
mine signal in EIPA-treated cells, supporting macropinocytosis
as a substantial contributor to NB internalization.

To confirm that NB internalization did not affect the phe-
notype or functionality of CAR-T cells, we compared the pro-
liferation, viability, and cytotoxic activity of the NB-labeled CAR-
T cells to unlabeled control cells. As expected, the NB-labeled
CAR-T cells expanded similarly to the control cells, with both
groups exhibiting an approximately 10-fold expansion over 14
days (Fig. 8b; p = 0.4703, t-test, ns). Additionally, to verify that
the NB labeling process does not impact cell viability, the cells
were stained with trypan blue at 0, 3, 12, and 24 hours after NB
labeling. Fig. 8c illustrates that there was no difference in
viability between the labeled and unlabeled CAR-T cells (p =
0.77, t-test, ns). This approach allowed for a direct comparison
of proliferation rates between labeled and unlabeled CAR-T
cells, ensuring that the labeling process did not adversely affect
cell growth or viability.

Cy5-conjugated NB-labeled CAR-T cells were compared with
unlabeled control CAR-T cells to assess differentiation, with
specific attention to markers such as CD45RA, CCR7, and
CD27. Differentiation markers, particularly CD45RA and

This journal is © The Royal Society of Chemistry 2026

CCR7, remained unchanged compared to the control, indicat-
ing that the labeling process did not alter CAR-T cell differ-
entiation (Fig. S8). Both CD8 and CD4 populations were
analyzed via flow cytometry, showing no appreciable differences
in mean fluorescence intensity (MFI) shifts for any of the bio-
markers. This suggests a similar distribution of Effector memory
(Ems; CD45RA- and CCR7-), Central Memory (CMs; CD45RA- and
CCR7+), and terminal effector memory cells (TEMs; CCR7- and
CD45RA+) among the labeled CAR-T cells (Fig. S8). The viability
dye 7-AAD was employed to evaluate potential toxicity and the
overall viability of NB-labeled cells relative to the controls. These
analyses ensured that NB labeling did not adversely affect CAR-T
cell differentiation or viability.

Finally, to further assess the functionality of NB-labeled
CAR-T cells, we evaluated their activity in a mouse tumor
model. NB labeled and unlabeled CD19 CAR-T cells were
injected into immunodeficient mice 1 week after RAJI tumor
inoculation. Mice that did not receive any CAR-T cells with
disseminated RAJI tumors demonstrated rapid tumor progres-
sion, as measured by bioluminescence, and began to succumb
to the tumor burden after approximately 5 weeks. In contrast,
both NB-labeled CAR-T cells and unlabeled CAR-T cells showed
similar disease control (Fig. 8e). Our results confirmed no
phenotypical or functional differences between the labeled
and unlabeled CAR-T cells in terms of proliferation, viability,
and cytotoxicity.
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Conclusions

Our evaluation of CAR-T cell therapy, enhanced by NB labeling
and US imaging, highlights a promising novel methodology for
real-time tracking of CAR-T cell distribution and localization
both in vitro and in vivo. This technique has demonstrated
efficacy in visualizing CAR-T cell trafficking dynamics, provid-
ing insights into therapeutic responses and offering a valuable
tool for optimizing treatment strategies. The combination of
two FDA-approved techniques highlights the clear translational
potential for this procedure to transition into clinical applica-
tion. In vitro studies confirmed the CAR-T cells are labeled with
NBs via flow cytometry and confocal imaging, demonstrating
significant NLC under US imaging with a minimum detection
threshold of 10° cells per mL, providing a robust method for
cell tracking. Additionally, in vivo experiments in healthy mice
and RAJI tumor models illustrated the feasibility of monitoring
CAR-T cell distribution. The initial bolus injection of labeled
cells resulted in a distinct increase in NLC followed by gradual
signal decay, reflecting cellular redistribution and transit
within and around targeted tissues.

These findings underscore the potential of US imaging with
NB-labeled CAR-T cells to transform clinical monitoring, offer-
ing insights into biodistribution patterns crucial for treatment
efficacy assessment. While this study was limited to 75 min-
utes, it demonstrates that we are capable of real-time tracking
of labeled CAR-T cells in vivo. However, the longevity of the
cellular signal remains a key limitation, longer imaging dura-
tions will be assessed moving forward to evaluate the longevity
of signal and cell tracking. Extended time points are important
because long-term trafficking could reveal how CAR-T cells
persist, migrate, and interact with target tissues, which are
key indicators of therapeutic success and durability. Future
experiments will aim to extend the duration of contrast
enhancement in labeled cells and monitor them over longer
periods, which could be achieved by adjusting US parameters,
such as power, or by using alternative NB formulations with
modified shell properties, such as cationic NBs, which may
improve cellular uptake and retention compared to anionic
NBs. They will also explore alternative tissues and organs to
understand the cells’ distribution better. Moving from in vitro
to the clinical application also necessitates optimizing the
labeling process, as the costly nature of immunotherapy must
ensure high labeling efficiency without compromising efficacy.
US NBs are a cost-effective methodology that could be used
without hindering the immunotherapy. Additionally, the
mechanism of labeling must be investigated to ensure it does
not affect the functionality of the cells. Further advancements
in this technology could improve personalized therapeutic
approaches by optimizing infusion strategies and dosage regi-
mens, thereby enhancing patient outcomes in immunotherapy.
While challenges such as signal decay over time and tissue
heterogeneity remain, the integration of NB-based US imaging
represents a significant step forward in the development of
more precise and efficient CAR-T cell therapies for hematolo-
gical malignancies and potentially beyond, paving the way for
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future research and clinical applications in cancer treatment.
The novelty and importance of being able to track cells con-
tinuously after injection, should not be underplayed.
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