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Monitoring adoptive cell therapy in solid tumors is critical for evaluating treatment efficacy and guiding clinical
medication but is also hindered by poor sensitivity, high background signals, and disruptions of therapeutic
functions in existing techniques. In this study, a membrane-mimicking conjugated oligoelectrolyte with
second near-infrared (NIR-II) fluorescence, conjugated oligoelectrolytes-benzobisthiadiazole (COE-BBT), is
applied for the first time to label and track chimeric antigen receptor (CAR)-engineered natural killer (CAR-
NK) cells and T (CAR-T) cells invivo. COE-BBT stably embeds in lipid bilayers through combined electrostatic
and hydrophobic interactions, resists membrane crossing, and supports long-lasting labeling with a lighting-
up property. The optimized labeling approach achieves high sensitivity, enabling the detection of as few as
~20 labeled cells invitro and ~50 cells invivo under NIR-Il imaging. In orthotopic and subcutaneous glioma
models, NIR-Il fluorescence imaging enables continuous tracking of CAR-NK and CAR-T cell proliferation,
migration, tumor homing, and blood—-brain barrier penetration for up to 14 d posttransfer as the fluorescence
signal is enhanced during proliferation, without compromising cell viability or cytotoxic function. The COE-
BBT probe also exhibits favorable biosafety, underscoring its translational potential as a robust imaging
strategy to improve solid tumor adoptive cell therapy monitoring and clinical guidance of therapeutic dosing.
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ex vivo genetic modification and expansion of patients’ immune

cells, ACT enables precise recognition of tumor-specific antigens

Adoptive cell therapy (ACT), including chimeric antigen recep-
tor (CAR) T (CAR-T) cell therapy, CAR natural killer (CAR-NK)
cell therapy, and T-cell receptor-engineered T cell therapy, has
emerged as a pioneering approach in oncology [1-3]. Through
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and potent cytotoxicity [4]. Although ACT has demonstrated
breakthrough efficacy in hematologic cancers, its clinical transla-
tion in solid tumors remains constrained by multiple bottlenecks
[1,5]. Among them, the lack of real-time visualization of ACT
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cell dynamics in vivo is a key obstacle [6]. Precise delineation of
the in vivo fate of ACT cells, including biodistribution, prolifera-
tion, migration, and tumor homing, constitutes a core criterion
for advancing living-cell therapies from bench to bedside [7].
Such a resolution provides a direct basis for optimizing treat-
ment regimens, adjusting doses, and managing toxicity [8,9].
Furthermore, it informs strategies to overcome barriers charac-
teristic of solid tumors, notably inadequate immune cell infiltra-
tion and an immunosuppressive tumor microenvironment [9].
Therefore, strengthening fate mapping of ACT cells is essential
to accelerate clinical translation and improve therapeutic efficacy
in solid tumors.

To date, several approaches have been used for real-time
in vivo tracking of ACT cells, including radiolabeling [7,10,11],
photoacoustic imaging [12], and magnetic resonance imaging
[13,14]. However, these approaches are constrained by ionizing
radiation, complicated engineering progress, high background
signals, and limited sensitivity for cell detection [15]. Second
near-infrared (NIR-II; 1,000 to 1,700 nm) fluorescence imag-
ing has emerged as an in vivo modality with a high contrast,
reduced tissue scattering, minimal background signals, and
improved tissue penetration [15-17]. It has been widely applied
to the imaging and operation of deep-seated solid tumors
[18,19]. These features suggest that NIR-II imaging could serve
as an effective platform for quantifying CAR cell accumulation
in solid tumors. Consequently, various fluorescence probes
have been developed for in vivo CAR-T cell tracking, including
Food and Drug Administration-approved indocyanine green
(ICG) [20], classical small-molecule membrane dyes derived
from cyanine or BODIPY scaffolds [21], and nanoparticle-
based probes for preclinical research [22,23]. Nevertheless,
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existing probes are limited by short signal persistence and
membrane dissociation due to unstable cell labeling [24]. In
addition, the corresponding labeling requires probe internal-
ization by the labeled cells [25]. Therefore, improved NIR-II
probes are urgently required to enable longitudinal in vivo
monitoring to support the clinical application of CAR cells.

Conjugated oligoelectrolytes (COEs) are a category of amphi-
philic materials that feature a linear hydrophobic n-conjugated
backbone with ionic functional side chains at both terminals
[26]. The membrane-mimicking molecular platforms of COEs
were developed to exhibit increased fluorescence intensity
in a lipophilic environment, which leverages tunable opti-
cal properties while retaining stable membrane association
[27,28]. Based on these properties, we recently extended the
optical window of a COE probe into the NIR-II range by insert-
ing a benzobisthiadiazole (BBT)-based donor-acceptor-donor
fragment. In our previous studies, conjugated oligoelectrolytes-
benzobisthiadiazole (COE-BBT) was explored for tumor-
cell-associated applications, including observation of tumor
cell proliferation and labeling of cancer-cell-derived extracel-
lular vesicles [29,30]. To further expand its applicability to
monitoring cell-based therapeutic approaches, the COE-
BBT probe was used for the first time in this study to track
CAR-engineered immune cells in vivo. Using an NIR-II live-
imaging system, we dynamically tracked the proliferation,
migration, and tumor-homing dynamics of COE-BBT-labeled
CAR-NK and CAR-T cells in glioma-bearing mice. This work
establishes a reliable strategy for real-time, quantitative in vivo
monitoring of CAR cells, enabling highly sensitive detection
and guiding future dosing regimens in CAR-immune cell
therapies (Fig. 1).

2. In vivo tracking in glioma models
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Fig. 1. Schematic illustration of conjugated oligoelectrolytes-benzobisthiadiazole (COE-BBT)-mediated second near-infrared (NIR-II) fluorescence labeling and invivo tracking
of adoptive cell therapy (ACT) cells in glioma models. The platform has significant advantages, including ultrasensitive detection, improved deep-tissue imaging penetration,
and long-term tracking after cell transfer. The image was created using BioRender.com and is used with permission.

Yuan et al. 2026 | https://doi.org/10.34133/research.1342


https://doi.org/10.34133/research.1342

Research

Results and Discussion

In vivo CAR-immune cell labeling with the

COE-BBT probe

The labeling capability of the COE-BBT probe was first evaluated
on CAR-NK cells, which were established from the human
NK-92 MI cell line and characterized in our lab (Fig. 2A and Fig.
S1). COE-BBT alone was essentially nonemissive in phosphate-
buffered saline (PBS) because its charge-transfer excited state is
strongly stabilized in the highly polar aqueous environment,
thereby promoting nonradiative decay. Upon insertion into the
lipid bilayer, the BBT-containing conjugated core is transferred
into a conformationally restricted and less polar environment,

thereby reducing solvent-induced quenching and enhancing
fluorescence [30,31]. Indeed, the NIR-II fluorescence intensity
of COE-BBT in PBS solution was undetectable. By contrast,
COE-BBT-labeled CAR-NK (COE-BBT@CAR-NK) cells exhib-
ited bright NIR-II emission under optimized conditions (Fig. S2
and Fig. 2B). Fluorescence spectroscopy detected a maximal
emission wavelength of 996 nm for COE-BBT after cell labeling,
consistent with previous research [29]. Quantitatively, the fluo-
rescence intensity for COE-BBT@CAR-NK cells increased by
274.4-fold relative to that for COE-BBT alone in PBS, indicating
efficient and stable labeling of CAR-NK cells (Fig. 2C). Confocal
microscopy revealed membrane localization of the COE-BBT
probe, with intense peripheral fluorescence on CAR-NK cells
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Fig. 2. Cell membrane labeling with the COE-BBT fluorescence probe. (A) Schematic of conjugated oligoelectrolytes-benzobisthiadiazole (COE-BBT) cell membrane labeling.
The image was created using BioRender.com and is used with permission. (B) Second near-infrared (NIR-II) fluorescence image of COE-BBT-labeled chimeric antigen receptor
(CAR)-engineered natural killer (CAR-NK) cells (G1), CAR-NK cells free of labeling (G2), and free COE-BBT in phosphate-buffered saline (PBS) (G3) under optimized labeling
conditions (4¢. = 808 nm, 1,200-nm long-pass filter, exposure time, 1,500 ms). (C) Fluorescence emission spectrum of COE-BBT-labeled CAR-NK cells (G1), CAR-NK cells
free of labeling (G2), and free COE-BBT in PBS (G3). (D) Confocal image of COE-BBT-labeled CAR-NK cells. Scale bar, 5 um. (E) Flow cytometry analysis of COE-BBT labeling
efficiency in CAR-NK (1), CAR-engineered T (CAR-T) (II), mouse primary neutrophils (lll), and RAW 264.7 macrophages (1V).
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Fig. 3. Molecular dynamics (MD) simulation study on the interaction of conjugated oligoelectrolytes-benzobisthiadiazole (COE-BBT) and the cellular membrane. (A) Snapshot
and the partial density profiles of the equilibrated lipid membrane. (B) Free-energy profiles of COE-BBT. The free energy was set to zero in bulk water. (C) Global snapshots of
COE-BBT in the phospholipid bilayer (at the position 0 A from the center of the phospholipid bilayer). (D) Distribution of the phosphate groups of the pure membrane and the
membrane with COE-BBT inserted at the selected Z-position. The membrane thickness is labeled as dp.p.

(Fig. 2D). To demonstrate the universality of the COE-BBT
probe, the optimized COE-BBT labeling protocol was extended
to human-derived CAR-T cells, mouse primary neutrophils,
and RAW 264.7 macrophages. Flow cytometry analysis revealed
a remarkable labeling efficiency of COE-BBT for CAR-NK
(90.1%), CAR-T (91.1%), neutrophils (88.8%), and macrophages
(86.0%) (Fig. 2E). These results establish COE-BBT as a high-
efficiency NIR-II probe that robustly labels diverse immune cells
on their membranes.

Molecular dynamics simulation of the
COE-BBT-membrane interaction

To gain further insight into the membrane-labeling behavior of
COE-BBT, molecular dynamics (MD) simulations were performed.
To assist in describing free-energy profiles, we constructed a simpli-
fied 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC-
based phospholipid bilayer using partial density profiles of the
lipid membrane (Fig. 3A). The membrane center is taken as the
reference, with the Z-position defined as Z =0 A. The free-energy
profile of COE-BBT through the lipid membrane is illustrated
in Fig. 3B. A sharp increase in the free energy of the small mol-
ecule was observed as it approached the phospholipid bilayer,
which may be attributed to the electrostatic repulsion exerted by
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the positively charged choline groups on the membrane sur-
face on the positively charged moieties of the small molecule.
Subsequently, the free energy decreased rapidly once the posi-
tively charged moieties of the small molecule were fully inserted
into the membrane, reaching a minimum in the phosphate and
carbonyl regions. This phenomenon could be explained by
the strong electrostatic attraction between the small positively
charged molecule and the phosphate and carbonyl moieties, both
of which carry a strong negative charge; however, the migration
energy remained relatively high at this stage. Specifically, the free
energy of the small molecule peaked at 33.109 kJ/mol at the
position of Z = —2.0 nm. As the small molecule moved toward
the hydrophobic tails at the membrane center, its free energy
decreased slightly, reaching a local minimum at Z = —1.0 nm.
The average free-energy value of the small molecule throughout
the entire transmembrane process was approximately 10.799 kJ/
mol. Overall, the small molecule exhibited a relatively high free-
energy barrier during transmembrane translocation, indicating
that it is difficult for this molecule to leak across the membrane
spontaneously. At the global minima of the free-energy profiles,
COE-BBT inserted vertically into the phospholipid membrane
with its positively charged headgroups located in the head-
group region of the lipid membrane and are surrounded by the
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negatively charged phosphate groups, while the hydrophobic
BBT moieties of the molecular lie inside the hydrophobic core
of the lipid membrane, which caused the membrane thickness
dp_p increase by 0.05 nm (Fig. 3C and D). The intermolecular
interactions between COE-BBT and surrounding POPC mole-
cules showed that distinct van der Waals interactions are observed
between the small molecule and the surrounding hydrophobic
tail chains of POPC (Fig. S3). From the above analysis, we infer
that COE-BBT has a favorable tendency to adopt a membrane-
inserted configuration, driven by electrostatic interactions
between its cationic headgroups and phospholipid phosphate
groups, together with hydrophobic interactions of the BBT core.
These simulations provide mechanistic support for membrane
association. However, as a simplified model, the POPC bilayer
is weak in capturing the compositional complexity of mam-
malian plasma membranes. Future studies using asymmetric
multicomponent membranes containing cholesterol could fur-
ther validate the insertion behavior of COE-BBT.

Function characterization of COE-BBT-labeled
CAR-NK cells

Having established a robust labeling protocol, we assessed
whether COE-BBT labeling perturbs CAR-NK cell functions.
Compared with controls, COE-BBT-labeled NK cells showed
identical viability and proliferation rates (Fig. S4a and b). Bright-
field imaging revealed no observable morphological alterations
in labeled cells, which retained the characteristic aggregated
growth (Fig. S4c). To determine the impact of COE-BBT label-
ing on the CAR-NK cell phenotype, flow cytometry was per-
formed to analyze canonical NK markers. The fractions of
CD37CD56" and CD37CD16" cells were preserved after label-
ing, indicating that lineage identity was maintained (Fig. S4d
and e). Annexin V-fluorescein isothiocyanate (FITC)/propid-
ium iodide (PI) staining revealed no increase in the apoptosis
oflabeled cells (Fig. S4f). Enzyme-linked immunosorbent assay
(ELISA) further confirmed consistent secretion of the cytokines
tumor necrosis factor-o (TNF-a), interferon-y (IFN-y), and
interleukin-2 (IL-2) following COE-BBT labeling (Fig. S4g).
Collectively, these data demonstrate that COE-BBT labeling is
functionally inert for CAR-NK cells.

Imaging depth and sensitivity of

COE-BBT@CAR-NK cells

Next, we assessed the maximum penetration depth and imag-
ing sensitivity of COE-BBT-labeled CAR-NK cells under
NIR-IT fluorescence imaging, compared with ICG, a clinically
approved fluorophore utilized for cell tracking [16]. The pen-
etration depth of COE-BBT-labeled cells was quantified under
in vitro conditions with 1% intralipid (Fig. 4A). COE-BBT@
CAR-NK cells produced NIR-II emission that traversed up to
8 mm. In comparison, ICG-labeled CAR-NK cells penetrated
only ~4 mm of the medium (Fig. 4B). At matched depths of 2
and 4 mm, the signal-to-background ratios for COE-BBT were
~3.7 and ~3.2, respectively, which are 2.2-fold and 2.4-fold
higher than that for ICG (Fig. 4C). Similarly, compared to
the commercial cell membrane cyanine dye 1,1’-dioctadecyl-
3,3,3",3'-tetramethylindotricarbocyanine iodide (DiR), COE-
BBT@CAR-NK cells exhibited remarkable penetration depths
in both 1% intralipid and chicken tissue (Fig. S5). When the
chicken breast tissue thickness reached 8 mm, fluorescence from
the COE-BBT@CAR-NK samples remained clearly detectable.
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In contrast, under the same imaging conditions, fluorescence
from the DiR-labeled samples was barely detectable through
4 mm of chicken breast tissue (Fig. S5b). Furthermore, the
minimal detection limit under in vitro conditions is ~20 labeled
cells (Fig. 4D). These results demonstrate the high detectability
of COE-BBT@CAR-NK cells and delineate an improved trade-
off among cellular specificity, sensitivity, and penetration depth.

Subsequently, the in vivo imaging sensitivity of COE-BBT-
labeled CAR-NK cells was also examined. To directly relate
image contrast to the number of labeled cells in the field of
view, COE-BBT@CAR-NK cells were injected intratumorally
into flank LN229 tumors. The image contrast increased mark-
edly relative to both the preinjection background and the unla-
beled CAR-NK controls, indicating the capability of COE-BBT
to label CAR-NK cells for NIR-II in vivo visualization (Fig. S6a
and b). Following in vivo imaging, tumors were harvested, sec-
tioned, and imaged by fluorescence microscopy to confirm
successful delivery of labeled CAR-NK cells (Fig. S6¢). Finally,
we determined the in vivo detection limit by titrating the num-
ber of injected COE-BBT@CAR-NK cells (Fig. 4E). The NIR-II
fluorescence of the labeled cells was observed around the injec-
tion site, and the integrated intensity was positively correlated
with the number of cells administered (Fig. 4F). Notably, as few
as ~50 labeled cells generated a discernible signal in vivo. These
findings support the premise that COE-BBT labeling enables
high-contrast imaging of CAR-NK cells within solid tumors,
thereby establishing a technological foundation for subsequent
in vivo tracking.

In vivo tracking of COE-BBT@CAR-NK

cell proliferation

To investigate the in vivo fate of COE-BBT-labeled CAR-NK
cells, we then assessed the intratumoral persistence of COE-
BBT@CAR-NK cells. Under in vitro observation, COE-BBT-
labeled cells retained strong fluorescence after an 8-d incubation
(Fig. S7), indicating stable probe retention and partitioning
during cell division, thereby enabling longitudinal visualiza-
tion. Building on this stability, COE-BBT@CAR-NK cells were
intratumorally injected into subcutaneous or orthotopic LN229
glioma-bearing mice, and the NIR-II fluorescence signal was
monitored over time (Fig. 5A). Consistent with the in vitro
observations, NIR-II fluorescence dynamic imaging revealed
a progressive increase in intensity during the first 2 d after intra-
tumoral injection, followed by a reduction on day 3 (Fig. 5B
and C). This early signal increase should be distinguished from
the initial fluorescence turn-on that occurs when COE-BBT
transfers from aqueous medium into the lipid bilayer. After
membrane labeling has been established, COE-BBT remains
membrane associated and undergoes a second fluorescence
modulation during cell proliferation. Specifically, because the
COE-BBT probe exhibits aggregation-induced fluorescence
quenching at a relatively high local membrane density, redis-
tribution of the probe during early cell division leads to greater
intermolecular separation and reduced self-quenching, result-
ing in an initial increase in NIR-II fluorescence despite dilution
of the membrane probe (Fig. 5F). The further reduction reflects
the exhaustion of COE-BBT@CAR-NK cells in the complex
tumor microenvironment. Consequently, this dequenching
enables longitudinal in vivo tracking of cellular fate with COE-
BBT labeling. Indeed, intratumoral NIR-II signals from ortho-
topically implanted COE-BBT@CAR-NK cells persisted over
7 d (Fig. 5D and E). Collectively, these results demonstrate that
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Fig. 4. Characterization of imaging depth and sensitivity of conjugated oligoelectrolytes-benzobisthiadiazole (COE-BBT)-labeled chimeric antigen receptor (CAR)-engineered
natural killer (CAR-NK) cells. (A) Schematic of the second near-infrared (NIR-II) imaging system. The image was created using BioRender.com and is used with permission.
(B) NIR-II fluorescence (FL) images (4., = 808 nm) of a glass capillary filled with CAR-NK cells labeled with COE-BBT or indocyanine green (ICG) in 1% intralipid varied in
depth (0 to 9 mm). Scale bar, 1 mm. Images captured utilizing a 1,200-nm long-pass filter, 1,200-ms exposure time. (C) Mean FL intensity quantification of COE-BBT@CAR-NK
and ICG@CAR-NK cells in panel (B). Data represent mean + SD, n = 3. (D) NIR-Il FLimages (4,,. = 808 nm) and the mean FL intensity quantification of a test tube filled with
COE-BBT@CAR-NK cells with varied cell numbers. Images captured utilizing a 1,200-nm long-pass filter, 1,500-ms exposure time. Data represent mean + SD, n = 3. (E) NIR-II
FLimages (¢ = 808 nm) and (F) mean FL intensity quantification of nude mice subcutaneously injected with COE-BBT@CAR-NK with varied cell numbers. Images captured
utilizing a 1,000-nm long-pass filter, 500-ms exposure time. Data represent mean + SD,n = 3.

COE-BBT labeling enables long-term in vivo tracking of CAR-NK
cells with a sufficient temporal window to monitor early expan-
sion and subsequent dynamics within solid tumors.

In vivo tracking of COE-BBT@CAR cell migration

In the previous section, we assessed the feasibility of in vivo
tracking of COE-BBT@CAR-NK cell proliferation. Intratumoral
administration is a common route in ACT for treatinglocalized
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solid tumors, as it minimizes the accumulation of therapeutic
cells in healthy organs and thereby reduces systemic toxicity
[32]. However, recent studies have shown that NK cells can be
rapidly exhausted after tumor entry due to the immunosup-
pressive microenvironment [33]. Alternatively, peritumoral
injection places CAR cells in a less extreme niche, which may
reduce primary exposure to the suppressive intratumoral cues
[34]. Given that the directional migration of CAR cells toward
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tumors is closely correlated with their activation status and
underpins cytotoxic efficacy [35], we evaluated the in vivo
migration of COE-BBT@CAR-NK and CAR-T cells by peritu-
moral administration.

Subcutaneous models were established using LN229 human
glioma cells and compared with C6 rat glioma cells as controls.
Fourteen days after tumor implantation, COE-BBT@CAR-NK
cells were injected 0.5 cm from the center of LN229 or C6 gliomas.
NIR-II imaging was then performed to monitor the migration of
CAR-NK cells toward the tumor (Fig. 6A). The results indicate
that COE-BBT@CAR-NK cells progressively migrated toward the
tumor center, with a greater migration distance toward LN229
tumors than toward C6 tumors (Fig. 6B and C). The tumors were
harvested postimaging, and fluorescence microscopy confirmed
that COE-BBT@CAR-NK cell accumulation was markedly higher
in LN229 sections than in C6 tumors (Fig. 6D), indicating pref-
erential targeting of LN229 gliomas.

Subsequently, we evaluated the migration of COE-BBT@
CAR-T and COE-BBT@T cells toward the tumor center in
orthotopic LN229 glioma models (Fig. 6E). Both populations
migrated toward the orthotopic tumor site, with COE-BBT@
CAR-T cells traveling remarkably farther than COE-BBT@T
cells (Fig. 6F and G). These results demonstrate that CAR engi-
neering enhances the migration of immune cells toward LN229
tumors, confirming the improved tumor targeting conferred
by CAR modification. The current findings support our hypoth-
esis that COE-BBT labeling of immune cells enables tracking
in deep tumors and dynamically captures their spatiotemporal
migration within the tumor microenvironment.

COE-BBT@CAR cell tumor accumulation across the

blood-brain barrier

For the treatment of disseminated or surgically inaccessible
tumors, CAR-expressing immune cells are typically administered
intravenously [36]. However, systemic delivery of CAR-engineered
cells to intracranial glioma can be constrained by inefficient traf-
ficking across the blood-brain barrier (BBB), a protective struc-
ture formed by endothelial cells lining brain blood vessels [37-39].
Encouraged by evidence that COE-BBT@CAR-NK and T cells
actively migrate toward tumor cells in a CAR-dependent manner,
we further evaluated the tumor-targeting ability of COE-BBT@
CAR-NK cells upon intravenous administration. The tumor-
homing ability of COE-BBT@CAR-NK cells was first demon-
strated in LN229 and C6 subcutaneous tumor-bearing mice. After
receiving an intravenous administration of COE-BBT-labeled
CAR-NK or NK cells, respectively, the biodistribution of COE-
BBT@CAR-NK cells was quantified using NIR-II fluorescence
imaging. Consistent with previous observation, both COE-BBT@
CAR-NKand COE-BBT@NK cells accumulated at LN229 tumors
with signals peaking at ~24 h, whereas signals for NK cells were
barely observable in C6 tumors (Fig. S8). Compared with normal
NK cells, which have modest glioma-targeting ability, CAR-NK
cells showed higher tumor-region fluorescence and a longer per-
sistence window.

To characterize the intracranial tumor targeting of COE-BBT-
CAR-NK cells across the BBB, we subsequently performed experi-
ments in an orthotopic LN229 model (Fig. 7A). Remarkably, both
injected COE-BBT@CAR-NK and NK cells were found enriched
in the brain, with peak intensities at 36 h postinjection (Fig. 7B),
suggesting the tumor-targeting ability of NK cells that cross the BBB.
Moreover, the fluorescence intensity of the COE-BBT@CAR-NK
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group increased ~4.2-fold in comparison to that of the COE-BBT@
NK group (Fig. 7D), indicating the significant improvement of
the tumor-targeting ability of NK cells upon CAR engineering.
To examine the broad application of COE-BBT for cell labeling
and further confirm the enhanced targeting conferred by CAR
modification, the tumor-targeting behavior of COE-BBT@CAR-T
cells was further evaluated in the orthotopic LN229 glioma model.
Similarly, both COE-BBT@CAR-T and COE-BBT@T cells accu-
mulated in the orthotopic gliomas, with peak signals at 12 and
24 h, respectively (Fig. 7C). Although the CAR modification in
T cells leads to a marginal improvement (~1.5-fold) compared
with that in NK cells (~4.2-fold), accelerated accumulation was
observed in COE-BBT@CAR-T cells (Fig. 7E).

To further evaluate the systemic distribution of labeled cells
after intravenous administration, ex vivo NIR-II fluorescence
imaging of major organs (heart, liver, spleen, lung, kidneys, and
brain) was performed. The fluorescence signals detected in the
brain post-COE-BBT@CAR-NK injection provide further sup-
port for brain accumulation after intravenous delivery. Strong
hepatic fluorescence also indicated that CAR-NK cells pre-
dominantly metabolize in the liver (Fig. S9). Taken together,
the results above further demonstrate that COE-BBT labeling
preserves the CAR-mediated glioma-targeting ability of NK
and T cells. The COE-BBT probe enabled long-term in vivo
tracking of CAR-modified immune cells, thereby allowing com-
plete monitoring of BBB crossing, tumor accumulation, and
clearance kinetics activities (Fig. 7F).

Biosafety evaluation of COE-BBT and labeled

CAR-NK cells

Lastly, we determined the biocompatibility of COE-BBT and
COE-BBT@CAR-NK cells. An in vitro hemolysis assay was per-
formed with COE-BBT at various concentrations. As a result,
the hemolytic percentage of red blood cells at 64 pM was only
3.8%, indicating the favorable hemocompatibility of the designed
probe (Fig. S10). Blood routine and biochemical indices were
also measured to confirm the in vivo biosafety of COE-BBT@
CAR-NK cells. Blood samples were collected from BALB/c mice
on days 1, 4, and 7 post-intravenous injection of 5 x 10° COE-
BBT@CAR-NK cells. All 15 hematological parameters obtained
from the blood routine test remained within normal ranges,
exhibiting mild effects of COE-BBT@CAR-NK cells on immune
response, oxygen transport capacity, and coagulation function
(Fig. S11). Blood biochemical analysis indicated that throughout
the monitoring period, 3 liver function markers (alanine ami-
notransferase, aspartate aminotransferase, and albumin), 2 renal
function parameters (creatinine and urea), and 1 metabolic indi-
cator (cholesterol) remained within normal ranges (Fig. S12),
indicating that COE-BBT@CAR-NK cells induced no hepatic
or renal impairment. These results confirmed the absence of
acute toxicity and provided key evidence of the safety profile of
COE-BBT@CAR-NK cells.

To evaluate the impact of COE-BBT@CAR-NK cells on vital
organs, mice were sacrificed 24 h after COE-BBT@CAR-NK
cell injection. Major organs, including the heart, liver, spleen,
lungs, and brain, were harvested and stained with hematoxylin
and eosin for histological examination. As shown in Fig. S13,
no morphological alterations were observed in any of the exam-
ined tissues compared with untreated control groups. Together,
these experimental data demonstrate that COE-BBT@CAR-NK
cells exhibit favorable in vivo biocompatibility without eliciting


https://doi.org/10.34133/research.1342

Research

O O O) O) O O) O_’
Time -14d 0 1 3 4 5 6 (d)
Subcutaneous COE-BBT@CAR-NK
tumor implanted peritumoral injection Time course of NIR-II

B Time (d) fluorescence imaging

X
o
14
<
Q
Q
[
[
@
w
Q
&)
Cc DAPI/COE-BBT G
05 1.0
= cé = COE-BBT@CAR-T
3 044 LN229 3 08 COE-BBT@T
[0} [0
o [$)
§ 034 & 0.6
o -
o °
c 0.2 c 0.4+
S 9
S 0.1 S 0.2
s =

5
E
Time -14d
Orthotopic COE-BBT@CAR-T
tumor implanted peritumoral injection Time course of NIR-II
F Time (d) fluorescence imaging
. 0.5 1 5 10 14
= 1
e I
w g [l 255
O 1
o0
|-
m
Q-
W ®
@ L7

Fig. 6. Characterization of COE-BBT@CAR-NK and CAR-T cell migration ability toward glioma. (A) Schematic of experiment design. The image was created using BioRender.
com and is used with permission. (B) Second near-infrared (NIR-II) fluorescence (FL) imaging (4., = 808 nm) of LN229 and C6 subcutaneous glioma-bearing mice at various
time points postinjection with COE-BBT@CAR-NK cells at a distance of 0.5 cm. Images captured utilizing a 1,000-nm long-pass filter, 500-ms exposure time. (C) FL intensity
quantification of the subcutaneous tumor from panel (B). Data represent mean + SD, n = 3. (D) Confocal images of LN229 and C6 tumor sections (nuclei: blue) postinjected
with COE-BBT@CAR-NK cells (red). Scale bar = 20 um. (E) Schematic of experiment design. The image was created using BioRender.com and is used with permission. (F) NIR-II
FL imaging (4¢. = 808 nm) of LN229 orthotopic glioma-bearing mice at various time points postinjection with COE-BBT@CAR-T and COE-BBT@T cells at a distance of 1 cm.
Images captured utilizing a 1,000-nm long-pass filter, 500-ms exposure time. (G) FLintensity quantification of the orthotopic tumor from panel (F). Data represent mean + SD,
n = 3. COE-BBT, conjugated oligoelectrolytes-benzobisthiadiazole; CAR-NK cell, chimeric antigen receptor (CAR)-engineered natural killer; CAR-T cell, CAR-engineered T cell.

significant toxicity. This provides crucial safety evidence sup- Conclusion
porting their further clinical translation, particularly for appli- In summary, this study establishes COE-BBT as an ultrasensi-
cations such as NIR-II fluorescence imaging. tive, background-free NIR-II probe for real-time tracking of
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BBT@T cells. Images captured utilizing a 1,000-nm long-pass filter, 500-ms exposure time. (D) FL intensity quantification of orthotopic tumor from panel (B). (E) FL intensity
quantification of orthotopic tumor from panel (C). Data represent mean + SD, n = 3. (F) Schematic of COE-BBT-labeled CAR-expressing cells tumor-targeted migration across
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ACT cells in glioma. By stably anchoring within lipid bilayers
via synergistic electrostatic and hydrophobic interactions,
COE-BBT enables high-efficiency membrane labeling across
multiple tested cell types, including CAR-NK and CAR-T cells,
without perturbing phenotypic profiles. In the present study,
we primarily focused on CAR-NK cells as the representative
ACT platform to evaluate the imaging performance and biologi-
cal compatibility of COE-BBT in glioma models. Remarkably,
the superior penetration depth and signal-to-background ratio
performance enable ultrasensitive quantification of ~20 labeled
cells in vitro and ~50 cells in vivo, supporting COE-BBT as a
highly sensitive NIR-II probe for ACT cell tracking. In subcu-
taneous and orthotopic glioma models, COE-BBT, when com-
bined with NIR-II imaging, provides longitudinal visualization
following intratumoral, peritumoral, and intravenous admin-
istration, thereby resolving early expansion dynamics, persis-
tence, directional migration, and tumor homing across the
BBB. Biosafety evaluation further indicates favorable hemo-
compatibility and the absence of acute systemic toxicity.
Although COE-BBT demonstrates broad membrane-labeling
potential, further investigation is warranted to systematically
characterize its labeling performance, cell-type-dependent
effects, and broader applicability across diverse therapeutic
applications. Collectively, this scalable, noninvasive platform
enables quantitative, spatiotemporal dissection of CAR cell
behavior in solid tumors, offering a practical route toward
image-guided dose optimization and treatment monitoring in
clinical ACT.

Materials and Methods

Materials

FITC anti-human CD3 and APC anti-human CD16 were pur-
chased from BioLegend (USA); PE anti-human CD56 (neural
cell adhesion molecule) and V5 Tag Monoclonal Antibody man-
ganese chloride were purchased from Thermo (USA). The cell
culture components were all purchased from Gibco (USA) and
iCell Bioscience Inc. (Shanghai, China). NK cells of human
malignant non-Hodgkin’s lymphoma (NK-92 MI; Cat. No.: iCell-
h331) were obtained from iCell Bioscience Inc. (Shanghai,
China), rat glioma (C6; Cat. No.: CCL-107) and mouse mono-
cyte-macrophage leukemia RAW 264.7 cells (Cat. No.: TIB-71)
were obtained from American Type Culture Collection (USA),
and human glioblastoma cells (LN229; Cat. No.: CTCC-400-
0015) were obtained from MeisenCTCC (Zhejiang, China).

COE-BBT fluorescence probe synthesis and

characterization

The COE-BBT probe was synthesized and characterized as
previously described [29]. Briefly, BBT-Br (196 mg, 0.110 mmol)
was dissolved in chloroform (20 ml) in a single-neck round-
bottom flask. A solution of trimethylamine in tetrahydro-
furan (2 ml) was then added, and the mixture was stirred
at 55 °C for 16 h. Upon completion, the pale supernatant
was decanted, and the precipitated crude product adher-
ing to the flask bottom was gently rinsed with chloroform
5 times. Subsequently, trimethylamine in methanol (2 ml)
was added, and the mixture was stirred at 55 °C for 16 h.
Solvents were then removed in a vortex vessel, and the resi-
due was dried under vacuum to afford the COE-BBT fluo-
rescence probe.
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Cell culture

C6, LN229, and RAW 264.7 cells were cultured in Dulbecco’s
modified Eagle medium supplemented with 10% fetal bovine
serum and 1% penicillin/streptomycin. NK-92MI and CAR-NK
cells were cultured in minimum essential medium a media
supplemented with 12.5% fetal bovine serum, 12.5% horse
serum, 0.1% p-mercaptoethanol, 0.2 mM inositol, 0.02 mM
folic acid, and IL-2 (10 ng/ml). CAR-T cells were main-
tained in ImmunoCult-XF T Cell Expansion Medium sup-
plemented with IL-2 (10 ng/ml). Cells were maintained at 37 °C
in 5% CO,.

MD simulation investigation

Systematic MD simulations of the complex were performed using
the ff14SB force field in the Amber2020 package under the iso-
thermal-isobaric (NPT) ensemble with periodic boundary condi-
tions. The Amber force field (ff14SB) and TIP3P water model
were employed for all simulations. Prior to the MD simulations,
a 2-step energy minimization procedure was conducted to
eliminate unfavorable atomic contacts in the system: specifi-
cally, 5,000 steps of steepest descent followed by 5,000 steps of
conjugate gradient were implemented for the restrained and unre-
strained systems, respectively. The MD simulations were divided
into 2 consecutive phases: in the first phase (0 to 5 ns), the solute
was restrained, and the system was slowly heated up to 300 K; in
the second phase (5 to 500 ns), unrestrained simulations were
performed at a constant temperature, with the SHAKE algorithm
applied to constrain all hydrogen-containing atoms. Other key
simulation parameters were set as follows: the nonbonded cutoff
radius was 1 nm, the integration time step was 2 fs, and the con-
formational-sampling interval was 10 ps. A total of 5 x 10" con-
formational snapshots were captured and monitored using VMD
and subsequently used for statistical analysis. Furthermore,
constant-velocity steered MD simulations, in which the stretching
velocity of the target atoms or molecules was held constant to
drive their motion along a specific direction, were used to eluci-
date the relationship between the structures of staining agents
and phospholipid bilayers.

Isolation of murine peripheral blood neutrophils
Neutrophils were isolated from peripheral blood using a mouse
neutrophil isolation kit. Peripheral blood was collected from
healthy C57BL/C mice via the retro-orbital sinus and trans-
ferred into blood collection tubes preloaded with TBDTM
anticoagulant. Separation Solution 1 (3 ml) was added to a
centrifuge tube, followed by 3 ml of 80% Separation Solution
1 to form a density gradient interface. Anticoagulated blood
was then mixed 1:1 with erythrocyte sedimentation solution
and carefully layered onto the separation media, followed by a
20-min centrifugation at 800g. The lower neutrophil layer was
collected, mixed with washing buffer (3 ml), and centrifuged
for 10 min at 400g. The pellet was then collected and treated
with red blood cell lysis buffer (1 ml) at room temperature for
3 min, and neutrophils were pelleted at 500¢ for 5 min.

Vector components and sequences

14G2A anti-GD2 scFv
DVVMTQTPLSLPVSLGDQASISCRSSQSLVHRNGNTY
LHWYLQKPGQSPKLLIHKVSNRFSGVPDRFSGSGSGTDF
TLKISRVEAEDLGVYFCSQSTHVPPLTFGAGTKLELKRG
GGGSGGGGSGGGGSEVQLLQSGPELEKPGASVMISCKAS
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GSSFTGYNMNWVRQNIGKSLEWIGAIDPYYGGTSYNQ
KFKGRATLTVDKSSSTAYMHLKSLTSEDSAVYYCVSGMK
YWGQGTSVTVSS

V5 tag
GKPIPNPLLGLDST

CD8 hinge
FVPVFLPAKPTTTPAPRPPTPAPTIASQPLSLRPEACRPA
AGG AVH TRG LDFACDIYI WAP LAG
TCGVLLLSLVITLYCNHRN

4-1BB
KRGRKKLLYIFKQPFMRPVQTTQEEDGCSCRFPE
EEEGGCEL

CD3z
RVKFSRSADAPAYQQGQNQLYNELNLGRREEYDVLDK
RRGRDPEMGGKPRRKNPQEGLYNELQKDKMAEAYSE
IGMKGERRRGKGHDGLYQGLSTATKDTYDALH
MQALPPR

Lentiviral vectors construction and cell transfection
The GD2 CAR nLuc vector was constructed using the scFv
region of the GD2 antibody (clone 14G2A) and a typical sec-
ond-generation 4-1BB CD3 zeta CAR sequence, linked to a
V5 tag and a CD8 hinge. The nano-luciferase coding DNA
sequence was derived from AHH41352.1 and primed with
another independent promoter. The whole sequence is cloned
into a pCDH lentiviral backbone (System Biosciences), The
viral packaging helper plasmids were psPAX2 (Addgene,
12260) and pMD2.G (Addgene, 12259).

The GD2 CAR nLuc lentiviral vector and the helper plas-
mids were cotransfected into HEK 293T cells at a ratio of 10:7:3
using PEI 40K (Polysciences, no. 24765-1). Eight hours post-
transfection, the culture media were replaced, and 48 h post-
transfection, the media were harvested and centrifuged for
5 min at 400g to remove cell debris. The supernatant was steril-
ized with a 0.45-mm filter. The NK-92 MI cells were then
infected with the supernatant, diluted 1:1 with NK-92 MI cul-
ture media. Two days postinfection, cells were collected and
stained with V5 tag FACS antibody (Thermo Fisher, no.
12-6796-42), the transduction efficiency was analyzed, and the
positive cells were isolated using a flow cytometer sorter. The
GD2 CAR-T cells were generated and characterized in Zhang’s
lab as previously described [40].

In vitro cytotoxicity assay

GD2 CAR-NK cells show specific cytotoxicity against LN229
cells. LN229 cells labeled with CellTrace Far Red dye (Thermo
Fisher, C34564) were co-cultured with CAR-NK cells (E:T =
5:1) in Incucyte (Sartorius Incucyte). At 18 h, phase and red
fluorescence were recorded and overlaid. The cell lysis ratio at
the indicated time points was measured by Incucyte analysis.

Cell labeling with the COE-BBT fluorescence probe
To determine the optimal concentration of COE-BBT, 1 X 10° cells/
ml of CAR-NK cells were collected, resuspended in culture media,
and incubated with COE-BBT at 2,4, 8, 10, or 20 pM for 12 h. Cells
were then pelleted at 500¢ for 3 min, washed twice with PBS, and
resuspended in 96-well plates (1 x 10* cells per well). Fluorescence
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intensity was quantified using an NIR-II imaging system (NIRvana
640, Teledyne Princeton Instruments) to determine the optimal
labeling concentration. For time-course optimization, COE-BBT
at the determined optimal concentration (10 pM) was incubated
with CAR-NK cells (1 x 10° cells/ml) for 1, 2,4, 8, 12, or 24 h. Cells
were collected, and fluorescence intensity was quantified as
described above.

For the labeling of suspension cells, CAR-T cells and neutro-
phils were collected and resuspended in media at 1 x 10° cells/
ml. COE-BBT (10 pM) was added, and cells were incubated at
37 °C for 12 h. Cells were then pelleted at 500g for 3 min and
washed twice with PBS. For adherent cells, 1 x 10° cells/ml RAW
264.7 and LN229 cells were seeded and incubated with COE-
BBT (10 puM) at 37 °C for 12 h. Cells were then trypsinized,
pelleted at 500g for 3 min, and washed twice with PBS. The pellet
was resuspended in the culture medium for subsequent in vitro
or in vivo studies. Fluorescence intensity was quantified using
an NIR-II imaging system using unlabeled cells as a control, and
labeling efficiency was assessed via flow cytometry analysis (exci-
tation 405 nm and emission 525 nm).

Characterization of COE-BBT-labeled cells

The Viability of COE-BBT-labeled CAR-NK cells was deter-
mined usmg Cell Counting Kit-8 (CCK-8, MedChemExpress);
1 x 10° cells per well were seeded into 96-well plates and incu-
bated with COE-BBT. For each concentration (0, 1, 2, 4, 8, 16,
and 32 pM), 3 replicate wells were included. After 12 h of incu-
bation at 37 °C, 10 pl of the CCK-8 reagent was added to each
well and incubated for 1 h at 37 °C. The absorbance of the tested
wells was measured at 450 nm using a microplate reader to
calculate cell viability.

The proliferation of COE-BBT- labeled CAR-NK cells was
calculated via cell counting, Briefly, 1 x 10° cells/ml of CAR-NK
cells, with and without COE-BBT labeling, were resuspended
in culture media, and the total cell number was monitored on
days 0, 1, 3, 5, and 7 using an automated cell counter upon
trypan blue staining.

The immunophenotypic profile of the COE-BBT-labeled
CAR-NK cells was characterized upon key surface marker stain-
ing; 5 X 10° cells/ml of CAR-NK cells, with and without COE-
BBT labeling, were incubated with 2.5 pl of anti-CD3 antibody
together with 2.5 pl of anti-CD16 or anti-CD56 antibody at
37 °C for 15 min. Cells were then pelleted, washed twice with
PBS, and resuspended in 500 pl of ice-cold PBS. The immuno-
phenotypic profile was characterized by flow cytometry.

The apoptosis of CAR-NK cells with and without COE-BBT
labeling was determined using the Annexm V-FITC Apoptosis
Detection Kit (Beyotime, China); 5 X 10° cells from each condi-
tion were collected 3 d postlabeling and washed twice with PBS.
Then, the cells were suspended in 100 pl of PBS containing 5 pl of
annexin V-FITC and 10 pl of PI, mixed gently, and incubated
for 15 min at room temperature. Then, 400 pl of PBS was added,
and the samples were kept on ice. The fluorescence of FITC and
PI was detected through flow cytometry (Beckman CytoFLEX,
Ex 405 nm, Em 525 nm).

To assess cytokine secretion, 5 x 10° CAR-NK cells, with
and without COE-BBT labeling, were seeded into 24-well plates
and incubated for 24 h. The culture media were then collected,
and the concentrations of IFN-y, TNF-«, and IL-2 were quan-
tified using the corresponding ELISA kits (BioLegend, no.
505807; MedChemExpress, no. HY-P80914; MedChemExpress,
no. HY-P7077) according to the manufacturers’” protocols.
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Characterization of fluorescence penetration depth
For penetration-depth analysis, CAR-NK cells labeled with
COE-BBT, DiR, or ICG were loaded into glass capillary tubes
and placed in a 10-cm culture dish. The tubes were then covered
with 1% intralipid of a defined depth (0 to 9 mm). For the pen-
etration assay with chicken breast tissue, CAR-NK cells labeled
with COE-BBT or DiR were placed into a 96-well plate and
covered with fresh chicken breast tissue of a defined thickness
(0, 2, 4, 6, and 8 mm). The NIR-II fluorescence was acquired
under identical imaging settings (4., = 808 nm, 1,000-nm long-
pass filter, 1,200-ms exposure time), and the resulting images
were quantified using Fiji Image].

Animal model

Female NSG mice weighing 18 to 22 g were obtained from
Guangdong Yaokang Biotechnology Co., Ltd. (China). Female
BALB/c mice weighing 18 to 22 g were acquired from
Guangdong Charles River Laboratory Animal Technologies
Co., Ltd. (China). All animal experiments were approved by
the Animal Care and Use Committee of Shenzhen Institutes
of Advanced Technology, Chinese Academy of Sciences (China)
(SIAT-IACUC-220519-YGS-SZH-A2148).

Establishment of the orthotopic glioma

mouse model

An orthotopic glioma model was established using luciferase-
expressing LN229 cells. The mice were anesthetized with iso-
flurane gas and secured in a stereotaxic frame. Following shave,
skin disinfection, and midline scalp incision, a microsyringe
was positioned at the predefined stereotaxic coordinates
(3.0 mm from bregma, 2.0 mm lateral to the sagittal suture,
and 3.5 mm in depth), and 5 x 10° LN229 cells suspended in
5 pl of serum-free medium were slowly injected over 5 min.
Tumor growth was subsequently monitored through biolumi-
nescence imaging.

In vivo imaging of COE-BBT-labeled CAR-NK cells

To characterize the in vivo fluorescence penetration depth,
50, 100, 200, 500, and 1,000 labeled cells were resuspended
in 50 pl of PBS, and fluorescence intensity was measured with
the NIR-II imaging system. Subsequently, aliquots containing
the indicated numbers of labeled cells were injected intratu-
morally into tumor-bearing nude mice, and in vivo NIR-II
fluorescence was recorded.

To monitor CAR-NK cell proliferation in vivo, the cells
were prelabeled with COE-BBT as described above. Labeled
cells (5 x 10° cells) were injected into the intracranial ortho-
topic or subcutaneous glioma lesions of the mice. In vivo
NIR-II imaging was performed at 0.25, 1, 2, 3, 5,and 7 d.

Migration of CAR-NK and CAR-T cells targeting

glioma tumors

Mice bearing subcutaneous LN229 or C6 gliomas with com-
parable volumes were selected and randomly assigned into dif-
ferent groups (n = 3 per group). The mice were injected with
1 X 10° COE-BBT-labeled CAR-NK cells once adjacent to the
respective subcutaneous tumor, and NIR-II imaging was per-
formed at 1, 3, 4, 5, and 6 d to track cell migration toward the
tumor. Migration was quantified as the distance between the
fluorescence signal and the tumor center. For intracranial mod-
els, mice with orthotopic LN229 glioma were randomized into
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2 groups (n = 3 per group) and received an intracerebroven-
tricular injection of 1 x 10° COE-BBT-labeled T or CAR-T
cells, respectively. NIR-II imaging was performed at 0.5, 1,
3, 5,7, 10, and 14 d postinjection to evaluate intracranial
migration.

Active targeting of glioma tumor by CAR-NK and
CAR-T cells

LN229 glioma-bearing mice (subcutaneous or orthotopic sites)
with comparable tumor volumes were selected and randomly
assigned into different groups (n=3 pet group). The mice were
injected via the tail vein with 5 x 10° of COE-BBT-labeled
CAR-NK or CAR-T cells, with nonengineered NK or T cells as
the corresponding controls. In vivo fluorescence signals were
acquired and analyzed using an NIR-II imaging system at 2, 6,
8,12, 24, 36, and 60 h postinjection.

To evaluate the ex vivo biodistribution, glioma-bearing mice
were sacrificed 24 h post-intravenous injection of COE-BBT-
labeled CAR-NK and NK cells. Major organs, including the
heart, liver, spleen, lung, kidneys, and brain, were harvested
and imaged using an NIR-II imaging system.

Hemolysis assay

Whole blood (2 ml) from healthy BALB/c mice was collected
and mixed with 10 ml of PBS and then centrifuged at 1,000 rpm
for 5 min to pellet erythrocytes. Harvested erythrocytes were
washed 3 times with PBS to remove plasma components and
then diluted with 0.9% NaCl solution to a final concentration
of 2% (v/v). COE-BBT was diluted in PBS to obtain a series of
solutions at 2, 4, 8, 16, 32, 64, and 128 pM. Distilled water was
used as the positive control to achieve complete hemolysis.
For each condition, 500 pl of the 2% erythrocyte suspension
was mixed with 500 pl of the COE-BBT solutions at corre-
sponding concentrations and incubated at 37 °C and 200 rpm
on a shaker for an hour. After incubation, samples were cen-
trifuged at 5,000 rpm for 5 min, and 150 pl of supernatant was
transferred to a 96-well plate. The absorbance at 540 nm was
measured on a microplate reader to evaluate the hemolytic rate
of COE-BBT.

In vivo safety evaluation

To comprehensively assess the biosafety of COE-BBT-labeled
CAR-NK cells, healthy BALB/c mice were randomly assigned
to 4 groups (n = 5 per group). The control group received PBS
1n)ect1on (100 pl). The remaining groups received an injection
of 5 x 10° COE-BBT-labeled CAR-NK cells, and samples were
collected on days 1, 4, and 7. Blood samples were collected,
and routine hematological and serum biochemical examina-
tions were performed to determine potential hematologic or
hepatic/renal toxicity induced by COE-BBT or CAR-NK cells.
Major organs (heart, liver, spleen, lungs, kidneys, and brain)
were subsequently harvested from each sacrificed mouse and
subjected to hematoxylin—eosin staining for histopathological
analysis.

Ethical Approval

All animal experiments were approved by the Animal Care and
Use Committee of Shenzhen Institutes of Advanced Technology,
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