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A B S T R A C T   

Chimeric antigen receptor (CAR)-modified natural killer (NK) cells are recognized as promising immunothera-
peutic agents for cancer treatment. However, the efficacy and trafficking of CAR-NK cells in solid tumors are 
hindered by the complex barriers present in the tumor microenvironment (TME). We have developed a novel 
strategy that utilizes living CAR-NK cells as carriers to deliver anticancer drugs specifically to the tumor site. We 
also introduce a time-lapse method for evaluating the efficacy and tumor specificity of CAR-NK cells using a two- 
photon microscope in live mouse models and three-dimensional (3D) tissue slide cultures. Our results demon-
strate that CAR-NK cells exhibit enhanced antitumor immunity when combined with photosensitive chemicals in 
both in vitro and in vivo tumor models. Additionally, we have successfully visualized the trafficking, infiltration, 
and accumulation of drug-loaded CAR-NK cells in deeply situated TME using non-invasive intravital two-photon 
microscopy. Our findings highlight that tumor infiltration of CAR-NK cells can be intravitally monitored through 
the two-photon microscope approach. In conclusion, our study demonstrates the successful integration of CAR- 
NK cells as drug carriers and paves the way for combined cellular and small-molecule therapies in cancer 
treatment. Furthermore, our 3D platform offers a valuable tool for assessing the behavior of CAR cells within 
solid tumors, facilitating the development and optimization of immunotherapeutic strategies with clinical im-
aging approaches.   

1. Introduction 

Immunotherapy has emerged as an innovative strategy for cancer 
treatment, with adoptive immunotherapy gaining significant attention 
[1]. Chimeric antigen receptor (CAR)-T cells have demonstrated 
remarkable efficacy in hematological malignancies and have received 
extensive clinical recognition [2,3]. However, owing to multifaceted 
factors, the biological functions of CAR-T cells are often hampered by 

the immunosuppressive tumor microenvironment (TME) [4–6]. Over-
coming these challenges and developing effective CAR therapeutics for 
solid tumors has become a priority in cancer research [7,8]. 

Natural killer (NK) cells, offer a rapid immune response for the 
recognition and spontaneous elimination of tumor cells [9]. To address 
the immunosuppressive TME in solid tumors, the development of CAR- 
NK cells has gained increasing interest as a means to shape antitumor 
immunity [10]. CAR-NK cells offer the advantage of reduced toxicity 
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compared to CAR-T cells, with lower risks of graft versus host disease 
(GVHD), Cytokine release syndrome (CRS), and neurotoxicity [11]. NK- 
92 cells, possessing phenotypic and functional characteristics similar to 
activated NK cells, have been extensively studied and utilized in clinical 
trials. These trials leverage NK-92 cell lines for their scalability in large- 
scale manufacturing [12]. Recent preclinical and clinical studies have 
extensively characterized NK-92 cells with CARs against various cancer 
types, including non-small cell lung cancer, leukemia, and gastric cancer 
[13–15]. These studies provide evidence supporting the development of 
CAR-NK-92 cells as a cancer therapeutic modality. 

Recently, the development of diverse in vitro and in vivo methods has 
guided the evolution of therapeutic drugs and potential mechanistic 
studies of tumor immunotherapy [16,17]. Classical in vitro two- 
dimensional (2D) co-cultures have been widely used to evaluate the 
effector functions of immune cells. These conventional methods, which 
rely on the use of singularized tumor cells in a 2D monolayer culture, do 
not reflect the physiological properties of the TME and individual phe-
notypes. Although analyses of the TME can be performed using patient- 
derived xenograft (PDX) models, these models have low success rates 
and are time consuming [18]. The recent use of 3D tumor models has 
provided reliable tools for assessing the therapeutic efficacy of immune 
cells. To perform the most accurate assessment, some novel methods, 
including 3D tumor spheroids [19], 3D tumor slice culture (3D-TSC) 
[20], and tumor-derived organoids (PDOs) [21,22], have been used to 
recapitulate the complex tissue microenvironment in vitro. Preclinical 
studies on these organoids offer valuable pharmacodynamic indications 
for the therapeutic efficacy of CAR-based cells. 

For adoptive immune cell therapy, antitumor efficacy is often limited 
by less immune cell infiltration and accumulation at tumor sites, 
resulting in variable responses in patients [23,24]. Although informa-
tion on tumor-infiltrated immune cells can be obtained by analyzing 
biopsy specimens, noninvasive and dynamic assessment of response will 

help optimize personalized treatment regimens and combination ther-
apies in the clinic [25]. Traditional pharmacokinetic and pharmacody-
namic imaging techniques, such as magnetic resonance imaging (MRI) 
and positron emission tomography (PET), do not accurately reflect the 
trafficking, infiltration, and accumulation of immune cells in tumor sites 
[26,27]. These methods rely on the modification of adaptive immune 
cells using tracers, which can affect the biological functions of cells [28]. 
In addition, the spatial resolution of MRI and PET is poor for cellular- 
level analyses. Recently, intravital multiphoton microscopy has been 
employed to visualize the deep tissue dynamics of immune cells in 
postcapillary venules with high spatial resolution [29]. Intravital 
multiphoton microscopy has also been used to assess the intratumoral 
proliferation and intracerebral persistence of anti-CD19 CAR-T cells in 
solid tumor models [30]. The multiphoton imaging system is the most 
appropriate molecular imaging modality for validating the efficacy of 
CAR-NK-assisted cancer therapy. 

B7-H3 is a promising target for the immunotherapy of solid tumors 
[31,32]. To date, both CAR-T and CAR-NK cells targeting B7-H3 have 
exhibited potent efficacy in preclinical and clinical studies [15,33]. In 
this study, we aimed to develop a drug delivery approach based on living 
B7-H3 CAR-NK cells engineered to direct small-molecule drugs to the 
tumor site (Scheme 1). Overall, the combination of immunotherapy and 
chemotherapeutic drug delivery can be achieved by utilizing CAR-NK 
cells to reduce off-target toxicity. Furthermore, a dynamic and nonin-
vasive approach was developed to quantitatively evaluate the cytotoxic 
responses of CAR-NK cells in a fluorescence resonance energy transfer 
(FRET)-based 3D-TSC. We integrated intravital multiphoton imaging 
approaches for time-course visualization of the pharmacodynamics and 
efficacy of CAR-NK cells. This modular platform enables medical prac-
titioners to analyze the trafficking, infiltration, and accumulation of 
CAR-based immune cells. 

Scheme 1. Schematic illustration of intravital multiphoton imaging approaches for time-course visualization of the pharmacodynamics and efficacy of CAR-NK cells.  
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2. Methods 

2.1. Cell lines and culture 

A549 (lung carcinoma) and HeLa (cervical carcinoma) cell lines were 
kindly provided by the Cell Bank/Stem Cell Bank of the Chinese Acad-
emy of Sciences. A549 and HeLa cells were grown in RPMI 1640 and 
DMEM (Gibco) containing 10% fetal bovine serum (FBS; Gibco; Thermo 
Fisher Scientific Inc.), 100 U/ml penicillin, and 100 mg/ml streptomycin 
(Gibco). NK-92 cells were cultured in the Alpha Minimum Essential 
medium (GIBCO) supplemented with 0.2 mM inositol (Sigma-Aldrich), 
0.1 mM 2-mercaptoethanol (Sigma-Aldrich), 0.02 mM folic acid (Sigma- 
Aldrich), and adjusted to achieve final concentrations of 12.5% horse 
serum (GIBCO), 12.5% fetal bovine serum, 100 U/ml penicillin, and 100 
μg/ml streptomycin. The cells were maintained at 37 ◦C in a humidified 
incubator with 5% CO2. 

2.2. Generation of anti-B7-H3 CAR-NK cells 

CAR-NK cells were generated according to the instructions previ-
ously described, with some modifications [15]. Briefly, CAR comprising 
the anti-B7-H3 single chain variable region (scFv), CD8 transmembrane 
(TM) region, and the intracellular domains of 4-1BB and CD3ζ, was 
cloned into the lentiviral vector carrying the reporter gene (ZsGreen or 
TdTomato). The lentiviral particles were produced in HEK293T cells. 
After NK-92 cells were transfected with the lentiviruses, CAR-expressing 
NK-92 cells were harvested using a FACSAria II cell sorter (BD 
Biosciences). 

2.3. Preparation and characterization of the benzoporphyrin derivative- 
encapsulated liposomal nanoparticles 

The liposomal benzoporphyrin derivative (LBPD) nanoparticles were 
produced as previously described [30]. Briefly, cholesterol (Avanti, 
USA), 1, 2-dipalmitoyl-sn-glycerol-3-phosphocholine (DPPC), 1, 2-dis-
tearoyl-snglycero-3-phosphoethanolamine-N-[methoxy (polyethylene 
glycol)-2000] (ammonium salt) (DSPE-mPEG (2000), and Benzopor-
phyrin Derivative (BPD) (Avanti, USA) were mixed at a molar ratio of 
1:10:5:5. Thereafter, a thin lipid layer was generated using a vacuum 
rotary evaporator and hydrated using PBS. The liposomal structure was 
formed via six freeze–thaw cycles, and the liposome size was reduced via 
five times extrusion through a 100 nm polycarbonate membrane using 
an Avanti Polar Lipids syringe extruder (Alabaster, AL, USA). A UV–Vis 
spectrophotometer (UV-1800, Shimadzu, Japan) was used to measure 
the UV–Vis absorbance spectra of the prepared liposomes, and a Zeta-
sizer NanoZS instrument (Malvern, U.K.) was used to characterize their 
hydrodynamic sizes (nm), polydispersity indices, and zeta potentials 
(mV). 

2.4. Cytotoxicity assays 

Tumor cell mortality was measured using a calcein-AM release assay 
kit (Invitrogen, US). First, CAR-NK92MI cells were incubated with 
liposomal BPD particles for 2 h to complete the NPs cellular uptake 
process. Thereafter, the CAR-NK (LBPD) cells were washed three times 
with PBS, resuspended in cell medium, and added to the tumor cells at a 
2:1 E: T ratio; the final volume in a 96-well plate was 200 μl. The mixing 
cell plates were incubated at 37 ◦C with 5% CO2 for 4 h. After 4 h of 
incubation, the laser irradiation group was irradiated with a 680 nm 
laser at 1 W/cm2 for 5 min. The plate was centrifuged at 300 ×g for 5 
min, and 100 μl of supernatant was collected from each well and 
transferred to a 96-well white plate. Calcein fluorescence was measured 
using a multimode plate reader (EnVision 2105 Multimode Plate Reader, 
PerkinElmer) at excitation/emission wavelengths of 495/515 nm. 
Tumor cell mortality was measured according to the percentage of 
Calcein release: % lysis = (E − S)/(M − S) × 100%, where E is the 

fluorescence measured in combined cultures of target and effector cells, 
S is the spontaneous fluorescence of the target cells, and M is the 
maximum fluorescence measured after lysis of all cells with buffer 
containing 0.5% Triton X-100, 10 mM Tris-HCl (pH 7.4), and 10 mM 
EDTA. 

2.5. 3-dimensional tumor spheroid assays 

HeLa-C3 cells were generated by incorporating a fluorescence reso-
nance energy transfer (FRET)-based sensor to detect caspase-3 activa-
tion, as previously described [34]. Non-adhesive round-bottom 96-well 
plates (Sigma Aldrich, USA) were pre-coated with 1% pluronic-F127 
(Sigma Aldrich) before seeding the HeLa-C3 cells. The plates were 
then centrifuged at 1000 ×g for 5min in a Sorvall Legend XTR Centri-
fuge (Thermo Fisher Scientific) and incubated at 37 ◦C and 5% CO2. The 
medium was changed every day to ensure maximal oxygen and nutrient 
penetration into the spheroids. Prestoblue (Invitrogen) was added to the 
cells each day, and the absorbance was measured 2h after the addition 
of the reagents. The radii of the spheroids were measured using ten 
spheroid samples. 

2.6. Glucose metabolism assays 

The XF96 glycolysis stress test and mito stress test were performed 
using a Seahorse XFe96 Extracellular Flux Analyzer (Agilent) to measure 
the ECAR and OCR. One day prior to the assay, A549 cells were seeded at 
7000 cells/well in 96-well Seahorse plates. A549 cells were treated with 
CAR-NK or NK cells for 24 h. The growth medium was replaced with XF 
assay medium and the cells were incubated in a CO2-free incubator for 1 
h. After the tests, the cells were lysed with lysis buffer (0.1% triton, 10 
mM Tris–HCl), and Bradford reagent was used to determine the total 
amount of protein in each well. The final concentrations of the reagents 
used in glycolysis stress were as follows: 10 mmol/L glucose, 2 μmol/L 
oligomycin, and 50 mmol/L 2-deoxy-D-glucose (2-DG) in each group. 
The final concentrations of reagents utilized in the mito stress test were 
as follows: 2 μmol/L of oligomycin, 2 μmol/L of FCCP, and 0.5 μmol/L of 
antimycin A/rotenone in each group. 

2.7. 3-dimentional tumor slice cultures (3D-TSCs) models 

The 3D-TSCs (300 μm) were prepared under sterile conditions using 
a vibratome within 6 h after surgery according to an established protocol 
[20]. The slices were then carefully precoated with a collagen gel 
mixture (200 μL) on a 0.4-mm pore size membrane culture insert in a 24- 
well plate. After the tissue-containing gel was solidified, 50 μL CAR-NK 
cells (1,000,000) were added to the inner insert, and 450 μL of culture 
medium was added to the outer dish in the hood. The slice culture 
medium was composed of 20% fetal horse serum, 20% fetal bovine 
serum, and 50 μg/ml gentamicin. Later, the slices were cultivated in a 
humidified incubator at 5% CO2 and 37 ◦C. The medium was changed 
every four days thereafter. The slices at different time points were 
removed for imaging analysis using a Leica M165FC fluorescent stereo 
microscope, and the MTT assay was performed to evaluate the thera-
peutic effect. The slices were washed three times with PBS, stained with 
400 μL MTT (1 mg/mL) in 24 well plates, and incubated for 2 h at 37 ◦C. 
After incubation, the slices were washed three times with PBS, and then 
800 μL of the MTT solvent (isopropanol) was added to each well. The 
plate was shaken on an orbital shaker for 2 h, and the absorbance was 
read at 570 nm using a plate reader (Perkin Elmer Victor X3, Waltham, 
MA, USA). All present tumor slices were fixed with 10% formalin and 
embedded in paraffin for immunohistochemistry (IHC) stain. The IHC 
toolbox ImageJ software was used to analyzed proportion of the brown 
color of H-DAB stained images. 
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2.8. In vivo therapy of CAR-NK cells 

NOD/SCID mice (male, aged 4–6 weeks) were subcutaneously 
administered 1.7 × 106 A549 cells with more targeting ability. Animals 
were randomized into the seven treatment groups (N = 6 per group). 
Mice were intravenously administered PBS, LBPD, CAR-NK(LBPD), and 
CAR-NK cells on days 14, 21, and 28, respectively. The tumor size and 
weight were recorded every 5 days, and tumor volume was calculated 
according to the following formula: volume = 0.5 × width2 × length. 
The survival time was recorded, and dead mice were stored for further 
use. All experimental animal protocols were approved by the Ethics 
Committee of the University of Macau Animal Faculty (UMARE – 
041–2020). 

2.9. Intravital multiphoton microscopy 

A real-time multiphoton-photon microscopy system (Fig. S5A) was 
used to image and observe NK cell distribution in vivo. A Nikon A1MP+
fluorescence confocal microscope (Nikon, Japan) was used with a water- 
immersed 40× (NA = 1.15) objective. Two-photon laser excitation was 
performed using an 800–1300 nm tunable femtosecond laser (Insight 
X3, Spectra Physics). Before observation, mice were anesthetized via an 
intraperitoneal injection of Avertin (25 μL injection volume per gram of 
body weight). Thereafter, mice were mounted on a 2 cm bottom glass 
Petri dish and the tumor was exposed for observation. Intravenous 
catheters were used to inject the cells (CAR-NK(LBPD) cells in 100 μL 
PBS) via the tail vein. Intravital multiphoton images of the tumor 
microenvironment were acquired using near-infrared 1300 nm excita-
tion. The third harmonic generation (THG) signals of blood cells [35], 
two-photon fluorescence (TPF) of CAR-NK(LBPD) cells, and second 
harmonic generation (SHG) signals of collagens in the tumors of nude 
mice were collected in the wavelength ranges of 415–485 nm, 506–593 
nm, 604–679 nm, and 698–750 nm, respectively. 

To outline the distribution of blood vessels in the tumor microenvi-
ronment, we performed two-photon angiography with 2 megadalton 
dextran-FITC (Movie S3). The fluorescence (λem = 506–593 nm) of 
circulating dextran-FITC in vivo was imaged at an excitation wavelength 
of 970 nm. 

2.10. Statistical analyses 

All data are expressed as mean ± SEM. Statistical analysis was con-
ducted using analysis of variance, Student's t-test, and Kaplan-Meier 
survival analysis. All analyses were performed using GraphPad Prism 
software version 8 (GraphPad Software, Inc., CA, USA). P values are 
presented as * p < 0.05, ** p < 0.01, *** p < 0.001, and **** p < 0.0001. 

3. Results 

3.1. Significant uptake of nanoparticles in CAR-NK cells 

We aimed to develop a drug delivery system based on living NK92 
cells to express anti-B7-H3 CAR. This delivery system consisted of a 
single-chain variable fragment (scFv) of anti-B7-H3 antibody, CD8 
transmembrane domain, and intracellular 4-1BB and CD3ζ signaling 
domains. Human CAR-NK cells were generated via transduction with 
lentiviral constructs containing either Zs-Green or Td-Tomato reporters. 
CAR-NK cells were enriched using fluorescence-activated cell sorting 
(FACS). Flow cytometry analysis confirmed the successful expression of 
CAR molecules based on the detection of fluorescent Zs-Green and Td- 
Tomato reporters (Fig. S1). The two fluorescent formants of CAR NK 
cells displayed high viability (> 99%). 

Liposomal nanoparticles (NP) encapsulating therapeutic agents have 
shown pharmaceutical value as drug delivery vehicles. Here, we pre-
pared a biocompatible and nontoxic liposomal NP (LBPD; size, 156 nm 
and potential, − 11.8 mV) by formulating a benzoporphyrin derivative 

(BPD) into liposomes, as illustrated in Fig. 1. BPDs, as photosensitizers, 
display photodynamic and photothermal efficacy [36,37]. To reduce the 
toxic effects on the cell carriers, we encapsulated them into liposomes 
(LBPD) with a hydrodynamic diameter and a zeta-potential of − 11.8 mV 
(Fig. 1A). Thereafter, we loaded LBPD into living CAR-NK92 cells, 
achieving stable labeling (Fig. 1B). Cell viability was maintained in CAR- 
NK cells loaded with LBPD. Confocal fluorescence imaging confirmed 
the effective co-localization of LBPD fluorescence (red) with CAR NK 
cells (green). The optimal incubation time for better LBPD loading ef-
ficiency was approximately 2 h (Fig. 1C and Fig. S2A, B). After incu-
bation with CAR-NK92 cells, 20 mM LBPD achieved the strongest 
fluorescence signals (Fig. 1D and Fig. S2C). The time-dose LBPD fluo-
rescence curve revealed that the internalization of LBPD into CAR-NK 
cells reached a maximum of 25% after 2 h of incubation (Fig. 1E). The 
effect of LBPD on NK cell viability was determined using the Cell 
Counting Kit-8 (CCK-8) method on different days. The percentage of cell 
viability was not significantly different between the drug-loaded CAR 
NK cells and CAR NK cells (Fig. 1F). 

3.2. Enhanced cytotoxicity ability of CAR-NK cells carrying LBPD 

To determine whether NK cell function remained under drug-loading 
conditions, we evaluated the cytotoxic efficacy of LBPD-loaded CAR-NK 
cells (CAR-NK-LBPD) by co-culturing CAR-NK cells with B7-H3-positive 
HeLa cells as targets. Without laser irradiation, CAR-NK-LBPD led to a 
mortality similar to CAR-NK (approximately 30%). This finding implies 
that LBPD loading did not affect the cytotoxic capabilities of CAR NK 
cells. After illuminating the CAR-NK-LBPD cells with NIR laser light 
(680 nm), LBPD-mediated photothermal effects on the target cells were 
observed. Compared with the CAR-NK-LBBP group with laser irradia-
tion, laser irradiation significantly increased cell mortality from 30 to 
90% (Fig. 1G). 

3.3. Quantitative analysis of CAR-NK-mediated cytotoxicity in FRET- 
based 3D-TSCs models 

To determine the apoptotic effects of CAR-NK cells on cancer cells, 
we introduced a caspase-3 responsive fluorescence resonance energy 
transfer (FRET) biosensor in four cancer cell lines to generate the sensor 
cells, Hela-C3, MDA-MB-231, PANC1-C3, and A549-C3 [38]. The FRET 
reporter is a pair of cyan fluorescent protein (CFP) and yellow fluores-
cent protein (YFP). The FRET energy effect indicates the occurrence of 
apoptosis. When apoptosis is induced by NK cells, the DEVD linker of the 
reporter is cleaved by caspase 3 proteases, and the emission energy of 
CFP is transferred to YFP. Apoptotic cancer cells appear blue. This FRET 
detection allows real-time tracking of the apoptosis of living cells. 

To validate the apoptotic effects of drug-loaded CAR-NK cells, we 
first established a 3D sphere model by coculturing Hela-C3 cells and 
LBPD-loaded CAR NK cells. During the co-culture process, the apoptotic 
status of cancer cells at different E: T ratios (0.5, 1, and 2) was observed. 
Therefore, we confirmed that Hela-C3 apoptosis was induced by the 
administration of CAR NK cells at different E: T ratios (Fig. S3). 

To mimic the in vivo tumor microenvironment, 3D-TSCs were used as 
reliable models for the quantitative measurement of anticancer drug 
sensitivity [20]. Here, as shown in Fig. 2, we further established a FRET- 
based time-lapse and MTT endpoint assay to predict the efficacy of CAR- 
NK cells in 3D-TSCs. Briefly, four cancer cell lines, MDA-MB-231-C3, 
A549-C3, HepG2-C3, and PANC-1-C3, were subcutaneously injected 
into nude mice. Histological analysis of 3D-TSCs indicated B7-H3 
expression (Fig. S4). Tumor tissue derived from nude mice was 
embedded with agarose and sectioned using a vibrating microtome. The 
slices were then embedded in a collagen gel on membrane inserts, and 
microscopic imaging of the therapeutic response was performed. After 
treatment of the sensor-assembled tissues with CAR-NK cells, the 
response of 3D-TSCs to CAR-NK cells ex vivo was determined by the 
FRET ratio in a dose- and time-dependent manner. The MTT assay of cell 
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viability was quantitatively measured. 
3D-TSCs derived from MDA-MB-231-C3 cells were treated with 

increasing doses of CAR NK cells for seven days. The FRET ratio 
significantly decreased after the administration of high doses of CAR NK 
cells (106/ml and 107/ml) (Fig. 3A, B). Cell viability was quantified 
using an MTT assay. Similar to the reduced FRET ratios, the number of 
cells markedly decreased after CAR-NK cell treatment (Fig. 3B). To 
further examine repeatability and operability, we evaluated four 
different types of cancer cells, MDA-MB-231-C3, A549-C3, HepG2-C3, 
and PANC-1-C3 (Fig. 3C). Compared to untreated controls, 3D-TSCs 
displayed high sensitivity to CAR NK cells. The FRET and MTT assays 
confirmed the increase in tumor apoptosis and decrease in tumor cell 
numbers induced by CAR-NK cells (Fig. 3D, E). These data illustrate that 
3D-TSCs could serve as valuable tools for time-lapse evaluation of CAR- 
engineered NK cells. 

3.4. CAR-NK cells exhibit biocompatibility and low organ toxicity as drug 
carriers 

We attempted to confirm whether the photothermal property of 
LBPD was retained in CAR-NK cells with LBPD loading. The temperature 
of the LBPD in CAR-NK cells markedly increased under laser irradiation, 
whereas no obvious temperature elevation of either unloaded CAR-NK 
cells or PBS was observed (Fig. 4A, B). Drug-loaded CAR-NK cells dis-
played excellent concentration- and laser power density-dependent 
photothermal properties under laser irradiation. 

High accumulation of drugs in tumors is a prerequisite for achieving 
enhanced antitumor therapeutic outcomes. To compare the tumor as-
sociation of CAR-NK cells to liposomes in vivo, we injected CAR-NK 
(LBPD) and LBPD with equal concentration of LBPD from tail vein. 
The association of BPD in tumor tissues was imaged at 12 h post injec-
tion (Fig. 4C). The results suggest that CAR-NK (LBPD) group demon-
strates superior tumor accumulation and retention compared to LBPD. 

Fig. 1. Preparation and tumor cytotoxicity of LBPD-loaded CAR-NK cells. (A) Hydrodynamic size and zeta potential of LBPD liposomes were evaluated by dynamic 
light scattering (DLS) measurement. (B) The image of CAR-NK cell internalized LBPD by a two-photon microscope (Scare bar = 160 pix). (C–D) The fluorescence 
spectra of LBPD-loaded CAR-NK cells at different incubation times (C) and incubation concentrations (D). (E) The cell uptake of LBPD NPs in CAR-NK cells at different 
incubation times. (F) MTT showed no significant difference in the cell viability of the unlabeled or labeled CAR-NK cells. (G) Mortality of A549 cells under different 
treatment conditions. Data are expressed as Mean ± SEM. *p < 0.05; ***p < 0.001. 
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To visualize LBPD biodistribution in vivo, the major organs were excised 
and the fluorescence intensities of BPD were measured in major organs 
(heart, liver, spleen, lung, and kidney) (Fig. 4D). BPD residue was 
relatively low in the heart, spleen, and lungs of the two groups. Free 
LBPD mice displayed high fluorescence intensity of BPD in the liver 
because the liver is the main organ of metabolism. In contrast, less BPD 
retention was observed in the liver of CAR-NK-LBPD mice. 

3.5. Synergistic therapy of CAR-NK cells carrying LBPD in vivo 

To evaluate the antitumor efficacy of CAR NK cells carrying drugs in 
vivo, A549 tumor-xenografted mice were intravenously administered 
three injections of free LBPD, CAR-NK, and CAR-NK(L-BPD) on days 14, 
21, and 28, respectively (Fig. 5A). After 24 h, the tumor location was 
exposed to 680 nm laser irradiation for 30 s, and the tumor size was 
monitored by caliper measurement seven days post-tumor inoculation. 
Compared to the placebo group, tumor growth was inhibited in all 
treatment groups (Fig. 5B). According to the volume changes of the 
tumor, the groups treated with CAR-NK (LBPD) plus laser irradiation 
displayed significantly enhanced tumor cell eradication compared with 
the groups without laser irradiation. Combination treatment with CAR- 
NK cells and photothermal therapy did not affect mouse weights over 
the entire experimental period. Meanwhile, the overall survival of mice 
was significantly prolonged and even reached five months, indicating 
that mice could tolerate CAR-NK-mediated drug delivery (Fig. 5C). 
These results indicate that CAR-NK(LPBD)-mediated therapy effectively 

inhibited tumor growth and prolonged mouse survival through syner-
gistic immunotherapy. 

3.6. Tumor infiltration of CAR-NK cells based on intravital two-photon 
imaging 

Based on the in vivo therapeutic efficacy, we opted to validate 
whether CAR NK cells effectively delivered drugs to tumor sites. A 
multiphoton microscopy system was used to confirm the targeting of 
CAR NK cells to tumor sites in vivo (Fig. S5). Prior to intravenous 
administration, the multiphoton contrast of CAR-NK-LBPD cells in vitro 
was examined. Red fluorescence of LBPD internalized in green CAR NK 
cells was observed (Fig. 6A; Movie S1 of Supporting Information). 
Following the treatment process (Fig. 6B), we monitored the tumor 
microenvironment in vivo. First, the third-harmonic generation (THG) 
contrast (magenta in Fig. 6C) was used to identify the vessels in the 
tumor microenvironment [35]. Thereafter, the previously infiltrated 
CAR-NK cells (cyan color) containing BPD (red color) were identified in 
the extravascular collagen networks (green color in merged images) 
(Fig. 6C, Fig. S6, Movie S2), where NK cells can enter tumor sites. After 
another injection of the cells, the fluorescent signals of infiltrated CAR- 
NK cells were observed by two-photon images (Fig. 7A, B). The fluo-
rescence intensity of CAR-NK cells was found to gradually increase in a 
time-dependent manner by analyzing tumor-infiltrated immune cells 
with flow cytometry and tumor slices (Fig. 7C, D). Of note, we did not 
observe similar infiltration patterns, with barely any LBPD-NPs or 

Fig. 2. A FRET-based time-lapse and MTT endpoint assay of CAR-NK cells in 3D-TSCs. Cancer cell lines MDA-MB-231-C3, A549-C3, HepG2-C3, and PANC-1-C3 are 
established by transfection of Sensor C3 plasmid into cells followed by subcutaneous injection of nude mouse. Tumor tissue derived from nude mouse are embedded 
with agarose and sectioned at a thickness of 300 μm with a vibrating microtome. The slices are then carefully embedded by collagen gel on membrane inserts in 24- 
well plates for slice culture and microscope imaging of therapeutic response. 
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dextran (Movie S3). Overall, the LBPD-loaded CAR-NK cells could cross 
the barrier of the vessels and reach the tumor site via tail vein injection. 

4. Discussion 

Cellular immunotherapy has led to remarkable advances in preclin-
ical and clinical applications. Live immune cells have emerged as smart 
carriers for delivering anticancer drugs deep within the tumor 

Fig. 3. Tumor-apoptosis assay of CAR-NK (red) in 3D-TSCs. (A) Merged YFP (green)/CFP (blue) images and MTT assay images of Hela-C3 cells treated with different 
concentrations (104, 105, 106, and 107 cells/ml) of CAR-NK cells. Scale bar, 200 μm. (B) Corresponding FRET ratios and cells viabilities in (A). The FRET ratio is 
estimated from the relative CFP intensity, and the cell viability is evaluated from the absorption of MTT-assay images. (C-E) Treatment responses of mouse 3D-TSCs to 
B7-H3 CAR-NK cell therapy at day 7 after treatment. (C) The YFP (green), CFP (blue), td-Tomato labeled NK cells (red), and merged images of various cell lines (231, 
A549, HepG2, and PANC1) with or without CAR-NK cell treatment. Scale bars: 200 μm. (D) FRET ratios and (E) cell viabilities of (C) with 4 technical replicas. Data 
are expressed as Mean ± SEM. *p < 0.05; **p < 0.01. ****p < 0.0001. The graphs are representative of the results obtained in this experiment, repeated three times. 
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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microenvironment [39]. These live engineered cells may survive and 
traffic to intratumoral sites while maintaining their antitumor effector 
activities. Such synergistic strategy not only reduces the in vivo toxicity 
of drugs but also enhances effective drug accumulation at tumor sites. 
Drug-loaded live immune cells have the unique merits of natural cell 
functions to participate in immune regulation. CAR-engineered NK cells 
have shown significant promise as an “off-the-shelf” vehicle for targeted 
drug delivery to the tumor site. In the present study, we developed a 
TME-directed drug delivery vehicle using intracellular drug loading in 
live CAR-NK cells. As liposomes possess excellent biodegradability and 
biocompatibility, they are ideal drug carriers. BPD can be loaded into 
CAR-NK cells with the fusion of liposomes, exhibiting excellent 
compatibility and low cytotoxicity [40]. The therapeutic efficacy of CAR 
NK cells was successfully increased in vivo and in vitro. 

Photothermal therapy is considered one of the most effective pho-
totherapies that causes cancer cell death to achieve antitumor effector 
functions. One of the attractive features of photothermal therapy is the 
commonly used light-absorbing photothermal agent with activation 
properties that utilize non-ionizing radiation, such as near-infrared laser 
light [41,42]. The light-active cell drug system provides a novel option 
for controlled release compared with conventional liposome systems 
[43]. Recently, numerous synergistic therapeutic approaches have been 
developed for oncology. However, PDT has certain limitations when it 
comes to depth penetration, making it less effective for treating certain 
types of cancer or conditions located deep within the body. It is pri-
marily used for superficial conditions like certain skin cancers, including 
melanoma. It's important to consider the limitations of PDT, including 
depth penetration, when discussing its clinical applicability. In this 
study, we investigated the localization and therapeutic potential of CAR- 
NK cells loaded with small molecule drugs in a subcutaneous tumor 
model in mice. To track the distribution of the loaded drugs, we 
employed a photosensitizer as an indicator. Initially, NK cells, 

engineered with an anti-B7-H3 CAR, recognized A549 cancer cells, 
initiating the targeting process. Subsequently, upon irradiation with a 
680 nm laser, the photosensitized drugs were released from the CAR-NK 
cells. The released drugs exhibited an ablative effect on the tumor cells, 
highlighting the effective delivery of small molecule drugs to the tumor 
sites by CAR-NK cells. By utilizing a photosensitizer-based tracking 
system, we successfully visualized the distribution of these drugs within 
the subcutaneous tumor in a mouse model. 

The TME cannot be clearly observed using a single-photon confocal 
microscope. Further, two photons can penetrate deeper than the visible 
wavelengths used in a confocal microscope. Our study revealed how the 
in vivo pharmacodynamics of cellular drugs can be evaluated in the TME. 
We employed a near-infrared laser-excited multiphoton imaging system 
to visualize the delivery process in deep tissues and confirmed that 
infiltrating CAR-NK cells could effectively transport drugs into the 
tumor tissue. In addition, intravital multiphoton imaging was employed 
to address the CAR-NK cell infiltration-mediated delivery of photo-
sensitized drugs in the tumor. Using a tumor xenograft model, we 
explored the molecular mechanism of CAR-NK cell infiltration for the 
transport of photosensitized drugs using an intravital microscope. 
Tumor infiltration by CAR-NK cells led to the effective transport of drugs 
into the tumor tissue. The Warburg effect is a feature of metabolic 
dysregulation that occurs during malignant transformation. Herein, 
drug-loaded CAR-NK cells decreased the basal extracellular acidification 
rate (ECAR) and increased the basal oxygen consumption rate (OCR) 
(Fig. S7), serving as indicators of the anti-Warburg effect. Therefore, in 
addition to their apoptosis and photothermal abilities, drug-loaded CAR- 
NK cells may regulate glucose metabolism in cancer cells. 

Significant efforts are being dedicated to preclinical studies that aim 
to evaluate the antitumor function of adoptive immunotherapy to pro-
vide clinical proof of concept [44–46]. In the majority of clinical trials, 
NK cell doses typically range between 5 × 106 and 5 × 107/kg [47]. A 

Fig. 4. In vivo photothermal therapeutic effect and biodistribution of drug-loaded CAR-NK cells. (A) Quantitative analysis of temperature changes in the tumor area 
at different time points. (B) Thermal images of A549 tumor-bearing mice treated with PBS, liposome BPD, CAR-NK, and CAR-NK(L-BPD); Cell dose was 5.2 × 106 

cells and LBPD dose was 5.8 mg/kg (i.v. 100 μL) with 680 nm laser illumination at indicated time points. The laser power density was 1.0 and 1.4 W/cm2. (C) Tumor 
association with BPD fluorescence of CAR-NK(L-BPD) and L-BPD groups with i.v. injection into A549 tumor-bearing mice. (D) All kinds of organs and tumor tissue are 
distributed significant differences with BPD fluorescence between CAR-NK(L-BPD) and L-BPD groups. (HA, LV, SP, LU, KD and TU represent heart, liver, spleen, lung, 
kidney and tumor). 
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recent study demonstrated the safe administration of a dose of 1 × 108/ 
kg CAR-NK92 cells per patient [48]. In this study, despite using a dose of 
approximately 1 × 108 /kg CAR-NK92 cells to treat mice, no significant 
adverse effects were observed. Before conducting the clinical trial for 
anti-B7-H3 CAR-NK92, we will explore further optimization of safety 
dosages. 

However, the conventional 2D analysis models used in most pre-
clinical studies do not adequately reflect the physiology of native tu-
mors, which serves as a limitation [20]. While PDX models offer 
significant advantages, their high costs and low success rates present 
challenges in preclinical and clinical applications. However, our study 
introduces a pioneering approach where we utilize the 3D-TSC (Three- 
Dimensional Tumor Spheroid Culture) as an ex vivo model to investigate 
the effects of CAR-NK therapy. This is the first report of utilizing the 3D- 
TSC model for such purposes. Our study presents a method for quanti-
tatively analyzing the cytotoxic activity of CAR-NK cells within the 3D- 
TSC model. The C3-mediated 3D-TSC model was employed to evaluate 
the effectiveness of CAR-NK cells. Our findings demonstrate that CAR- 
NK cells exhibit efficient cytotoxicity specifically targeted towards 
tumor organoids within the 3D-TSC model. These results hold promising 
implications for the development of a rapid and individualized protocol 
for utilizing CAR-NK cells in preclinical studies. The discovery of CAR- 
NK cells' effective targeting of tumor organoids within the 3D-TSC 
model provides valuable insights. This finding has the potential to 
advance the development of more efficient and personalized approaches 
to CAR-NK cell therapy in preclinical settings. It paves the way for the 
exploration of rapid and individualized protocols, contributing to the 
advancement of CAR-NK cell research and their potential translation 
into clinical applications. 

5. Conclusion 

In summary, we established a new cellular therapeutic drug delivery 
system that integrates CAR NK cell immunotherapy with light activation 
of small-molecule prodrugs. Drug-loaded living NK cells exhibit 
enhanced antitumor activity in vitro and in vivo. More importantly, by 
integrating 3D-TSCs with intravital multiphoton imaging techniques, we 
have developed a cutting-edge approach for the rapid assessment of the 
apoptosis effects of CAR-NK cell therapy. This innovative strategy allows 
for real-time 3D evaluation of CAR-NK cell therapy efficacy in vivo or 
human tumor tissue using a two-photon microscope, eliminating the 
need to wait for complete tumor extinction. Consequently, this method 
enables clinics to select the most appropriate CAR-NK drugs from the 
outset, improving treatment decision-making and optimizing patient 
outcomes. 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.jconrel.2023.09.007. 
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Fig. 5. In vivo synergistic therapy of CAR-NK cells carrying drugs. (A) Schematic diagram of the treatment regimen for validating the therapy efficiency of CAR-NK 
(LBPD). Mice were subcutaneously injected with 1.7 × 106 A549 cells and were divided into seven treatment groups. Mice were intravenously administered LBPD, 
PBS, CAR-NK(LBPD), and CAR-NK cells on day 14, day 21, and day 28. The cell dose was 5.2 × 106 cells (i.v. 100 μL) and the LBPD dose was 5.8 mg/kg for LBPD NPs, 
the second day every time irradiation with 680 nm laser. (B–C) Therapy of CAR-NK cells carrying drugs in tumor xenografts. Tumor size (B), and survival rate (C) of 
the mice bearing tumor after the injection of LBPD, CAR-NK, and CAR-NK(LBPD) were analyzed, respectively. For the placebo group, only PBS (pH 7.4) was injected 
without irradiation. Data are represented mean ± standard deviation (n = 6 mice per group) (*p < 0.05, ***p < 0.001). The p values of tumor volume and survival 
curves among the different groups was assessed by the Kaplan-Meier analysis. 
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