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a b s t r a c t 

The recent years has witnessed an exponential growth in the field of natural killer (NK) cell-based im- 

munotherapy for cancer treatment. As a prerequisite to precise evaluations and on-demand interventions, 

the noninvasive tracking of adoptive NK cells plays a crucial role not only in post-treatment monitoring, 

but also in offering opportunities for preclinical studies on therapy optimizations. Here, we describe an 

NK cell tracking strategy for cancer immunotherapy based on ultrasound imaging modality. Nanosized 

ultrasound contrast agents, gas vesicles (GVs), were surface-functionalized to label NK cells. Unlike tra- 

ditional microbubble contrast agents, nanosized GVs with their unique thermodynamical stability enable 

the detection of labeled NK cells under nonlinear contrast-enhanced ultrasound (nCEUS), without a no- 

ticeable impact on cellular viability or migration. By such labeling, we were able to monitor the trafficking 

of systematically infused NK cells to a subcutaneous tumor model. Upon co-treatment with interleukin 

(IL)-2, we observed a rapid enhancement in NK cell trafficking at the tumor site as early as 3 h post- 

infusion. Altogether, we show that the proposed ultrasound-based tracking strategy is able to capture the 

dynamical changes of cell trafficking in NK cell-based immunotherapy, providing referencing information 

for early-phase monotherapy evaluation, as well as understanding the effects of modulatory co-treatment. 

Statement of significance 

In cellular immunotherapies, the post-infusion monitoring of the living therapeutics has been challeng- 

ing. Several popular imaging modalities have been explored the monitoring of the adoptive immune cells, 

evaluating their trafficking and accumulation in the tumor. Here we demonstrated, for the first time, the 

ultrasound imaging-based immune cell tracking strategy. We showed that the acoustic labeling of adop- 

tive immune cells was feasible with nanosized ultrasound contrast agents, overcoming the size and stabil- 

ity limitations of traditional microbubbles, enabling dynamical tracking of adoptive natural killer cells in 

both monotherapy and synergic treatment with cytokines. This article introduced the cost-effective and 

ubiquitous ultrasound imaging modality into the field of cellular immunotherapies, with broad prospec- 

tives in early assessment and on-demand image-guided interventions. 

© 2023 The Authors. Published by Elsevier Ltd on behalf of Acta Materialia Inc. 

This is an open access article under the CC BY-NC-ND license 

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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. Introduction 

Adoptive cell therapy (ACT), a type of cell-based immunother- 

peutic approach, has provided tremendous opportunities for can- 

er treatment and management in recent years [1–3] . In ACT, ex 

ivo -expanded effector immune cells, either autologous or allo- 

enic, are adoptively infused into patients for the treatment of can- 

ers, which has shown promising outcomes in leukemia and lym- 
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homa patients [ 1 , 2 ]. Despite the encouraging success of ACT in

arious aspects, challenges remain as many patients failed to re- 

pond or underwent relapse after the treatment, with widely re- 

orted heterogeneity in intratumoral recruitment of the therapeu- 

ic cells and sometimes off-tumor toxicity [4–8] . In recent years, 

atural killer (NK) cells have emerged as an attractive candidate in 

ell-based immunotherapies. These innate effector cells, with ease 

f access and expansion, feature a direct cytotoxicity against cancer 

ells even in case of tumor antigen loss, making them a promising 

lternative for non-responders to adoptive T cell therapies. Their 

resence in the tumor sections have been widely reported to posi- 
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s

ively correlate with treatment responses, with better safety profile 

fter adoptive transfer, encouraging increasing efforts on develop- 

ng NK-based immunotherapies in both preclinical and clinical set- 

ings [9–11] . 

With the advances in the cancer-immune biology, there is a 

rowing awareness of the importance of tracking these adoptive 

mmune cells after the transfer. The trafficking, infiltration, persis- 

ence and anti-tumor activities of these infused immune cells in 

umor microenvironment (TME), etc., reflect crucial information for 

he post-treatment assessment as well as the development of adju- 

ant strategies for the full exploitation of their therapeutic effects 

 12 , 13 ]. As a prerequisite to precise interventions and modulations, 

racking the adoptive NK cell accumulation in the tumor also pro- 

ides opportunities for designs of on-target activation strategies 

o increase the specificity and safety. This poses substantial chal- 

enges to traditional follow-up examinations like blood tests or 

iopsies, which are suggested to suffer from limited spatial infor- 

ation and delayed identification of insufficient tumor recruitment 

f the adoptive cells. By contrast, with the imaging-based noninva- 

ive cell tracking techniques, the tumor recruitment, retention and 

ven activation status of the adoptive NK cells could be assessed 

ith spatial precision, enabling early evaluation of the treatment 

nd informed treatment-related decision making [ 7 , 12 , 14–18 ]. The 

ecent years have seen tremendous effort s in exploring effective 

maging strategies, with combinations of advanced materials, to 

nable therapeutic cell tracking. Various modalities have been ex- 

lored for the tracking of adoptive cells, including optical imaging 

ethods, nuclear medicine imaging and magnetic resonance imag- 

ng [ 15 , 19–23 ]. Different modalities have been contributing new in- 

ights of adoptive cells to the field with their unique advantages, 

erving as powerful post-infusion monitoring tools either in pre- 

linical settings or with clinical relations. Yet, none of these meth- 

ds has been deemed as the gold-standard, having their own limi- 

ations. 

The ultrasound imaging, as a cost-effective, radiation-free, 

idely accessible and sensitive technique, enjoys not only the deep 

enetration, but also the capability of real-time imaging at the 

ame time. It has been routinely used for imaging examinations 

nd image-guided procedures in clinical practices, including ad- 

inistration of therapeutic immune cells, making it another attrac- 

ive modality for tracking cells in ACT. However, there has been 

imited results on ultrasound imaging for the cell tracking pur- 

oses, especially in cell-based immunotherapies. To achieve ultra- 

ound imaging of a target cell population, the ultrasound contrast 

gents (UCAs) are needed for enhancing the signal contrast from 

ells of interests, making them distinguishable from surrounding 

issues. Microbubbles (MBs), either lipid- or protein-shelled, are 

he most commonly used UCAs, with many commercially available 

ormulations [ 24 , 25 ]. The immune cells of interests are expected 

o migrate and infiltrate into tumor tissues, thus the tracking of 

hich requires the cell-bound UCAs to have sizes smaller than the 

article passing limits in tumors [26] . Unfortunately, MBs, with 

heir micron-scale sizes, are usually confined to the vasculature 

nd hence are limited for the cell tracking purposes. Moreover, the 

Bs are thermodynamically unstable at in vivo conditions, with 

ocumented rapid signal decay under body temperature (37 °C), 

hile the dynamics of adoptive immune cells like NK cells could 

e beyond the lifetime of MBs [ 25 , 27 , 28 ]. If the tracking of adop-

ive NK cells could be implemented by the already-on board ultra- 

ound imaging technology, assisted by nanosized UCAs with better 

tability, the early and cost-effective monitoring of these therapeu- 

ic cells will be possible, as well as the image-guided interventions 

n adoptive cells. 

For the tracking of adoptive NK cells with ultrasound, it is de- 

ired to employ UCAs with smaller sizes and better in vivo stability. 

as vesicles (GVs) are biogenic protein-shelled hollow structures 
543 
ith nanoscale sizes, which have been demonstrated as genetically 

ncodable ultrasound contrast agents with tremendous potentials 

n various fields [ 29 , 30 ]. These structures are mechanistically sta- 

le as the protein shells exclude water and allow free gas ex- 

hange between the surrounding media, providing a desired ther- 

odynamical stability for in vivo persistence. It has been demon- 

trated that the flexible shells of GVs buckle under acoustic field, 

enerating echo in the harmonic frequencies, allowing the distin- 

uishment of GVs from biological tissues with echo dominantly in 

undamental frequency [31–33] . Their role of gas-carrying oscilla- 

ors under ultrasound activation has been exploited for therapeu- 

ic purposes, as well as site-specific neuromodulation [34–36] . The 

onlinear echogenicity of GVs has also been exploited for nonlin- 

ar contrast-enhanced ultrasound (nCEUS) imaging. Thanks to re- 

ent advances in the field, it has been demonstrated to be effec- 

ive reporters in GV-expressing cells for imaging purposes, as well 

s modifiable nanosized contrast agents for molecular ultrasound 

maging [37–41] . 

Herein, we hypothesize that GVs could be sued as acoustic 

arkers to label NK cells, which in turns enables noninvasive 

racking of the labeled cells after systematic infusion via ultra- 

ound imaging. We chose NK-92 cells, an off-the-shell NK cell line 

ith great translational potentials, as example cells for tracking . 

n a model system of adoptive NK cell immunotherapy, we showed 

hat the GV-based labeling allows ultrasound imaging of labeled 

K-92 cells during their trafficking to the tumor xenograft of hu- 

an hepatocellular carcinoma. We found that the labeled NK cells 

ccumulated within the tumor as early as 3 h after the adoptive 

nfusion, which led to a significant increase in the signal inten- 

ity under nCEUS imaging. We further showed that, upon actively 

oosting the NK-cell tumor accumulation by the well-recognized 

ooster IL-2, the ultrasound signal drastically increased at both 3 h 

nd 24 h post-infusion. The increased tumor recruitment of adop- 

ive NK cells could also be confirmed by ex vivo optical imaging 

echniques, suggesting the successful noninvasive tracking of the 

doptive NK cells by the proposed method. 

. Materials and method 

.1. GV preparation 

.1.1. GV extraction 

The GVs were extracted from Anabaena flos-aquae by Walsby’s 

ethod (Buckland and Walsby, 1971). Briefly, the hypertonic cell 

ysis was used isolate GVs from Ana by suspending the cells in 

5% sucrose solution and standing the resulting mixture in 4 °C 

vernight. The released GVs floated to the top were collected 

nd purified with PBS by centrifugation-assisted floatation. The in- 

ranatant was removed by 20G needles and the floating GVs at 

op were resuspended in PBS. The purification procedures were re- 

eated until the GVs formed a creamy white layer on top of clear 

nfranatant. Finally, the GVs were stored in PBS at 4 °C. 

.1.2. GV characterization 

For the characterization of GV size distribution and zeta poten- 

ial, the Zetasizer Nano-Z (Malvern Instruments Ltd, Malvern, UK) 

as used. The GVs were suspended in DI water according to man- 

facturer’s instruction with temperature balanced to 25 °C during 

he measurement. The concentration of GVs was determined us- 

ng UV-Vis spectrometer (100 Pro, GE Healthcare, USA) as previ- 

usly described [ 34–36 , 39 ], where a documented concentration of 

50pM/OD 500nm 

was adopted in the measurement. 

.1.3. GV functionalization 

To functionalize GVs for binding with cells through the biotin- 

treptavidin interaction, the GV surface proteins were first bi- 
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tinylated with EZ-Link Sulfo-NHS-Biotin (ThermoFisher Scientific) 

ccording to the supplier’s instructions. Briefly, the biotinylation 

eagent was added to purified GVs with a 10 0 0 0-fold molar ex- 

ess at 2m M concentration. Following a 20 min incubation at room 

emperature, the biotinylated GVs were washed with PBS 3 times 

hrough centrifugal floatation. The biotinylated GVs were further 

ixed with Dylight594-conjugated streptavidin at molar ratio of 

:10 0 0 0 and incubated for 30 min at room temperature, in or- 

er to form non-aggregated GVs with streptavidin-functionalized 

urfaces and detectable with fluorescence imaging. The resulting 

treptavidin-coated GVs (SA-GVs) were further washed and puri- 

ed 3 times with PBS to get rid of non-incorporated reagents and 

tored in PBS at 4 °C before further use. The size distribution of 

unctionalized GVs was characterized by dynamic light scattering 

DLS) method as the plain GVs, where no significant shift of the 

ize was observed. 

.2. Cell labeling with GVs 

.2.1. NK cell culture 

The human NK cell line, NK-92, was obtained from Ameri- 

an Type Culture Collection (Rockville, MD, USA), and cultured at 

7 °C with 5% CO 2 , in MEM- α medium (12561056, ThermoFisher 

cientific), supplemented with 10% heat-inactivated FBS, 1% peni- 

illin/streptomycin, 100U/mL IL-2, 0.02mM folic acid, 0.2mM inos- 

tol, and 0.1mM 2-Mercaptoethanol. To facilitate the confirmation 

f GV binding and also co-validation of the biodistribution by op- 

ical imaging methods, the NK cells were transfected with EGFP 

eporter gene and sorted on the basis of EGFP expression before 

urther experiments. The Hep-3B cell line was obtained from ATCC 

nd cultured in DMEM medium, supplemented with 10% FBS and 

% penicillin/streptomycin. 

.2.2. Labeling of biotinylated NKs 

To attach SA-GVs to NK cells, the cell surface was biotinylated 

ith EZ-Link Sulfo-NHS-Biotin (ThermoFisher Scientific), using pro- 

edures similar to the GV biotinylation described above. The reac- 

ion mixture of cells and the reagent was incubated at 4 °C accord- 

ng to supplier’s suggestions to avoid active internalization of bi- 

tin during the process. The cells were washed with PBS 3 times 

fter the biotinylation process to get rid of the non-incorporated 

iotin reagents. For the binding between SA-GVs and biotinylated 

K cells, the mixture of 80 μL SA-GVs (OD10 in PBS) and cell 

uspension of 5 × 10 7 cells in PBS was incubated at 4 °C for 

0 min. Gentle shaking was applied with the orbital shaking bed 

o avoid cell pelleting during the incubation which might result in 

V-bridged cell-cell binding. The resultant suspension was further 

ashed 3 times with ice-cold PBS, where the supernatant that con- 

ained unbound free GVs was removed. The dosage of GVs for cur- 

ent labeling procedures was empirically determined through sev- 

ral trials, where the 100% labeling rate (ratio of cells that exhib- 

ted GV-related signal in fluorescence imaging) was achieved with- 

ut introducing cell floatation due to binding with large amount 

f GVs, whereas the GV-cell ratio was high enough to prevent GV- 

ridged cell-cell binding. 

To compare the influence of different UCAs on cell migra- 

ion, MB-labeled cells were prepared with similar procedures. 

he streptavidin-coated MBs were prepared by first synthesizing 

iotin-coated MBs. Then similar streptavidin coating procedures 

ike GVs were applied. To exclude the potential bioeffect of MB 

ipid components on cell migration, another labeling group with 

uptured MBs was included. The same number of bubbles as in 

B-labeling group was used during labeling, except for the bub- 

les in this group were pretreated by sonication bath to shatter 

he bubbles and release their shell components. 
544 
.3. Cell viability and functionality tests 

.3.1. MTS test 

The impact of different labeling agents on NK cell via- 

ility was examined with 3-(4,5-dimethylthiazol-2-yl)-5-(3- 

arboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS) 

ssay. The NK cells were bound with either GVs or MBs through 

he biotin-avidin interactions described above, and the viability 

as compared to a control group where no labeling agent was 

dded (CTRL). After the labeling procedures, the cells were seeded 

n 96-well plates at 5 × 10 3 cells/well incubated for each of the 

roups. The cells were incubated for 0, 24, 48, and 72 h before 

dding 10 μL MTS, followed by an extra 3 h incubation to allow 

he reaction of the reagent. Afterwards, the absorbance at 492 

m was measured with a microplate reader (Ledetect 96, Labexim 

roducts, Austria). 

.3.2. Migration test 

The influence of different labeling agents on NK cell migration 

bility was examined by transwell tests. Apart from the binding 

ith GVs and MBs, an additional labeling group of shattered MBs 

MB-S) was included to exclude potential bioeffects of MB shell 

omponents on the migration ability. After cell labeling procedures, 

he cells were resuspended in FBS- culture medium, with cell den- 

ities balanced to 10 6 /mL in each group. Then 100 μL of the cell 

uspension was seeded into the transwell inserts (5 μm pore size) 

f 24-well Transwell (Corning Inc., Corning, NY), resulting in a final 

ell number of 10 5 in each insert. The bottom chamber was added 

ith 600 μL full medium to attract the migration of NK cells. After 

 24 h incubation, the medium at the bottom chamber was col- 

ected for counting migrated cells through the pores. 

.4. In vitro ultrasound imaging 

The in vitro ultrasound imaging properties of GV-labeled NK 

ells were evaluated in a custom-made 3% (w/v) agarose phantom. 

riefly, the agarose was dissolved in Milli-Q water by heating, and 

he hot solution was solidified in a custom-made mold. A pipet tip 

as inserted to the hot solution from the top before solidification, 

o that a sample loading well was formed in the phantom. The sus- 

ensions of either unlabeled or GV-labeled NK cells were loaded 

nto the phantom well and imaged with the Vevo 2100 imaging 

ystem (Visual Sonics, Fujifilm, Toronto, Canada). The LZ250 trans- 

ucer operating at 18MHz was used for acquiring the nonlinear 

ontrast mode images (Transmit Power 4%, Standard Beamwidth, 

ontrast Gain 30dB, Dynamic Range 30dB). To confirm the non- 

inear contrast signal was indeed coming from intact GVs bound 

ith cells, a high-power ultrasound burst (Transmit Power 100%, 

uration 1 second) was applied on the sample suspension to see 

hether the contrast would be eliminated. 

To understand the detection sensitivity and signal persistence 

n vitro of current tracking strategy, the ultrasound imaging prop- 

rties of labeled cells were first evaluated against cell densities 

nd post-labeling incubation time in vitro . For density-dependent 

maging properties, the cells were resuspended to several densi- 

ies from 10 3 to 10 6 cells/mL after labeling procedures. For the 

ncubation-time dependent evaluation, the labeled cells were re- 

uspended in FBS-low (3%) medium and put to incubation at 37 °C, 

uch that the cell proliferation would not complicate the evalua- 

ion of cell-bound GV stability. At different time points after the 

ncubation (0, 24, 48 and 72 h), the sample was collected from the 

ulture, pelleted and resuspended in PBS with density balanced to 

0 6 cells/mL for imaging experiments. All in vitro imaging of the 

ells were then carried out in the phantom well at room tempera- 

ure. 
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.5. Animal experiments 

All animal experiments were conducted under experiment pro- 

ocols approved by Department of Health of Hong Kong SAR and 

he Hong Kong Polytechnic University Animal Subjects Ethics Sub- 

ommittee (Approval No. 20-21/250-BME-R-NSFC). Male nude mice 

f 5 weeks old, weighing 20 ∼24 g were provided by the Central- 

zed Animal Facilities of Hong Kong Polytechnic University. The 

umor xenograft was established by subcutaneously injection of 

 × 10 7 Hep-3B cells in full medium mixed 1:1 with Matrigel 

100 μL) to the right rear dorsum. The tumor started to be ap- 

arent about 2 weeks after the injection and the volume was 

easured by calipers and B-mode ultrasound imaging. The exper- 

ments started at the time point when tumors reached average 

izes of 50 ∼100mm 

3 . The animals were randomly divided into 4 

roups: (a) GV only, (b) NK only, (c) GVNK, (d) Control, correspond- 

ng to the intravenous injection of (a) 80 μL GVs in PBS (OD10), (b)

 × 10 6 NK cells in 80 μL PBS, (c) 5 × 10 6 GV-labeled NK cells

n 80 μL PBS, and (d) 80 μL PBS. The tumor growth was monitored

n all groups, and the ultrasound imaging was conducted on mice 

n (a), (b) and (c) before and 3, 24, 48, 72 and 96 h after the in-

ection. To further boost the tumor targeting ability of infused NK 

ells, another group (e) GVNK + IL2 was added, where the mice re- 

eive the same amount of labeled NK cells as in (c), while a single

ose of recombinant IL-2 (50 × 10 3 U) was injected i.p. at 1h af- 

er the NK cell infusion. The in vivo toxicity of the treatment and 

racking system was monitored by the observations of the body 

eight, food intake and daily activity of the mice. One mouse from 

ach of the three groups (NK only, GVNK and GVNK + IL2) was sac- 

ificed at 24 h after the injection, and the tumors and major organs 

heart, liver, spleen, kidney and lung) were collected for IVIS imag- 

ng (Perkin Elmer, Waltham, MA). The tumors were further fixed 

ith 4% paraformaldehyde and slices were collected by cryosec- 

ion for further fluorescence microscopy. The liver imaging experi- 

ents were conducted in another batch of healthy nude mice, di- 

ided into 3 groups receiving i.v. injection of either GVs, NK cells or 

V-labeled NK cells. The liver contrast was evaluated every 15 min 

ollowing the IV injection and the major organs were also collected 

or IVIS imaging. 

For the in vivo ultrasound imaging, the Vevo 2100 imaging sys- 

em with the LZ250 transducer was used for capturing images un- 

er nonlinear contrast mode. The parameters were set according 

o manufacturer’s instructions to suppress tissue backgrounds in 

ivo (Frequency 18MHz, Transmit Power 4%, Narrow Beamwidth, 

ontrast Gain 20dB, Dynamic Range 30dB). The mice were anes- 

hetized by isoflurane with body temperature maintained, breath- 

ng and heartbeat monitored using the heated imaging platform. 

or tumor imaging experiments, the motor-controlled 3D ultra- 

ound scanning was conducted (step size 0.05 mm) to obtain the 

ontrast profiles within the entire tumor. 

.6. Image analysis of ultrasound images 

The ultrasound images were exported, and MATLAB (Math- 

orks) was used to quantify the intensity values in the nonlinear 

ontrast (NLC) mode images. The regions of interest (ROIs) were 

anually defined to cover the intra-tumoral volumes while avoid- 

ng the tissue boundaries. The average NLC intensity within the ROI 

as extracted from every two frames through the 3D scans, and 

he overall average NLC intensity was averaged through the entire 

umor volume. The overall intra-tumoral contrast signal after the 

doptive transfer was normalized to the baseline value, obtained 

ia a scan before infusion, and presented in dB values. The 3D re- 

onstruction of the tumor volume and corresponding contrast cov- 

rage analysis was conducted using the Vevo LAB software, simi- 

arly with manually drawn ROIs. 
545 
.7. Confocal microscopy 

For the confocal microscopy of NK cells, the GV-labeled and 

ontrol NK cells were first fixed with 4% PFA for 10 min. After fix- 

ng, the cells were washed with PBS and then stained with DAPI 

ounting medium before sealed with cover slips. The cells were 

hen observed with a laser-scanning confocal microscope (Leica 

CS SPE, Germany) with 40X objective. The NK cells were observed 

y 488nm laser excitation for their EGFP expression, while the GVs 

ere visualized by the 561nm laser excitation for their surfaces 

oated with Dylight594. The processing and quantification of the 

btained images was conducted using ImageJ software. 

.8. Transmission Electron Microscopy 

To further determine the size and morphology of the prepared 

Vs, we used Transmission Electron Microscopy (TEM, JEOL 2100 

, JEOL, Tokyo, Japan) with an operating voltage of 200kV. The GV 

ample suspended in deionized water at OD0.1 was deposited on 

 carbon-coated formvar grid and let dried at room temperature 

efore imaging. 

.9. Statistical analysis 

The data was collected in triplicate unless stated otherwise, 

nd all statistical analyses were conducted using MATLAB software. 

or comparisons between two groups, the two-tailed Student’s t- 

est was used. The comparison among more than two groups was 

erformed by one-way analysis of variance (ANOVA) followed by 

isher’s least significant difference test for post-hoc correction. P- 

alues lower than 0.05 were consider statistically significant. All 

tatistical differences between groups were marked with corre- 

ponding p-values obtained in the analysis. 

. Results 

.1. GV binding on NK cells (with viability and migration) 

To achieve ultrasound tracking of adoptive immune cells, we at- 

ached GVs as nanosized UCAs (nUCAs) on the cell surface through 

x vivo biotin-streptavidin conjugation. After labeling, the labeled 

mmune cells were systematically infused into tumor-bearing an- 

mals through i.v. injection. Upon infiltration and accumulation 

n the tumor, the cell bound GVs would exhibit specific ultra- 

ound contrast, indicating the intra-tumoral homing of adoptive 

mmune cells ( Fig. 1 a). The GVs were extracted and prepared 

ccording to previously determined protocols, where the ultra- 

ound imaging properties and surface chemistry of GVs have also 

een well-characterized [ 30 , 35 , 36 , 39 ]. We have adopted surface-

unctionalized GVs in this study for the labeling of immune cells, 

ithout any additional modifications that shall be thought to al- 

er their properties. For those who are interested in the detailed 

haracteristics of these vesicles, one could refer to previous work 

hat described the protocols we adopted. Indeed, the prepared 

Vs showed a cylindrical morphology with nanoscale dimensions, 

ith no significant shift of size distribution after the surface func- 

ionalization ( Fig. 1 b, Supplementary Fig. S1). We then applied 

he prepared GVs for labeling surface biotinylated NK-92 cells ex 

ivo through biotin-streptavidin conjugation. As we used EGFP- 

xpressing NK-92 cells as model targets, the binding between the 

uorescence-labeled GVs and NK cells could be confirmed by flu- 

rescence microscopy ( Fig. 1 c&d). Dylight594 + spots could be ob- 

erved with clustered distribution around EGFP signal, indicating 

 successful attachment of SA-GVs on the surfaces of biotinylated 

K-92 cells ( Fig. 1 c). No GV-bridged cell-cell binding was observed 

nder the current labeling protocol. From the images taken at 
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Fig. 1. GV-based labeling of adoptive immune cells and the tracking strategy. a. Schematic design of the in vitro labeling of adoptive immune cells with GVs via biotin- 

streptavidin interaction, which further grants the cells echogenicity for ultrasound imaging after systematic transfer. b. TEM image of GVs, indicating a cylindrical morphology 

with diameters around 100nm and length around 600nm . c, d. Fluorescence microscopy of GV-labeled NK-92 cells. The EGFP-expressing NK-92 cells (green) were labeled 

with Dylight594-conjugated GVs (red), with nucleus stained with DAPI (blue) and imaged with confocal microscopy at 10 × (c) and 40 × (d) objective lens. The merged 

images indicate that the cells were labeled with GVs without noticeable cell-to-cell binding, and the GVs were localized on the cell membrane after the labeling procedures. 

e. Schematic principle of the migration test. The GV- or MB- labeled cells were loaded into the transwell insert containing FBS-free medium, while the well contains full 

medium to attract the cells to migrate through the insert membrane with 5 μm pores. An additional group of cells bound with shattered MBs (magenta) was also included in 

migration assay. f. The migrated cells at the well collected and counted for comparisons to control group (black). Statistical differences indicated with corresponding p-values. 

g. MTS assay on GV- (red) or MB- (blue) labeled cells with comparison to control (black). No significant impact of either contrast agents on cell proliferation observed ( n = 3, 

data presented as mean ± SD). 
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igher magnification ( Fig. 1 d), the GVs were tethered to the cel- 

ular surfaces. By principle, the high labeling rate and the avoid- 

nce of cell-cell binding could be achieved with higher GV-to-cell 

atio. While the overdose of GVs would result in cell floatation due 

o the strong buoyancy introduced by the large amount of GVs on 

he cells. This might impose difficulty in separating labeled cells 

rom free GVs, also resulting in a potential barrier for cellular con- 

act with cancer cells. Hence, all the experiments carried out in the 

urrent study were under the empirically determined GV dosage, 

ith shaking applied during incubation. Note that the fluorescence 

ntensity should be considered partially reflecting the loading ca- 

acity of GVs on each cell. The absolute red fluorescence intensity 

ould also be related to variations in sizes of each GV, as well as 

ttachment of GV shell fragments due to mechanical agitation ap- 

lied during the mixing operations. Therefore, we only provided 

he fluorescence imaging for indication of successful surface at- 

achment, instead of quantifying the number of intact GVs bound 

n each cell relying on the fluorescence. For the loading capacity 

f GVs on cells, one may find estimations via measuring the GV 

oncentrations before and after the labeling procedures. The dif- 

erence between starting GV dosage and the residual free GVs shall 

eflect the amount of GVs incorporated on labeled cell population 

895 ± 526 in current study, mean ± SD from 3 independent ex- 

eriments). However, we shall also admit that such method shall 

verestimate the loading of intact GVs, to some extent, consider- 

ng potential collapse of some GVs during the mixing agitation and 

oss of free GVs during centrifugal washing. 

To evaluate the influences of labeling on NK cells, the cell sur- 

ival and proliferation after the labeling were examined via MTS 

ssay and transwell assay, where the labeling by microbubble (MB) 

nd their shattered components (MB-S) were also included for 

omparisons. The labeling procedures were not causing much bur- 

en on cell survival as determined by trypan blue exclusion after 

he handling, where ∼90% cells remained viable after all binding 

rocedures in all experiments. The FBS was used as the model at- 

ractant to evaluate the migration ability of labeled cells through 

embranes with 5 μm pores ( Fig. 1 e). The migrated cells were col-

ected and quantified ( Fig. 1 f). The migration of NK cells bound 

ith either GVs or ruptured MBs was not affected, as no difference 

n counted migration was observed between these two groups and 

he control group. While in the MB-labeled group, the number of 

igrated cells was significantly lower than all other groups, sug- 

esting a compromised migratory ability of NKs bound with MBs. 

oreover, the MTS results suggested that the proliferation of la- 

eled cells was not influenced by either GVs or MBs, with no sig- 

ificant difference between the labeled groups and control group 

 Fig. 1 g). As we hypothesized, the traditional contrast agent, MBs, 

as hamstrung the tagged immune cells from effective migration 

nd infiltration due to their sizes under intact structure. As the ef- 

ective migratory activities shall be the pre-requisite for executing 

ffector functions in cellular immunotherapy, we proposed to use 

anosized GVs for cellular labeling, considering their previously 

emonstrated stability and effective entry into the tumor [39] . 

ccompanying the viability assay, the observed migration profile 

n transwell assay showed effective infiltration of GV-labeled NK 

ells in vitro , compared to non-labeled counterparts or MB-labeled 

nes, suggesting a potent method for detecting tumor-infiltrating 

K cells via ultrasound imaging. Other than the migratory ability 

hat we most concerned, we further examine other functionalities 

hat are related to effector functions of NK cell after accumulation 

n tumors (Supplementary Fig. S2). Indeed, no significant impact 

n NK-92 cell functionalities was observed on the mRNA level. 

Combining the results above, the compromised migration in 

B-labeled group was most likely due to the physical properties 

f structurally intact MBs, since no noticeable cytotoxicity or bio- 

ffect of MBs was observed. The large sizes of intact MBs attached 
547 
n cells were highly probable to create extra barriers that hindered 

he crossing of NKs across the pores, resulting in a reduced num- 

er of migrated cells in MB-labeled group. By contrast, the GVs ex- 

ibited good biocompatibility with the labeled cells, while impos- 

ng no obvious impact on cell functionalities. Such properties are 

reatly desirable for tracking adoptive immune cells since they are 

xpected to migrate and infiltrate into tumor tissues. 

.2. In vitro ultrasound imaging properties 

After confirming the binding between GVs and NK cells, we 

roceeded to evaluate the ultrasound imaging properties of GV- 

abeled NK cells (GVNK) in agarose phantom wells right after the 

abeling procedures. Both traditional B-mode images and nCEUS 

mages under nonlinear contrast (NLC) mode were collected for 

omparison. In traditional B-mode images ( Fig. 2 a), the control 

ells without labeling started to show certain level of signal in B- 

ode images at the density of 10 5 cells/mL and stood out from 

ackground at 10 6 cells/mL. However, the control cells did not ex- 

ibit any signal in nonlinear contrast mode even at the density 

p to 10 6 cells/mL. In GVNK group, the similar trend was ob- 

erved across different densities in B-mode images, while the GV- 

abeled cells exhibited some level of contrast signal in NLC im- 

ges at density of 10 5 cells/mL and became considerably bright at 

0 6 cells/mL. The contrast signal was lost after applying the high- 

ower bursts in the GVNK group, returning to the similar level 

ith their non-labeled counterparts. The signal intensities in NLC 

mages were further quantified ( Fig. 2 c). In GVNK group, a slight 

nhancement was seen when the density reached 10 5 cells/mL, 

ith a dramatic rise from 10 5 cells/mL to 10 6 cells/mL. While as 

xpected, the non-labeled cells showed no noticeable change in 

LC intensity w.r.t. increasing cell density. A 2.6-fold enhancement 

as observed in GV-labeled cells to their non-labeled counterparts 

t 10 6 cells/mL with statistical significance, indicating a detection 

hreshold around 10 6 cells/mL in current labeling paradigm. The 

abeling by GVs granted the cells clear contrast signal in nCEUS 

mages, owing to the nonlinear echogenicity of GVs. Either non- 

abeled cells or biological tissues were echogenic predominantly in 

undamental frequency, which hinders the detection of target cell 

opulations by traditional B-mode imaging after adoptive trans- 

er. These current results suggested that the labeling by GVs facil- 

tate the specific detection of labeled cells of interest in biological 

issues. In nCEUS imaging, the tissue background is greatly sup- 

ressed as they usually do not exhibit nonlinear echogenicity. The 

Vs, with their well-studied nonlinear echogenicity, would in turns 

nable specific detection of cells with GVs tethered to their sur- 

aces. 

The persistence of the NLC signal after GV-labeling was fur- 

her evaluated, with the labeled cells imaged after different post- 

abeling incubation time ( Fig. 2 b&d) and balanced to the same den- 

ity. Although the signal intensities dropped with increasing in- 

ubation time at 37 °C ( Fig. 2 d), the labeled cells remained dis- 

inguishable from non-labeled cells even after 48 h incubation 

 Fig. 2 b). The significant contrast enhancement was observed for 

p to 48 h post-labeling incubation, with a return to baseline when 

maged at 72 h ( Fig. 2 d). Such signal decrease was not observed in

revious longevity test regarding GVs themselves [39] . We give two 

peculated reasons that might be leading to the in vitro signal loss. 

irstly, at each time point examined, the cells were counted and 

esuspended so that the density was balanced to the same density 

s the initial one. Considering the cell proliferation during the long 

ncubation period, the rebalancing process might lead to decreased 

abeling rate, as the total amount of GVs incorporated in the sys- 

em would remain unchanged while the cell number increased. 

econdly, potential cell-GV interactions might also underly the loss 

f ultrasound signal after the long incubation time. Although spa- 
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Fig. 2. Ultrasound imaging properties of labeled and non-labeled NK-92 cells in vitro . a. The ultrasound images of labeled and non-labeled NK-92 cells at different cell 

densities under B-mode and NLC mode. b. The ultrasound images of GV-labeled NK-92 cells after different post-labeling incubation time under B-mode and NLC mode, 

with density balanced at 10 6 cells/mL. Scale bars, 2mm. c, d. Quantification of NLC intensities in a & b. The average intensities were quantified in manually drawn ROIs 

covering the phantom wells containing cell suspension (n = 3, data presented as mean ± SD). Statistical differences were analyzed by one-way analysis of variance (ANOVA) 

and two-tailed Student’s t-test, with statistical differences indicated with corresponding p-values. 
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l

ial arms in the biotinylation reagent were introduced to prevent 

irect contact between cells and GVs, the NK-92 cells are known to 

luster during incubation, which introduce chances of GV-cell con- 

act and hence cell-GV interactions. Potentially, some interactions 

ight cause GV structure breakdown, or in certain cases, rupture 

Vs due to some cell-cell interactions. Nevertheless, with previ- 

usly reported trafficking and homing dynamics of NK cells [15] . 

he current signal persistence up to 48 h shall suffice the purpose 
548 
f early-phase tracking of the adoptive NK cells, as they are ex- 

ected to infiltrate tumors within hours after infusion. 

.3. In vivo detection of labeled NK cells in healthy animals 

Upon confirming the in vitro ultrasound imaging properties of 

V-labeled NK cells, we then evaluated the detectability of GV- 

abeled NK cells in vivo . We first chose the liver as an example 
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Fig. 3. The detectability of GV-labeled NK-92 cells by ultrasound imaging in vivo . a. Representative ex vivo IVIS images of major organs collected at 1h after the intravenous 

injection of non-labeled (NK only) and GV-labeled (GVNK) EGFP-expressing NK-92 cells. Positive fluorescence indicates presence of adoptive NK-92 cells. b. Representative in 

vivo NLC images of mouse livers outlined by ROIs (green line) before and after the infusion of non-labeled (NK only) and GV-labeled (GVNK) NK-92 cells. Scale bar, 2 mm. c. 

Quantification of NLC intensity changes in b. Average intensities were quantified in manually drawn ROIs covering the liver, and normalized to the baseline intensities before 

the cell infusion. ( n = 3, data presented as mean ± SD) 
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oming environment for the evaluation, as it has been widely re- 

orted as one of the major accumulation spots for adoptive NK 

ells after infusion [15] . In two groups of healthy nude mice, we in-

used intravenously either GV-labeled (GVNK) or non-labeled (NK 

nly) EGPF-expressing NK-92 cells, at 5 × 10 6 cells each mouse. 

ne mouse from each group was sacrificed at 60 min after infu- 

ion for organ collection and ex vivo biodistribution analysis by 

VIS imaging ( Fig. 3 a). The distribution of EGFP intensities indi- 

ated a post-infusion accumulation majorly in the liver, 60 min af- 

er the adoptive transfer for both groups, as previously reported 

 15 , 20 , 22 , 23 ]. The nCEUS ultrasound imaging was conducted on

he rest of mice in both groups ( Fig. 3 b), and the NLC signal in-

ensity changes in the liver were quantified ( Fig. 3 c). Before the 

doptive transfer, the liver exhibited minimal contrast signal under 

LC mode compared to the skin surface or tissue boundaries for 

oth groups. After i.v. infusion of the cells, no observable signal en- 

ancement could be observed in the liver for NK-only group, while 

 clear increase could be seen in the GVNK group ( Fig. 3 b). The

uantification of the NLC intensities suggested a plateau around 

0dB enhancement in the liver, reached at 15 min post-infusion 

nd persisted up to 75 min after the infusion of GV-labeled NK 

ells. At the meantime, no change was observed for the NLC in- 

ensities in NK-only group ( Fig. 3 c). The ex vivo fluorescence dis- 

ribution suggested positive accumulation of adoptive NK cells in 

oth groups, while only those cells tethered with GVs gave rise to 

LC in livers for GVNK group. Note that the free GVs have been 

eported to be degraded in liver through phagolysosomes, which 

esulted in rapid liver contrast decay and return to baseline within 

ne hour [42] . Different from the degradation dynamics reported 

efore, the contrast dynamics in current study reached the plateau 

etween 15 and 30 min and persisted towards an hour until the 

ice were sacrificed, unlikely to be contributed by any free GV 

lone. This indicated that the NK-bound GVs experienced a differ- 

nt degradation process from plain GVs in vivo , leading to a longer 
549 
ersistence in terms of structural integrity and hence echogenicity 

n the liver, allowing the tracking of GV-labeled cells to a longer 

erm. The trace of GV-labeled NK cells in the liver was detected 

n vivo via nCEUS imaging, suggesting a successful ultrasound- 

ased detection of cells in healthy animals by the proposed label- 

ng scheme. 

.4. In vivo tracking of NK cells for tumor immunotherapy 

As we confirmed the detectability of GV-labeled cells in vivo , 

e now moved forward to the tracking of GV-labeled NK cells in a 

odel of adoptive NK immunotherapy for tumor-bearing mice. The 

ice received either plain GVs (GV only), PBS, non-labeled NK-92 

ells (NK only), or GV-labeled NK-92 cells (GVNK) through i.v. in- 

ection. For half of the mice in GV-labeled group, we further ad- 

inistrated a single dose of IL-2 i.p. to boost the activities of in- 

used NK cells (GVNK + IL2). The contrast signal within the tumor 

as then evaluated via 3D ultrasound scans under NLC mode at 

everal time points after the infusion ( Fig. 4 a). One mouse from 

ach cell-infused group was sacrificed at 24 h post-infusion for 

hecking the distribution of adoptive cells by ex vivo fluorescence 

maging ( Fig. 4 b). Positive fluorescence was observed in tumors for 

ll groups, while the biodistribution in major organs was in gen- 

ral as previously reported [ 20 , 23 ]. With the reported NK cell ac-

umulation at this time point, our ex vivo data suggested similarly 

 positive tumor homing of adoptive NK cells at 24 h post-infusion, 

ithout noticeable impact on other major organs. 

We further used the ultrasound imaging to monitor the dy- 

amical process of NK cell trafficking and homing to the tu- 

or after adoptive transfer. As shown in the single-slice images, 

he intra-tumoral tissues exhibited only a low level of NLC sig- 

al in all groups before the infusion ( Fig. 4 c). Such baseline con- 

rast signal should be due to the high heterogeneity presented 

n tumor tissues, whereas the tissue background was still greatly 
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Fig. 4. In vivo ultrasound tracking of GV-labeled NK-92 cells in tumor-bearing mice. a. Graphical summary of the experimental timeline. After the tumor size reached the 

criteria (day 0), the mice received two doses of treatment at day 0 and day 14, respectively. The 3D ultrasound scans were performed before and at 3, 24, 48 and 72 h after 

the i.v. infusion of either NK-92 cells (GVNK + IL2, GVNK, NK-only), free GVs or PBS. For the group of mice receiving IL-2 co-treatment, the IL-2 was intraperitoneally injected 

at 1h following the cell infusion. b. Representative ex vivo IVIS images of major organs and tumors collected at 24h after the treatment. Positive fluorescence indicates 

the presence of adoptive NK-92 cells. c. Representative in vivo NLC images of the tumor outlined by ROIs (green line) before and after the treatment. Scale bar, 2mm. d. 

The average NLC intensities were quantified by manually drawn ROIs covering the intra-tumoral tissues through the 3D scans, with the changes normalized to baseline 

intensities obtained before the infusion (3 animals for each group, 2 repeats in each animal, 6 repeats in total for each point. Data presented as mean ± SD). e. Comparisons 

and statistical differences of average intra-tumoral contrast intensity changes at 3h and 24 h post-infusion. Statistical analysis was performed by ANOVA test, with statistical 

differences indicated by corresponding p-values. f. Representative images of 3D ultrasound scans of tumors at 3 h and 24 h after the cell infusion, red triangles indicate the 

spots of contrast enhancement compared to baseline. 
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uppressed under NLC mode, facilitating the specific detection of 

umor-homing adoptive cells upon contrast enhancement. As in the 

iver imaging results, the non-labeled NK cells did not contribute 

o any noticeable change in the scan at all time points follow- 

ng the transfer. Similar patterns could be observed in the scans 

or PBS and GV-only groups ( Fig. 4 c), where no change was seen

cross all post-infusion scans. By contrast, clear spot-like enhance- 

ent could be observed in both GVNK and GVNK + IL2 groups fol- 

owing the infusion of labeled NK cells. The enhanced NLC signal 

n these two groups was observed to decrease around 48h and re- 

urned to baseline level at 72 h post-infusion. The average NLC in- 

ensities were quantified across slices in the whole tumor volume 

nd normalized to the baseline NLC intensity measured before in- 

usion ( Fig. 4 d&e). By comparing the intra-tumoral contrast, signifi- 

ant differences were seen in both groups with GV-labeling (GVNK, 

VNK + IL2) compared to control groups at both 3 h and 24 h post-

nfusion ( Fig. 4 e). Significant increase in the intra-tumoral NLC in- 

ensities could be seen in the GV-labeled groups as early as 3 h 

ost-infusion, with a sustained enhancement up to 24 h. Simi- 

ar to the observations on single-slice images, minimal changes 

ere observed for NK-only, PBS and GV-groups. Combining with 

ur ex vivo data indicating positive NK cell accumulation in tumors 

 Fig. 4 b), the traces of tumor-homing NK cells were detected by 

ltrasound imaging with GV-labeling. The cell-tethered GVs with 

onlinear echogenicity enabled detection of the tumor-homing NK 

ells under nCEUS imaging. The early-phase tumor recruitment of 

doptive NK cells at 3 h post-infusion was also reported by pre- 

ious optical imaging studies, while a similar detection was made 

n current study using ultrasound imaging. After the infusion of 

V-labeled NK-92 cells, a 2.3dB increase of intra-tumoral contrast 

as recorded in GVNK group at 3 h post-infusion, which contin- 

ed to rise to a peak around 4.6dB at 24 h as increasing number

f labeled NK cells infiltrated the tumor ( Fig. 4 d&e, magenta). The 

ignal started to decrease after 24 h as the average NLC intensity 

ropped at 48 h and returned to baseline at 72 h, which should 

e related to the signal decay of cell bound GVs as observed in 

itro . The 3D-resonstructed contrast mapping also suggested obvi- 

us intra-tumoral contrast enhancement in the labeled groups as 

arly as 3 h post-infusion ( Fig. 4 f). The enhancement was localized 

o several spots in the tumor instead of any wide-spread pattern, 

hich should be related to the spatial heterogeneity of the intra- 

umoral immune cell recruitment [18] . The spots with enhance- 

ent further increased in number and sizes in the reconstructed 

aps at 24 h both in GVNK and GVNK + IL2 groups, consistent with

he observed changes in single-slice imaging ( Fig. 4 f). 

As the IL-2 has been widely employed for boosting the activi- 

ies and survival of adoptive immune cells like NK cells [43] , we 

urther employed the IL-2 adjuvant in form of a single i.p. bo- 

us injection in 3 mice at 1h following the infusion of GV-labeled 

K cells, so that the active tumor targeting of the infused cells 

ould be promoted during their post-infusion trafficking. As ex- 

ected, stronger ultrasound contrast was observed for GVNK + IL2 

roup both in single-slice and 3D-reconstructed images ( Fig. 4 c&f). 

rominent bright spots could be seen in single-slice images both 

t 3 h and 24 h post-infusion in GVNK + IL2 group, with a wider-

pread pattern in the tumor tissue. A 7dB rise of overall intra- 

umoral NLC intensity was seen at 3h in GVNK + IL2 group, signif- 

cantly higher than that in GVNK group, indicating an increased 

rafficking and recruitment of labeled NK cells to the tumor site 

 Fig. 4 d&e, red). Considering the serum half-life of i.p. adminis- 

rated IL-2, the booster effects of the bolus applied in current study 

hould be presented for a few hours during the early post-infusion 

hase of NK cells [44] . Indeed, the NLC increase rate was slower 

uring 3 ∼24h in GVNK + IL2 group, with a near 8dB peak presented

t 24 h, while still being significantly stronger than GVNK group 

 Fig. 4 d, red). The decrease trend after 24h in GVNK + IL2 group was
551 
imilar to that in GVNK group, which suggested a similar mecha- 

ism of GV signal decay in the two groups. 

.5. Tumor slices 

To further confirm the presence of adoptive NK cells within 

he tumor and co-validate the ultrasound imaging results, we 

arvested one tumor from each group at 24 h post-infusion for 

nalysis with fluorescence microscopy. Positive EGFP fluorescence 

as seen in all groups receiving NK-92 transfer (NK-only, GVNK, 

VNK + IL2) in the confocal images of tumor slices ( Fig. 5 a). There

as positive GV fluorescence only in groups where GVs were teth- 

red to NK cell surfaces (GVNK, GVNK + IL2), which also showed 

olocalization with EGFP signal in these slices (Supplementary Fig. 

3). No red fluorescence was observed in the group receiving free 

V infusion as expected. In our previous study on molecular ul- 

rasound imaging by GVs, we have examined the dynamics of free 

Vs without tumor targeting or reticuloendothelial system (RES) 

scape modifications [39] . Indeed, GVs have been reported to be 

uickly cleared from bloodstream within 2 h following i.v. infusion 

45] , which prevents effective extravasation into the tumor tissue. 

ven with tumor-targeted modifications, those GVs without surface 

EGylation experienced rapid clearance within 12 h post-infusion, 

ith no observable GVs from tumor slices collected at 12 h post- 

nfusion [39] . In current study, the SA coating was only introduced 

or binding with biotinylated cell surfaces, which shall show min- 

mal affinity to tumor tissues. Therefore, it is not surprising to ob- 

erve no red fluorescence in tumor slices collected at 24 h post- 

nfusion in current study. This eased the complications of observ- 

ng any signal originating from free contrast agents instead of the 

abeled NK cells during nCEUS imaging. Considering the colocaliza- 

ion profile observed in the slices, and that NLC changes were only 

bserved in GVNK and GVNK + IL2 groups, the results suggest suc- 

essful detection of tumor-infiltrating NK-92 cells after the adop- 

ive transfer, where the cell-bound GVs were contributing to the 

ltrasound contrast signal. 

By quantifying the EGFP + cells in the field, no noticeable dif- 

erence was seen between the number of NK cells in NK-only 

nd GVNK groups ( Fig. 5 b), suggesting a similar cellular traffick- 

ng to tumors of GV-labeled NK cells comparing to their non- 

abeled counterparts. This is consistent with our observations in 

itro , where GV-based labeling did not impose any noticeable bur- 

en on cellular migration and infiltration. The GVNK + IL2 showed 

ignificantly larger number of EGFP + cells in the field than the 

ther two groups with cell transfer ( Fig. 5 b), consistent with the 

ell-established effects of IL-2 on boosting NK-92 cell trafficking. 

ith the same labeling rate achieved during the ex vivo labeling 

rotocol, the increased ultrasound contrast intensities were corre- 

ated to the increased number of tumor-homing adoptive NK-92 

ells with GV labeling. This suggests a successful monitoring of cel- 

ular trafficking dynamics to the tumor by the proposed strategy, 

hen the NK cell-based immunotherapy was applied synergically 

ith IL-2 supplementation. 

. Discussions 

Noninvasive cell tracking techniques, thanks to recent advances 

n imaging tools and biomaterials, have enabled the in vivo mon- 

toring of the trafficking, accumulation and functionalities of spe- 

ific cell population in living organisms. The recent decades have 

een their tremendous contributions in basic biological research as 

ell as the development of cell-based immunotherapies. In this 

tudy, we demonstrated for the first time the successful tracking 

f adoptive NK cells by ultrasound imaging following systemic ad- 

inistration, labeled with biogenic nUCAs, in a xenograft model 

f hepatocellular carcinoma. The successful labeling of NK-92 cells 
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Fig. 5. Fluorescence microscopy of tumor slices. a. Representative fluorescence microscopy of tumor slices collected at 24 h after the infusion of free GV, non-labeled NK cells 

(NK only), GV-labeled NK cells (GVNK), labeled NK cells with IL-2 co-treatment (GVNK + IL2). The presence of adoptive NK-92 cells was indicated by the EGFP fluorescence 

(green), with the Dylight594 (red) signal indicating the presence of GVs. Colocalization of NK cells and GVs were presented in GVNK and GVNK + IL2 groups. b. Quantification 

of EGFP + cells per field in the tumor slices in all groups treated with adoptive NK-92 transfer. Cell number counted in slices from each mouse, 3 mice for each group, with 

significant differences indicated by corresponding p-values (Data presented as mean ± SD). 
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y GVs were demonstrated in vitro , enabling specific and sensitive 

etection of the labeled cells under nCEUS imaging, without no- 

iceable impact on cell viability or migration ability. The tracking 

trategy was further applied for monitoring adoptive NK cell im- 

unotherapy on tumor-bearing mice. Via nCEUS scans at multiple 

oints after the infusion, we identified the early-phase trafficking 

f adoptive NK-92 to the tumor as early as 3h post-infusion, with 

 sustained accumulation up to 24h, with the presence of tumor- 

nfiltrating adoptive cells co-validated by ex vivo optical imaging 

ethods. Furtherly, we showed that the proposed tracking strategy 

as capable of noninvasively monitoring the boosted trafficking of 

doptive NK cells to the tumor, actively promoted by a bolus injec- 

ion of IL-2 after cell transfer. 

With the observed signal decay between 24 and 48 h after la- 

eling in vitro , as well as a previously reported similar decay of 

argeted GVs in tumor microenvironment [39] , the cell-GV interac- 

ions might also be a possible mechanism underlying the break- 

own of GVs and hence loss of ultrasound signal over time in 

ivo . Moreover, in this study, we designed the experiments cen- 

ering around examining the capability of the proposed strategy 

n tracking adoptive immune cells during their trafficking to tu- 

ors. We focused on the early-phase trafficking dynamics of the 

doptive NK cells. By the proposed tracking strategy, we managed 

o noninvasively monitor the early-phase trafficking of adoptive NK 

ells to the tumor. With a single-dose administration of IL-2 after 

ell transfer, which has been known to quickly increase the adop- 

ive NK cell trafficking to tumors, we observed significant increase 

n NLC intensities 3 h and 24 h post-infusion. The contrast en- 

ancement was consistent with increased number of NK cells ob- 

erved in tumor slices, indicating a rapid elevation of the tumor re- 

ruitment of adoptive NK cells, successfully tracked via ultrasound 

maging of these GV-labeled cellular targets. The proposed strategy 

nd the recorded early-phase trafficking profiles provide valuable 

nformation for monitoring and optimization of adoptive NK cell 

mmunotherapy, indicating factors to be considered when design- 

ng assistive interventions for improving the therapeutic outcomes. 

t the meantime, the NK-92 cells are known to rely on continu- 

us IL-2 supplementation to maintain their viability and cytotoxi- 

ity [46] . However, we applied only a single dose of IL-2 bolus in

VNK + IL2 group, leaving GVNK and NK-only groups un-supplied 

o set baseline trafficking status for comparisons. Neither did we 

pply any follow-up supplementation within the ultrasound imag- 

ng window (72 h), in order to avoid confounding changes in the 

rafficking dynamics. As the viability NK-92 cells were known to 

iminish quickly after withdrawal of IL-2 supplementation, the cell 

embrane-bound GVs might be cleared out together with the cell 

ebris in the tumor by resident cells in TME, contributing another 

ossible signal decay mechanism in vivo . We shall admit that the 

ingle IL-2 bolus applied in our study should indeed be insufficient 

o alter the therapeutic effect significantly, neither should it be ad- 

quate to maintain NK-92 cell viability for long. However, the in 

itro functional characterizations of labeled NK cells, in turns, sug- 

ested competent NK cell viability and functionalities upon GV la- 

eling, which are believed to deliver promising therapeutic effects 

f fully supplemented. We shall leave the in-depth study and op- 

imization of the therapeutic effect, as well as its relationship to 

he observed trafficking dynamics by ultrasound tracking strategy 

o our future studies. 

Moreover, we demonstrated the feasibility of monitoring early- 

hase tumor recruitment of adoptive cells via the ubiquitous ultra- 

ound imaging, which is a cost-effective and readily accessible in 

ost clinical settings. The real-time imaging compatibility of ul- 

rasound imaging also indicates potentials of combining proposed 

racking strategy with image-guided interventions. Specifically, the 

ltrasound has been shown in recent years as a reliable physi- 

al intervention method, capable of delivering mechanical energy 
553 
oninvasively for modulating immune cell activities [ 47 , 48 ]. With 

he tracking strategy demonstrated in current paper, we see great 

otentials in implementing ultrasound-guided ultrasound control 

f adoptive immune cell functionalities in the future. The practi- 

al application and management of ACT would be much benefited 

y such versatile and already-on board imaging technique. A more 

etailed investigation on the contrast signal profile w.r.t. cell den- 

ity, labeling time, as well as corresponding pharmacokinetics of 

doptive cells, shall further contribute to quantitative tracking in 

CT via ultrasound imaging. The exploration of nanosized contrast 

gents with clinically approved composition would also accelerate 

he translation of such tracking strategy. 

Some previous studies have touched the ultrasound imaging 

f cellular targets [49–51] , yet there is still a lack of strategy for 

ltrasound-based tracking of systematically infused immune cells 

ith effector functions. Cationic MBs have been employed for neu- 

al progenitor cell labeling, which enabled the detection of the MB- 

oaded cells in liver by nCEUS imaging in vivo , suggesting the fea- 

ibility of ultrasound-based tracking of cellular targets [49] . How- 

ver, the labeling by MBs was inherently incompatible with track- 

ng in ACT, where the compromised cell migration ability was un- 

esired. In another recent attempt relying on micron-sized UCAs, 

K cells conjugated with sonazoid MBs were intratumorally in- 

ected and imaged with ultrasound [51] . Although the results indi- 

ated the detectability of UCA-labeled immune cells in tumor tis- 

ues, the fundamental incompatibility of micron-sized UCA label- 

ng with systematically infused immune cells was not addressed. 

ith the shifting of focus on nano-sized contrast agents, porous 

ilica nanoparticles encapsulating drug payload and phase trans- 

ormable perfluorocarbon was developed for image-guided drug 

elivery [50] . These nanoparticle-loading macrophages would ex- 

ibit low level of echogenicity in vivo due to partial vaporiza- 

ion of the perfluorocarbon, allowing temporary detection of car- 

ier cells after infusion or one-time detection upon high-intensity 

ltrasound burst. The loss of echogenicity was at a similar rate 

o traditional contrast agents, while the burst-based detection was 

estructive to the cells, undesired for tracking in ACT. 

In current study, we employed the biogenic nano-sized con- 

rast agents, GVs, with high stability and biocompatibility, with 

hich the ultrasound imaging-based tracking of NK cells could 

e achieved following systematic transfer. We adopted an ex vivo 

irect labeling of the NK-92 cell with GVs via biotin-streptavidin 

onjugation, which allows labeling of a wide-spectrum of non- 

hagocytic lymphocytes with low cost. Therefore, the proposed ul- 

rasound tracking strategy should be applicable to not only adop- 

ive NK, but also other immune cells like cytotoxic T cells in 

ell-based immunotherapies. The labeling with nanosized contrast 

gents showed no noticeable impact on cell viability and migra- 

ion ability in vitro , and the tumor infiltration was unaffected as 

xpected. Although such direct labeling strategy enjoys the cost- 

ffectiveness and ease of use, it is also subject to limitations in 

onitoring timespan and scope. Both cell-marker interactions and 

ell expansion in vivo could lead to signal decay, hindering the 

racking of labeled cells for a longer term. The signal originating 

rom cell-bound contrast agents contributes information on their 

hereabouts, while the actual viability or activation status of these 

ells would be hard to assess. Indeed, the surface attachment of 

ontrast agents might also impose certain level of steric hindrance 

uring the binding between effector cells and tumor cells, if pre- 

ented in bulk. These encourage an intracellular labeling strat- 

gy with nanosized contrast agents, preferably genetical encoding 

hat could be tethered to cellular fate. Fortunately, GVs, as bio- 

enic protein structures, have been reported as genetically encod- 

ble reporters for ultrasound imaging, with several initial demon- 

trations on GV-expressing mammalian cells [ 37 , 38 ]. While the sta- 

le expression of GVs in mammalian cells remained challenging in 
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coustic reporter gene technology, immune cells also feature com- 

lex intracellular environment that might compromise GV assem- 

ly. With immune cell-compatible GV gene clusters, the spectrum 

f monitoring would be expanded to not only trafficking dynam- 

cs, but also longer-term cell survival as well as activation status 

ith prognosis relevance [12] . Moreover, efforts were seen in re- 

ent years on the iterations of the acoustic reporter gene and cor- 

esponding imaging schemes, enabling detection of these biogenic 

UCAs with higher specificity and sensitivity [ 33 , 38 , 40 ]. With the

emonstrated feasibility of tracking GV-labeled immune cells by 

ltrasound imaging, we expect tremendous opportunities in this 

eld for longer-term and functional immune cell tracking, as well 

s image-guided biopsy for in-depth investigation of the TME re- 

odeling upon the retention of adoptive immune cells. Hence, the 

urrent study also encourages further optimization of acoustic re- 

orter genes, and the related use in ultrasound-based longitudinal 

mmune cell tracking for extended purposes. 

The leakage of markers is also another major concern on di- 

ect labeling approaches in cell tracking, where the efflux of la- 

eling agents might cause altered distribution and misinterpreta- 

ion in the imaging results. We would expect this to be less of a 

oncern in the proposed strategy. We chose the biotin-streptavidin 

onjugation method in current study for attaching GVs on the sur- 

ace of NK-92 cells, which is the one of the strongest non-covalent 

nteractions in nature. The bond remains stable even under ex- 

reme conditions (temperature, pH, de-naturing agents, etc.) once 

ormed, which has been extensively used for functional decorations 

f molecules or particles at various scales [52] . The interaction has 

lso been exploited for labeling and tracking biotinylated cytotoxic 

 lymphocytes, with high labeling efficiency and stability demon- 

trated for imaging probes of various types including optical, mag- 

etic and radioactive tracers, without influence on cell viability of 

unctionality [53] . Therefore, the attachment of intact GVs on NK 

ells is expected also remain stable during blood circulation, and 

e indeed observed no noticeable presence of free GVs in tumor 

lices collected in groups with GV-labeled NK cell infusion. Never- 

heless, the detach of GV shells from labeled cells, most probably 

ue to loss of structural integrity, will not contribute to signal gen- 

ration in organs related to their degradation, as the structural in- 

egrity of GVs is critical for their echogenicity in ultrasound imag- 

ng. However, such potential collapse shall limit the highest con- 

rast enhancement achievable in the ultrasound imaging. It is thus 

 meaningful pursuit in future studies to improve the stability of 

UCAs to avoid unwanted burst at in vivo conditions. The free GVs 

lso experience quick degradation in the liver with the loss of their 

ollow-shell structure [42] , reducing the chance of undesired con- 

rast enhancement in organs without actual accumulation of the 

arget cells. We also encourage a more in-depth monitoring of the 

ontrast dynamic changes in other organs, by which the specificity 

f the GV-based labeling and ultrasound tracking shall be investi- 

ated. 

. Conclusions 

In conclusion, this study demonstrated the capacity of ultra- 

ound imaging to noninvasively monitor adoptive NK-92 cell traf- 

cking in cellular immunotherapy. We were further able to iden- 

ify the dynamical changes in tumor recruitment of adoptive cells 

oosted by early-phase IL-2 bolus, providing indications for re- 

ated treatment strategy design and optimization in NK cell im- 

unotherapies. With the demonstrated compatibility of the ubiq- 

itous ultrasound imaging tool with the tracking of therapeutic 

ells, cell-based immunotherapeutic strategies would enjoy the ad- 

antages offered by ultrasound imaging, providing extra informa- 

ion for making treatment-related decisions at earlier stage after 

he treatment, with appealing potentials in clinical applications. 
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