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A B S T R A C T

Choosing appropriate delivery system for chemotherapeutic drugs as well as arranging the time spots for 
adoptive cells administrations is the key to achieve efficient combined chemo-adoptive cell therapy. Tumor- 
homing character makes adoptive immune cells appropriate targeting delivery carriers, but they are rarely 
used for chemtoxic payloads considering payloads internalization during administration which impairs adoptive 
cells. Herein, we frame adoptive NK cells using DNA scaffold with chemotherapeutic payloads fastened exterior, 
and achieves time-programmed drugs release and NK cell decapsulation to minimize side effects and enhance 
therapeutic effect. IL-21 nanoparticles are prepared by conjugating cytokine IL-21 with a GSH cleavable linker 
and act as anchor points for DNA scaffold assembly. Chemotherapeutic payloads are prepared by loading DOX/ 
verapamil drugs to PLGA nanoparticles (PLGAdrugs NPs), and connected to the exterior of DNA scaffold with a 
ROS cleavable linker. Porous DNA scaffold protects NK cells functions from impairing by chemotherapeutic 
payloads, while guarantees efficient communication of NK cells with exterior environment to keep tumor homing 
capability. Reactive oxygen species (ROS) in tumor microenvironment releases PLGAdrugs NPs to perform 
chemotherapy, which subsequently generates a reductive environment to detach DNA scaffold for NK cell and IL- 
21 release to achieve combined chemo-adoptive cell therapy with enhanced therapeutic efficiency.

1. Introduction

Adoptive cell based immunotherapy (ACT), which involves the 
administration of immune cells as living agents to fight disease, holds 
remarkable advantages in many cancer treatments [1–3] with promising 
clinical translation potentials [4–7]. Despite these achievements, a 
major limitation of adoptive cells based immunotherapy is the rapid 
function decline of transplanted immune cells [8] due to the immuno
suppressive tumor microenvironment and corresponding inadequate 
immune cells infiltration and activation [9–11].

The combination of chemotherapy and immunotherapy is now 
becoming a part of the standard care [12–14] with over hundreds of 
clinical trials verified treatment efficiency enhancement [15]. Chemo
therapy induces immunogenic cell death (ICD) and remodels immuno
suppressive tumor microenvironment, which provides substantial 
contribution to immunotherapy [16,17]. However, the combination of 

chemotherapy with adoptive cell therapy still faces challenges. The 
cytotoxic effects of chemotherapeutic drugs may also have a deleterious 
effect on adoptive cell viability and function [18,19], its systemic de
livery may also have side effects on normal tissues [20–22]. Therefore, 
choosing the appropriate delivery system for chemotherapeutic drugs as 
well as arranging the time spots for adoptive cells administrations is the 
key to achieve combined chemo-adoptive cell therapy.

Tumor-homing characteristic of adoptive immune cells makes them 
good targeting delivery carriers [23–26]. “Backpacking” strategies [23] 
that conjugated immunostimulatory cytokines as payloads have been 
reported to enhance the killing or antigen presentation abilities of 
adoptive immune cells [27–30]. However, it is challenging to extend the 
“backpacked” payloads to cytotoxic chemotherapeutic drugs. Consid
ering the dynamic of plasma membrane, retaining payloads at adoptive 
immune cell membrane during systematic circulation process is difficult 
[31], and the internalization of chemotherapeutic drugs into the 
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cytoplasm of immune cell would highly impair their viabilities and 
functions [32,33]. Currently reported chemotherapy drugs loaded 
adoptive cells [34] and artificial cells that wrapped with natural cell 
membrane [35,36] usually demonstrated tumor-homing capability for 
leading chemotherapy drugs to destinations, but rarely showed 

immunoactivity.
Taking advantages of self-assembled DNA nanostructures, herein, we 

develop a “non-direct contact” backpacking strategy to conjugate 
chemotherapeutic drugs and immunostimulatory cytokines to adoptive 
cells, as well as programming their “on-demand” sequential release of 

Scheme 1. Schematic illustration of DNA scaffold framed adoptive natural killer cells with therapeutic effect enhancement. (A) Preparation of IDEAL-NK cells. (B) 
Sequential release of drugs and IL-21 for chemotherapy boosted adoptive cell therapy.
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chemotherapeutic drugs and decapsulation of adoptive cells at tumor 
position. Considering natural killer (NK) cells’ superior safety (such as 
reducing risks of cytokine release syndrome and neurotoxicity), MHC- 
unrestricted solid tumor cytotoxicity, and multimodal antitumor 
mechanisms, they were selected as the adoptive cell model [37–39]. 
Adoptive NK cells are framed with a DNA-hydrogel scaffold, and back
packed with payloads chemotherapeutic drug doxorubicin (DOX)/ 
verapamil and immunostimulatory cytokine interleukin 21 (IL-21) at the 
exterior and interior of the scaffold, respectively. The chemotherapeutic 
payload and immuno-booster payload are programmed for sequential 
release to achieve combined treatment of chemotherapy and adoptive 
cell based immunotherapy, which remodels the tumor microenviron
ment and enhances the efficacy of adoptive NK cell therapy. IL-21 
anchoring nanoparticles (IL-21 APs), which serve not only as struc
tural anchors for stable DNA scaffold assembly but also as immuno- 
booster payloads [40] that activate NK cells upon disassembly, are 
prepared by crosslinking cytokine IL-21 with NHS-SS-NHS and modified 
with DNA strand L1 and CD45 antibody (Anti-CD45). IL-21 APs attach to 
NK cells upon recognizing membrane CD45 receptor and act as anchor 
points to construct DNA scaffold around NK cell (Scheme 1A, IL-NK). 
Poly-DNA1 and poly-DNA2 with complementary sequence, are synthe
sized by polymerizing acrydite-modified nucleic acids strands respec
tively, and serve as components for DNA scaffold. Poly-DNA1 is linked to 
IL-21 APs first via hybridization with DNA strand L1, and sequentially 
hybridized with poly-DNA2 to construct Acryl-DNA scaffold framed NK 
cells (Scheme 1A, DNA-NK). The chemotherapeutic payload, PLGAdrugs 
nanoparticles (PLGAdrugs NPs) that encapsulated with DOX and verap
amil, were synthesized via nanoprecipitation method and modified with 
DNA strand N1 via ROS-responsive thioketal (TK) linkers, which act as 
DOX reservoir and are connected to DNA-NK via hybridization with 
poly-DNA2 to obtain IL-21 and Drug Equipped AcryL-DNA scaffold 
framed NK cells (Scheme 1A, IDEAL-NK).

The as-obtained DNA scaffold has pore size around ~100 nm, which 
doesn’t affect chemokine signal transmission, and the corresponding 
tumor homing capability of IDEAL-NK cells guides it through systematic 
circulation to locate to tumor sites (Scheme 1B, tumor homing). DNA 
scaffold framing effectively isolates NK cell from PLGAdrugs NPs, which 
prevents drug-induced toxicity damage to NK cells in systematic circu
lation process. Overexpressed ROS at tumor microenvironment cleaves 
TK linker to release PLGAdrugs NPs from IDEAL-NK cell (Scheme 1B, 
PLGAdrugs NPs release). DNA scaffold on IDEAL-NK cells remains intact 
during PLGAdrugs NPs release process, which blocks the access of 
PLGAdrugs NPs to NK cells. The released PLGAdrugs NPs are endocytosed 
by tumor cells, which subsequently degrades in phagosome environment 
with low pH and hydrolytic enzymes [41] to release drugs DOX for 
chemotherapy and verapamil for glutathione (GSH) efflux to boost 
chemotherapy (Scheme 1B, chemotherapy). GSH efflux enhances local 
reducing environment, cleaves disulfide bonds in IL-21 APs (Scheme 1B, 
IL-21 APs decompose), which not only generates IL-21 in situ to remodel 
the immunosuppressed microenvironment, but also liberates NK cells.

from DNA frame for immunotherapy. The released IL-21 promotes 
NK cell proliferation and activation, thus enhances immunotherapy ef
ficiency (Scheme 1B, immunotherapy). The as-obtained IDEAL-NK cells 
prevent direct contact of chemotherapeutic drugs with NK cells in sys
tematic circulation, and program sequential release of drugs and IL-21 to 
achieve combined chemo-immunotherapy. Chemotherapy, as the pre
ceding process, effectively depletes immunosuppressive cells, promotes 
a pro-inflammatory tumor microenvironment, and promotes infiltration 
of adoptive NK cells [42–46], which results in its outstanding tumor cell 
killing capacity, indicating clinic application potential.

2. Materials and methods

2.1. Materials

Acrylamide, ammonium persulphate (APS), N,N,N′,N′- 

Tetramethylethylenediamine (TEMED), and poly(2-hydroxyethyl 
methacrylate) (pHEMA) were purchased from Sigma-Aldrich (USA). 
NHS-SS-NHS was purchased from Xi’an ruixi Biological Technology Co., 
Ltd. (Xi’an, China). IL-21 was purchased from Sino Biological Inc. 
(Beijing, China). Polyvinyl alcohol (PVA) was purchased from Sino
pharm Chemical Reagent Co., Ltd. (Shanghai,China). Dichloromethane 
(DCM) was purchased from J&K Chemical Technology (Beijing, China). 
Doxorubicin (DOX) and verapamil hydrochloride were purchased from 
Aladdin Biochemistry Technology Co., Ltd. (Shanghai, China). Trypsin, 
fetal bovine serum, RPMI 1640 medium, MTT assay Kit, phosphate 
buffer solution (PBS), and human lung adenocarcinoma cell line A549 
were purchased from Keygen Biotech (Nanjing, China). CD45 antibody 
was purchased from Thermo Fisher Scientific (USA). Annexin V-fluo
rescein isothiocyanate (FITC)/DAPI apoptosis detection kit, interleukin- 
2 (IL-2), granzyme B (GzmB), and tumor necrosis factor α (TNF-α) ELISA 
kits were purchased from Elabscience Biotechnology Co., Ltd. (Wuhan, 
China). α-MEM medium, NK-92MI cells were purchased from Wuhan 
Pricella Biotechnology Co., Ltd. (Wuhan, China). All DNAs were syn
thesized and purified by Sangon Biotech Co., Ltd. (Shanghai, China). The 
sequences for all DNA strands were listed in Table S1.

2.2. Apparatus

JEM-2100 transmission electron microscope (JEOL, Japan) and JSM- 
7800F thermal field emission scanning electron microscope (JEOL, 
Japan) were used to obtain transmission electron microscope (TEM) 
images and scanning electron microscope (SEM) images, respectively. 
SCIENTZ-IID ultrasonic crusher (Ningbo, China) was used for ultrasonic 
emulsification. Nano-Z Zeta (Malvern Panalytical, UK) was used for zeta 
potential determination. ZetaPlus 90 Plus/BI-MAS (Brookhaven, USA) 
was used for dynamic light scattering (DLS) analysis. Cell images were 
obtained on a Leica SP8 STED 3× confocal microscope (Germany). Flow 
cytometric analysis was performed on the CytoFlex S flow cytometer 
(Beckman-Coulter, USA). In vivo mice imaging was performed on IVIS 
Lumina XR III in vivo imaging system (PerkinElmer, USA).

2.3. Preparation of IL-21 APs

IL-21 nanoparticles (IL-21 NPs) were prepared by self-assembling IL- 
21 protein. NHS-SS-NHS (0.1 mg/mL, 25 μL) was mixed with IL-21 (6.6 
μM, 50 μL), complemented with PBS to 1 mL, and rotated at room 
temperature for 30 min. Subsequently, anti-CD45 (10 μL, 0.25 mg/mL) 
and NH2-modified DNA strand L1 (10 μL, 50 μM) were added to the 
above mixture and continuously rotated for another 30 min to obtain IL- 
21 anchoring nanoparticles (IL-21 APs). The as-obtained IL-21 APs were 
washed with PBS in an ultra-filtration centrifuge tube (molecular weight 
cut-off =100 kDa, Millipore, USA) for three times. The filtered liquid 
was collected and supplemented with PBS to 200 μL.

2.4. In vitro characterization of IL-21 APs decompose

The above prepared IL-21 APs were decomposed in response to GSH 
to release IL-21. ELISA was used to determine the percentage of IL-21 
release from IL-21 APs. Briefly, IL-21 APs were dispersed in PBS (1 
mL) buffer and put into a dialysis bag (MW35000). Then dialysis bags 
were placed in 5 mL PBS (5 mL) with 1 mM GSH. 100 μL of PBS outside 
the dialysis bag was collected at selected time intervals for ELISA 
analysis. Control group was prepared with the same procedure in the 
absence of GSH.

2.5. Preparation of PLGAdrugs NPs

DOX/verapamil-loaded PEG-PLGA NPs (PLGAdrugs NPs) were pre
pared by nanoprecipitation. PLGA-PEG-NH2 and mPEG-PLGA (3:7 
weight ratio) were dissolved in DCM with a final concentration of 20 
mg/mL. The mixture was emulsified by sonication with a probe 
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ultrasonicator at 25 % power for 5 min. 0.2 mL of DOX/verapamil (1 
mg) was then dissolved in DCM with 2 mL of 2 % (w/v) PVA, the mixture 
solution was emulsified again by sonication at 30 % power for another 5 
min. The as-obtained drugs dispersed DCM solution was added drop
wisely to 10 mL 0.6 % (w/v) PVA and stirred for 3 min. The organic 
solvent was removed from the mixture by gentle stirring for 6 h, and 
drugs loaded PLGA nanoparticles were collected by centrifugation at 
15,000 g for 5 min followed with freeze-drying.

DNA strand N1 was then connected to drugs loaded PLGA nano
particles via a ROS responsive linker NHS-TK-NHS. NHS-TK-NHS was 
synthesized by mixing 2,2′-[propane-2,2-diylbis(thio)] diacetic acid 
(2.5 mg), NHS (2.5 mg) and EDC (3.5 mg) in DMSO and stirred at room 
temperature for 6 h. 50 μL of the as-obtained NHS-TK-NHS solution was 
pipetted into 100 μL NH2 functionalized DNA strand N1 solution (50 
μM) and stirred for 30 min at room temperature. The as-obtained 
mixture solution was subsequently ultrafiltrated (MWCO of 3 kDa) to 
remove unreacted NHS-TK-NHS, subsequently mixed with 200 μL of 
above obtained drugs loaded PLGA nanoparticles, and stirred at room 
temperature for another 2 h to obtain PLGAdrugs-N1 NPs.

2.6. Preparation of poly-DNAs

Poly-DNAs were prepared by co-polymerization of acrydite-modified 
DNA strands. 150 μL buffer solution (Tris-HCl, 10 mM, pH 8.0) con
taining 3 % acrylamide and 50 μM acrydite-modified DNA strands P1a, 
P1b, P1c was bubbled with nitrogen through the solutions. 2.8 μL of 10 
% APS solution and 0.4 μL TEMED was then added in, the as-obtained 
mixture solutions were allowed to polymerize at room temperature for 
5 min and at 4 ◦C for 12 h. The resulting copolymers were ultrafiltrated 
(MWCO = 10 kDa) to remove unreacted monomer units, salts, and 
initiator, and dissolved in 200 μL water for subsequent use. The con
centration of poly-DNAs was defined according to the concentration of 
component DNA strands. Poly-DNA1 was prepared with acrylamide and 
P1a, P1b, P1c as components, and poly-DNA2 was prepared with 
acrylamide and P2a, P2b, P2c as components. P1a has complementary 
sequences with DNA strand L1, P1b and P1c have complementary se
quences with P2b and P2c, respectively.

2.7. Cell culture

NK-92MI cells were cultured in MEM-α medium supplemented with 
0.2 mM inositol, 0.1 mM β-mercaptoethanol, 0.02 mM folic acid, 12.5 % 
horse serum, 12.5 % fetal bovine serum, and 100 mg/mL streptomycin 
and penicillin. A549 cells were cultured in an RPMI-1640 medium 
complemented with 10 % FBS, 100 mg/mL streptomycin and penicillin. 
All cells were grown at 37 ◦C in a humidified atmosphere containing 5 % 
CO2. Cell numbers were counted by a Countess II FL Automated Cell 
Counter (Thermo Fisher Scientific).

2.8. Preparation of IDEAL-NK cells

IL-21 and Drugs Equipped AcryL-DNA scaffold framed NK cells 
(IDEAL-NK cells) were prepared by framing NK cells with DNA scaffolds 
and loading PLGAdrugs NPs to DNA scaffolds. The above obtained IL-21 
APs were incubated with NK-92MI cells in 1640 medium for 30 min to 
allow specific recognition and binding of anti CD45, which modified on 
IL-21 APs surface, to CD45 that highly expressed on NK-92 cell mem
brane, followed by rinsing with 1640 medium for three times to remove 
unbound IL-21 APs to obtain IL-NK cells.

The DNA frame was then assembled on the above-obtained IL-NK 
cells. IL-NK cells were then sequentially incubated with poly-DNA1 and 
poly-DNA2 for 30 min respectively, washed for three times to remove 
unreacted poly-DNA strands to obtain AcryL-DNA scaffold encapsulated 
NK (DNA-NK) cells. The as-obtained DNA-NK cells were subsequently 
incubated with PLGAdrugs-N1 at 37 ◦C for 30 min, and washed with 1640 
medium to obtain IDEAL-NK cells.

2.9. The loading efficiency of PLGAdrugs NPs to IDEAL-NK cells

To measure the content of PLGAdrugs NPs loaded on IDEAL-NK cells, 
fluorescence calibration curves of PLGAdrugs NPs were achieved first by 
measuring fluorescence intensities of various concentrations of PLGA
drugs NPs at 593 nm. The concentration of PLGAdrugs NPs was determined 
by a standard calibration curve. The freshly prepared DNA-NK cells were 
incubated with PLGAdrugs-N1 NPs for 30 min, centrifuged at 800 rpm for 
5 min. The extra PLGAdrugs NPs that didn’t load to IDEAL-NK cells were 
determined by measuring supernatant fluorescence at 593 nm. The as- 
obtained unloaded PLGAdrugs NPs were subtracted from that of PLGA
drugs NPs incubated with IDEAL-NK cells, and divided with incubated cell 
number to calculate the loaded amount of PLGAdrugs NPs to IDEAL-NK 
cells.

2.10. In vitro characterization of sequential DNA scaffold decapsulation 
and liberation of NK cells

To verify the ROS responsive release of PLGAdrugs NPs from IDEAL- 
NK cells and NK-PLGAdrugs cells, 1 × 105 IDEAL-NK cells or NK-PLGA
drugs cells were cultured in 1640 medium with H2O2 (200 μM) for 2 h and 
washed three times to obtain DNA-NK cells before CLSM imaging.

To verify the location of PLGAdrugs NPs after its release from IDEAL- 
NK cells, A549 cells were seeded at a cell density of 1 × 105 per well in 
confocal dishes for 16 h, subsequently co-cultured with IDEAL-NK cells 
in 1640 medium with H2O2 (2 mM) for 0.5 h. The liberated PLGAdrugs 
NPs were visualized via DOX fluorescence under CLSM with excitation 
wavelength of 480 nm and emission wavelength of 580 nm. Control 
experiment was performed with the same procedure in the absence of 
H2O2.

To continuously monitor GSH-responsive decapsulation of DNA 
scaffold and release of NK cells, the above obtained DNA-NK cells were 
resuspended in 1640 medium containing GSH (10 mM), incubated for 
0.5 h and washed three times. The liberated NK cells were visualized via 
FAM and Cy5 fluorescence under CLSM.

2.11. In vitro proliferation assay of DNA-NK cells

NK cells were stained with CFSE (1 μg/mL) at 37 ◦C for 20 min, 
assembled with IL-21 APs and poly-DNAs according to the same pro
cedure described above to obtain DNA-NKCFSE cells. The as-obtained 
DNA-NKCFSE cells were resuspended in 1640 medium for 2 days in the 
presence and absence of GSH (5 mM) respectively, and the cell prolif
eration was characterized by measuring CFSE fluorescence intensity 
changes with flow cytometry. Control experiment was performed with 
the same procedure using CFSE stained naked NK cells without DNA 
scaffold.

2.12. Migration characterization of IDEAL-NK cells

Migration of IDEAL-NK cells was evaluated using Transwell cham
ber. 1 × 105 IDEAL-NK cells that prepared with different concentrations 
of poly-DNAs (0 nM, 500 nM, and 5 μM) were added to the upper 
chamber. A549 cells were seeded in the lower chamber which provided 
chemotaxis stimulus for IDEAL-NK cells migration. After 24 h incuba
tion, IDEAL-NK cells that migrated to the lower chamber were photo
graphed by confocal microscope.

2.13. In vitro evaluation of PLGAdrugs NPs cytotoxicity to IDEAL-NK cells

The cytotoxicity of PLGAdrugs NPs to NK cells was evaluated by 
measuring NK cell viability. 1 × 105 DNA-NK cells that prepared with 
different concentrations of poly-DNAs (0 nM, 500 nM, and 5 μM) were 
incubated with PLGAdrugs-N1 NPs for 24 h and cell viability was eval
uated according to the MTT assay manufacturer’s instructions.

To further visualize the location of PLGAdrugs NPs on IDEAL-NK cells, 
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1 × 105 DNA-NK cells that prepared with different concentrations of 
poly-DNAs (0 nM, 500 nM, and 5 μM) were co-cultured with PLGAdrugs- 
N1 NPs for 8 h and then washed three times for CLSM imaging. The 
fluorescence of DOX with excitation wavelength of 480 nm and emission 
wavelength of 580 nm was taken to indicate the location of PLGAdrugs 
NPs.

2.14. In vitro characterization of killing capability for IDEAL-NK cells

MTT assay and Annexin V-FITC/DAPI apoptosis analysis were per
formed to evaluate the killing capability of IDEAL-NK cells to tumor 
cells. IL-NK cells that only have IL-21 APs anchored to NK cells, and NK- 
PLGAdrugs cells were set as control groups. NK-PLGAdrugs cells were 
prepared by directly hybridizing PLGAdrugs-N1 NPs with IL’-NK cells that 
anchored with IL-21 APs’. IL-21 APs’ were prepared with DNA strand 
L1’ instead of L1, where L1’ hybridized with N1 for PLGAdrugs NPs 
attachment without DNA scaffold. NK-PLGAdrugs cells, and IDEAL-NK 
cells were incubated with A549 cells respectively for 48 h. MTT assay 
was performed by measuring absorption at 490 nm.

The apoptosis of A549 cells for different treatment groups was 
evaluated by flow cytometry. A549 cells that treated with IL-NK cells, 
NK-PLGAdrugs cells and IDEAL-NK cells respectively were washed three 
times with PBS, digested with EDTA-free trypsin, and stained with 
Annexin V-FITC/DAPI assay kit for cell apoptosis analysis.

2.15. In vivo imaging of IDEAL-NK cells

A549-bearing BABL/C nude mice were used for the in vivo study. All 
in vivo procedures were performed in accordance with the NIH guide
lines for the care and use of laboratory animals (NIH Publication no. 
85–23 Rev. 1985) and approved by the Jiangsu Administration of 
Experimental Animals with the approval number IACUC-2306006.

IDEAL-NKPT/Cy5/BHQ3 cells were prepared with BHQ3 labelled IL-21 
APs and Cy5 labelled poly-DNA1. BHQ3 was labelled on L1 strand for IL- 
21 APs, and Cy5 was labelled on P1a strand for poly-DNA1. Cy5 fluo
rescence was quenched for IDEAL-NKPT/Cy5/BHQ3 cells upon hybridiza
tion of L1 and poly-DNA1. Disulfide bonds were also modified on L1 
strand to demonstrate GSH responsive DNA scaffold decapsulation. The 
mice were intravenously injected with IDEAL-NKPT/Cy5/BHQ3 cells (100 
μL, 1 × 107 cells), and were sacrificed after 24 h. The tumor, heart, liver, 
spleen, lungs, and kidneys were dissected and collected for imaging 
analysis. DOX fluorescence was collected at 580 nm to indicate the 
distribution and infiltration of IDEAL-NK cells. Cy5 fluorescence was 
collected in vivo at 700 nm to indicate the release of NK cells from DNA 
scaffold.

IL-NKDID cells, NKDID-PLGAdrugs cells and IDEALPT-NKDID were 
stained with DID (1 μM) in pre-warmed serum-free medium at 37 ◦C for 
20 min, gently inverting the tube every 5–10 min. After incubation, 
added PBS and centrifuged at 1000 rpm for 5 min, and then discarded 
the supernatant. Repeated this washing step 3 times for subsequent use.

2.16. In vivo therapeutic effect evaluation

A549 tumor bearing mice were randomly divided into five groups (n 
= 5), intravenously injected with 1 × 107 IL-NK cells, NK- PLGAdrugs 
cells, IDEALPT-NK cells, PLGAdrugs NPs (2 mg/kg, 100 μL) and saline 
(100 μL) respectively. The administration was performed on day 1, day 6 
and day 18 respectively. The body weight of the mice as well as the 
tumor size were measured every 3 days. All mice were sacrificed on day 
28 and the tumors were dissected for TUNEL and H&E staining to assess 
the level of apoptosis at tumor site. In addition, major organs such as the 
heart, liver, spleen, lungs, and kidneys were dissected and collected for 
histopathological analysis to evaluate the therapeutic safety. Tissue 
imaging was also performed on dissected tumor sites and major organs 
to verify the accumulation of administrated IDEALPT-NK cells.

To evaluate in vivo adoptive NK cells activation in local tumors, mice 

were sacrificed at the end of different treatments, and their blood and 
tumors were collected. The expression levels of IL-2, GzmB and TNF-α in 
the mouse serum were measured with ELISA kits, respectively.

3. Results and discussion

3.1. Preparation of IL-NK cells and characterizations of reducing 
environment responsive IL-21 NPs decompose

IL-21 nanoparticles (IL-21 NPs) were synthesized by crosslinking IL- 
21 protein with GSH-responsive small molecule cross-linker NHS-SS- 
NHS (Fig. S1 A, synthesis), which demonstrated a band with obvious 
lower mobility compared with cytokine IL-21 monomer band on SDS- 
PAGE gel (Fig. S1B, lane 1,2). The as-obtained IL-21 NPs were sized in 
25 ± 3.3 nm in TEM (Fig. 1A) with hydrate diameter of ~34.7 nm 
(Fig. S1C) and zeta potential of − 2.1 mV (Fig. 1B, IL-21 NPs).

CD45 antibody and NH2-functionalized DNA strand L1 were subse
quently conjugated to residual NHS groups on the surface of IL-21 NPs 
via amide reaction to prepare IL-21 anchoring nanoparticles (IL-21 APs) 
(Fig. 1C, IL-21 APs), which decreased zeta potential to − 7.2 mV (Fig. 1B, 
IL-21 APs). IL-21 APs was incubated with NK-92MI cells to prepare IL- 
NK cells. Anti-CD45 recognized CD45 receptors that highly expressed 
on NK-92MI cell membrane, while DNA strand L1 acted as anchor to 
hybrid with poly-DNA1 for the subsequent construction of DNA scaffold 
on cell membrane. Cy5 labelled IL-21 APs (IL-21Cy5 APs) treated NK- 
92MI cells (ILCy5-NK cells) showed strong Cy5 fluorescence surround
ing cell membrane (Fig. 1D, ILCy5-NK), indicating efficient attachment of 
IL-21 APs on NK-92MI cells. On the contrary, incubating IL-21Cy5 NPs 
that in the absence of anti-CD45 with NK cells didn’t demonstrate 
membrane Cy5 fluorescence (Fig. 1D, NK + IL-21 NPs).

IL-21 APs decompose due to the cleavage of disulphide bonds in 
reducing environment such as glutathione (GSH)) (Fig. 1C, decompose), 
which not only liberated NK cells from DNA scaffold, but also enhanced 
its activity by the released cytokine IL-21 monomer. To mimic reducing 
environment, 10 mM GSH was incubated with IL-21 NPs, and resulted in 
higher mobility band at the corresponding position of cytokine IL-21 
monomer with the disappearance of IL-21 NPs band (Fig. S1A, decom
pose; Fig. S1B, lane 4), indicating the successful decompose of IL-21 NPs 
with efficient release of cytokine IL-21. Time corresponding release of 
IL-21 from IL-21 APs upon GSH treatment was further evaluated by 
dialyzing the reaction mixture, the released monomer cytokine IL-21 
was collected outside dialysis bag and quantified by ELISA, which 
gradually increased in the beginning 4 days of treatment and saturated 
at approximately 85 % within 7 days (Fig. S2A, IL-21 APs + GSH). On 
the contrary, IL-21 APs was stable in the absence of GSH treatment, and 
the release percentage remained below 15 % over 7 days (Fig. S2A, IL-21 
APs).

To further verify release of IL-21 from IL-NK cells, ILCy5-NK cells that 
prepared with IL-21Cy5 APs were cultured in GSH-containing 1640 me
dium for 24 h. It demonstrated decrease of Cy5 fluorescence from ILCy5- 
NK cell membrane (Fig. 1D, ILCy5-NK + GSH), which was accompanied 
by the increase of Cy5 fluorescence from cell culture medium superna
tant (Fig. S2B, GSH(+)). On the contrary, ILCy5-NK cells demonstrated 
stable Cy5 fluorescence surrounding cell membrane during 24 h 
culturing in the absence of GSH (Fig. S3). The cell culture medium su
pernatant barely showed Cy5 fluorescence either (Fig. S2B, GSH(− )). 
The released monomer cytokine IL-21 was quantified from supernatant 
of cell culture medium via ELISA, and divided by centrifugation to 
obtain IL-21 release percentage of ~56 % in the presence of GSH and ~ 
9 % in the absence of GSH (Fig. S2C). These results confirmed the effi
ciency of IL-21 APs decompose in reducing environment, which guar
anteed successful liberation of NK-92MI cells.

3.2. Preparation and characterizations of DNA-NK cells

As the construction components for DNA scaffold, poly-DNA1 was 
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synthesized by copolymerizing acrylamide residues with the acrydite- 
modified DNA strands P1a, P1b, P1c (Fig. S4A), and poly-DNA2 was 
synthesized by copolymerizing acrylamide residues with the acrydite- 
modified DNA strands P2a, P2b, P2c (Fig. S4B). The successful genera
tions of poly-DNA were confirmed by PAGE. P1a, P1b, P1c (Fig. S5A, 
lane1, lane2, lane3) and P2a, P2b, P2c showed a clear single band with 
high mobility respectively, while the bands for poly-DNA1 (Fig. S5A, 
lane4) and poly-DNA2 (Fig. S5A, lane8) demonstrated much lower 
mobilities. In addition, the fourier transform infrared spectroscopy 
(FTIR) spectrum of P1a/P1b/P1c/acrylamide mixture showed C––O 
stretching vibration characterization peak at around 1666 cm− 1 and 
C––C stretching vibration characteristic peak at 1611 cm− 1 (Fig. S5B, a), 
while the C––C stretching vibration characteristic peak was disappeared 
for poly-DNA1 (Fig. S5B, b), indicating successful polymerization of 
DNA strands and generation of poly-DNA strands.

P1a in poly-DNA1 has complimentary sequence with L1 strand from 
IL-21 APs, P1b and P1c in poly-DNA1 have complimentary sequences 
with P2b and P2c in poly-DNA2 respectively. Poly-DNA1 and poly- 
DNA2 were sequentially hybridized to IL-NK cells to assemble DNA 
scaffold on NK cell membrane (Fig. 1E). The sequence complimentary of 
DNA strands were verified via PAGE analysis, which showed a new 
single band with lower mobility both for the mixture of L1 with P1a, P1b 
with P2b, and P1c with P2c (Fig. S6, lane 3, lane 6, lane 9). The specific 
hybridization of DNA strands guaranteed the efficient construction of 
DNA scaffold on NK cell membrane. The microscopic morphology of 
constructed DNA scaffold was characterized by atomic force microscope 
(AFM), which showed typical network structure with microscale pores 
around ~100 nm (Fig. 1F).

To visualize the construction of DNA scaffold on NK cell membrane, 
FAM-labelled P1b and Cy5-labelled P2c were used to prepare poly- 

Fig. 1. Preparation and characterizations of IDEAL-NK cells. (A) Transmission electron microscopy morphological determination of IL-21 NPs. (B) The zeta potential 
analysis of IL-21 NPs and IL-21 APs. (C) Schematic illustration of IL-21 APs preparation and glutathione responsive decompose. (D) Confocal laser scanning mi
croscopy (CLSM) images of NK cells incubated with IL-21 NPs (NK + IL-21 NPs), IL-21 APs (ILCy5-NK), and IL-21 APs incubated NK cells with glutathione treatment 
(ILCy5-NK + GSH). (E) Schematic illustration of DNA scaffold assembly on IL-NK cell membrane. (F) Atomic force microscopy characterization of DNA scaffold. (G) 
Confocal laser scanning microscopy images of DNAFAM/Cy5-NK cells. (H) Three dimensions-stack image of DNACy5-NK cells. (I) Transmission electron microscopy 
image of PLGAdrugs NPs. (J) Flow cytometry analysis and (K) Scanning electron microscopy image of NK cells and IDEAL-NK cells.
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DNA1FAM and poly-DNA2Cy5, respectively. The as-obtained DNAFAM/Cy5- 
NK cells showed good co-localization of FAM and Cy5 fluorescence on 
cell membrane (Fig. 1G), indicating efficient encapsulation of DNA 
scaffold on NK cell membrane. 2D Z stacking imaging and 3D recon
struction also showed uniform and sufficient coverage of NK cells with 
Cy5 fluorescence, indicating the efficient density for as-obtained DNA 
scaffold and corresponding integral wrapping of NK cells (Fig. 1H). The 
as-obtained DNA scaffold on cell membrane provided sufficient binding 
positions for subsequent PLGAdrugs NPs anchoring, while effectively 
protected NK cells from drug toxicity, which would make the as- 
obtained DNA-NK cell eligible drug carrier while well remained its im
mune activity.

3.3. Preparation and characterizations of IDEAL-NK cells

PLGAdrugs NPs were prepared by emulsion method and loaded with 
DOX for chemotherapy and verapamil to stimulate GSH efflux from 
tumor cell [47,48], which not only sensitized tumor cells to chemo
therapy [49], but also raised reducing condition in microenvironment to 
promote IL-21 APs decompose. PLGAdrugs NPs were sized in approximate 
230 nm (Fig. 1I) with hydrate diameter of ~238 nm (Fig. S7A) and zeta 
potential of − 6.5 mV (Fig. S7B, PLGAdrugs NPs). DNA strand N1 was 
functionalized with NH2 group, and was modified to PLGAdrugs NPs via a 
ROS responsive linker NHS-TK-NHS. The as-obtained PLGAdrugs-N1 NPs 
demonstrated hydrate diameter of ~281 nm (Fig. S7C) and zeta po
tential of − 14.6 mV (Fig. S7B, PLGAdrugs-N1 NPs), much lower than 
PLGAdrugs NPs due to the negative charge of DNA strand N1.

The as-obtained PLGAdrugs-N1 NPs was anchored to DNA-NK cell via 
N1/P2a hybridization to obtain IDEAL-NK cells (Fig. S8A). The hy
bridization of complementary DNA strands P2a and N1 was verified 
with PAGE analysis, their mixture showed a single band with lower 
mobility compared with P2a or N1 strand (Fig. S6, lane 12). DOX fluo
rescence was observed with flow cytometry to confirm the anchoring of 
PLGAdrugs NPs on IDEAL-NK cell membrane, which demonstrated 
obviously increased fluorescence intensity compared with untreated NK 
cells (Fig. 1J). Confocal fluorescence microscopy also demonstrated 
clear fluorescence in the region of 580–620 nm around cell membrane 
(Fig. S8B). SEM images showed much rougher surface for IDEAL-NK 
cells with randomly distributed particles on cell membrane compared 
with untreated NK cells (Fig. 1K), confirmed the efficient attachment of 
PLGAdrugs NPs on IDEAL-NK cell membrane. To calculate the loading 
capacity of PLGAdrugs NPs, it was incubated with IDEAL-NK cells, and 
the un-anchored PLGAdrugs NPs that remain in supernatant were 
collected by centrifugation and quantified by measuring DOX fluores
cence intensity and comparing with PLGAdrugs NPs calibration curve to 
obtain PLGAdrugs NPs loading capacity as ~68 % (Fig. S9A), and the 
corresponding loading amount was 39.7 μg/107 cells. To calculate the 
loading amount of IL-21 Aps on cell membrane, IL-21 APs were labelled 
with Cy5 (IL-21Cy5 APs) and the Cy5 fluorescence was quantified using 
the same method. The loading amount of IL - 21 APs was determined to 
be 0.94 μg/107 cells (Fig. S9B). Cytotoxicity of DNA scaffold was eval
uated via MTT assay, IL-NK cells, DNA-NK cells and IDEAL-NK cells all 
showed over 90 % of cell viabilities (Fig. S9C).

The encapsulation of DNA scaffold around NK cells effectively 
enhanced drug loading capacity, while efficiently protected NK cells 
viability from chemical toxic drugs. The encapsulation density of DNA 
scaffold on NK cell was optimized to evaluate its protection capability 
against loaded drugs. The concentrations of poly-DNAs, as the DNA 
scaffold components, were set as 0.5 μM and 5 μM. Untreated NK cells 
and NK-PLGAdrugs cells were set as positive control and negative control 
respectively. NK-PLGAdrugs cells were prepared by directly hybridizing 
PLGAdrugs NPs to IL’-NK cells in the absence of DNA scaffold encapsu
lation. IL’-NK cells were prepared with DNA strand L1’ instead of L1, 
where L1’ could hybridize with N1 to anchor PLGAdrugs NPs on cell 
membrane. DOX fluorescence was observed via confocal imaging to 
compare the loading amounts of PLGAdrugs NPs on IDEAL-NK cells, 

which showed intense and uniformly distributed fluorescence sur
rounding cell membrane for IDEAL-NK cells that fabricated with higher 
DNA scaffold density (Fig. 2A, IDEAL-NK, 5 μM), indicating the suffi
cient loading of PLGAdrugs NPs on cell membrane without internaliza
tion. On the contrary, IDEAL-NK cells fabricated with lower DNA 
scaffold density showed some intracellular DOX fluorescence, indicating 
internalization of PLGAdrugs NPs to some extent (Fig. 2A, IDEAL-NK, 0.5 
μM). Obvious internalization of PLGAdrugs NPs was observed for NK- 
PLGAdrugs cells (Fig. 2A, NK-PLGAdrugs). Using primary NK cells instead 
of NK-92MI cells, we prepared IDEAL-NKprimary cells with different DNA 
densities, and similar PLGAdrugs NPs distribution trends were observed 
(Fig. S10). These results indicated higher DNA scaffold encapsulation 
density provided satisfactory protection of NK cells from PLGAdrugs NPs. 
The viability of IDEAL-NK cell was further evaluated via MTT assay and 
flow cytometry to confirm the protection capability of DNA scaffold. 
Higher density of DNA scaffold encapsulation maintained over 90 % of 
cell viability upon 24 h culture (Fig. S11A, IDEAL-NK, 5 μM; IDEAL-NK, 
10 μM; IDEAL-NK, 20 μM), while lower DNA scaffold density encapsu
lation resulted in ~70 % of cell viability (Fig. S11A, IDEAL-NK, 0.5 μM), 
and NK-PLGAdrugs showed ~50 % of cell death (Fig. S11A, NK-PLGA
drugs). Using primary NK cells instead of NK-92MI cells, we observed 
similar cell viability change (Fig. S11B). Flow cytometry demonstrated 
similar tendency, IDEAL-NK cells with high encapsulation density, low 
encapsulation density, and NK-PLGAdrugs cells showed apoptosis rates of 
7.3 %, 29.0 %, 49.1 % respectively (Fig. 2B). These results confirmed the 
capability of DNA scaffold as an efficient and safe encapsulation layer 
for drugs loading and NK cells activity protection.

Tumor and inflammatory tissues release stroma-derived factor-1 
(SDF-1), a chemokine that recognized by C-X-C motif chemokine re
ceptor 4 (CXCR4) on immune cells membrane to drive its active move
ment toward injury sites [50]. To evaluate the influence of DNA scaffold 
encapsulation on NK cells communication with surrounding environ
ment and corresponding tumor homing capability, FITC labelled SDF-1 
(FITC-SDF-1) were incubated with IDEALCy5-NK cells that prepared with 
different encapsulation densities of DNACy5-scaffold and NK-PLGAdrugs 
cells, which showed similar FITC intensities at cell membrance for all the 
treated cells and good overlaps with membrane Cy5 fluorescence 
(Fig. S12). These results indicated good chemokine permeability for as- 
obtained DNA scaffold on NK cell membrane, and confirmed DNA 
scaffold would not affect intercellular communication for IDEAL-NK 
cells.

Transwell experiments were further performed to evaluate the 
migration capability of IDEAL-NK cells. Two-dimensional cellular 
models were established to mimic the process of NK cells approaching 
tumor site. IDEAL-NK cells with high DNA encapsulation density and 
low DNA encapsulation density, as well as NK-PLGAdrugs cells were 
seeded in the upper chamber respectively, A549 cells were seeded in the 
lower chamber which secreted chemotactic including SDF-1 as stimu
lators to induce directed migration of immune cells. IDEAL-NK cells and 
NK-PLGAdrugs cells were all stained with CFSE dye for location indica
tion, and the cells that migrated into the lower chamber were observed 
via confocal microscopy and counted via cell counting plates for quan
tification after 24 h incubation, the migration ratios of IDEAL-NK cells 
with high DNA encapsulation density, IDEAL-NK cells with low DNA 
encapsulation density, and NK-PLGAdrugs cells were ~ 90 %, ~77 %, 
and ~ 50 %, respectively (Fig. 2C, S13). DNA-scaffold encapsulation 
didn’t affect targeting capability of NK cells, therefore all the lower 
chambers were occupied by IDEAL-NK cells and NK-PLGAdrugs cells 
obviously. High DNA encapsulation density provided satisfactory pro
tection of NK cell activity, therefore demonstrated most efficient trans
migration capability with largest number of transmitted cells in the 
lower chamber (Fig. 2C, S13, IDEAL-NK, 5 μM).

3.4. In vitro verification of PLGAdrugs NPs release and chemotherapy

As endogenous stimuli, redox and reducing conditions in tumor 
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microenvironment were programmed for sequent release of PLGAdrugs 
NPs and liberation of NK cells. TK linker that connected PLGAdrugs NPs to 
DNA scaffold was cleaved in response to ROS in the tumor microenvi
ronment, enabling tumor site-responsive release of PLGAdrugs NPs 
(Scheme 1B, PLGAdrugs NPs release). When PLGAdrugs NPs is released 
from IDEAL-NK cells, DNA scaffold should still remain intact to protect 
NK cells from drug toxicity. Due to the efficient loading of PLGAdrugs 
NPs, IDEAL-NK cells showed clear DOX outline around cell membrane 
before H2O2 treatment (Fig. 2D, H2O2(− )). H2O2 treatment resulted in 
substantial decrease of DOX fluorescence from cell membrane, which 
indicated efficient detachment of PLGAdrugs NPs from IDEAL-NK cells 
(Fig. 2D, H2O2(+)). Dense packing of DNA scaffold effectively prevented 
the endocytosis of liberated PLGAdrugs NPs into NK cell, therefore DOX 
fluorescence was barely observed from NK cell intracellularly. On the 
contrary, NK-PLGAdrugs cell that in the absence of DNA scaffold pro
tection showed blurry DOX fluorescence boundary at cell membrane 
before H2O2 treatment due to the partial endocytosis of attached 
PLGAdrugs NPs (Fig. S14, H2O2(− )). H2O2 treatment of NK-PLGAdrugs cell 
resulted in obvious intracellular DOX fluorescence due to the endocy
tosis of released PLGAdrugs NPs (Fig. S14, H2O2(+)).

ROS responsive PLGAdrugs NPs release and A549 cell selective 
toxicity were further evaluated in IDEAL-NK cells and A549 cells co- 

culture medium. A549 cells and IDEAL-NK cells were discriminated by 
their different morphologies in bright field image. A549 cell has 
attachment tendency to cell culture plate, and demonstrates a tentacle 
morphology. NK cell has suspension growth character, and demon
strates round morphology. The location of PLGAdrugs NPs was indicated 
by DOX fluorescence. IDELA-NK cells and A549 cells co-cultured me
dium in the absence of H2O2 treatment demonstrated clear DOX fluo
rescence from NK cell membrane, while little intracellular fluorescence 
was observed for A549 cells (Fig. 2E, H2O2(− )). When treated with 
H2O2, PLGAdrugs NPs was liberated from IDEAL-NK cells and selectively 
endocytosed by A549 cells, which showed obvious intracellular DOX 
fluorescence from A549 cells accompanied by disappearance of DOX 
fluorescence from IDEAL-NK cell membrane (Fig. 2E, H2O2(+)). The as- 
obtained DNA-NK cells barely showed intracellular DOX fluorescence, 
further confirmed the satisfactory protection from DNA scaffold. On the 
contrary, when treated NK-PLGAdrugs cell and A549 cells co-culture 
media with H2O2, DOX fluorescence was observed both from A549 
cells and NK cells due to the lack of DNA scaffold protection for NK- 
PLGAdrugs cells (Fig. S15, H2O2(+)).

To evaluate the chemotherapeutic effect of IDEAL-NK cells, NK cell 
with non-degradable DNA scaffold was prepared by replacing degrad
able IL-21 APs with nondegradable IL-21 APs (IL-21non APs) which 

Fig. 2. Characterization of IDEAL-NK cells and H2O2 responsive chemotherapy. (A) Confocal laser scanning microscopy, (B) flow cytometry based live/dead 
characterization, and (C) migration characterization of IDEAL-NK cells prepared with different encapsulation densities of DNA scaffold and NK-PLGAdrugs cells that 
have PLGAdrugs NPs directly anchored on NK cell membrane. (D) Confocal laser scanning microscopy of IDEAL-NK cells and (E) localization of PLGAdrugs NPs in a 
mixed culture system of IDEAL-NK cells and A549 cells before (H2O2(− )) and after (H2O2(+)) H2O2 treatment.
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crosslinked IL-21 with NHS-PEG2-NHS. The as-obtained Non-degraded 
IL-21 and Drug Equipped AcryL-DNA scaffold framed NK cells (NIDEAL- 
NK) couldn’t respond to reduction environment to disassemble DNA 
scaffold for NK cell release, therefore suppressed the immunoactivity of 
NK cells and only demonstrated chemotoxicity of PLGAdrugs NPs. When 
co-culturing NIDEAL-NK cells with A549 cells, it resulted in over 90 % 

and ~ 59 % of cell viability for A549 cells in the absence (H2O2(− )) and 
presence (H2O2(+)) of H2O2 treatment respectively (Fig. S16), indi
cating the chemotherapeutic effect of released PLGAdrugs NPs.

Fig. 3. Characterization of tumor cell killing capacity of IDEAL-NK cells. (A) Enzyme - linked immunosorbent assay of glutathione efflux from A549 cells after 
incubation with IDEAL-NK cells and IDOXEAL-NK cells that prepared with PLGADOX NPs that only loaded with DOX but not verapamil. (B) Proliferation of NK cells, 
DNA-NK cells, and DNA-NK cells in presence of glutathione (DNA-NK + GSH) (n = 3). (C) MTT cell viability assay of A549 cells incubated with NK cells, DNA-NK 
cells, and DNA-NK cells in presence of glutathione (DNA-NK + GSH) (n = 3). (D) (E) Penetration of IDEAL-NKCFSE cells and IPEAL-NKCFSE cells into A549 tumor 
spheroids (MTSs). Green fluorescence represents NK cells. (F) Flow cytometry assay and (G) MTT cell viability assay of A549 cells incubated with IL-NK cells, NK- 
PLGAdrugs cells and IDEAL-NK cells. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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3.5. In vitro verification of NK cell decapsulation and killing capability

Verapamil, a drug that interacts with multidrug resistance protein 1 
(MPR1) and induces rapid and massive efflux of cellular GSH [51], was 
also loaded to PLGAdrugs NPs, which would enhance GSH level in tumor 
microenvironment to decompose IL-21 APs with the decapsulation of NK 
cells. When co-culturing IDEAL-NK cells with A549 cells, A549 cells 
generated H2O2 and secreted it to the extracellular space [52]. PLGAdrugs 
NPs were correspondingly released and endocytosed by A549 cells to 
trigger efflux of GSH to co-culture medium, which turned the co-culture 
system to reduction microenvironment. As control, the IDoxEAL-NK cells 
were prepared with PLGADOX NPs that only loaded DOX for chemo
therapy but not verapamil for stimulating GSH efflux instead of PLGA
drugs NPs. IDEAL-NK cells and IDoxEAL-NK cells were incubated with 
A549 cells respectively, and the amount of effluxed GSH in culture 
medium was evaluated via ELISA kit. IDEAL-NK cells treated group 
showed a 7-fold elevation of extracellular GSH compared with IDoxEAL- 
NK cells treated group (Fig. 3A). These results indicated PLGAdrugs NPs 
release effectively enhanced reducing condition in tumor microenvi
ronment, which subsequently guaranteed efficient IL-21 APs decompose 
and corresponding NK cell release.

The effluxed GSH penetrates through DNA scaffold to decompose IL- 
21 APs and disassemble DNA scaffold. The in situ generation of cytokine 
IL-21 contributes to NK cell expansion. To evaluate the contribution 
effect, DNA-NK cells were incubated in culture medium with GSH, and 
the cell proliferation rate was compared with DNA-NK cells in the 
absence of GSH addition and untreated NK cells. DNA-NK cells in the 
absence of GSH showed proliferation rate of 3.2 % (Fig. 3B, DNA-NK), 
which was lower than that of untreated NK cells (8.9 %) (Fig. 3B, NK) 
due to the physical constraint of DNA scaffold, while the proliferation 
rate for DNA-NK cells in presence of GSH was enhanced to 36.4 % 
(Fig. 3B, DNA-NK + GSH). In addition to proliferation, cytokine IL-21 
generation also enhanced cancer cell killing capability of NK cells. The 
contribution effect was evaluated via MTT assays. When co-cultured 
DNA-NK cells and A549 cells in presence of GSH, it resulted in lowest 
viability of 36.9 % for A549 cells (Fig. 3C, DNA-NK + GSH), while un
treated NK cells resulted in 65.2 % of cell viability for co-cultured A549 
cells (Fig. 3C, NK). These results indicated that the in situ decapsulation 
of NK cell with IL-21 cytokine release effectively enhanced its tumor cell 
killing capability. Considering the limitation of DNA scaffold to NK cell 
proliferation and intercellular contact, co-culturing DNA-NK cells with 
A549 cells in the absence of GSH resulted in 85.7 % of A549 cell viability 
(Fig. 3C, DNA-NK).

3.6. Programmable release of PLGAdrugs NPs and disassembly of DNA 
scaffold to boost adoptive NK cell therapy

Programming the timing for PLGAdrugs NPs release and NK cell 
liberation is important to boost the therapeutic effect of IDEAL-NK cells. 
To visualize the programmable sequential release of PLGAdrugs NPs, 
detachment of DNA scaffold, and liberation of NK cells, IL-21Cy5 APs 
were labelled with fluorescent dye Cy5. P1bFAM, as the component for 
DNA scaffold, was labelled with fluorescent dye FAM. The fluorescence 
of Cy5, FAM and DOX were imaged under confocal microscopy, which 
co-localized very well for IDEALCy5/FAM-NK cells (Fig. 3D, IDEALCy5/ 

FAM-NK). To mimic tumor microenvironment, IDEALCy5/FAM-NK cells 
were subsequently incubated with H2O2, which showed a significant 
decrease of DOX fluorescence from cell membrane, indicating the effi
cient detachment of PLGAdrugs NPs (Fig. 3D, +H2O2). FAM fluorescence 
and Cy5 fluorescence were still co-localized well on cell membrane for 
the as-obtained DNACy5/FAM-NK cells (Fig. 3D, +H2O2), indicating the 
DNA scaffold remained stable on NK cell membrane during PLGAdrugs 
NPs release process. To mimic the enhanced reducing condition after 
PLGAdrugs NPs release, the as-obtained DNACy5/FAM-NK cells were 
continuously incubated with GSH, which intensively reduced both Cy5 
and FAM fluorescence intensities on cell membrane for the as-obtained 

NK cell (Fig. 3D, +GSH), indicating the sufficient detachment of DNA 
scaffold and liberation of NK cells. Using primary NK cells instead of NK- 
92MI cells, we prepared IDEALCy5/FAM-NKprimary cells. Then these cells 
were sequentially incubated with H₂O₂ and GSH, and demonstrated 
similar trends for the disappearance of DOX fluorescence and FAM/Cy5 
fluorescence as those for NK-92MI cells, indicating the successful 
liberation of primary NK cells from DNA scaffold (Fig. S17).

The preceding execution of chemotherapy from PLGAdrugs NPs 
resulted in apoptosis of tumor cells, loosed the tumor structure, and 
reprogrammed a more favorable microenvironment for the engraftment 
and infiltration of adoptive NK cells [53]. Three-dimensional (3D) 
multicellular A549 tumor spheroids (MTSs) model was set up to eval
uate the tumor infiltration capability of adoptive NK cells. IDEAL-NKCFSE 
cells were labelled with CFSE dye to indicate its tissue infiltration via 
confocal z-stack imaging. The control group was set by incubating A549 
MTSs model with IL-21 APs and PLGA NPs equipped acryl-DNA scaffold 
framed NKCFSE cells (IPEAL-NKCFSE), which didn’t have drugs loading in 
PLGA. CFSE fluorescence from A549 MTSs section at the same height 
from the bottom was compared. CFSE fluorescence for IDEAL-NKCFSE 
cell culturing group was spread almost all over the section (Fig. 3E, 
IDEAL-NKCFSE), indicating good penetration capability of IDEAL-NKCFSE 
cells. On the contrary, IPEAL-NKCFSE cells culturing group only showed 
CFSE fluorescence distributed at the edge of the section (Fig. 3E, IPEAL- 
NKCFSE), indicating NK cells only stayed in the peripheral area of the 
MTSs. These results confirmed that chemotherapy effectively facilitated 
the infiltration of NK cells at the tumor site.

The contribution of preceding chemotherapy to IDEAL-NK cell 
killing capability was evaluated by measuring the apoptosis of co- 
cultured A549 cells via flow cytometry. Due to the combination thera
peutic effects of chemotherapy from PLGAdrugs NPs and immune-killing 
from NK cells, A549 cells that co-cultured with IDEAL-NK cells showed 
apoptosis rate of 81.7 % (Fig. 3F, IDEAL-NK). Control group was set by 
incubating A549 cells with IL-NK cells which only anchoring IL-21 APs 
to NK cell membrane in the absence.

of DNA scaffold encapsulation and PLGAdrugs loading. The stimula
tion from A549 cells improved reducibility of NK cells membrane [54], 
which release IL-21 from IL-21 APs to enhance NK cell killing capability. 
IL-NK cells only showed immune therapeutic effect to co-cultured A549 
cells with 47.7 % of cell apoptosis (Fig. 3F, IL-NK). These results indi
cated the contribution of preceding chemotherapy to immunotherapy 
efficiency of NK cells. NK-PLGAdrugs cells that have PLGAdrugs NPs 
directly anchored on cell membrane without DNA scaffold encapsula
tion were set as another control group, which resulted in 52.9 % of A549 
cell apoptosis (Fig. 3F, NK-PLGAdrugs). Due to the lack of DNA scaffold 
protection, NK cell activity was impaired by endocytosis of PLGAdrugs 
NPs, therefore limited the therapeutic effect of chemotherapy combined 
immunotherapy for NK-PLGAdrugs cells. Using primary NK cells instead 
of NK-92MI cells to repeat this experiment, similar A549 apoptosis 
tendency was observed (Fig. S18). These results further confirmed the 
programmable release of PLGAdrugs NPs and liberation of NK cells is 
important for boosting adoptive cell therapy. MTT assay demonstrated 
similar tendency as flow cytometry result. A549 cells that treated with 
IDEAL-NK cells showed lowest cell viability of ~20 %, while A549 cells 
that treated with IL-NK cells or NK-PLGAdrugs cells showed cell viability 
of ~50 % and ~ 45 % respectively (Fig. 3G).

3.7. In vivo verification of IDEAL-NK cells therapeutic efficiency

Phosphorothioate-modified DNA strands L1PT, P1aPT, P1bPT, P1cPT, 
P2aPT, P2bPT, P2cPT, and N1PT were used as components to synthesize 
IDEAL-NK cells to avoid poly-DNAs degradation in complex in vivo 
environment. NK cells were also stained with 1,1′-dioctadecyl-3,3,3′,3′- 
tetramethylindodicarbocyanine,4-chlorobenzenesulfonate salt (DID), a 
far-red plasma membrane fluorescent probe, for in vivo location. The as- 
obtained IDEALPT-NKDID cells were intravenously administrated to 
subcutaneous A549 tumor bearing mice for in vivo application of NK cell 
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adoptive therapy, DOX and DID fluorescence were imaged in vivo to 
trace the delivery of IDEALPT-NKDID cells, which were both clearly 
observed at 3 h after intravenous injection and remained stable until 48 
h (Fig. S19). DOX and DID fluorescence were coincided well in vivo, 
indicating efficient accumulation of IDEALPT-NKDID cells at tumor po
sition. Ex vivo images of mice tumors and other major organs that 
collected at 24 h after IDEALPT-NKDID cells administration also showed 
strongest DID and DOX fluorescence in tumor, verified the remarkable 
tumor-targeting capability of adoptive IDEAL-NK cells (Fig. 4A, IDE
ALPT-NKDID). Control groups were set by intravenously administrating 
tumor baring mice with PLGAdrugs NPs, IL-NKDID cells that in the absence 
of drugs loading, and NKDID-PLGAdrugs cells that in the absence of DNA 
scaffold encapsulation respectively. Due to the tumor-homing driven 
accumulation, IDEALPT-NKDID cells administrated mice group showed 
higher DOX fluorescence from tumor position compared to PLGAdrugs 
direct administration group (Fig. 4A, DOX; Fig. S20A, PLGAdrugs, IDE
ALPT-NKDID). IDEALPT-NKDID cells administrated mice group also 
showed higher DID fluorescence from tumor position compared with 
both IL-NKDID cells administration group and NKDID-PLGAdrugs cells 
administration group (Fig. 4A, DID; Fig. S20B, IL-NKDID, NKDID-PLGA
drugs, IDEALPT-NKDID), indicating more efficient accumulation and 
infiltration of adoptive NK cells in tumor position. These results 

confirmed the contributions of proceeding chemotherapy to adoptive 
NK cell infiltration and DNA scaffold encapsulation to adoptive NK cell 
activity.

To visualize NK cell decapsulation in vivo, IDEALPT/Cy5/BHQ3-NK 
cells with self-quenched Cy5 fluorescence were prepared with poly- 
DNA1PT/Cy5 and IL-21 APsBHQ3. Poly-DNA1PT/Cy5 was prepared with 
P1aPT/Cy5 strand that labelled with Cy5, and IL-21 APsBHQ3 was prepared 
with GSH responsive L1PT/BHQ3 strand that contains GSH responsive 
disulfide bond and labelled with BHQ3. P1aPT/Cy5 strand and L1PT/BHQ3 
strand were hybridized in DNA scaffold to quench Cy5 fluorescence 
(Fig. 4B). GSH efflux cleaved disulfide bond in L1PT/BHQ3 to liberate NK 
cells and recover Cy5 fluorescence, which indicated NK cell liberation 
and activation. Cy5 fluorescence was obviously shown in vivo at tumor 
position at 4 h post intravenous administration of IDEALPT/Cy5/BHQ3-NK 
cells (Fig. S21), indicating the efficient decapsulation of NK cells in 
tumor microenvironment. Considering the gradual process of GSH efflux 
and metabolization of detached DNA strands, Cy5 fluorescence intensity 
remained at slow increase tendency during 12 h. Though IDEALPT/Cy5/ 

BHQ3-NK cells had certain distribution in liver (Fig. 4C, S22, DOX, liver), 
ex vivo imaging barely demonstrated Cy5 fluorescence recovery from 
liver (Fig. 4C, S22, Cy5, liver). These results indicated structural integ
rity of DNA scaffold in systematic circulation and confirmed the 

Fig. 4. The antitumor efficacy of IDEALPT-NK cells in vivo. (A) Ex vivo imaging of tumor and organs distributions of PLGAdrugs (labelled with DOX) and NK cells 
(labelled with DID) for PLGAdrugs NPs, IL-NKDID cells, NKDID-PLGAdrugs cells and IDEALPT-NKDID cells administrated mice group respectively. (B) Schematic illus
tration of IDEALPT/Cy5/BHQ3-NK cells and (C) corresponding DOX and Cy5 fluorescence collected from tumor and organs for IDEALPT/Cy5/BHQ3-NK cells administrated 
mice. (D) Photographs of dissected A549 mice tumors, and (E) tumor volume change curves for PLGAdrugs NPs, IL-NK cells, NK-PLGAdrugs cells and IDEALPT-NK cells 
administrated mice group respectively (n = 5). (F) DID fluorescence in tumor sections and (G) secretion of cytotoxic lymphokines (TNF-α, GzmB) and inflammatory 
cytokines (IL-2) in serum for IL-NKDID, NKDID-PLGAdrugs, and IDEALPT-NKDID administrated mice groups.
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biosafety of IDEAL-NK cells. IDEALPT/Cy5/BHQ3-NK cells demonstrated 
strongest intensity for Cy5 fluorescence recovery in tumor position, 
indicating the efficient accumulation and liberation of NK cells in tumor 
positions. To visualize PLGAdrugs NPs release in vivo, IDEALPT/TK/BHQ3/ 

Cy5-NK cells with self-quenched Cy5 fluorescence were prepared with 
poly-DNA2PT/TK/BHQ3 and PLGAdrugs NPs-N1Cy5. Poly-DNA2PT/TK/BHQ3 
was prepared with P2aPT/TK/BHQ3 strand that contains ROS responsive 
TK bond and labelled with BHQ3, and PLGAdrugs NPs-N1Cy5 was pre
pared with N1PT/Cy5 strand that labelled with Cy5. The control IDEALPT/ 

nonTK/BHQ3/Cy5-NK cells were prepared with poly-DNA2PT/nonTK/BHQ3 
without TK bond modification. P2aPT/TK/BHQ3 strand (or P2aPT/nonTK/ 

BHQ3) and N1PT/Cy5 strand were hybridized in DNA scaffold to quench 
Cy5 fluorescence (Fig. S23A). Tumor microenvironment ROS cleaved TK 
bond in P2aPT/TK/BHQ3 to release PLGAdrugs NPs and recover Cy5 fluo
rescence. Compared with IDEALPT/nonTK/BHQ3/Cy5-NK cells group, Cy5 
fluorescence in IDEALPT/TK/BHQ3/Cy5-NK cells group was obviously 
shown in vivo at tumor position (Fig. S23B, C), indicating that tumor 
microenvironment triggered the efficient release of PLGAdrugs NPs in 
tumor microenvironment. On the contrary, Cy5 fluorescence was barely 
observed from liver (Fig. S23B, C).

To evaluate the in vivo antitumor effect of IDEALPT-NK cells, the 
subcutaneous A549 tumor grown mice were randomly divided to 5 
groups and intravenously administrated with saline, PLGAdrugs NPs, IL- 
NK cells, NK-PLGAdrugs and IDEALPT-NK cells respectively on days 1, 6, 
and 18. Tumor volume and body weight of mice were monitored every 
three days until day 28 to evaluate therapeutic effect. IDEALPT-NK cells 
administrated mice group demonstrated most effective suppression of 
tumor growth with ~95 % of tumor volume inhibition rate compared 
with saline administrated mice groups (Fig. 4D, E, Sliane, IDEALPT-NK). 
IL-NK cells that in the absence of PLGAdrugs loading administrated mice 
group showed ~65 % of tumor volume inhibition rate, indicating the 
immunotherapy effect solely from NK cells (Fig. 4 D, E, IL-NK). PLGA
drugs NPs administrated mice group showed ~26 % of tumor volume 
inhibition rate, indicating the chemotherapy effect solely from PLGA
drugs NPs (Fig. 4D, E, PLGAdrugs). NK-PLGAdrugs cells that in the absence 
of DNA scaffold encapsulation administrated mice group showed ~52 % 
of tumor volume inhibition rate (Fig. 4D, E, NK-PLGAdrugs). Consistent 
with the above results, we found that intravenous administration of 
IDEALPT-NK cells apparently prolonged survival (Fig. S24). H&E stain
ing and TUNEL assays at tumor sections also demonstrated most cancer 
cell apoptosis from IDEALPT-NK cells administrated mice group 
compared with all the control groups (Fig. S25), confirmed the most 
effective tumor therapeutic effect. The body weights of all mice groups 
did not significantly fluctuate during the therapeutic period (Fig. S26). 
No significant histological toxicity was observed for all the major organs 
(heart, liver, spleen, lung and kidney) for all the treatment groups 
(Fig. S27), indicating the biosafety of administrated IDEAL-NK cells.

To further evaluate the contributions of programmed drug release to 
immunotherapeutic effect of adoptive NK cells, the infiltration of IDE
ALPT-NKDID cells in solid tumors was evaluated via DID immunohisto
chemical staining. IDEALPT-NKDID administrated mice group showed 
strong DID fluorescence intensity from deeper part of the tumor tissue 
(Fig. 4F, IDEALPT-NKDID). On the contrary, IL-NKDID cells administrated 
group and NKDID-PLGAdrugs cells administrated group only showed DID 
fluorescence at the edge of tumor tissue with weak fluorescence in
tensity from tumor interior (Fig. 4F, IL-NKDID, NKDID-PLGAdrugs). These 
results confirmed the contributions of chemotherapy and DNA scaffold 
encapsulation to adoptive immune therapy. The secretion of immune- 
activation related components, cytotoxic lymphokines (TNF-α, gran
zyme B) and inflammatory cytokines (IL-2) were also measured in the 
post-treatment tumor environment via ELISA assays for different mice 
groups. IDEALPT-NK cells injected mice group demonstrated maximum 
expressions of TNF-α, granzyme B and IL-2 in sera (Fig. 4G), which 
explained the better anti-tumor effect achieved by IDEALPT-NK cell 
therapy.

4. Conclusions

In summary, here we developed a DNA scaffold framed adoptive 
natural killer cells with programmed drug release for enhanced ACT. NK 
cells were encapsulated by poly-DNAs framework, and drug-loaded 
PLGA (PLGAdrugs) NPs were anchored to DNAs framework to prepare 
IDEAL-NK cells. During delviery process, poly-DNAs framework effec
tively blocked the endocytosis of PLGAdrugs NPs and correspondingly 
prevented drug toxicity to NK cells. Tumor microenvironment overex
pressed ROS released PLGAdrugs NPs for chemotherapy, the corre
sponding tumor microenvironment remodelling including massive GSH 
efflux disassembled DNA scaffold and promoted the activity of liberated 
NK cells. This sequential therapy effectively promoted NK cell infiltra
tion at the tumor site, and showed outstanding inhibitory effects on 
tumor growth, therefore would have potential clinical applications.
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