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A synergistic combination of treatment with immunogenic cell death (ICD) inducers and immunoadju-
vants may be a practical way to boost the anticancer response and successfully induce an immune
response. The use of HR@GUCNPs/CpG-Apt/DOX, new biomimetic drug delivery nanoparticles generated
to combat breast cancer, is reported here as a unique strategy to produce immunogenicity and boost
cancer immunotherapy. HRAQUCNPs/CpG-Apt/DOX (HR-UCAD) consists of two parts. The core is composed
of an immunoadjuvant CpG (a toll-like receptor 9 agonist) fused with a dendritic cell-specific aptamer
sequence (CpG-Apt) to decorate upconversion nanoparticles (UCNPs) with the successful intercalation of
doxorubicin (DOX) into the consecutive base pairs of Apt-CpG to construct an immune nanodrug
UCNPs@CpG-Apt/DOX. The targeting molecule hyaluronic acid (HA) was inserted into a red blood cell mem-
brane (RBCm) to form the shell (HR). HR-UCAD possessed a strong capacity to specifically induce ICD.
Following DOX-induced ICD of cancer cells, sufficient exposure to tumor antigens and UCNPs@CpG-Apt
(UCA) activated the tumor-specific immune response and reversed the immunosuppressive tumor microenvi-
ronment. In addition, HR-UCAD has good biocompatibility and increases the active tumor-targeting effect.
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Furthermore, HR-UCAD exhibits excellent near-infrared upconversion luminescence emission at 804 nm
under irradiation with a 980 nm laser, which has great potential in biomedical imaging. Thus, the RBCm-
camouflaged drug delivery system is a promising targeted chemotherapy and immunotherapy nanocomplex

rsc.li/nanoscale that could be used for effective targeted breast cancer treatment.

but there are still some obstacles, such as weak immunogenicity,
insufficient cytotoxic T lymphocyte (CTL) infiltration, and poor

1 Introduction

Breast cancer produces aggressive malignant tumors and has a
high mortality rate in women." Current treatments are far
from satisfactory due to their high costs, significant interindi-
vidual differences and severe side effects.”> Therefore, the
development of new strategies with high efficiency and low tox-
icity to eradicate breast cancer is urgently needed. Recently,
immunotherapy has made significant advances in the field of
antitumor therapy, such as immune checkpoint blockade
(ICB)® and chimeric antigen receptor T-cell (CAR-T) therapy,*
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maturation of dendritic cells (DCs).>” Thus, enhancing antitu-
mor immunogenicity and reversing the immunosuppressive
tumor microenvironment (ITM) are crucially important.® Recent
studies have revealed that doxorubicin (DOX), a commonly used
clinical chemotherapeutic drug, can elicit immunogenic cell
death (ICD).” Tumor cells undergoing ICD can generate a large
number of tumor fragments in situ and release damage-associ-
ated molecular patterns (DAMPs) into the surrounding environ-
ment, including calreticulin (CRT), adenosine triphosphate
(ATP), and high mobility group box 1 (HMGB1)."® CRT is an “eat
me” signal that encourages the phagocytic engulfment of cancer
cells by DCs.'"" ATP serves as a “find me” signal to recruit
antigen-presenting cells (APCs)."”> HMGB1 binds to toll-like recep-
tor 4 (TLR4) on DCs and presents antigens to CTLs."® Therefore,
ICD may provide a new strategy to combat tumors through
immune cell recruitment. However, it has been reported that ICD
cannot generate a sufficient antitumor immune response
because of the ITM.""®

Nanoscale, 2023, 15, 9457-9476 | 9457


http://rsc.li/nanoscale
http://orcid.org/0009-0008-9272-4685
http://orcid.org/0000-0003-3104-2505
https://doi.org/10.1039/d3nr00542a
https://doi.org/10.1039/d3nr00542a
https://doi.org/10.1039/d3nr00542a
http://crossmark.crossref.org/dialog/?doi=10.1039/d3nr00542a&domain=pdf&date_stamp=2023-05-29
https://doi.org/10.1039/d3nr00542a
https://pubs.rsc.org/en/journals/journal/NR
https://pubs.rsc.org/en/journals/journal/NR?issueid=NR015021

Published on 25 april 2023. Downloaded on 11.4.2026. 23.07.30.

Paper

Cytosine-phosphate-guanosine  oligonucleotides  (CpG
ODNs),'® as toll-like receptor 9 (TLR9) agonists of DCs, can
trigger strong immunostimulatory activity via MyD88-depen-
dent NF-xkB and MAPK signaling and subsequently promote
the release of proinflammatory cytokines such as interleukin 6
(IL-6), IL-12, and tumor necrosis factor-o (TNF-a), ultimately
inducing a Thi-like innate immune response and adaptive
immunity."”'® The antigens generated by ICD can be efficien-
tly delivered to APCs with the aid of the immunoadjuvant
CpG. Therefore, ICD inducers combined with immunoadju-
vants may be a promising tactic to combat cancer through a
robust immune response.

The use of naked CpG ODNs as therapeutic agents is
limited. TLR9 is mainly distributed on the endoplasmic reticu-
lum (ER) of DCs rather than on the cell surface." The nega-
tively charged CpG ODNS fail to penetrate the cell membrane
and are easily digested by exonucleases in the serum or cyto-
plasm.?® In recent years, lanthanide-based upconversion nano-
particles (UCNPs) have come into focus due to their distinctive
chemical and optical properties.>® According to research,
UCNPs that carry and protect single-stranded DNA have been
employed in cancer treatment and bioimaging.?> On the one
hand, the fast coordination of the phosphate groups on the
DNA backbone with Ln*" exposed on the UCNPs causes DNA
absorption onto the UCNP surface.”® This method does not
require chemical modification of oligonucleotides and is time-
saving and highly efficient. The DNA-UCNP composite syn-
thesized by this method is stable, and the DNA attached onto
the surface of UCNPs is capable of crossing the cell membrane
without the need for transfection agents.>* On the other hand,
unlike traditional fluorescent agents, UCNPs can convert near-
infrared (NIR) radiation into tunable shorter wavelength
luminescence, thus avoiding background signal noise from
samples and the surroundings.>® NIR light penetrates deeper
than visible light, and it can induce UCNPs to produce lumine-
scence from UCNPs in deeper tissues, showing significant
potential for in vivo imaging.*® As a result, UCNPs hold great
promise for multifunctional drug delivery and biomedical
imaging applications. In addition, we conjugated CpG ODNs
with aptamers targeting DCs to form a novel DNA nano-
structure (CpG-Apt), which endows the DNA nanostructure
with high binding affinity for DCs and further stimulates DCs
maturation.>”*® Notably, DNA nanostructures are also effective
drug delivery nanocarriers, and DOX can intercalate into adja-
cent base pairs.”® In this study, UCNPs were surface modified
using engineered DNA molecules (CpG-Apt/DOX) to create
DNA-UCNP complexes. For the first time, DNA-functionalized
UCNPs were used to deliver DOX, which has never been
reported yet.

Nevertheless, UCNPs also have some biocompatibility con-
cerns, as they can easily be regarded as exogenous substances
and removed from the blood circulation by the reticuloen-
dothelial system (RES).*® Moreover, these nanocarriers lack tar-
geting ability, allowing the drug to prematurely leak from the
bare material, thereby resulting in serious side effects.’!
Fortunately, the use of the biomimetic cell membrane camou-
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flage strategy can help nanoparticles cloak the encapsulated
contents to evade RES elimination.?*** Among natural biologi-
cal carriers, erythrocyte membranes are accessible and fre-
quently used to prepare biomimetic nanomaterials. In particu-
lar, the self-recognition protein CD47 on the erythrocyte mem-
brane surface can inhibit erythrocyte phagocytosis by immune
cells, which gives nanocarriers a superior half-life in systemic
circulation.®® CD44 is highly expressed in breast cancer cells
and can selectively bind to hyaluronic acid (HA).***® Thus, HA
modification of the erythrocyte membrane can enhance the
tumor-specific accumulation of nanodrugs.

Herein, we fabricated a novel multifunctional delivery
system, erythrocyte membrane-camouflaged DNA-functiona-
lized UCNPs, for targeted breast cancer chemotherapy and
immunotherapy. UCNPs capped with oleic acid are normally
hydrophobic. Related investigations have demonstrated that if
CpG-Apt directly replaces the original capped ligands on
UCNPs, the capped DNAs could collapse on the particle
surface, which is not conducive to its ability to carry out its
corresponding function and its further assembly.*
Additionally, it has been observed that inhibiting the 5’ end of
CpG may lower immunological activity because this portion is
necessary for TLR9-mediated immune responses.’”*! On this
basis, we first modified UCNPs with a 30-mer polyA oligo-
nucleotide to change the UCNPs from hydrophobic to hydro-
philic. Moreover, a 24-mer polyT oligonucleotide was fused
with the 3’ end of CpG-Apt to form a 5-CpG-Apt-24T-3’
sequence. According to Watson Crick’s matching method,
polyA on the UCNPs and polyT of CpG-Apt-24T will hybridize
to form a duplex that resembles a satellite-like structure
(Fig. 1A). This novel strategy, the 3’ end of CpG fused with a
DC-targeted aptamer sequence, has not yet been reported in
the literature. Subsequently, DOX was introduced into base
pairs to construct UCNPs@CpG-Apt/DOX, which was encapsu-
lated within the erythrocyte membrane. This novel nanocom-
plex (HR-UCAD) exhibits good biocompatibility and immune
escape. With the aid of HA and the enhanced permeability
and retention (EPR) effect, HR-UCAD can actively accumulate
at the tumor site, while UCNPs@CpG-Apt (UCA) can precisely
target DCs, thereby activating antitumor immune responses.
Moreover, DNA modification and membrane encapsulation do
not affect the upconversion optical properties of the UCNPs.
Therefore, this novel biomimetic nanoplatform is also useful
for efficient tumor imaging. Our work lays the foundation for
UCNPs in multifunctional drug delivery and biomedical
imaging applications, providing a new way to treat breast
cancer.

2 Methods and materials
2.1 Materials

Lanthanide-based UCNPs (XF201-3) were purchased from
Nanjing XFNANO Materials Tech Co., Ltd. (Nanjing, China).
DSPE-PEG2000-NH, (PSZ-NDE-lK) and DSPE-PEG2000-FITC
(PS2-DEFT) were produced by Ponsure Biotechnology (China).

This journal is © The Royal Society of Chemistry 2023
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Fig. 1 Graphical Abstract (A). Schematic illustration of HR-UCAD synthesis process. (B) The application of HR-UCAD for tumor-targeted chemo-
therapy and immunotherapy in breast cancer. (Parts of the picture materials are painted using Figdraw and BioRender).

All nonmethylated oligodeoxynucleotides were synthesized by
Shanghai Sangon Biological Engineering Technology &
Services (Shanghai, China). The sequences are as follows
(Fig. S1f): DNA for the preparation of A30-UCNPs
(5-AAAAAAAAAAAAAAAAAAAAAAAAAAAAAA-3"); CpG 1826 (5-
TCCATGACGTTCCTGACGTT-3'); the aptamer sequence target-
ing DCs (5"-GGCTGGCACTGGTCGAGGTATGTTGGGGCA-
GCT-3"); and the CpG-Apt-24T sequence (5-TCCATGACG-
TTCCTGACGTTTTTTTGGCTGGCACTGGTCGAGGTATGTTGGG-
GC AGCTTTTTTTTTTTTTTTTTTITTITTITTT-3"). A penicillin-
streptomycin cocktail (PB180120), fetal bovine serum (FBS;
164210-50), DMEM (PM150210), and RPMI 1640 (PM150110)

This journal is © The Royal Society of Chemistry 2023

were purchased from Procell Biotech (Wuhan, China). Calcein-
AM/propidium iodide (PI) (C2015S), cell counting kit-8 (C0037)
ATP detection (S0027) and Annexin V-FITC apoptosis detection
kits (C1062S) were purchased from Beyotime Biotechnology
(China). Hematoxylin and eosin (H&E), DAPI, and crystal violet
were produced by Servicebio Technology (China). Anti-HMGB1
(66525-1-Ig), anti-CRT (27298-1-AP), and anti-CD86 (13395-1-
AP) antibodies were manufactured by Proteintech (Wuhan,
China). Anti-CD11c (AB_2841076), anti-IL-10 (AB_2838853),
anti-Foxp3 (AB_2847268), and anti-IFN-y (AB_2838015) anti-
bodies were manufactured by Affinity Biosciences (USA). Anti-
CD80 (104707), anti-CD86 (105011), anti-CD3 (100235), anti-
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CD4 (100405), and anti-CD8 (155007) antibodies and the
Zombie Aqua™ Fixable Viability Kit (423101) were obtained
from BioLegend (USA). Transwell plates (3422) were purchased
from Corning Incorporated (USA). The enzyme-linked
immunosorbent assay (ELISA) kits (IL-6 and TNF-a) and the
micro BCA™ protein assay reagent kit (AR1110) were obtained
from Boster Biological Technology (China). DOX, the dialysis
membrane (2 kDa), the mouse tumor-infiltrating lymphocyte
isolation kit (P9000), hyaluronidase (H8030), and DNase I
(D-8071) were purchased from Solarbio (China). Collagenase
IV (2091) was purchased from BioFroxx.

2.2 Cells

All cells were purchased from Central South University’s
Advanced Research Center. DC2.4 is a murine dendritic cell
line. RAW264.7 is a macrophage that is used in immune
escape experiments. 4T1, a breast cancer cell line, is the
primary validation cell for this study. HeLa is a cervical cancer
cell line used as a control tumor cell in HA targeting experi-
ments. MCF-10A is the normal breast epithelial cell line.
HEK-293T cells are human embryonic kidney cells. MCF-10A
and HEK-293T cells were used as controls. RAW264.7, DC2.4,
and 4T1 cells were cultured in RPMI-1640 medium sup-
plemented with 10% fetal bovine serum and 1% penicillin-
streptomycin. HeLa, MCF-10A, and HEK-293T cells were cul-
tured in DMEM/high glucose medium supplemented with
10% fetal bovine serum and 1% penicillin-streptomycin.

2.3 Preparation of HR-UCAD

Preparation of HA-RBCm (HR). The red blood cell mem-
brane (RBCm) was prepared according to previous reports with
minor changes.*? RBCs were obtained from the blood of BALB/
¢ mice. After washing 3 times with PBS, the RBCs were resus-
pended in 0.25x PBS and kept in an ice bath for 1 h for com-
plete hemolysis. Then, the pellets were collected after centrifu-
gation at 12000 rpm for 5 min. The pellets were washed
repeatedly until a reddish color was observed to obtain erythro-
cyte membranes. Finally, erythrocyte vesicles were prepared by
ultrasonication at a frequency of 42 kHz and 100 W for 5 min,
and the extrusion process was continued. PBS (3 ml) was used
to dissolve HA (3.75 mg), DSPE-PEG2000-NH,, (15 mg), 1-ethyl-
3-(dimethylaminopropyl) carbodiimide (EDC; 1.68 mg), and
N-hydroxysuccinimide (NHS; 1 mg), and the mixture was agi-
tated for 6 h at 37 °C. The solution was then dialyzed in a
dialysis bag for 48 h to obtain DSPE-PEG2000-NH,-HA. HR was
synthesized after DSPE-PEG2000-NH,-HA was incubated with
the prepared RBCms at 37 °C for 1 h.

Synthesis of A30-UCNPs. Oleic acid-capped UCNPs (1.5 mg)
in cyclohexane (0.8 ml) were gradually added to a 30A DNA
water solution (2 ml, 400 nmol), and the combined solution
was vigorously agitated overnight. DNA attachment allowed the
UCNPs to be easily transported from the cyclohexane layer into
the water layer. The water solution was then transferred to a
microtube. Finally, the A30-UCNPs can be functionalized with
any polyA-containing DNA sequence based on hybridization.
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Construction of UCNPs@CpG-Apt/DOX (UCAD). A30-UCNPs
(0.6 mg, 1 ml) were incubated with the CpG-Apt-24T sequence
(300 nmol) in Tris-HCI (1 ml) buffer for 2 h. The nanoparticles
were then purified to remove excess DNA. Afterward, DOX
(0.4 mg) was incubated with the UCNPs@CpG-Apt solution
(1 ml of 0.6 mg ml™") at room temperature. Dialysis (2 kDa)
was used to remove unbound DOX. The absorbance at 480 nm
was measured to determine the content of DOX in the dialy-
sate. Then, the encapsulation efficiency (EE) and drug loading
efficiency (LE) of DOX were calculated according to a previous
method:** EE = (total DOX added—total DOX in the super-
natant)/total DOX added x 100%; LE = (total DOX added —
total DOX in the supernatant)/[(total DOX added — total DOX
in the supernatant) + total UCNPs added] x 100%.

Construction of HR-UCAD. HR-UCAD was fabricated by the
co-extrusion method. The mixtures of 1 ml HR (60, 120, 180,
240, 300, 360, 420, and 480 pg) and 1 ml UCAD (60 pg) at a
mass ratio of 1:1-8:1 were sonicated (3 min, 42 kHz, 100 W)
and then filtered 20 times through a 200 nm porous mem-
brane syringe filter. Excess HR (3000 rpm, 10 min) was separ-
ated by centrifugation to obtain HR-UCAD. In order to evaluate
the membrane-to-nucleus mass ratio with the highest RBC
membrane coating efficiency, the amount of membrane pro-
teins on HR-UCAD (1 ml) was measured using a BCA protein
assay reagent Kkit.

2.4 Characterization of HR-UCAD

The particle size and shape of the nanoparticles were assessed
by transmission electron microscopy (TEM; Tecnai F20, FEI,
USA) to confirm the successful encapsulation of UCA into the
RBCm. A Zetasizer Nano ZS (Malvern Nano series, Malvern, UK)
was used to assess the particle size distribution and zeta poten-
tial/surface charge. The absorption peaks were observed by UV-
vis spectroscopy (Malvern Nano series, Malvern, UK). RBCm pro-
teins were identified by sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE) after staining with Coomassie
Brilliant Blue staining reagent (Beyotime, China). The upconver-
sion luminescence (UCL) spectra of UCNPs (2 mg ml™) and
HR-UCA (UCNP concentration: 2 mg ml~") were recorded and
characterized using a steady state and transient state fluorescence
spectrometer (Edinburgh FLS-920) with an external adjustable
CW laser (power ~ 800 mW) at 980 nm (Connet Fiber Optics,
China). The optimal ratio of A30 to UCNP attachment and
CpG-Apt to A30-UCNP was determined using an agarose gel retar-
dation assay. The gels were visualized using a gel imaging ana-
lysis system (Bio-Rad ChemiDoc XRS+ System). The X-ray diffrac-
tion (XRD) pattern of UCNPs was measured using X-ray diffrac-
tion instrument (XRD, Rigaku Ultima IV, Japan) at a scanning
rate of 2° min~" in the 26 range of 10-90°. The elemental compo-
sition of UCNPs was evaluated by X-ray photoelectron spec-
troscopy (XPS, Thermo Scientific K-Alpha, USA).

2.5 Release of DOX from HR-UCAD and the intracellular
localization of nanoparticles

To determine whether DOX could be released from HR-UCAD
in a pH-dependent manner, drug release tests were conducted.

This journal is © The Royal Society of Chemistry 2023
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Dialysis bags were filled with 1 ml each of R-UCAD (DOX, 1 mg
ml™") and UCAD (1 mg ml™") and then placed in PBS at pH =
5.0 and pH = 7.4. At 5 h, 10 h, 15 h, 20 h, 25 h, and 30 h, dialy-
sate samples were collected, and their absorbance values at
480 nm were measured (EnSpire 2300, PerkinElmer, USA). The
DOX content in the dialysate was calculated, and drug release
curves were plotted.

4T1 cells were seeded into 6-well plates at a density of 2 x
10° per well and cultured at 37 °C overnight. 4T1 cells were
incubated with HR-UCAD (10 pug ml™") for 0 h, 1 h, 2 h, 3 h,
4 h, 5 h, and 6 h. Then, the culture medium was removed and
the cells were washed three times with PBS. Nuclei were
stained with Hoechst 33 342. Finally, the fluorescence of the
cells was measured by CLSM.

The element Y is the characteristic element of UCNPs, so Y
is used to quantify the uptake efficiency of nanoparticles by
cancer cells. We used inductively coupled plasma (ICP) to
quantify the mass percentage of Y in UCNPs, which is approxi-
mately 32.58% in UCNPs. Then, 4T1 cells were inoculated into
6-well plates (2 x 10° cells per well) and treated with 3 prep-
arations including UCNPs, R@UCNPs and HR@UCNPs at the
same dose of UCNPs for 24 h. After being trypsinized, the cells
were then centrifuged at 5000 rpm for 10 min and collected in
a 1.5 mL Eppendorf tube. The cells were dissolved in an aqua
regia solution and then quantified using an Agilent 7500 cs/ce
Quadrupole ICP-MS. For each mouse administered with all the
three preparations (UCNPs, R@UCNPs and HR@UCNPs,
0.05 mg ml~" UCNPs per group), the harvested tumor tissues
were weighed, subsequently cut into 1-2 mm?® pieces and dis-
solved in an aqua regia solution. Furthermore, the biodistribu-
tion of Y was quantified by ICP-MS.

2.6 Hemocompatibility and immune escape ability assay

The biocompatibility of HR-UCAD was examined by determin-
ing the hemolysis rate. Five different concentrations of nano-
particles were incubated with 5% erythrocytes at 37 °C for 4 h,
followed by centrifugation at 3500 rpm for 5 min.
Multifunctional enzyme labeling instrument (PerkinElmer
EnSpire, USA) was employed to measure the absorbance of the
supernatant at 540 nm. Distilled water (41000,) and PBS (4go,)
were used as positive and negative controls, respectively. The
formula used to calculate the hemolysis rate is as follows:
hemolysis (%) = (Asampie — Ao%)/(A100% — Ao%) X 100%. To
detect the immune escape ability of the nanoparticles,
RAW264.7 cells were added to a 6-well plate (2 x 10> cells per
well) and treated with UCAD (DOX, 5 pg ml™'), HR-UCAD
(DOX, 5 pg ml™"), and R-UCAD (DOX, 5 pg ml™') for 3 h at
37 °C. The nuclei of the macrophages were stained with DAPI,
and the fluorescence signals of DOX in the macrophages after
nanoparticle phagocytosis were observed under a fluorescence
microscope (ZEISS Axio Vert.Al, Germany).

2.7 Evaluation of HR-UCAD targeting in vitro

To observe the ability of HA to target breast cancer cells, 4T1,
HeLa, HEK-293T and MCF-10A cells (as controls) were seeded
in 6-well plates (2 x 10° cells per well) and subsequently incu-
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bated with DSPE-FITC-labeled HA-RBCm vesicles (2 mg) for
6 h. The nuclei were stained blue using DAPIL The cells were
then washed three times with PBS and observed under a fluo-
rescence  microscope. Furthermore, the wuptake of
UCNPs@CpG-Apt by DC2.4 cells was analyzed by fluorescence
microscopy. DC2.4 cells were seeded into 6-well plates at a
density of 2 x 10° cells per well and maintained for 24 h. Then,
the cells were incubated with free CpG (Cy5-CpG ODN,
10 pmol ml™), UCNPs@CpG (Cy5-CpG ODN, 10 pmol ml™),
and UCNPs@CpG-Apt (Cy5-CpG ODN, 10 pmol ml™") for 6 h.
CpG ODNs were modified with a fluorophore (Cy5.5) at the 5’
end. After incubation, the cells were washed and fixed with 4%
paraformaldehyde and stained with DAPI for 20 min. A fluo-
rescence microscope (ZEISS Axio Vert.Al, Germany) was
employed to probe the cellular uptake of the different CpG
formulations.

2.8 Invitro uptake of DOX and cytotoxic effects of HR-UCAD

4T1 cells (6-well plates, 2 x 10° cells per well) were treated with
free DOX, UCAD, or HR-UCAD at the same dose of DOX (3 pg
ml™") for 6 h to determine DOX uptake. A flow cytometer
(FACS CantoTM II, BD, USA) was utilized to measure the DOX
fluorescence intensity (3 x 10* cells).

The cytotoxicity of HR-UCAD was measured by the CCK-8
assay according to the manufacturer’s instructions. 4T1 cells
were inoculated into 96-well plates (7 x 10° cells per well) and
treated with 6 preparations including PBS, UCNPs, DOX (3 pg
ml~" DOX), CpG-Apt + DOX (CAD) (3 pg ml~* DOX mixed with
free CpG-Apt), UCAD (3 pg ml™' DOX), and HR-UCAD (3 pg
ml™" DOX) for 24 h. Then, 10 pl of CCK-8 solution was added
to each well for 2 h incubation, and the absorbance at 450 nm
was measured using a microplate reader (EnSpire 2300,
PerkinElmer, USA). After treatment of the above six groups,
live and dead cells were stained with calcein-AM and PI and
then photographed under a fluorescence microscope.

2.9 Immunogenic cell death (ICD) in vitro

4T1 cells were seeded into a 6-well plate (2 x 10° cells per well)
for incubation overnight. After that, the cells were exposed to
PBS, UCNPs, DOX, CAD, UCAD, and HR-UCAD for 24 h at the
same concentration of DOX (3 pg ml™"). CRT was detected by
immunofluorescence. After fixing with 4% paraformaldehyde
and washing twice with PBS, the cells were exposed to an anti-
CRT antibody for 1 h. Then, the cells were treated with a sec-
ondary antibody conjugated to Alexa Fluor 488 for an
additional 30 min. Subsequently, the cells were labeled with
DAPI for 20 min, and a fluorescence microscope was used for
viewing the cells. The supernatants were collected to deter-
mine HMGBI release by western blotting and ATP release with
an ATP luminescence assay system. To evaluate the migration
rate of immune cells recruited by the nanodelivery system, a
transwell system was constructed with 8 pm polycarbonate
porous membranes in 6-well plates. In this system, the upper
chamber contained DC2.4 cells (2 x 10* cells per well) in
serum-free media, whereas the lower chamber contained 4T1
cells (1 x 10® cells per well).** To allow the immune function
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of DCs to be prominent, we set the concentration of DOX to
0.5 pg ml™' to guarantee that the DC2.4 cells viability
remained above 80% after incubation with HR-UCAD. After the
4T1 cells were treated with PBS, UCNPs, DOX, CAD, UCAD,
and HR-UCAD (at the same concentration of DOX, 0.5 ug ml™*)
for 12 h, the cells in the upper wells were transferred and coin-
cubated with 4T1 cells for 12 h. Then, the migrated DC2.4 cells
were collected, fixed with 4% paraformaldehyde, and stained
with crystal violet. The numbers of migrating cells from 3 ran-
domly selected fields were counted using a microscope, and
the migration rates were calculated.

2.10 Coculture of immune cells and cancer cells in vitro

The coculture system used in this study was adopted to investi-
gate the antitumor immune effect of HR-UCAD in vitro as
described previously.*> After coincubation, DC2.4 cells (3 x
10%) were collected to evaluate the expressions of CD86 and
CD80 by flow cytometry (FACS CantoTM II, BD, USA). The cyto-
kines in the supernatant, including IL-6 and TNF-a, were ana-
lyzed using ELISA kits. 4T1 cells (3 x 10* cells) were subjected
to flow cytometry (FACS CantoTM II, BD, USA) for apoptosis
analysis with an apoptosis detection Kkit.

2.11 In vivo animal xenograft models

BALB/c mice (female, 8 weeks old) were purchased from
Hunan SJA Laboratory Animal Co., Ltd. (China). All animal
experiments were performed in compliance with the National
Institute of Health Guide for the Care and Use of Laboratory
Animals and according to a protocol authorized by the Central
South University Ethics Committee. The subcutaneous space
of BALB/c mice was injected with 6 x 10”7 4T1 cells in 100 uL of
PBS to construct a 4T1 tumor-bearing xenograft animal model.
The tumor model was considered to be effectively established
when the tumor volume reached 100 mm?® (volume = length x
width?/2).

2.12  Invivo UCL imaging

For in vivo UCL imaging, nine BALB/c mice bearing 4T1 tumor
grafts were randomly assigned into 3 groups (n = 3 per group)
and subsequently injected with 200 pl of PBS containing
different nanoparticle preparations (UCNPs, R-UCAD, and
HR-UCAD) at a concentration of 3 mg ml™" UCNPs via the tail
vein. At 6, 24, and 48 h after injection, in vivo UCL images were
obtained using an ex/in vivo imaging system (IVIS Lumina
XRMS Series III, PerkinElmer Inc.) (excitation/emission = 980/
805 nm). The CW laser power density of the 980 nm laser used
in the mice experiment was set as 600 mW cm™> and the field
of view was 12.5 cm in diameter. Images were acquired for 30 s
and further analyzed with Living Image Software (PerkinElmer,
USA). Next, the mice were euthanized to collect the major
organs (heart, liver, spleen, lungs, and kidneys) and tumors to
conduct ex vivo UCL signal analysis.

2.13 HR-UCAD treatment of breast cancer-bearing mice

When the tumor volume reached approximately 100 mm?, the
BALB/c mice were randomly divided into 6 groups, with 3 mice

9462 | Nanoscale, 2023,15, 9457-9476

View Article Online

Nanoscale

in each group. 100 pl of PBS, UCNPs (380 pg), DOX (200 ng),
CAD (200 pg DOX and 230 nmol CpG), UCAD (200 pg DOX and
230 nmol CpG), and HR-UCAD (200 pg DOX and 230 nmol
CpG) were administered to the mice via the tail vein once every
three days for a total of five injections. Every 3 days, the length
and width of each tumor were measured using an electronic
Vernier caliper. After the tumor volume was calculated, a
tumor volume-time curve was drawn. Each mouse was
weighed once every three days, and a time curve showing
mouse weight fluctuation was also plotted. All of the animals
were sacrificed after 15 days of therapy, and whole blood was
collected for hematology (blood routine instrument, BC-5390;
Mindray, China) and blood biochemical index (7100 automatic
biochemical analyzer, Hitachi, Japan) examination. The
primary organs (tumor, heart, liver, spleen, lungs, and
kidneys) were collected, fixed with 4% paraformaldehyde for
24 h, embedded in paraffin, and cut into sections for H&E
staining to observe any histological abnormalities.

2.14 Flow cytometry

Helper T cells (Th cells, CD4") and cytotoxic T cells (Tc, CD8")
were analyzed in the tumors and spleens by flow cytometry.
After euthanasia, the tumors and spleens of the mice were
removed to extract single cells. The spleen was crushed using
the plunger of the syringe and then the spleen fragments were
repeatedly washed with RPMI 1640 medium in a 40-pm cell
strainer to obtain a single splenocyte. Red blood cell lysis
buffer was used to remove all of the red blood cells (RBCs)
from a single splenocyte. A mouse lymphocyte isolation kit
was used to obtain splenic lymphocytes. Surgical scissors were
used to cut the tumors into small pieces, which were then
digested for 90 min at 37 °C in RPMI 1640 medium sup-
plemented with 2% FBS, hyaluronidase, DNase I, and collagen-
ase IV. A mouse tumor-infiltrating lymphocyte isolation kit was
used to remove the cancer cells and enrich the lymphocytes.
The cells (3 x 10*) were incubated with fluorescence-conju-
gated antibodies for 30 min at 4 °C in accordance with the
manufacturer’s instructions for flow cytometry sorting (FACS
CantoTM II, BD, USA). A Zombie Aqua™ Fixable Viability Kit
was used to exclude dead cells. Flow cytometry data were
plotted and quantified with Flow]Jo software.

2.15 Immunohistochemical analysis

The excised tumors were used for immunofluorescence stain-
ing (CRT, CD11c CD86, and Foxp3) and immunohistochemical
analysis (IL-10 and IFN-y). The apoptotic tumor cells were also
evaluated with a TUNEL apoptosis assay. Briefly, paraffin-
embedded tumor samples were used for detachment and
antigen retrieval. Then, anti-CRT, anti-CD11c, anti-CD86, anti-
Foxp3, and TDT in situ apoptosis kits were used for immuno-
fluorescence staining, and the nuclei were stained with DAPI.
Anti-IL-10 and anti-IFN-y were used for immunohistochemical
staining. Images of the tissue sections were observed under a
fluorescence microscope.
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2.16 Statistical analysis

Statistical analysis was performed using SPSS 16.0, and the
data are presented as the mean + SD. Differences between
groups were assessed using one-way ANOVA, followed by
Tukey’s post hoc test (*p < 0.05, **p < 0.01, and ***p < 0.001).

3 Results and discussion
3.1 Preparation and characterization of HR-UCAD

Upconversion nanoparticles, an emerging kind of nano-lumi-
nescent material, are composed of inorganic nanocrystals
doped with rare earth ions. Intense upconversion lumine-
scence was successfully acquired by developing a hydrophobic
core-shell nanocomposite with NaYF,:Yb/Tm as the core and
NaYF, as the shell by the thermal decomposition method. We
used ICP to quantify the mass percentages of Yb and Tm in
UCNPs, which were about 20% and 1%, respectively. Yb was
the sensitizer and Tm was the activator. The excitation wave-
length was 975 nm and the emission wavelength was 804 nm.
The hydrophobic core-shell upconversion nanoparticles were
homogeneous in size and displayed polygonal structures with
a size of 32.7 + 2.2 nm (Fig. 2Aa and Fig. S2D¥). The HRTEM
image of UCNPs in Fig. S2Af shows that the lattice distance
was 0.52 nm, corresponding to the typical plane of the hexag-
onal NaYF, structure. The shell thickness of the UCNPs was
about 1.9 nm (Fig. S2BY). Fig. S2Cf illustrates the result of
XRD examination to determine the crystal structure of the pre-
pared UCNPs. All of the diffraction peaks associated with the
pure hexagonal phase identified in f-NaYF, (JCPDS No. 064-
0156) could be observed, according to the XRD results of
UCNPs. XPS analysis was performed to confirm the chemical
composition of the prepared UCNPs. In the XPS spectrum
(Fig. S2Ct), the strong peaks located at 1071.7, 158.8, 684.9,
184.3, 182.2, 286.6, and 529.7 eV were attributed to the
binding energies of Na 1s, Y 3d, F 1s, Yb 4d, Tm 4d, C 1s, and
O 1s, respectively.

As illustrated in Fig. 1A, the preparation of HR-UCAD
mainly consisted of four steps: (1) synthesis of A30-UCNPs
using a 30-mer polyA oligonucleotide; (2) conjugation of
CpG-Apt-24T to the A30-UCNPs; (3) DOX loading into UCA to
obtain UCAD; and (4) wrapping UCAD with HA-RBCm vesicles
via co-extrusion. The TEM images of UCA illustrated that they
were evenly distributed in water without changing the form,
indicating that these DNA-functionalized UCNPs are hydro-
philic (Fig. 2Ab). As previously reported,*® the UCNPs were sur-
rounded by a uniform DNA layer (2.99 + 0.3 nm). After negative
staining with 1% phosphotungstic acid, the RBCms displayed
an oval shape with a diameter of 52.8 + 6.4 nm (Fig. 2Ac), and
R-UCA presented a typical core-shell structure with a size of
42.4 + 3.6 nm (Fig. 2Ad). The sizes of UCNPs, UCA, RBCm and
R-UCA were 32.7 + 2.2 nm, 34.3 + 2.4 nm, 52.8 + 6.4 nm and
42.3 + 3.6 nm, respectively (Fig. 2B). The thickness of the
RBCm on HR-UCADs was approximately 10 nm, which was
approximately equal to the thickness of one natural RBCm
(7.8 nm)."” The zeta potential changed from 5.35 + 1.03 mV
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(UCNPs) to approximately —7.23 + 0.36 mV (UCA) because the
nucleic acid aptamer has a negative charge (Fig. 2C). The zeta
potential of R-UCA was —16.67 + 0.88 mV, similar to the zeta
potential of the RBCm (—13.83 + 1.20 mV). This change in the
charge might be a result of charge shielding caused by RBCm
encapsulation, indicating the successful encapsulation of
R-UCA. The SDS-PAGE results (Fig. 2D) demonstrated that the
protein components in the RBCms were well preserved in
HR-UCAD. As shown in the UV-vis spectrum (Fig. 2E),
HR-UCAD had absorption peaks at approximately 413 nm,
373 nm, 480 nm, and 260 nm, which were consistent with the
peaks of RBCms, UCNPs, DOX, and nucleic acids, respectively.
These data further confirmed the successful construction of
HR-UCAD. After 980 nm NIR irradiation (Fig. 2F), the corres-
ponding UCL spectrum of HR-UCA in water resembled that of
UCNPs in cyclohexane, indicating that the upconversion
optical characteristics were conserved. As shown in Fig. 2F, the
emission peaks at 475, 644, 694 and 804 nm of the prepared
UCNP and HR-UCA can be indexed to the 'G, — *Hs, 'Gy —
3F,, °F; = *Hg and *H, — *Hg transitions of Tm>, respectively.
The optimal ratio of A30 and CpG-Apt to UCNP attachment
was quantified by gel electrophoresis. As shown in Fig. 2G, the
band of free 30A DNA (10 nmol) was completely retarded when
anchored to 15 pg UCNPs, indicating that A30-mer polyA oligo-
nucleotides were totally decorated onto the surface of the
UCNPs according to a previous strategy. Similarly, 6 nmol of
CpG-Apt-24T was able to completely hybridize with 30A-UCNPs
from the previous step without the appearance of a free band
(Fig. 2H). The electrophoretic mobility shift assay results
demonstrated that the optimal amounts of reagents needed to
construct UCNPs@CpG-Apt were 10 nmol of A30-mer polyA oli-
gonucleotides, 15 pg of UCNPs, and 6 nmol of Apt-CpG.
Fig. S31 shows the results of the amount of proteins on
HR-UCAD. There was a good correlation between the bionano-
particle surface membrane protein content and the HR-UCAD
mass ratio when the ratio was below 5:1. When this ratio
exceeded 5:1, the erythrocyte membranes on the bionanopar-
ticle surface were gradually saturated. Thus, the optimal ratio
for erythrocyte RBC membranes to completely encapsulate
UCAD is 5:1.

3.2 Drug loading efficiency and the release rate

In this system, CpG-Apt modified the surface of the UCNPs
well according to phosphate group coordination and base
pairing rules, and DOX was inserted into CpG-Apt via noncova-
lent interactions; hence, UCNPs might be an ideal carrier. The
LE and EE of DOX in the UCAD nanocomplexes were 35.2 +
1.4% and 81.5 + 4.9%, respectively (Fig. 3A). Thus, the concen-
tration of DOX encapsulated in UCAD was 8.148 pg of DOX per
15 pg of UCNPs. To explore the release characteristics of DOX
in an acidic tumor microenvironment (TME), we investigated
the release behavior of DOX in PBS (pH 7.4 and 5.0) at 37 °C
(Fig. 3B). When the pH was 7.4, DOX was released from
HR-UCAD and UCAD at rates of 19.3 + 3.1% and 19.6.0 + 3.7%,
respectively, whereas at pH 5.0, these rates were 78.1 + 0.9%
and 83.8 = 3.4%, respectively. In conclusion, DOX may be
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Fig. 2 Characteristics of HR-UCAD. (A) TEM images of: (a) UCNPs, (b) UCA, (c) RBCm, and (d) R-UCA. (B) Particle size (TEM) of UCNPs, UCA, RBCm,
and R-UCA, respectively. Data are presented as the mean + SD (n = 3). (C) Zeta potential of UCNPs, UCA, RBCm, and R-UCA, respectively. Data are
presented as the mean + SD (n = 3). (D) SDS-PAGE protein analysis: (M) markers, (a) UCNPs, (b) RBCm, (c) HA-RBCm, and (d) HR-UCA. (E) UV-Vis
spectra of HR, UCNPs, DOX, CA, and HR-UCAD. (F) Upconversion emission spectra of UCNPs and HR-UCA. (G) Gel retardation experimental results
of 30A (10 nmol) binding with different concentrations of UCNPs. (H) Gel retardation experimental results of different concentrations of CpG-Apt

binding with UCNPs@30A.

more readily released from this system at pH 5.0 than at pH
7.4, indicating that the acidic milieu of tumor tissues (pH 5.0)
may stimulate the release of DOX. An intracellular localization
experiment of the nanoparticles was carried out to better
understand the process of HR-UCAD uptake and release. As
shown in Fig. S5,1 the characteristic red fluorescence of DOX
in tumor cells began to increase at 4 h of incubation.
Subsequently, the fluorescence intensity did not change sig-
nificantly, indicating that the nanocomplexes were able to
deliver most of the DOX into the cells at around 5 h. The cellu-
lar uptake of nanodelivery systems by 4T1 cells was quantified
using an inductively coupled plasma (ICP) technique. As
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shown in Fig. S4,f the uptake percentages of UCNPs,
R@UCNPs and HR@UCNPs in 4T1 cells were 22%, 29% and
65%, respectively. The uptake percentages of UCNPs,
R@UCNPs and HR@UCNPs in tumor tissues were 18%, 34%
and 79%, respectively. HR@UCNPs have the strongest tumor
targeting ability because HA can bind to the CD44 molecules
of tumor cells.

3.3 Biocompatibility and immune escape of HR-UCAD

First, a hemolysis test was performed to evaluate the blood
compatibility of HR-UCAD. Different concentrations of UCNPs,
R-UCAD, and HR-UCAD (0, 25, 50, 100, and 200 pg ml™*) were
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incubated with 5% RBCs for 4 h. As indicated in Fig. 4A, the
rates of hemolysis produced by various concentrations of
UCNPs, R-UCAD, and HR-UCAD were all less than 5%,
suggesting that HR-UCAD has good blood compatibility and is
safe for intravenous delivery. Second, the phagocytosis effect
was examined to investigate the immunological escape ability
of HR-UCAD. As shown in Fig. 4B, the red DOX signal in the
UCAD group was significantly higher than that in the R-UCAD
and HR-UCAD groups because the camouflage provided by the
erythrocyte membrane inhibited phagocytosis by macro-
phages.*® These findings supported the notion that the
camouflaging RBCm coating on these nanoparticles can
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reduce self-recognition and clearance by the RES and prolong
their half-life in circulation in vivo.*>

3.4 Invitro cytotoxicity of HR@UCNPs/CpG-Apt/DOX

CD44'CD24~ cells with stem cell-like features are the most
common cell type in breast cancer,*® which is associated with
tumor recurrence, metastasis and drug resistance.’® The CD44
antigen is a multifunctional transmembrane glycoprotein
associated with cell adhesion, activation, migration and differ-
entiation and is considered a promising tumor marker.’!
CD44 is a specific marker of breast cancer cells to which HA
can specifically bind.>* To validate the ability of HA-modified
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Fig. 4 Hemocompatibility and immune escape of HR-UCAD. (A) Images and hemolysis rates of RBC after treatment with various concentrations of
UCNPs, R-UCAD, and HR-UCAD at 37 °C for 4 h. (B) LCFM images and the average fluorescence intensity of RAW264.7 macrophages co-cultured

with UCAD, R-UCAD, and HR-UCAD for 3 h. Scale bar: 100 pm.
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RBC vesicles to target breast cancer cells, HA-RBCms were
labeled with DSPE-PEG2000-FITC (green fluorescence). As
shown in Fig. 5A, compared with HeLa, HEK-293T, and
MCF-10A cells, the green fluorescence around the 4T1 cells
was the most notable, indicating that the RBC vesicles modi-
fied with HA significantly adhered to 4T1 cells and had an
active targeting ability.

Prior to investigating the toxicity of HR-UCAD to tumor
cells, it was necessary to evaluate its uptake by tumor cells.
The fluorescence intensity of DOX was measured by flow cyto-
metry analysis. Fig. 5B demonstrates that the tumor cells in
the HR-UCAD treatment group exhibited the best uptake of
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DOX, illustrating that UCA is a powerful nanocarrier that may
improve DOX uptake.

Next, the toxicity of HR-UCAD was investigated in 4T1 cells by
using a CCK-8 assay. From the results in Fig. 5E, HR-UCAD
showed the most intense and highest toxicity to 4T1 cells. The
half-maximal inhibitory concentration (ICs,) of HR-UCAD was
0.7484 pg ml~", which was significantly lower than that of UCAD
(1.343 pg ml™") and DOX (3.076 pg ml™") (Fig. 5D). The live/dead
staining images were consistent with the CCK-8 results (Fig. 5C).
In addition, UCNPs were not only minimally toxic to tumor cells
but also almost nontoxic to DCs. DCs were relatively unharmed
when the dose of DOX was below 0.5 ug ml™" (Fig. 5F).
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Fig. 5 (A) LCFM images of DSPE-FITC-labeled HA-RBCms co-cultured with 4T1, HeLa, HEK-293T, and MCF-10A cells for 6 h. Scale bar: 50 pm. (B)

Flow cytometry analysis of 4T1 cells incubated with DOX, UCAD, and HR-UCAD with the same DOX concentration of 3 ug mL™* for 6 h. (C) Live/
dead staining of 4T1 cells after various treatments (PBS, UCNPs, DOX, CAD, UCAD, and HR-UCAD) for 24 h. Scale bar: 100 pm. (D) The ICsq values of
4T1 cells after administration of DOX, UCAD, and HR-UCAD for 24 h were 3.076 pg ml™%, 1.343 pg ml™%, 0.7484 pg ml™%, respectively. (E) Viability of
4T1 cells detected by CCK8 assays after administration of PBS, UCNPs, DOX, CAD, UCAD, and HR-UCAD for 24 h. (F) Viability of DC2.4 cells detected
by CCK8 assays after administration of UCNPs and DOX for 24 h.
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3.5 HR-UCAD induces ICD in 4T1 cells in vitro

To verify the effect of ICD caused by HR-UCAD, we detected
the ICD markers: CRT exposure on the cell surface, HMGB-1
release in the cell medium, and ATP secretion in the cell
medium.>® The cells treated with HR-UCAD and UCAD, but
not PBS or UCNPs, showed considerable CRT expression on
the cell surface according to the immunofluorescence data
(Fig. 6A). Moreover, the results in Fig. 6B and C illustrate that
the amounts of ATP and S-HMGB1 secreted by HR-UCAD-
treated cells were the highest compared to the cells treated
with DOX and UCAD. Our findings revealed that treating 4T1
cells with HR-UCAD produced a greater ICD effect than free
DOX, owing to the enhanced cellular uptake by the nanodeliv-
ery system and the good tumor cell targeting ability provided
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by HA. ICD is essential for the development of antitumor
immunity. During the progression of ICD, dying cancer cells
are able to release DAMP-based signals and chemical
mediators, which represent the connection between cell death
induction and the immune response.’* These released factors
efficiently recruit and activate DCs, which can engulf fractions
of cancer cells and deliver antigens to naive T lymphocytes for
prompting differentiation in CD8 cytotoxic and CD4" helper T
cells.”

Finally, a transwell system** mimicking the in vivo TME was
constructed to evaluate the migration rate of immune cells
recruited by the nanodelivery system (Fig. 6D). 4T1 cells in the
bottom wells were first incubated for 12 hours with various for-
mulations. Following that, DC2.4 cells seeded in the upper
wells were cocultured with bottom 4T1 cells for another
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Fig. 6 HR-UCAD induced ICD of 4T1 cells in vitro. (A) CRT expression on the 4T1 cell surface upon various treatments (PBS, UCNPs, DOX, CAD,
UCAD, and HR-UCAD). Scale bar: 20 pm. (B) Amounts of released ATP upon various treatments determined by a chemiluminescent ATP determi-
nation kit. (C) Amounts of released high-mobility group box 1 (HMGB1) in the supernatant (S-HMGB1) of 4T1 cells upon various treatments measured
by western blot, and BSA was used as the loading control. (D) Schematic illustration of the co-culture system of 4T1 cells and DC2.4. (E and F) Cell
migration ability analysis of DC2.4 recruited by various nano-delivery preparations by transwell assays. Scale bar: 50 pm.
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CD80™). Data are presented as the mean + SD. *p < 0.05. (F) Percentages of apoptotic 4T1 cells. Data are presented as the mean + SD. *p < 0.05.
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12 hours. The results of the migration assay shown in Fig. 6E
indicate that HR-UCAD treatment promoted the most signifi-
cant migration of DC2.4 cells. The migration rate of the cells
in the HR-UCAD group was 1.8 times higher than that in the
DOX group. This was the result of ICD-evoked DAMPs recruit-
ing APCs to reach the TME.’® Taken together, these findings
implied that HR-UCAD caused increased ICD to initiate a
robust immune response compared to DOX treatment.

3.6 HR-UCAD-mediated immune activation in vitro

Following the DOX chemotherapy-triggered ICD of tumor cells,
the produced tumor pieces can act as tumor-associated anti-
gens, which, with the aid of CpG ODNs as immunoadjuvants,
induce potent antitumor immune responses.®” In our strategy,
the UCNPs protected the CpG ODNs from nuclease degra-
dation, as they were capable of crossing the cell membrane
without the need for transfection agents, and the DNA
aptamer-conjugated UCNPs readily targeted DCs. First, the cel-
lular uptake efficiency of UCA was assessed by fluorescence
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microscopy. A fluorophore (Cy5) was added to the 5’ end of the
CpG ODNG . As illustrated in Fig. 7A, no visible fluorescence
was seen in cells incubated with free CpG ODNSs. In cells
treated with UCA, the strongest fluorescence signal was
observed throughout the cytoplasm. As a result, the combi-
nation of UCNPs and an aptamer significantly increased the
efficiency of CpG ODN cellular uptake. The DC-targeted
aptamer was produced by Moghadam et al. via cell-SELEX"®
and has been successfully applied in the field of
nanomedicine.””*

To further confirm whether HR-UCAD could promote DCs
maturation and activation, which are crucial for maintaining
the T-cell-mediated immune response, we cocultured
HR-UCAD-treated 4T1 cells with DC2.4 cells (Fig. 6D). After
culture with various formulations, the expression levels of the
costimulatory molecules CD86 and CD80 were examined using
flow cytometry to assess the degree of DCs maturation. As
shown in Fig. 7B, HR-UCAD treatment significantly increased
the maturity of DCs (81%) compared with the control group
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Fig. 9 In vivo antitumor effects of HR-UCAD. (A) Schematic of the dosing regimens of various nanoformulations in 4T1 tumor-bearing mice. (B)
Tumor volume change of 4T1 tumor-bearing mice during treatments. (C) Images of tumor tissues at 15 days after intravenous injection. (D)
Representative images of tumor tissues after HGE and TUNEL staining at 15 days after intravenous injection of PBS, UCNPs, DOX, CAD, UCAD, and
HR-UCAD. Scale bar: 50 um. Data are presented as the mean + SD (n = 3). (*p < 0.05).
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(0.2%). CAD treatment caused only 28.1% DCs activation,
which was consistent with the fact that bare CpG has difficulty
crossing the cytoplasmic membrane.>® DOX treatment alone
also had little effect on activating DCs (23%), suggesting that
ICD failed to induce a sufficient antitumor immune
response.®® Furthermore, the production of various cytokines,
including TNF-a and IL-6, was assessed in the coculture
system. Both TNF-a and IL-6 are DCs activation-related cyto-
kines that are essential indicators of cellular and humoral
immune system activation.®"®* The ELISA results showed that
the secretion of TNF-a and IL-6 was significantly enhanced in
the HR-UCAD group, which was consistent with the observed
DCs maturation (Fig. 7D). Together, these results demon-
strated that HR-UCAD, with excellent adjuvant performance,
has the potential to induce a powerful antitumor immune
response. Moreover, tumor cells in the coculture system were
also collected to evaluate apoptosis induction by HR-UCAD via
annexin V-FITC/PI double staining (Fig. 7C). Both DOX and
CpG-Apt from HR-UCAD were able to remarkably trigger the
apoptosis of 4T1 cells with a total apoptotic ratio of 48.5%,
which may be a result of the combined effects of HA-RBCm
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targeting to increase DOX accumulation and cytokine induc-
tion. Collectively, these results suggested that HR-UCAD has
outstanding antitumor efficacy and could be a prospective che-
moimmunotherapeutic drug.

3.7 Biodistribution

UCNPs possess superior optical properties for visualizing
tumors through UCL.** The optical features of UCNPs in con-
junction with surface modification chemistry to link adjuvants
and chemotherapy drugs for immunotherapy may offer a
promising and practical technique.®>®® To detect the charac-
teristic in vivo, the tumor accumulations of different formu-
lations were investigated and monitored in 4T1 tumor-bearing
BALB/c mice using a noninvasive NIR optical imaging system
(IVIS Lumina XRMS Series III, PerkinElmer Inc, equipped with
fluorescence filter sets, excitation = 980 nm, 600 mW cm?,
emission = 805 nm). As depicted in Fig. 8A, the HR-UCAD
group displayed the strongest UCL signal at the tumor site due
to CD44 targeting of the HA-RBCm,*® indicating the ability of
the HA-RBCm to target 4T1 tumors. The R-UCAD and UCNPs
could have a small amount of accumulation at tumor tissues

HR-UCAD
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D PBS

UCNPs DOX

IFN-y

Merge
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Fig. 10 Elicitation of antitumor immune responses in vivo. (A) Immunofluorescence analysis for CRT expression in tumor tissues. Scale bar: 50 pm.
(B and C) Tumor tissue-infiltrating mature DCs and Treg cells detected by immunofluorescence staining. Blue: DAPI; red: CD86 and Foxp3; green:
CD11c. Scale bar: 50 pm (D) Immunohistochemical (IHC) analysis for IFN-y and IL-10 expressions in tumor tissues from mice receiving different

treatments. Scale bar: 50 pm.
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through enhanced permeability and retention effects.®” The
fluorescence signals in the R-UCAD and UCNPs groups were
weaker than that in the HR-UCAD group. Forty-eight hours
after injection, the mice were euthanized, and the organs were
harvested for ex vivo imaging. The results in Fig. 8B show that
the signal in the liver was significantly stronger in the UCNPs
group than in the R-UCAD group, suggesting that the RBCm
coating could indeed reduce RES uptake. Thus, the quick
accumulation and long-term retention of HR-UCAD at the
tumor site was evidence of its good active targeting.

3.8 Invivo antitumor efficacy

On the basis of the outstanding efficacy of the biodistribution
and accumulation of HR-UCAD verified above, the antitumor
effects of HR-UCAD were examined in 4T1 tumor-bearing
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mice. Fig. 9A shows the design of the in vivo experiment. The
BALB/c mice bearing 4T1 breast tumor were randomly divided
into six groups (n = 3) and treated with PBS, UCNPs, DOX
(2 mg ml™), DOX + CpG (2 mg ml™* DOX and 8 pM CpG),
UCAD (2 mg ml™" DOX and 8 pM CpG), and HR-UCAD (2 mg
ml™" DOX and 8 pM CpG) every 3 days during 15 days of treat-
ment. As shown in Fig. 9B, after 15 days of treatment with CAD
(DOX mixed with free CpG-Apt), the tumor growth suppression
effect was similar to that of DOX treatment alone, which may
be because CpG-Apt was cleared by the systemic circulation.
UCAD further inhibited the development of tumors compared
to CAD, confirming that DOX combined with UCA could
augment the antitumor effect. Notably, HR-UCAD treatment
most significantly inhibited the growth of tumor tissue. It was
therefore concluded that the DNA-functionalized UCNP nano-
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Fig. 11 Elicitation of antitumor immune responses in vivo. (A-C) Flow cytometric analysis of tumor-infiltrating CD4* or CD8* T cells in tumor
tissues treated with different formulations. (D—F) Flow cytometric analysis of CD4* or CD8* T cells in the spleen treated with different formulations.
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structure provided systemic drug biostability and site-specific
drug release for precise immunochemotherapy. Furthermore,
the camouflage provided by the HA-RBCm showed a natural
tumor targeting ability and played a protective role. Moreover,
to identify tumor tissue necrosis and apoptosis, H&E and
TUNEL stains were applied. The HR-UCAD group had more
necrotic cells in the tumor tissues than those in the other
groups according to H&E staining (Fig. 9D). TUNEL analysis
demonstrated that the proportion of apoptotic cells (red fluo-
rescence) caused by HR-UCAD treatment was significantly
higher than that in the other groups (Fig. 9D). The TUNEL
results were consistent with the apoptosis induction effects
produced by HR-UCAD in vitro.

3.9 HR-UCAD enhances cancer immunotherapy in vivo

Given the potent effects of HR-UCAD on DAMP exposure
in vitro, we assessed whether different formulations may
trigger ICD in the tumor tissues of 4T1 tumor-bearing mice. As
shown in Fig. 10A, CRT exposure was significantly increased by
HR-UCAD administration compared with UCAD and free DOX
treatment. The results suggested that ICD is markedly
enhanced because of the targeted delivery of DOX by
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HR-UCAD. Consistent with previous reports, loading ICD indu-
cers in a nanodelivery system can enhance ICD by releasing
more antigens and DAMPs than free chemotherapeutic
agents, which can enhance antigenicity and adjuvanticity
in situ, resulting in strong innate and adaptive immune
responses.®®

To assess whether the CpG-based multifunctional nanoplat-
form might activate a tumor-specific immune response in vivo,
we studied the proportions of tumor-infiltrating CD86" DCs
and Foxp3' regulatory T cells (Tregs) in tumor tissues by
immunofluorescence staining (Fig. 10B). CD86 is regarded as a
DC maturation marker. Mature DCs play a pivotal role in
engulfing and presenting antigens from dying tumor cells to T
lymphocytes, thus promoting intratumoral infiltration of CD8"
CTLs.*® Immunosuppressive Tregs are often enriched in the
tumor to protect tumor cells from attack by the immune
system.”® As shown in Fig. 10C, HR-UCAD treatment induced
significantly more DCs maturity (CD86" in CD11¢' DCs) in the
TME than the other treatments, while the infiltration of Tregs
was remarkably decreased. These results indicated that our
constructed nanosystem could improve DCs maturation and
alleviate the suppression of the TME to some extent.
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In vivo toxicity evaluation. (A) Body weight changes of 4T1 tumor-bearing mice after injecting with various formulations. (B) H&E-stained

images of the major organs (heart, lungs, liver, spleen, and kidneys) after injecting various formulations for 15 days. Scale bar: 50 pm. (C) Values of
blood routine indices (RBC, WBC, PLT, and HB) of mice treated with various formulations. (D) Values of blood biochemical indices (ALT, AST, BUN,

and CRE) of mice treated with various formulations.
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Interferon-y (IFN-y) is secreted by immune cells and has
immunomodulatory and antitumor properties.”* In contrast,
IL-10, as an immunosuppressive cytokine, promotes tumor
immune escape by diminishing antitumor immune responses
in the TME.””> To deeply evaluate the antitumor immunity
evoked by HR-UCAD, immunohistochemical staining was used
to detect the production of IFN-y and IL-10 in tumors. There
were more IFN-y-positive cells (brownish-yellow) in the
HR-UCAD group than in the other groups, whereas relatively
low IL-10 secretion was observed (Fig. 10D). These results
suggested that the HR-UCAD nanocomposite is an effective
immunomodulatory agent.

Next, the levels of CD4" and CD8" T cells in isolated tumor
tissues from each group were further evaluated via flow cyto-
metry. CTLs (CD8" T cells) can directly attack tumor cells by
secreting cytotoxins such as perforin and granulysin, while Th
cells (CD4" T cells) are of vital importance in the process of
immunoregulation.”>’* The results of flow cytometry in
Fig. 11A reveal that the proportions of both CD4" T cells and
CD8" T cells (gated on CD3" T cells) recruited to tumors dra-
matically increased after treatment with HR-UCAD compared
with the other treatments. Furthermore, we explored the sys-
temic immune effects triggered by HR-UCAD and examined
the quantity and phenotype of T lymphocytes in the spleen,
the body’s largest immune organ (Fig. 11D). Notably, the per-
centages of CD8" T cells and CD4" T cells in the spleens
clearly increased after HR-UCAD administration. In con-
clusion, our data strongly demonstrated that HR-UCAD
enhanced tumor-specific ICD and remodeled the TME, pro-
moting powerful immune responses.

3.10 Evaluation of the safety of HR-UCAD in vivo

There is always considerable concern regarding the potential
in vivo toxicity of nanomaterials, particularly given that UCNPs
are nonbiodegradable.”> Moreover, this issue appears particu-
larly vital for nanoparticles that are camouflaged by RBCms, as
blood group mismatches may sometimes lead to transfusion
reactions or even death.”® Fluctuation in the body weight is a
sensitive indicator of the in vivo toxicity of nanomaterials.
During the treatment period, no apparent changes in the
mouse body weight were observed (Fig. 12A), indicating the
low or modest toxicity and minimal side effects of the nanode-
livery system. On the 15th day after injection, all mice were
euthanized, and their blood and main organs (heart, liver,
spleen, lungs, and kidneys) were collected for blood tests and
histological analysis. Due to the myelosuppressive effects of
DOX, white blood cell (WBC) and platelet (PLT) counts were
notably decreased in the DOX and CAD groups. The blood bio-
chemistry indicators ALT, AST, ALP, BUN, and CREA and hem-
atological indices (RBCs, hemoglobin (Hb), WBCs, and PLTs)
did not vary significantly among the treatment and PBS groups
(Fig. 12C and D). Furthermore, H&E staining of the heart,
liver, spleen, lungs, and kidneys showed that the nanodrugs
did not change the histological structures of these major
organs (Fig. 12B). All of the above results revealed the low
in vivo toxicity and good biocompatibility of HR-UCAD.

This journal is © The Royal Society of Chemistry 2023
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4 Conclusion

In conclusion, we successfully developed an erythrocyte mem-
brane-cloaked upconversion nanocomplex (HR-UCAD) as a
multifunctional nanoplatform to generate a robust antitumor
immune response for combating breast cancer. This nanoplat-
form is composed of erythrocyte membrane-camouflaged
UCNPs loaded with DOX for ICD induction and the immu-
noadjuvant CpG-Apt for TLR9 stimulation. HR-UCAD exhibited
many outstanding abilities, such as immune escape, specific
drug delivery, and response to a weakly acidic environment.
Given the remarkable NIR fluorescence emission performance
of UCNPs, HR-UCAD was employed for highly specific in vivo
tumor imaging. HR-UCAD can effectively deliver DOX to tumor
cells and enhance their immunogenicity. Synergistically, the
released UCA provided the possibility of activating endosomal
TLRY in infiltrating APCs. Moreover, our findings demon-
strated that HR-UCAD improved the activities of CD8" T cells
and abrogated the immunosuppressive activity of Tregs. As a
result, we believe that this nanocomplex will not only be used
as a promising tool for the treatment of breast cancer but also
pave the way for applying synergistic chemoimmunotherapy to
boost cancer immunotherapy against other tumor types.

Abbreviations

UCNPs Upconversion nanoparticles
UCA UCNPs@CpG-Apt

CAD CpG-Apt + DOX

UCAD UCNPs@CpG-Apt/DOX
R-UCAD  R@UCNPs/CpG-Apt/DOX
HR-UCAD HR@UCNPs/CpG-Apt/DOX
ICD Immunogenic cell death
DC Dendritic cell

HA Hyaluronic acid

RBCm Red blood cell membrane
DOX Doxorubicin

CTL Cytotoxic T lymphocyte
DAMPs Damage-associated molecular patterns
CRT Calreticulin

HMGB1 High mobility group box 1
APCs Antigen-presenting cells

CpG ODNs Cytosine-phosphate-guanosine oligonucleotides
IL-6 Interleukin 6

TNF-o Tumor necrosis factor-o

NIR Near-infrared

RES Reticuloendothelial system

EE Encapsulation efficiency

LE Drug loading efficiency

SDS-PAGE  Sulfate-polyacrylamide gel electrophoresis
UCL Upconversion luminescence

XRD X-ray diffraction

XPS X-ray photoelectron spectroscopy

TME Tumor microenvironment

ICs, Half-maximal inhibitory concentration
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WBC White blood cell

PLT Platelet

ALT Aspartate aminotransferase
AST Alanine aminotransferase
ALP Alkaline phosphatase

BUN Blood urea nitrogen

CREA Creatinine

Hb Hemoglobin
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