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The low response rate and serious side effects of .
cancer treatment pose significant limitations in immunotherapy.
Here, we developed a multifunctional tetrahedral DNA framework » A o Mature DCs
(TDF) as a drug carrier to recruit chemotherapeutants and trigger ’{MWX ' o Reinvigoration 4
immunogenic cell death (ICD) effects, which could turn tumors S . ggg Ya-PD-1 et
from cold to hot to boost the efficacy of antitumor immunotherapy. CpG AL Enhanced CYOtoXicity T cells
A tumor-targeting peptide RGD was modified on the TDF to v L’;:Wﬁrl’t'::g&es therapy effect |
increase the delivery efliciency, and the chemotherapeutant Treg cells

doxorubicin (DOX) was loaded to induce ICD effects, which

were assisted by the immune adjuvant of CpG immunologic sequences linked on TDF. We demonstrated that the multifunctional
TDF could suppress 4T1 breast tumor growth by increasing tumor infiltration of CD8" T cells, upregulating granzyme B and
perforin expressions to twice as much as the control group, and decreasing 30% CD25* Treg cells. Furthermore, the combination of
a-PD-1 could inhibit the growth of distant tumor and suppressed tumor recurrence in a bilateral syngeneic 4T1 mouse model; the
distant tumor weight inhibition rate was about 91.6%. Hence, through quantitatively targeting the delivery of DOX to reduce the
side effects of chemotherapy and sensitizing the immune response by ICD effects, this multifunctional TDF therapeutic strategy
displayed better treatment effect and a promising clinical application prospect.
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the immune responses induced by DOX are also restricted to
the number of mature DCs and the inefficient activation of
naive T cells in the tumor microenvironment.'”” To break
through those challenges, targeted DOX delivery and addition
of immune adjuvants are required for synergy in tumor
therapy.

Framework nucleic acid (FNA), a new type of artificial DNA
nanostructures formed by self-assembly of DNA strands, has
been widely explored in biosensors, biomedicine, and
bioimaging due to their biocompatibility, versatility, and spatial
structural controllability.ls_18 Recently, more and more
attention has been paid to the application of FNA in
immunomodulatory therapy.'” Herein, we constructed a
multifunctional tetrahedral DNA framework (TDF) with
both tumor targeting and immunotherapeutic functions, as
shown in Scheme 1. Specifically, this TDF modified with
tumor-targeting RGD peptides could increase the accumu-
lation in solid tumors of mouse tumor models.””*' CpG

As the most common malignant tumor, breast cancer (BC) is a
significant threat to the health and wellness of females.'
Despite the fact that traditional therapies, such as surgery,
chemotherapy, and radiotherapy, have an increased S year
relative survival rate, numerous patients still suffer from the low
efficacy due to tumor development and metastasis.”® Recent
advances in cancer immunotherapy have enabled innovative
treatment of BC.* However, the “cold tumor” microenviron-
ment with insufficient processing and presenting antigens
substantially limits the initiation of an immune response.’”
These critical facts remind us of the urgent need for better
innovative immunotherapy to prolong the survival of patients.

To overcome the low immune response of cold tumors,
diverse strategies have been developed to induce immunogenic
cell death (ICD) by promoting the uptake of dying tumor cells
and fostering dendritic cell (DC) maturation,® such as
exposure of CRT, release of adenosine triphosphate (ATP),
and excretion of high-mobility group protein 1 (HMGB1).”™""!
Doxorubicin (DOX), as a traditional chemotherapeutic drug,
could serve as a typical ICD-induced drug'” to suppress the
growth of cancer cells and simultaneously elicit antitumor
immune responses. However, the cardiotoxicity, inadequate
half-life, poor tumor penetration, and drug resistance of DOX
limit its clinical therapeutic dosage and efficacy.'”'* Besides,
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Scheme 1. Schematic Illustration of Multifunctional TDF-Assisted Breast Tumor Treatment by Combination of Targeted

Therapy and Immunotherapy”
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“Multifunctional TDF targeted the 4T1 tumor and released DOX to induce ICD effects. Then, DAMP signals and CpG motifs promoted immature
DCs to turn into mature DCs. The recruited cytotoxic T cells inhibited the growth of the primary tumor and also suppressed tumor recurrence by

combination with anti-PD-1 antibody.

oligonucleotide, which is known as a potent Toll-like receptor-
9 (TLR9) agonist,22 recruited in TDF, could initiate immune
responses.23 Moreover, DOX, which was inserted into FNA,
inhibited tumor proliferation and induced ICD effects to
activate immunotherapy. This well-designed functional TDF
incorporates multiple tumor treatment strategies that could
facilitate better tumor treatment outcomes.

In this work, CpG-modified TDF (CpG-T) and RGD/CpG-
modified TDF (RGD-CpG-T) were assembled by four
precisely designed single-stranded DNA olig)onucleotides
(Table S1), according to previous methods.” Two CpG
motifs were designed and linked on TDF. RGD tumor-targeted
peptide was linked to ssDNA by click reaction (named RGD-
ssDNA) and then modified to TDF by the base comple-
mentary pairing principle. DOX was inserted into the double
helix of CpG-T and RGD-CpG-T to form CpG-TDOX and
RGD-CpG-TDOX, respectively (Figure 1la). RGD-modified
ssDNA was characterized in nondenaturing polyacrylamide gel
electrophoresis (PAGE) shown in Figure Sla, where the single
band of RGD-ssDNA indicated a slower mobility than ssDNA.
After verification of the synthesis of RGD-ssDNA, various
types of TDF were synthesized accordingly, and then excess
DOX was mixed with TDF to form CpG-TDOX and RGD-
CpG-TDOX, respectively. Subsequently, excess DOX was
removed by ultrafiltration, and 8% PAGE was used to verify
the structures of CpG-TDOX and RGD-CpG-TDOX. The
indicative bands of multifunctional TDF are shown in Figure
1b, where single bands of CpG-TDOX and RGD-CpG-TDOX
were displayed in lane 7 and lane 9, respectively. Furthermore,
the hydrodynamic diameter of CpG-TDOX and RGD-CpG-
TDOX measured by dynamic light scattering (DLS) was ~11.7
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and ~13.5 nm, respectively (Figure 1d), which was slightly
bigger than TDF (~10.1 nm, Figure S1b). Furthermore, the
morphologies of CpG-TDOX and RGD-CpG-TDOX were
evaluated by atomic force microscopy (AFM) imaging (Figure
Ic).

The loading capacity of DOX in TDF was calculated via the
UV-—vis absorbance spectrum. CpG-T and RGD-CpG-T had a
significant absorbance peak at 260 nm due to the characteristic
absorption of DNA. After DOX loading, in addition to the
absorbance peak at 260 nm, CpG-TDOX and RGD-CpG-
TDOX both had a typical absorbance peak at 480 nm due to
the characteristic absorption of DOX (Figure le), which
indicated that DOX was successfully loaded in CpG-T and
RGD-CpG-T. According to the concentration-absorption
standard curve (Figure S1d), the ratio of DOX/TDF was
41:1 for both CpG-T and RGD-CpG-T.

The structural stability of CpG-TDOX and RGD-CpG-
TDOX was then interrogated in serum. CpG-TDOX and
RGD-CpG-TDOX were first incubated with 10% FBS for 0, 4,
8, 12 and 20 h, respectively. After incubation, PAGE was
performed to investigate their structural stability. As shown in
Figure 1f, both CpG-TDOX and RGD-CpG-TDOX had clear
single bands after 20 h of incubation, which shown the
toleration of TDF. With the semiquantitative analysis of the
relative band intensity (Figure 1g), about 50% TDF remained
intact after 20 h of incubation, which provided a prerequisite
for further studies in vivo.

We then investigated the tumor-targeting capacity of RGD-
CpG-TDOX. RGD is a short peptide (arginine—glycine—
aspartic acid) recognition motif for integrins, which are highly
expressed on tumor cell surfaces.”* Several reports indicated
that RGD peptide-modified drugs had better tumor targeting
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Figure 1. Characterization of CpG-TDOX and RGD-CpG-TDOX. (a) Synthesis scheme of RGD-ssDNA and RGD-CpG-TDOX. (b) PAGE result
of identification for TDF. Lane 1: DNA marker, lane 2: S1, lane 3: S1 + S2, lane 4: SI + S2 + S3, lane 5: S1 + S2 + S3 + S4, lane 6: CpG-T, lane 7:
CpG-TDOX, lane 8: RGD-CpG-T, lane 9: RGD-CpG-TDOX. (c) AFM imaging of RGD-CpG-TDOX. Scale bar: 100 nm. (d) DLS result of CpG-
TDOX and RGD-CpG-TDOX. (e) UV—vis—near-IR spectra of DOX, CpG-T, RGD-CpG-T, RGD-CpG-TDOX, and CpG-TDOX. (f) PAGE
result of CpG-TDOX and RGD-CpG-TDOX after incubating with 10% FBS for 0, 4, 8, 12, and 20 h. (g) Structural stability analysis of CpG-
TDOX and RGD-CpG-TDOX by semiquantitative analysis of the relative band intensity.

ability.”® In our design, RGD peptide modification will
enhance the internalization of DOX-loaded TDF in tumors.

First, cellular uptake ability of DOX-loaded TDF with or
without RGD modification in 4T1 cells was observed by a
confocal laser scanning microscope (CLSM). CyS-labeled
CpG-TDOX and Cy5-labeled RGD-CpG-TDOX were sepa-
rately incubated with 4T1 cells. After incubation, CLSM
analysis was performed, and the images are collected in Figure
2a. 4T1 cells incubated with RGD-CpG-TDOX showed more
stronger CyS fluorescence in the cytoplasm than the CpG-
TDOX group, indicating that the RGD modification enhanced
the internalization of TDF by tumor cells. The same
conclusion was demonstrated by the statistical analysis of
their corresponding fluorescence intensity in CLSM (Figure
S2).

Moreover, we found that the LysoTracker green probe could
colocalize with CyS fluorescence (Figure 2a). It indicated that
both CpG-TDOX and RGD-CpG-TDOX were taken up by
4T1 cells and accumulated in lysosomes, and the DOX which
intercalated in the DNA helix could be released from CpG-
TDOX or RGD-CpG-TDOX after the DNA skeleton degraded
by enzymes of lysosomes. Meanwhile, more DOX entered the
nucleus in the RGD-CpG-TDOX-treated group than in other
treatment groups (Figure S3), implying that targeting
accumulation of RGD-CpG-TDOX in 4T1 cells. Subsequently,
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the tumor cell killing effect of RGD-CpG-TDOX was tested by
the cell counting kit-8 (CCK-8). The cytotoxicity results
(Figure 2b) showed RGD-CpG-TDOX displayed greater
lethality of 4T1 cells than free DOX and CpG-TDOX,
indicating that RGD-CpG-TDOX can improve the sensitivity
of 4T1 cells to DOX.

To further investigate the tumor-targeting capacity of RGD-
CpG-TDOX in mice, Alexa Fluor 680-labeled RGD-CpG-
TDOX was injected into 4T1 tumor-bearing mice via the tail
vein, and images of ex vivo major organs and tumors were
performed. As shown in Figure 2c, the tumor site of mouse
injected with RGD-CpG-TDOX exhibited a more stronger
fluorescence signal than the CpG-TDOX group in vivo. Also,
the ex vivo tumor tissue of mice injected with RGD-CpG-
TDOX exhibited a 3-fold stronger fluorescence signal than the
CpG-TDOX group (Figure 2d,e), which indicated that RGD-
CpG-TDOX had better tumor targeting ability and accumu-
lation.

After establishment of the tumor targeting and tumor cell
killing effects of RGD-CpG-TDOX, the immunostimulatory
activity of RGD-CpG-TDOX was assessed in vitro. DOX can
cause ICD effects by inducing dying tumor cells to expose “eat
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Figure 2. Tumor targeting ability of multifunctional TDF in vitro and in vivo. (a) CLSM images of cellular uptake of CpG-TDOX and RGD-CpG-
TDOX in 4T1 cells. Blue: nucleus, green: lysosome, red: CyS-labeled nanostructures. Scale bar: 10 ym. (b) Cytotoxicity of DOX and DNA
nanoparticles. (c) Animal in vivo fluorescent images after injection of CpG-TDOX or RGD-CpG-TDOX in 4T1 tumor-bearing mice. (d) Major
organ and tumor fluorescent images after injection of CpG-TDOX or RGD-CpG-TDOX in 4T1 tumor-bearing mice. (e) Relative fluorescent
intensity of CpG-TDOX and RGD-CpG-TDOX in tumors. Data were presented as mean + S.D., *p < 0.05, **p < 0.01, and ***p < 0.001.

me” and DAMP signals.'” To investigate the ICD inducing
ability of RGD-CpG-DOX, the ICD hallmarks, such as
exposure of CRT, excretion of HMGBI, and release of ATP,
were monitored by immunofluorescence, ELISA, and luciferase
reporting systems, respectively. Results in Figure 3a, much
stronger intensity of green fluorescence in 4T1 cells of the
RGD-CpG-TDOX group was observed, indicating that
increased exposure of CRT to release more “eat me” signals
for attracting DCs. Besides, RGD-CpG-TDOX also triggered
intense excretion of HMGBI and release of ATP from 4T1
cells (Figure 3b,c), which could further promote DC
maturation and antitumor immune activity.

Subsequently, the function of RGD-CpG-TDOX to induce
ICD on DC maturation was investigated. 4T1 cells were
treated with RGD-CpG-TDOX, then the dying cells and
culture media were collected to coculture with immature bone
marrow-derived dendritic cells (BMDCs). The results in
Figure 3d,e showed that RGD-CpG-T slightly enhanced DC
maturation (CDI11c", CD80*, CD86" DCs) from 28.5 to
36.4%; this simulating activity might be caused by the CpG
motif released from RGD-CpG-T by lysosomal degradation of
4T1 tumor cells. Moreover, 4T1 cells treated with RGD-CpG-
TDOX had a more robust promoting effect on DC maturation;
the maturity ratio increased from 28.5 to 72.0%, compared
with 60.7% of DOX treatment (Figure 3d,e). This robust effect
might be attributed to the synergistic action of ICD and CpG
in promoting DC maturation.

To evaluate the antitumor efficacy of RGD-CpG-TDOX in
vivo, a therapeutic study was performed in 4T1 tumor-bearing
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mice with an intact immune system. The therapeutic schedule
is illustrated in Figure 4a. 4T1 cells were inoculated in BALB/c
mice. After the tumor grew to 100 mm®, different preparations
were intravenously administrated every 2 days for a total of five
injections. As shown in Figures S4a and 4¢, RGD-CpG-TDOX
obviously suppressed the growth of the tumor; the tumor
volume was reduced up to 50% compared with the control
group, while the free DOX group with the same injection dose
had no significant suppression for tumor growth. In addition,
the direct visualization of tumor tissue size showed that RGD-
CpG-TDOX could noticeably suppress the growth of tumor
(Figure 4b), and the tumor weights also verified the inhibitory
effect of RGD-CpG-TDOX on the 4T1 tumor (Figure 4d). We
also discussed body weight changes of mice as an indicator to
evaluate the systemic toxicity. As shown in Figure S4b, the
body weights of mice in each group had no significant
difference during the treatment period, indicating that RGD-
CpG-TDOX had no obvious systemic toxicity. Moreover,
H&E staining in Figure S4c was employed to test the
cardiotoxic properties of TDF, where no obvious histopatho-
logical changes were found, indicating that a therapeutic dose
of RGD-CpG-TDOX did not cause cardiotoxicity. Conclu-
sively, RDG-CpG-TDOX presented an efficient therapeutic
effect for 4T1 tumor, which was mainly attributed to the ability
of tumor targeting and immune stimulation of multifunctional
TDE.

The mechanism of the antitumor effect of RGD-CpG-TDOX
was further investigated. From the results of CD8 and CD4
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Figure 3. ICD inducing and immunostimulatory activity of RGD-CpG-TDOX in vitro. (a) CRT immunofluorescence images of 4T1 cells treated
with different preparations. Scale bar: 50 ym. Green: CRT, blue: nucleus. (b) Quantitative measurement of HMGBI release in 4T1 cells treated
with different preparations (n = 3). (c) Quantification measurement of ATP secretion in 4T1 cells treated with different preparations (n = 3). (d)
Representative flow cytometry images of DC maturation (CD80" CD86") in different groups (gated on CD11c"). (e) Percentages of CD11c",
CD80*, CD86" cells in different groups (n = 3). Data were presented as mean = S.D., *p < 0.05, **p < 0.01, and ***p < 0.001.

immunohistochemical staining of tumor tissues (Figure 4e),
we found that there were much more CD8 and CD4 positive
cells in the RGD-CpG-TDOX treatment group than in other
groups, indicating that the antitumor therapeutic effect of
RGD-CpG-TDOX was related to its immunostimulatory
activity. To further clarify the immunostimulatory activity of
RGD-CpG-TDOX, the maturity of DCs in the tumor draining
lymph node (TDLN) and spleen were separately assessed. As
shown in Figure SS5ab, the percentage of matured DCs
(CDl11c*, CD80*, CD86") in TDLN and spleen of the RGD-
CpG-TDOX treatment group was 25.60 and 13.80%,
respectively, which were obviously higher than the control
group (11.00 and 7.79%, Figure 4fg), indicating that RGD-
CpG-TDOX can promote DC maturation after inducing ICD
effects of tumor cells.

In addition, T cells in the tumor were also analyzed. Except
for the tumor infiltration of CD8" T cells by RGD-CpG-
TDOX treatment, the expressions of perforin and granzyme B,
which were secreted by CD8" T cells to kill tumor cells, were
enhanced to 16.50 and 9.02%, almost 2-fold higher than other
treatment groups (Figures SSc,d and 4h,i). Also, CD4* CD2S*
regulatory T cells (Tregs), which were considered as
suppressor T cells, were evaluated by flow cytometry (FCM)
analysis. Results (Figures SSe and 4j) demonstrated that CD4"
CD25* Tregs decreased in tumor with RGD-CpG-TDOX
treatment; the percentage of CD4" CD25" Tregs in tumor
decreased by 30% compared with other treatment groups,
indicating that RGD-CpG-TDOX treatment reversed the
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tumor-associated immunosuppression. To sum up, the
antitumor mechanism of RGD-CpG-TDOX was a combined
effect of both chemotherapy and immunotherapy.

After verification of antitumor and immunostimulatory effects,
we explored whether RGD-CpG-TDOX could be used to
potentiate immune checkpoint blockade (ICB) therapy to
improve adaptive antitumor immunity and further suppress
tumor recurrence. A bilateral mouse tumor model of 4T1 cells
was established for evaluating the anti-metastasis capacity of
RGD-CpG-TDOX and a-PD-1. The therapeutic schedule is
illustrated in Figure Sa.

First, the primary tumors were subcutaneously implanted in
the left flank regions of BALB/c mice. After primary tumors
grew to 50 mm? different preparations were intravenously
administrated every 2 days for a total of five injections. Except
for the injection of RGD-CpG-TDOX, mice in the combined
treatment group (RGD-CpG-TDOX and a-PD-1) also
received injection of @-PD-1 antibody additionally every 2
days for a total of four injections. Subsequently, the secondary
tumors were subcutaneously implanted in the right flank
regions of BALB/c mice to be monitored as distant tumors for
2 weeks. As the results shown in Figure 5b, the distant tumor
volumes of RGD-CpG-TDOX showed smaller tumor growth
(71.06 + 37.76 mm®) compared to the control group (263.34
+ 94.90 mm®), indicating that RGD-CpG-TDOX could inhibit
the recurrence of tumor effectively. Noticeably, the combined
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Figure 4. Antitumor efficacy and immune responses induced by multifunctional TDF in 4T1 tumor-bearing mice. (a) Therapeutic schedule of the
antitumor therapy in 4T1 tumor-bearing mice. (b) Tumor tissue images of mice treated by different preparations (n = 5). (c) Tumor growth curves
of mice in different treatment groups (n = 5). (d) Tumor weight of mice in different treatment groups (n = 5). (e) CD8 and CD4
immunohistochemical staining of tumor tissues. Scale bar: S0 ym. (f) Quantitative analysis of mature DCs in TDLN of different groups. (g)
Quantitative analysis of mature DCs in the spleen of different groups. (h,i) Quantitative analysis of perforin (h) and granzyme B (i) in tumor of
different groups. (j) Quantitative analysis of Tregs (CD25") in tumor of different groups. Data were presented as mean + S.D., *p < 0.05, **p <

0.01, and ***p < 0.001.

treatment group exhibited higher tumor growth inhibition
compared with the RGD-CpG-TDOX groups; the distant
tumor volume was only 20.72 + 20.55 mm?®, and no distant
tumors were detected in two of five mice. Moreover, the
statistical results of distant tumor weights also confirmed the
ability of inhibiting tumor recurrence of RGD-CpG-TDOX
and combined treatment, tumor weights decreased from 0.467
+ 0.185 g (control group) to 0.160 + 0.089 g (RGD-CpG-
TDOX group) and 0.039 + 0.036 g (combined treatment
group), especially the tumor weights of the combined
treatment group were much lighter than the RGD-CpG-
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TDOX group and a-PD-1 group (Figure Sc), suggesting that
combination with anti-PD-1 antibody can boost the antitumor
therapeutic effect of RGD-CpG-TDOX and immune ther-
apeutic effect of a-PD-1 ICB therapy. In addition, the
combination treatment also extended the median survival
time of the mice (Figure S6).

The FCM results (Figure Sd,e) demonstrated that the
percentage of CD8" T cells in distant tumors of RGD-CpG-
TDOX and combined treatment groups were 3.29 and 3.98%,
respectively, which were much higher than other treatment
groups (control 1.59%, RGD-CpG-T 2.00%, free DOX 1.79%,
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Figure 5. Abscopal efficacy in 4T1 bilateral tumor-bearing mice. (a) Therapeutic schedule of the abscopal therapy in 4T1 bilateral tumor-bearing

mice. (b) Distant tumor volumes of mice in different treatment groups (n =

5). (c) Distant tumor weights of mice in different treatment groups (n

=5). (d) Percentages of CD3* and CD8" cells in different groups (n = 3). (e) Representative flow cytometry images of CD3* and CD8" T cells in
different groups. Data were presented as mean + S.D., *p < 0.05, **p < 0.01, and ***p < 0.001.

and a-PD-1 2.23%), suggesting the mechanism of recurrence
inhibition was related to the increase of systemic T-cell
immunity and tumor immune infiltration. Besides, the body
weight of mice in different groups had no obvious changes
during the treatment period (Figure S7), indicating the well
biocompatibility of RGD-CpG-TDOX.

In summary, we have developed a multifunctional TDF for
cancer immunotherapy, which included a tumor-target RGD
peptide and a CpG immunologic sequence and loaded DOX in
DNA nanostructures. RGD peptide contributed to targeting of
TDF in tumor sites, and alleviating the side effects of loaded
DOX. The killing effect of DOX to cancer cells further
triggered an anti-cancer immune response through ICD effects
with the help of CpG and reversed the “cold tumor”. In vitro
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and in vivo assays also confirmed that RGD-CpG-TDOX
robustly induced ICD response, promoted DC maturation, and
improved the intratumoral CTL infiltration. Moreover, the
combination of RGD-CpG-TDOX with PD-1 antibody
significantly suppressed the growth of distant tumor and
prevented tumor recurrence by recruiting CD8" T cells
infiltrating intratumor. Conclusively, a rationally designed
multifunctional TDF could be easily assembled to facilitate
chemotherapy and immunotherapy simultaneously and could
be potentially developed as a synergist for ICB immunother-

apy.

DNA sequence information is detailed in Table S1. Equivalent
amounts of four corresponding ssDNA (1 uM each) were mixed in
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100 uL TM buffer (10 mM Tris—HCl, S mM MgCl,, pH 8.0),
heating to 95 °C for 10 min, and then quickly cooling to 4 °C. RGD-
ssDNA was obtained by connecting alkynyl-modified RGD and A20-
N; by click reaction, and then was purified by Zeba spin desalting
columns (Thermo Fisher Scientific). CpG-T was composed of S1, S2,
S3, and S4. RGD-CpG-T was synthesized by mixing of CpG-T and
RGD-ssDNA at 37 °C for 1 h. RGD-CpG-TDOX was obtained by
incubating RGD-CpG-T with DOX solution at a molar ratio of 1:100
at 37 °C for 6 h. Because of the tetracyclic region, DOX can
intercalate in the DNA base pairs. 30 kDa ultra-filtration tube
(Millipore) was used to remove excess DOX. CpG-TDOX was
synthesized in a similar way to RGD-CpG-TDOX. To make the DOX
loading consistent for CpG-TDOX and RGD-CpG-TDOX, the aim
chain of CpG-T was hybridized with the RGD-free A20 chain.

15% nondenaturing PAGE and 8% PAGE were used to identify the
structures of RGD-ssDNA and TDF, respectively. After loading
samples, electrophoresis was taken in 1 X TAE buffer (4 mM Tris—
HCI, 2 mM acetic acid, 0.2 mM EDTA, and 1.25 mM MgAc,) for 1 h,
and then gel was stained with sliver solution or GelRed to indicate
samples.

The hydrodynamic size of TDF was measured by Zetasizer Nano
ZS (Malvern). The morphologies of CpG-TDOX and RGD-CpG-
TDOX were evaluated by AFM (Bruker). The loading of DOX in the
material is determined by a UV—vis spectrometer (Caryl00, Agilent).
Standard curves were made according to the absorption values of
different concentrations of DOX (7, 15, 30, 60, and 100 uM) at 480
nm.

The structural stability of CpG-TDOX and RGD-CpG-TDOX in
serum was detected by PAGE. CpG-TDOX and RGD-CpG-TDOX
were incubated with 10% FBS at 37 °C for 0, 4, 8, 12 and 20 h, then
samples were detected by 6% PAGE.

4T1 cells were seeded in confocal culture plates and cultured for 24 h
at 37 °C. Afterward, CyS-labeled CpG-TDOX and CyS-labeled RGD-
CpG-TDOX were separately incubated with 4T1 cells for 6 h. After
incubation, cells were washed three times with phosphate buffer
(PBS) and incubated with LysoTracker Green for 1 h at 37 °C.
Subsequently, cells were washed three times with PBS, fixed with 4%
paraformaldehyde, and stained with Hoechst 33258. Then cells were
observed by confocal microscope setup (Leica TCS SP8).

4T1 tumor-bearing models were used for the imaging experiment.
Alex Fluor 680-labeled CpG-TDOX and RGD-CpG-TDOX were
separately injected via tail vein of 4T1 tumor-bearing mice. Mice were
anesthetized and taken for imaging after injection by IVIS Spectrum
in vivo imaging system (PerkinElmer). After in vivo imaging was
finished, heart, liver, spleen, lung, kidney, and tumor of mice were
harvested and taken for imaging.

To evaluate the in vivo antitumor efficacy of nanostructures, 1 X 10°
4T1 cells were subcutaneously inoculated into female BALB/c mice.
When the tumor volume achieved approximately 100 mm®, tumor-
bearing mice were randomly divided into four groups (n = S per
group), and different preparations (saline, RGD-CpG-T, DOX, and
RGD-CpG-TDOX) were intravenously administrated every 2 days for
a total of five injections with an equivalent DOX dosage. The tumor
sizes and body weights of mice in each group were monitored every 4
days. Tumor sizes were measured by a digital vernier caliper, and the
volume was calculated by the formula of length X width?/2.

Mice were sacrificed and main organs were harvested. To
investigate the cardiotoxicity of nanostructures, the hearts of each
mouse were fixed with 4% paraformaldehyde for H&E staining.
Meanwhile, tumor tissues were harvested and weighted. A portion of
tumor tissue was taken for immunohistochemical analysis with anti-
CD4 and anti-CD8 antibody staining to identify the immune
activation effect of nanostructures.

To further clarify the immunostimulatory activity of DNA
nanostructures, DCs and tumor-infiltrated T lymphocytes were
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analyzed by FCM. The tumor draining lymph node (TDLN) and
spleen were harvested and made single cell suspensions, then stained
with PE-conjugated anti-CD1lc, PE/Cyanine7-conjugated anti-
CD86, and PerCP/CyanineS.5-conjugated anti-CD80 antibody for
20 min for DC analysis by FCM. Tumor tissues were cut into small
pieces and incubated with digestion solution for 1 h to make single-
cell suspensions. Subsequently, tumor cells were blocked with anti-
CD16/32 antibody, and then stained with APC-conjugated anti-CD3,
Alexa Fluor 488-conjugated anti-CD8a, PE/Cyanine7-conjugated
anti-granzyme B antibody for analyzing granzyme B" CD8" T cells,
stained with APC-conjugated anti-CD3, Alexa Fluor 488-conjugated
anti-CD8a, PE-conjugated anti-perforin antibody for analyzing
perforin® CD8"* T cells, and stained with APC-conjugated anti-CD3,
PerCP/Cyanine$.5-conjugated anti-CD4, PE-conjugated anti-CD2S
antibody for analyzing CD25" CD4" T cells by FCM.

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/jacsau.3c00099.

Experimental details, PAGE image for identifying RGD-
ssDNA, AFM image of CpG-TDOX, DLS image of
TDF, CLSM images of cellular uptake, tumor growth
curves, body weight curves, H&E staining images,
representative FCM images, survival rates image, and a
list of DNA sequences (PDF)
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