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Background: While nanoplatform-based cancer theranostics have been researched and investigated for many years, enhancing
antitumor efficacy and reducing toxic side effects is still an essential problem.

Methods: We exploited nanoparticle coordination between ferric (Fe?") ions and telomerase-targeting hairpin DNA structures to
encapsulate doxorubicin (DOX) and fabricated Fe**-DNA@DOX nanoparticles (BDDF NPs). This work studied the NIR fluorescence
imaging and pharmacokinetic studies targeting the ability and biodistribution of BDDF NPs. In vitro and vivo studies investigated the
nano formula’s toxicity, imaging, and synergistic therapeutic effects.

Results: The enhanced permeability and retention (EPR) effect and tumor targeting resulted in prolonged blood circulation times and high
tumor accumulation. Significantly, BDDF NPs could reduce DOX-mediated cardiac toxicity by improving the antioxidation ability of
cardiomyocytes based on the different telomerase activities and iron dependency in normal and tumor cells. The synergistic treatment
efficacy is enhanced through Fe**-mediated ferroptosis and the B-catenin/p53 pathway and improved the tumor inhibition rate.
Conclusion: Harpin DNA-based nanoplatforms demonstrated prolonged blood circulation, tumor drug accumulation via telomerase-
targeting, and synergistic therapy to improve antitumor drug efficacy. Our work sheds new light on nanomaterials for future synergistic
chemotherapy.
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Introduction
An average of 13 nanomaterials have been approved for clinical antitumor therapy every five years since the mid-1990s."* This
situation has extensively promoted the rapid development of nanomaterials. DNA nanostructures have the advantages of high
programmability, addressability, modifiability, biocompatibility, and nontoxicity and have been widely used as drug delivery
systems in treating malignant tumors.>* However, multifunctional polymeric DNA nanodrug delivery systems have short-
comings in therapeutic applications, such as enzyme degradation, protein adsorption, and unclear metabolic pathways.>
Therefore, numerous researchers have used combinations of DNA nanomaterials with other nanoparticles or polymer com-
pounds, such as gold nanoparticles,” metal-organic frameworks (MOFs),® chitosan,” and polylysine,'® to overcome the limita-
tions of DNA nanomaterials.'""'* As a result, the prepared DNA nanodrug delivery systems are polymers with complicated
particle structures that are difficult to metabolize and have preparation and purification processes that are difficult to simplify.
Since telomerase is specifically highly expressed in approximately 85% of tumor cells but poorly expressed in normal
cells, it can target tumors.'>'* Thus, telomerase-targeting DNA nanodrug delivery systems can be designed to load
anticancer chemotherapy drugs and facilitate the recognition of tumor cells or tissues. A certain number of DNA fragments,
such as 10-20 base DNA fragments, has recently been found to be rich in A/C base pairs and can form DNA nanostructures
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with ferric (Fe*") ions at high temperatures.'>'® The preparation of these nanostructures requires a reaction at 95 °C for
three hours. Reaction at high temperatures inevitably affects functional DNA activity and chemotherapy drug structure and
functions.'”'® The prepared nanoparticles also have problems, such as uncontrollable large sizes and poor dispersion.'**
Therefore, the challenges and areas of focus for the current research on green DNA nanodrug delivery systems are the
development of simple and efficient nondestructive preparation methods that ensure DNA activity, stability, targeting, and
safety, as well as the investigation of their mechanisms of action and metabolic pathways in vivo.

Anthracyclines, such as doxorubicin (DOX) and daunorubicin, are first-line anticancer drugs that can insert into G-C-rich
double helix regions.>'** Their stability provides many possibilities for customizing DNA nanostructures as drug delivery
systems. The construction of DNA-DOX nanodrug delivery systems is usually divided into two methods: DNA origami®>**
and DNA module assembly.”>® DOX nanoparticle drug carriers constructed via the DNA origami method exhibit uniform
shapes and sizes and high complexity, require numerous short DNA strands, and have high synthesis costs.”” DNA module
assembly presents poor shape and size control, resulting in poor nanoparticle dispersion and excessively long nanoparticles,
which cannot be used as drug carriers.”® Designed the stem of a DNA hairpin structure that targets tumor telomerase as
a G-C base pair that can carry the chemotherapy drug DOX. Studies prepared a DNA-DOX structure by coupling the 3’ end of
the sulfhydryl group of DNA on the surfaces of gold nanoparticles to achieve targeted drug delivery.”> However, preparing this
nanodrug delivery system involves coupling the DNA hairpin structure on the surface of gold nanoparticles, and the resulting
drug loading rate was low. In vivo, the DNA hairpin structure exhibited shortcomings, such as easy catabolism by enzymes.*'
Other literature used the principle of coordination between target DNA-DOX and Fe** to wrap DNA-DOX on the surface of
MOFs at high temperatures and form nanoparticles with complex structures. Despite their improved DOX loading capacities,
the scientific problems of the above DNA-DOX nanodrug delivery systems remain unsolved.”” The G-C base pair can carry
a DOX carrier in the telomerase-targeting DNA hairpin structure stem. The loop part of the hairpin structure (single chain) is
rich in A bases. The N-7 of A and coordination between DOX and Fe*" can be exploited to self-assemble DNA nanodrug
delivery systems.*® This preparation method is simple, efficient, and nondestructive, but it also can improve the drug loading
and active targeting of nanomedical drug delivery systems based on DNA-DOX. Most importantly, tumor cells show an

increased iron demand during tumor growth compared with normal, non-cancer cells. Thus, Fe**-coordinated nanoparticles
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can catalyze tumor cell necrosis, referred to as the ferroptosis pathway, a new type of cell death accompanied by a large
amount of iron accumulation and lipid peroxidation during the cell death process.”!

Based on previous studies, molecular beacons, coordination chemicals, and DNA nanotechnology were combined to
synthesize DNA-based nanoparticles. In these particles, DOX was inserted into the G-C base pair of DNA-DOX, a tumor
telomerase-targeting DNA hairpin structure. Meanwhile, using the molecular beacon principle, namely, coordination
between Fe*" and DNA-DOX, the 5" and 3’ ends of DNA were labeled with 6-Carboxyfluorescein (6-FAM) and Dabcyl
quenched groups. The Dabcyl-labeled 3’ terminal region is hybridized with telomerase primers, and the 6-FAM-labeled 5’
terminal region possesses the telomeric repeats sequences. U§7MG (malignant glioma) cells were applied as a model
because of their high telomerase activity and iron dependency. In vitro and in vivo studies studied the targeting, toxicity,
and synergistic therapeutic effects of the nanoplatform.

Methods
Assembly of Hairpin DNA@DOX-Fe>* Nanoparticles

First, overnight, hairpin DNA (Supplementary Material, 100 nm) was activated at room temperature and incubated with the

same concentration of primers for 12 h. A total of 0.1 mL of DOX hydrochloride (3 mg, 0.005 mmol) was reacted with hairpin
DNA-primer complexes in ddH,O overnight to prepare DNA-DOX. Next, aqueous solutions of FeCl, (50 pL, 10 mg/mL)
were slowly added to the DNA-DOX mixture and stirred overnight at room temperature to obtain BDDF NPs. Finally, dialysis
removed excess DNA, DOX, and FeCl, from the mixture (20,000 MWCO). DNA and DOX concentrations were evaluated by
using HPLC. BDDF NPs were studied through in vitro and in vivo experiments.

Targeting of BDDF NPs in Tumor Cells

The tumor cell line US7MG (human primary glioblastoma cells) and normal cell line AC16 (human myocardial cells) were
cultivated in a confocal cell plate at a density of 1 x 10°/well for 1, 3, and 5 h. Medium with BDDF NPs (6.9 pM DOX) was
added to the U87M cells. The targeting of BDDF NPs in tumor cells was determined through confocal microscopy and flow
cytometry. Gel electrophoresis was used to confirm the occurrence of the “on” state when the hairpin DNA and primer were
combined with telomerase.

In vitro Evaluation of Telomerase Activities and ROS and LPO Levels

U87MG and AC16 cells were plated in six-well plates at a density of 1 x 10°, added with medium containing BDDF NPs
(6.9 uM DOX), and incubated for another 5 h. Telomerase activities and LPO levels in all cells were measured by using
kits. Finally, all samples were dissolved and subjected to HPLC. DCF was used to detect the intracellular ROS
concentration in U887MG cells based on fluorescence through confocal imaging and flow cytometry. Western blot
analysis with the GPX4 protein in AC16 cell.

In vitro Toxicity of BDDF NPs

The cytotoxicity of BDDF NPs was assessed through the MTT test. AC16 and U87MG cells were cultured in a 96-well
plate at a 5x10 */well density and incubated at 37 °C and 5% CO,. After 24 h of culture, each well was added with Fe*
*(34.5uM), Fe*"-DOX, DNA-DOX, and BDDF NPs at the same concentration as DOX (6.9 uM) and incubated for 48
h at 37 °C and 5% CO,. The medium was replaced with 100 uL of fresh medium and 10 pL of MTT (5 mg mL "' in PBS)
and incubated for another 4 h. The supernatant was then removed, and DMSO (100 pL) was added to each well.
Absorbance was measured by a microplate reader at 570 nm.

Analysis of Cell Apoptosis Induced by BDDFP NPs

The apoptosis of U7MG tumor cells was studied through qualitative and quantitative analyses. U87MG cells were seeded
in a confocal plate at a density of 10°/well, cultured at 37 °C for 24 h, added with culture media containing BDDF NPs at
the same concentration as DOX (6.9 pM), and co-incubated for 24 and 48 h by using Dead Cell Apoptosis Kit with
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Annexin V PE and SYTOX™ Green Kit. Quantitative apoptosis results were obtained by using flow cytometry. The
qualitative imaging of cells was performed through confocal microscopy.

In vivo Acute and Cardiac Toxicity Studies

The in vivo acute toxicity of BDDF NPs was evaluated in BALB/c mice. Fifteen BALB/c mice were randomly divided
into three groups (age = 5 weeks, weight = 21 g, n = 5 per group), which were treated with PBS (control group), DOX
(2 mg kg "), or BDDF NPs (DOX, 2 mg kg '). 200 uL of PBS, DOX, and BDDF NPs were intravenously injected into
the mice in each group. At 1, 3, and 7 days postinjection, blood was collected from the eye socket for the measurement of
biochemical parameters, such as aspartate aminotransferase (AST), alanine aminotransferase (ALT), creatine kinase
(CK), and creatine kinase-MB (CK-MB). All mice were sacrificed seven days postinjection, and their liver tissues were
sectioned for H&E analysis. The SOD activities of heart tissues were tested with a kit, and HO-1 protein expression was
evaluated through Western blot analysis.

Pharmacokinetics Studies

U87MG tumor-bearing mice were randomly divided into two groups (n =4 per group) and intravenously injected with 200 uL of
DOX and BDDF NPs at the same concentration as DOX (2 mg kg_l). At 10 min and 0.5, 1, 2, 4, 8, 24, and 48 h postinjection,
four mice from each group were sacrificed, and 300 uL of blood was collected via terminal cardiac puncture under anesthesia.*
Tumor tissue was further studied using an LPO kit and Western blot analysis with the GPX4 protein.

In vivo Targeting Imaging Studies

BDDF NPs were labeled with ICG conjugated with 5-hydroxydopamine at a ratio of 1:3.* Mice with xenograft U§7MG
tumors were intravenously injected with 200 uL. of BDDF NP solution with 2 mg kg ' DOX. Fluorescent imaging was
conducted with an NIR system (PerkinElmer Inc.) at 1, 4, 8, 12, 24, and 48 h postinjection.

In vivo Antitumor Therapy

U87MG tumor-bearing nude mice were randomly assigned to three groups (n = 5 per group): (A) PBS buffer (pH 7.4,
control), (B) free DOX (2 mg kg "), and (C) BDDF NPs (DOX dose of 2 mg kg '). All mice were injected through tail
vein injection three times every other day. Antitumor therapeutic effects and toxicities were estimated in US7MG tumor-
bearing nude mice by measuring the tumor volume and body weight every other day. The heart, liver, and tumor tissues
from each group were excised for pathology, and typical proteins, including B-catenin and p53, were further analyzed
through Western blot analysis. We further assessed tumor tissues by using immunohistochemical techniques.

Statistical Analysis
Statistical analysis was performed using the Student’s t-test. Statistical significance was assigned as follows: *P < 0.05,
significant; **P < 0.01, moderately significant; and ***P < 0.001, highly significant.

Results
Characterization of the DNA Nanodrug Delivery System

As illustrated in Figure 1a, the hairpin stem mainly comprised seven G-C base pairs into which DOX can be inserted. The
hairpin ring was enriched with the A base group that coordinated with Fe?* ions to assemble BDDF NPs (molecular beacon
Fe>*-DNA@DOX). First, the structure of the hairpin DNA and primer was identified through LC-MS (Figures S1 and S2).
The TEM images of BDDF NPs were displayed in Figure 1b, which revealed that the as-prepared BDDF NPs presented
excellent monodispersity and circular-like shape morphology. Dynamic light scattering showed that the size of BDDF NPs
was 61.2 = 7 nm (Figure 1c). The zeta potentials of BDDF NPs have been measured and provided in Figure S3. The NPs are
negatively charged (~18.2 mV) owing to the hairpin DNA structures of nanoparticles, consistent with the previous report.'”
Interestingly, in this circular-like shape, nanoparticles, DOX were embedded into the G-C base pairs in hairpin DNA to form
the core of BDDF NPs, thus reducing toxicity to normal cells or tissues. The release of DOX from BDDF NPs increased as
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Figure | Scheme and characterization of nanoparticles. (a) Schematic illustration of the synthetic procedure of BDDF NPs. (b) TEM images and (c) DLS of BDDF NPs. (d)
HPLC analysis for in vitro DOX release from free DOX, BDDF NPs in buffer solutions (pH = 7.4, 5.5). n = 3, mean % s.d.

the pH changed from 7.4 to 5.5. Therefore, DOX-loaded Fe**-DNA drug delivery occurred with a pH-controlled release
profile. DOX concentrations were determined through HPLC (Figure 1d and S4). We measured the loading of DOX and F e
using HPLC and UV-vis methods (Supplementary Material). The results showed that the loading of DOX in BDDF NP was
at 57%, and the loading of Fe*" was at 45%. The mole ratio of the reaction was 1: 5 (DOX: Fe?"). (Figures S4 and S5)

In vitro Targeting, Telomerase Activities, and ROS and LPO Levels

The cellular uptake of BDDF NPs was verified through confocal microscopy and flow cytometry. US7MG tumor cells
were cultured with BDDF NPs for 1, 3, and 5 h. The confocal microscopy images in Figure 2a and d illustrated that
BDDF NPs were taken up by cells. In the meantime, flow cytometry data showed that cell uptake increased with the
increase in incubation time (Figure 2b and c). When the incubation time was from 1 h to 5 h, cell nuclei accumulated the
red fluorescence of DOX and became surrounded by green fluorescence, suggesting that hairpin DNA was released from
BDDF NPs into the cytoplasm.

Intracellular ROS levels were determined using a ROS indicator (DCFH-DA). The enhancement in the green
fluorescence signal of ROS in the presence of FeCl,, DOX, and BDDF NPs (Figure 2d) indicated that BDDF NPs
showed high efficiency in promoting the elevation of ROS levels. Fe** coordination-based BDDF NPs could increase the
Fe?"-mediated Fenton effect to enhance ROS levels in US7MG cells.

Telomerase activities and LPO levels were evaluated by using tumor and normal cells. Figure 2e and f illustrated
a significant difference between tumor and normal cells: tumor cells showed high telomerase activities and LPO levels
under different treatments, whereas normal cells had little telomerase activity and low LPO levels. Tumor cells displayed
a different ferroptosis pathway compared with normal cells.*'~** The gel electrophoresis results in Figure 2g confirmed
that telomerase was bound with the hairpin DNA primer to maintain the hairpin DNA in an “on” state and exhibited
green fluorescence (Supplementary Material).

Cytotoxicity, Cell Apoptosis, and GPX4/B-Catenin/p-53 Protein Studies of BDDF NPs
The in vitro cytotoxic effect of BDDF NPs was evaluated using tumor (U87MG) and normal (AC16) cells. As shown in
Figures 3a and b, DOX, DNA-DOX, and BDDF NP exerted dose-dependent cytotoxic effects on the two cell lines. In the
U87MG tumor cells, the BDDF NPs presented more than 88% inhibition ratios. By contrast, the DOX group inhibited
a maximum of 65% of US7MG cells. The cytotoxicity of free Fe*" and Fe? -DOX shown the ferrous ions had lower
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Figure 2 Cell uptake and telomerase activity. (a) The confocal microscopy images of U87MG cell uptake following various incubation times. The green, blue, and red
fluorescence were from the cell cytoplasm (harpin DNA-6 AM), nucleus (DAPI), and DOX, respectively. Scale bars are 25 pm. (b and c) The flow cytometric analyses of
U8B7MG cell uptake. (d) Detection of intracellular ROS using a ROS indicator, DCFH-DA, in U87MG cells. (e) Telomerase activities at 5 h after different treatments in USMG
and AC1 6 cells. (f) LPO levels at 5 h after various treatments in U87MG and ACI 6 cells. (g) Gel electrophoresis further confirmed the telomerase bonded with the hairpin
DNA primer to maintain the hairpin DNA in an “on” state and exhibited green fluorescence under 495 nm telomerase bonded with the hairpin DNA primer to retain the
DNA hairpin in an “on” state and exhibited green fluorescence. *P < 0.05; **P < 0.01.

cytotoxicity in AC16 cells than in U87MG tumor cells. Similarly, the ICsy value of BDDF NPs was 0.29 uM against
U87MG, which was lower than DOX, and 23.7uM against AC16 cells, higher than DOX, DNA-DOX, and Fe?"-DOX
groups. The ICs, of Fe** was 45.08 uM against AC16 cells, which was higher two times than U87MG cells (Figure 3c).
The results showed that Fe** had no cytotoxicity in normal cells, and the iron uptake in tumor cells was higher than in
normal cells. That is because tumor cells are iron-dependent during growth compared to normal cells.

This BDDF NPs nanodrug delivery system has tumor telomerase-targeting hairpin DNA, which lowers cytotoxicity in
normal cells. The half-maximal inhibitory concentration of free DOX was higher than that of BDDF NPs, suggesting that
BDDF NPs have excellent tumor cell-targeting effects (Figure 3c). Importantly, BDDF NPs displayed lower inhibitory
effects on AC16 normal cells than on US7MG tumor cells at the same doses, likely due to the low telomerase activities in
the normal cells.*® The apoptosis of US7MG cells was investigated through qualitative (confocal) and quantitative (flow
cytometry) analyses. As illustrated in Figures 3d and e, S6, the quantitative results verified that the percentage of
apoptotic cells (early [Q2] and late [Q4] apoptosis) increased by incubation time. BDDF NPs resulted in the highest
percentage of apoptotic cells (Q4) after 48 h of incubation. All proteins in U87MG cells were analyzed through Western
blot analysis (Figures 3f and g). In contrast to DOX, the BDDFF NPs significantly inhibited -catenin and increased the
protein levels of P-p53/p53. This finding further demonstrated that BDDF NPs exerted synergistic cell apoptosis effects.
GPX4 protein, the representative protein in the ferroptosis pathway, was barely expressed. On the contrary, the GPX4
protein had higher expression in AC16 cell lines with BDDF NP incubation (Figure S7) and proved the different
ferroptosis pathways between the tumor cells and normal cells. All results indicated that the BDDF NPs presented low
cytotoxicity against normal cells and enhanced cytotoxicity against US7MG tumor cells via the B-catenin/p-53 and
ferroptosis pathways.
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Figure 3 Cell viability, apoptosis, and Western blotting analysis. (a and b) Cell viabilities of ACI16 cells (a) and U87MG cells (b) following different treatments at 48 h. (c)
The ICs, values of free DOX, DNA-DOX, Fe?*, Fe?*-DOX, and BDDF NPs for AC16 and U87MG cells. (d) The cell apoptosis of U87MG cells following incubation with
DOX, BDDF NPs for 24 and 48 h, and the apoptosis cycle percent in Q2 and Q4 zones (e). (f and g) Western blotting results of GPX4, P-p53, p-53, and B-Catenin
expression from U87MG cells after 48 h incubation with DOX and BDDF NPs.

Acute Cardiac Toxicity Studies

In this work, a DNA nanodrug delivery system was designed based on BDDF NPs that target tumor telomerase to reduce
DOX retention in the heart, thereby simultaneously reducing DOX-mediated cardiotoxicity and enhancing synergistic
chemotherapeutic effects. We evaluated the acute toxicity of DOX and BDDF NPs in vivo. Blood was collected from the
three groups to measure blood biochemistry parameters at 1, 3, and 7 days postinjection. As shown in Figures 4a—d, the
free DOX group exhibited severe cardiotoxicity and hepatotoxicity with significantly increased biochemistry parameters,
such as CK, CK-MB, AST, and ALT. Meanwhile, SOD activity and HO-1 protein expression were lower in the DOX
group than those in the BDDF NP group (Figure 4e and f). By contrast, all BDDF NP group blood parameters were
within the normal range. The above results proved that the tumor telomerase-targeting BDDF NPs could significantly
reduce DOX-mediated cardiac toxicity. The images of the pathological heart tissue sections from the DOX and BDDF
NP groups further verified that free DOX caused slight heart damage. No remarkable histological signs were observed
under treatment with BDDF NPs (Figure 4g).

Optical Imaging and Biodistribution and Pharmacokinetic Studies

In vivo NIR imaging was performed by using BDDF NPs labeled with ICG-5-hydroxydopamine.*® ICG-labeled BDDF
NPs were injected into U87MG tumor-bearing mice via the tail vein. We acquired images at 1, 4, 8, 12, 24, and 48
h postinjection. The quantitative NIR images are provided in Figure 5b. BDDF NPs quickly accumulated at the tumor
site at 4 h, and NIR imaging fluorescence signals peaked at 12 h with a T/N ratio of 10.56 = 0.554. At 48 h postinjection,
the fluorescence intensity of BDDF NPs in tumors remained as high as 6.67 + 0.332 (T/N). In addition, ImageJ software
analyzed the T/N levels of major organs and tumors at different time points (Figure 5c). In vivo NIR imaging from 4 h to
12 h, the fluorescence signal from the tumor tissues was considerably more robust than that from other organs. Moreover,
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(e) The activity of SOD from heart tissues after various treatments (n = 3). *P < 0.05; **P < 0.01. (f) Western blotting results of HO-| expression from heart tissues after various
treatments (n = 3). *P < 0.05; **P < 0.01. (g) H&E stained images of the heart after various administrations. Scale bars are 50 um. The black arrows point to dead cells.

pharmacokinetics studies were conducted on the mice treated with BDDF NPs and free DOX to evaluate plasma DOX
levels at various time points postinjection (Figure 5a and Table S1). The blood circulation half-lives of BDDF NPs and
free DOX were 17.69 and 2.42 h, respectively. The half-life of BDDF NPs was more than 8-fold that of DOX, indicating
that BDDF NPs could effectively prolong the blood circulation time of DOX. NIR imaging revealed that BDDF NPs
were metabolized via the hepato-gastrointestinal pathway. LPO levels in the tumor tissues were detected (Figure 5d).
LPO content increased with postinjection time in both free DOX and BDDF NP groups. These data suggested that the
Fe?*-coordinated BDDF NPs could maintain the Fenton reaction of Fe?* and increase ROS to elevate LPO levels.

Synergistic Antitumor Effect of BDDF NPs

U87MG tumor-bearing mice were used to evaluate the synergistic antitumor effect of BDDF NPs. All the mice were
randomly divided into three groups, and various treatments were administered intravenously. Tumor size and body
weight were tested every other day. The results are shown in Figures 6a and d, S§. BDDF NPs resulted in a higher tumor
inhibition rate (70.7%) than free DOX (55.4%) after treatment 30 days, primarily because they targeted tumors, had
a long circulation time, and accumulated in tumors. In addition, the BDDF NP groups did not experience body weight
loss and presented significantly extended survival times (Figure 6b and c). The body weight of the mice in the free DOX
group decreased due to the severe toxic side effects of DOX. Images of tumor sections subjected to terminal
deoxynucleotidyl transferase nick-end labeling (TUNEL) staining are displayed in Figure 6e and f. The BDDF NP
groups showed strong green fluorescence, and the percentages of apoptotic/necrotic cells calculated by ImageJ based on
the TUNEL staining images were 0.18% (control), 41.2% (DOX), and 62.8% (BDDF NPs). Representative liver, heart,
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and tumor tissue sections from various treatment groups were provided in Figure S9. In contrast to those from the free
DOX group, the tumor tissues from the BDDF NP group had numerous dead cells, blank spots, and necrosis, suggesting
effective synergistic tumor therapy. The liver and heart sections from the free DOX group showed slight myocardial
necrosis.

GPX4, B-catenin, P-p53, and p53 protein expression levels were determined through Western blot analysis (Figure 6g and h).
Free DOX could enhance the protein expression levels of B-catenin and inhibit those of P-p53 and p53. However, in the BDDF
NP group, the protein expression levels of P-pS3 and p53 were up-regulated, whereas those of GPX4 and B-catenin were
inhibited. All results indicated that the DNA nanodrug delivery system based on tumor telomerase-targeting BDDF NPs and Fe*"
coordination had two synergistic antitumor pathways: Fe**-mediated ferroptosis and the p-catenin/p53 pathway.

Discussion

Studies have shown that nanodrug delivery systems exhibit high drug loading, passive targeting (EPR effect), and suitable
pharmacokinetic parameters in vivo, and they can integrate diagnosis and treatment.*®>” In this study, we exploited biocompa-
tible telomerase-targeting hairpin DNA enriched with Fe*" in their A base pairs to design a DOX carrier to assemble BDDF NPs
through a clever tailor-made process. Meanwhile, BDDF NPs acted as the molecular core.'® The main components of these
circular-like shape nanoparticles are the telomerase-targeting hairpin DNA and therapeutic agent DOX. It does not need other
delivery materials, thus reducing the toxic side effects induced by the drug carrier. Here, we demonstrate that the Fe**-DNA
@DOX structure targets telomerase in tumors, reduces DOX-mediated cardiotoxicity, and exhibits long circulation times and
highly synergistic antitumor effects.

Telomerase is overexpressed in numerous human cancer cells.*®*” It plays a crucial role in tumor cell division. By contrast,
telomerase is nearly absent from normal cells. Therefore, telomerase has long been used as an antitumor therapy and diagnostic
target.*>*! In this work, we proved that telomerase activities were high in glioma US7MG cells and minimal in AC16 normal
cells (Figure 2e). Therefore, as revealed by NIR images, BDDF NPs were extensively taken up by U87MG cells and showed
strong targeting ability. The NIR fluorescence signal of BDDF NPs in tumor tissues was more robust than that in all the other
organs at 12 h and persisted at 48 h, indicating a good targeting ability associated with the high telomerase activities in USMG
cells. Another interesting finding was the prolonged blood circulation times and tumor accumulation of BDDP NPs.

This work primarily aims to utilize different telomerase activities and iron-increased demand in tumor and normal cells to
reduce DOX-mediated cardiotoxicity and achieve synergistic therapy. BDDF NPs showed low toxicity against normal cells with
low telomerase activities and iron dependency.’'** Consequently, they demonstrated limited retention in heart tissues and
attenuated severe DOX-mediated cardiotoxicity. At the same time, the relevant mechanism of this effect was investigated. In
vitro and in vivo studies revealed that BDDF NPs could reduce DOX-mediated cardiotoxicity by enhancing SOD activities and
HO-1 protein expression.* In vitro studies on synergistic antitumor effects indicated that the BDDF NPs induced remarkable cell
necrosis (Q4) compared with DOX. The same effect was observed in in vivo studies. The tumor inhibition rate of BDDF NPs was
higher than that of DOX. In vitro and in vivo Western blot analysis demonstrated that the GPX4/B-catenin proteins were down-
regulated and the P-p53/p-53 proteins were up-regulated. These effects were accompanied by increased LPO content in tumor
cells and tissues. The impressive therapeutic efficacy of BDDF NPs may be attributed to the following: tumor cells are more
vulnerable to iron-catalyzed ferroptosis, then the Fe**-based DNA drug delivery system releases additional Fe®" to activate the
ferroptosis pathway in tumor cells/tissues. This pathway assisted the killing of tumor cells via the B-catenin/p53 pathway.

Conclusion

In this work, we exploited the synergistic effect of nanoparticles, namely, the coordination between Fe*" and hairpin
DNA, to coordinate DOX in cores via self-assembly. In vitro studies revealed that the nanoparticles had a preferable size
of 61.2 + 7 nm and a reasonable drug release rate. In vitro and in vivo studies showed that the targeting ability of BDDF
NPs was conferred by hairpin DNA that targeted tumor cell/tissue telomerase and led to the long blood circulation and
tumor accumulation time of BDDF NPs. BDDF NPs could significantly reduce DOX’s cardiomyocyte and cardiac
toxicity by improving the antioxidation system and targeting abilities. The mechanism of the synergistic antitumor effect
of BDDF NPs mainly involved two pathways: ferroptosis and the B-catenin/p53 pathway. Our therapeutic nanoparticles
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can be considered DNA-targeting DOX carriers with a solid synergistic antitumor effect, minor cardiotoxicity, and ability
for targeted tumor delivery, thus representing a material with great potential for clinical cancer therapy.
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