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A B S T R A C T   

Lung cancer is the deadliest kind of cancer in the world, and the hypoxic tumor microenvironment can signif-
icantly lower the sensitivity of chemotherapeutic drugs and limit the efficacy of different therapeutic approaches. 
In order to overcome these problems, we have designed a drug-loaded targeted DNA nanoflowers encoding 
AS1411 aptamer and encapsulating chemotherapeutic drug doxorubicin and oxygen-producing drug horseradish 
peroxidase (DOX/HRP-DFs). These nanoflowers can release drugs in response to acidic tumor microenvironment 
and alleviate tumor tissue hypoxia, enhancing the therapeutic effects of chemotherapy synergistic with sono-
dynamic therapy. Owing to the encoded drug-loading sequence, the doxorubicin loading rate of DNA nano-
flowers reached 73.24 ± 3.45%, and the drug could be released quickly by disintegrating in an acidic 
environment. Furthermore, the AS1411 aptamer endowed DNA nanoflowers with exceptional tumor targeting 
properties, which increased the concentration of chemotherapeutic drug doxorubicin in tumor cells. It is note-
worthy that both in vitro and in vivo experiments demonstrated DNA nanoflowers could considerably improve the 
hypoxia of tumor cells, which enabled the generation of sufficient reactive oxygen species in combination with 
ultrasound, significantly enhancing the therapeutic effect of sonodynamic therapy and evidently inhibiting 
tumor growth and metastasis. Overall, this DNA nanoflowers delivery system offers a promising approach for 
treating lung cancer.   

1. Introduction 

Currently, non-small cell lung cancer, which accounts for more than 
80% of all lung cancer cases, is one of the most prevalent and fatal types 
of the disease worldwide [1,2]. Chemotherapy is still the primary 
treatment option for lung cancer therapy nowadays. Among chemo-
therapeutic drugs, doxorubicin (DOX), an anthracycline antibiotic, has 
been utilized in numerous studies for the treatment of lung cancer [3–5]. 
However, the clinical application of DOX still faces many difficulties that 
remain to be solved. In spite of this, DOX has detrimental side effects, 
including cardiomyopathy, which might cause congestive heart failure 
and death [6,7]. Specifically, the multidrug resistance of DOX poses a 
significant challenge to its application in cancer chemotherapy and 
decreased the efficiency of chemotherapy to eliminate tumor cells [8,9]. 

In recent years, combining DOX with other therapies based on secure 
and efficient delivery systems has become an effective strategy for 
cancer treatment [10,11]. 

DNA nanotechnology has found extensive use in a variety of fields, 
including bioimaging, drug delivery, and biomedicine, due to its facile 
synthesis, sequence programmability, high biostability and functional 
diversity [12–14]. DNA nanomaterials, which combine DNA strands 
with other nanomaterials and have uniform sizes and well-defined 
structures, have become novel nanomaterials for biomedicine. They 
have two- or three-dimensionally made DNA nanostructures, such as 
DNA nanoflowers, DNA origami, DNA tree-like molecules, DNA cages, 
and DNA nanoparticles [15–18]. The synthesis of DNA nanoflowers is 
based on the production of a high concentration of long DNA strands and 
the by-product magnesium pyrophosphate during an amplification 
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reaction, and once the concentration of both products reaches a certain 
level, single-DNA molecule could condense to 
magnesium-pyrophosphate particles (as a core) that self-assemble into a 
flower-like structure through liquid crystallization. Furthermore, in an 
acidic environment, the magnesium pyrophosphate core of DNA nano-
flowers disintegrates in a pH-responsive manner, thus allowing DNA 
nanoflowers to release the drug rapidly. Through elaborate template 
sequence design, DNA nanoflowers can be engineered to perform a 
range of applications, including fluorescence imaging, drug delivery, 
and specific recognition [19–21]. DNA nanoflowers have been used 
effectively in the field of tumor therapy because of their high loading 
capacity and remarkable biological stability [13,22]. 

Hypoxia, one of the common features of the tumor microenviron-
ment in the majority of solid tumors, is brought on by the tumor cells’ 
excessive oxygen consumption in the acidic environment and the 
development of malformed blood vessels within the tumor tissue, which 
further reduces the oxygen supply to the tumor tissue [23,24]. Research 
have demonstrated that hypoxia plays a crucial role in the growth and 
metastasis of tumor [25]. In addition, the hypoxic microenvironment 
dramatically lessens the therapeutic effect on tumor cells, including 
chemotherapy and photodynamic therapy [26]. 

Sonodynamic therapy (SDT) is a novel therapeutic approach, which 
can exert toxic effect on tumor cells and bacteria by utilizing low- 
intensity ultrasound to irradiate an acoustic sensitizer to produce reac-
tive oxygen species (ROS). Current studies have shown that the 
chemotherapeutic drug DOX can be used as an ultrasound sensitizer to 
enhance sonodynamic induced DNA damage, cell apoptosis, and the 
production of ROS and hydroxyl radicals [27]. It is of great significance 
to note that oxygen (O2) is one of the primary sources of ROS in the 
mechanism of SDT [28]. Compared with photodynamic therapy, ultra-
sound energy can penetrate deeper tissues to achieve better therapeutic 
effect [29]. Besides, SDT offers the advantages of non-invasive and low 
side effects [30,31]. However, since SDT itself is an oxygen-consuming 
process and the tumor site is extremely hypoxic, it will be severely 
hampered to produce sufficient ROS during SDT, thus seriously weak-
ening the therapeutic effect of SDT. 

Hypoxia-mediated tumor resistance to various therapeutic modal-
ities has been solved by manipulating the hypoxic microenvironment of 
the tumor through a range of oxygen delivery or production strategies. 
Specifically, hyperbaric oxygen therapy, oxygen-carrying nanosystems 
(oxygen-carrying nanobubbles, hemoglobin and perfluorocarbons, etc.) 
and enzymes (catalase, horseradish peroxidase (HRP)) that produce 
oxygen in situ at the tumor site are included, etc [32–36]. All of these 
strategies are effective in alleviating tumor tissue hypoxia and 
enhancing the efficacy of various tumor treatment modalities. These 
approaches, however, still have certain drawbacks, such as the side ef-
fects (oxygen toxicity) of hyperbaric oxygen therapy, the release of toxic 
substances from cell-free hemoglobin when loaded with oxygen for an 
extended period of time, and the poor biosafety of manganese dioxide 
[37]. Consequently, it is essential to develop a reliable and effective 
oxygen delivery route. 

In this study, we prepared a DNA nanoflowers drug delivery system 
embedded AS1411 aptamer sequence in DNA template, which can 
actively target tumor cells and enhance the efficacy of chemotherapy 
synergistic with sonodynamic therapy by alleviating tumor hypoxia. 
DNA nanoflowers were designed to bind to DOX at the drug delivery site 
in the template sequence of DNA nanoflowers, while the AS1411 
sequence of DNA nanoflowers can binds to nucleolin on the surface of 
cancer cells, thus allowing DNA nanoflowers have high drug loading rate 
and precisely deliver drug to tumor sites [38,39]. Moreover, the acidic 
microenvironment of the tumor can disintegrate the magnesium pyro-
phosphate skeleton of the DNA nanoflowers, making it possible to ach-
ieve effective controlled release of the drug. After being loaded by DNA 
nanoflowers, the catalytic activity and stability of HRP was remarkably 
increased, which could catalyze the oxygen generation from endogenous 
H2O2 in tumors, effectively alleviate tumor hypoxia and down-regulate 

the expression of HIF-1α, VEGF and CD31. More importantly, DOX, as an 
acoustic sensitizer under the action of ultrasound, can generate ROS, 
trigger apoptosis and ameliorate the vascular abnormalities of tumor 
tissues [40]. Sonodynamic therapy can not only trigger the generation of 
ROS, but also increase tumor permeability under the effect of cavitation 
in order to promote more chemotherapy drugs to enter tumor cells and 
improve chemotherapy effect [41]. This research demonstrated that our 
multifunctional DNA nanoflowers are biosafe and stable enough to 
significantly enhance the inhibition of tumor growth caused by syner-
gistic chemotherapy and sonodynamic therapy in vivo and in vitro. 
Scheme 1 depicts the therapeutic principle for the ultrasound therapy 
approach combined with multifunctional DNA nanoflowers. 

2. Experimental section 

2.1. Materials 

The DNA oligonucleotide sequence is listed in Table S1 and was 
synthesized and purified by Shanghai Sangon Biotech Co., Ltd. T4 DNA 
ligase was purchased from Takara Biomedical Technology (Beijing) Co., 
Ltd. (China). phi29 DNA polymerase was purchased from New England 
Biolabs Beijing Co., Ltd. (China). dNTPs and Bradford protein detection 
kit were purchased from Shanghai Sangon Biotech Co., Ltd. (China). 
HRP, tris (4,7-biphenyl-1,10-phenanthroline) ruthenium dichloride 
([(Ru (DPP)3)]Cl2) and Matrigel Basement Membrane Matrix were 
purchased from Shanghai Aladdin Biochemical Technology Co., Ltd. 
(China). Fetal bovine serum (FBS), DMEM medium and streptomycin/ 
penicillin were purchased from Beijing Solarbio Science & Technology 
Co., Ltd. (China). Cell counting kit-8 (CCK-8) was purchased from 
Dojindo. (Japan). Transwell plates were purchased from Corning 
Incorporated (USA). 

2.2. Cell culture and animal model establishment 

The murine Lewis lung carcinoma (LLC) cell line was purchased from 
Shanghai Fuheng Biotechnology Co., Ltd, and the human normal bron-
chial epithelioid cell line (16HBE) was provided by Oncology and Epi-
genetics Laboratory of Chongqing Medical University. Both cells were 
cultured in DMEM containing 10% FBS and 1% streptomycin/penicillin 
at 37 ◦C in a normoxic (21% O2) humid atmosphere with 5% CO2. In 
addition, the hypoxic (1% O2) humid atmosphere created by an 
AnaeroGen bag. 

Male C57BL/6 mice (6–8 weeks old, 16–21 g in weight) were pur-
chased from and raised at the Animal Experiment Center of Chongqing 
Medical University. The murine Lewis lung adenocarcinoma model was 
established by subcutaneous injection of LLC cells (1 × 107 cells in 100 
μL) into the right side of C57BL/6 mice. This study complied with the 
ethical standards established by the Experimental Animal Ethics Com-
mittee of Chongqing Medical University (Ethical Number: 2,022,152). 

2.3. Preparation of the circular DNA template 

Phosphorylated DNA template (1 μM) and primer (1.5 μM) were 
hybridized in 1 × T4 DNA ligase reaction buffer (66 mM Tris-HCl, 6.6 
mM MgCl2, 10 mM Dithiothreitol and 0.1 mM adenosine triphosphate) 
by heating at 95 ◦C for 5 min, and then gradually cooled to room tem-
perature. Subsequently, T4 DNA ligase was then added, and the mixture 
was allowed to incubate at 16 ◦C overnight, then T4 DNA ligase was 
inactivated by reaction at 65 ◦C for 10 min. 

2.4. Preparation of HRP-DFs and DOX/HRP-DFs 

The HRP-encapsulated DNA nanoflowers (termed HRP-DFs) were 
synthesized by the RCA reaction. The circular DNA template (0.5 μM), 
Phi29 DNA polymerase (1 U/μL), dNTP mixture (1 mM) and HRP so-
lution (0.5 mg/mL) were incubated in Phi29 DNA polymerase reaction 
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buffer (66 mM Tris-HCl, 6.6 mM MgCl2, 10 mM Dithiothreitol and 0.1 
mM adenosine triphosphate) at 30 ◦C for 10 h. Then the reaction was 
terminated by heating at 65 ◦C for 10 min to inactivate Phi29 DNA 
polymerase. The HRP-DFs were washed three times with deionized 
water by centrifugation at 10000 rpm for 10 min and then stored at 4 ◦C. 
And the blank DNA nanoflowers were prepared by replacing HRP with 
bovine serum albumin (BSA). Doxorubicin (DOX) was mixed with HRP- 
DFs and incubated at room temperature for various durations to pre-
cipitate DOX/HRP-DFs. These DNA nanoflowers are classified as either 
DOX/HRP-DFs (targeted) or DOX/HRP-NADFs (untargeted) depending 
on whether the AS1411 aptamer sequence is encoded in the DNA tem-
plate or not. And FITC-conjugated UTP and Cy5.5-conjugated UTP were 
added to the RCA reaction system to create FITC-DOX/HRP-DFs and 
Cy5.5-DOX/HRP-DFs. 

2.5. Characterization of DOX/HRP-DFs 

The successful synthesis of DOX/HRP-DFs was confirmed by 2% 
agarose gel electrophoresis. And the external morphology and internal 
structure of DOX/HRP-DFs were observed by scanning electron micro-
scopy (SEM, Hitachi, Japan) and transmission electron microscopy 
(TEM, Hitachi, Japan). Then the average size and zeta potential of DOX/ 
HRP-DFs were detected by dynamic light scattering (DLS, Malvern in-
struments, UK). Additionally, the elemental compositions of DOX/HRP- 
DFs were analyzed by energy dispersive X-ray spectroscopy (EDS, 
Hitachi, Japan). HRP content in DOX/HRP-DFs was detected by Brad-
ford protein detection kit. 

2.6. Investigation of drug loading and release from DNA nanoflowers 

In the process of preparing DOX/HRP-DFs, DOX (1 mg/mL) was 
mixed with HRP-DFs and incubated at room temperature for various 
durations, and then centrifuged at 15000 rpm for 15 min. The free DOX 
in the supernatant was quantified by measuring the absorbance at 480 
nm using UV–vis spectrophotometry (UV-2600 SHIMADZU, Japan). The 
amount of DOX loaded in DOX/HRP-DFs was calculated by subtracting 
the amount of DOX in the supernatant from total amount of DOX. 

The amount of HRP in DOX/HRP-DFs was measured by Bradford 
Protein Assay Kit, in brief, the samples were mixed with Bradford’s 
working solution for 5 min to measure the absorbance at 595 nm, and 
the standard curve was determined by the standard protein provided. 
Encapsulation efficiency (%) was obtained from the ratio of the amount 
of HRP added to the total amount of HRP used. 

Given the favorable pH-responsive properties of DNA nanoflowers, 
the effect of different pH on the DOX release from DOX/HRP-DFs was 
investigated by a dialysis method. DOX/HRP-DFs was resuspended with 
deionized water and transferred to different dialysis bags (8–14 kDa 
MWCO). Then the dialysis bags were placed in 20 mL PBS (pH either 7.4, 
6.8 or 5.5) in a breaker and shaken at 100 rpm at 37 ◦C. At various time 
points (0.25, 0.5, 1, 2, 4, 8, 12, 24, 48 h), 300 μL dialysate was sampled 
to detect the concentration of released DOX in each sample and the 
release efficiency were counted as follows: Drug release (%) = (DOX 
amount in dialysate/initial DOX amount in DOX/HRP-DFs) × 100%. 

Scheme 1. The schematic illustrations of multifunctional DNA nanoflowers combined with US therapy strategy.  
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2.7. In vitro cytotoxicity assay 

The cell viability in vitro was tested using the cell counting Kit-8 
(CCK-8) assay to analyze of cytotoxicity of different samples. LLC cells 
were inoculated in 96-well culture plates for 24 h. For chemotherapy, 
the cells were treated with serum-free medium containing free DOX, 
DOX-DFs and DOX/HRP-DFs (DOX with final concentration of 0.5, 1, 2, 
4, 8 μg/mL) for 4 h under normoxia (21% O2) or hypoxia (1% O2), 
respectively. Then the cells were cultured for an additional 24 h, washed 
with PBS, and then 100 μL of the medium containing 10% CCK-8 reagent 
was added to each sample well in the 96-well plate for incubation for 
another 2 h. The absorbance value of all samples in the plate at 450 nm 
wavelength was detected by the Multifunctional Enzyme Labeling In-
strument to determine the cell survival rate. For the sonodynamic 
therapy experiment, LLC cells were treated with above different drugs 
under normoxia (21% O2) or hypoxia (1% O2) for 4 h, and then were 
irradiated with ultrasound (1 MHz, 1W/cm2) (Ultrasound extracorpo-
real noninvasive therapeutic instrument developed by Chongqing 
Ronghai Engineering Research Center of Ultrasound Medicine, and the 
instrument model is USR-2) for 3 min. Following treatment, the cell 
culture was carried out for a further 24 h, and then cell survival was 
measured with CCK-8 reagent. The cell activity was calculated by the 
following formula: Cell viability (%) = (ODtreated – ODblank)/(ODcontrol – 
ODblank) × 100% 

In addition, the toxic effects of different samples in vitro on LLC cells 
under hypoxia were observed by confocal laser scanning microscopy 
(CLSM, Nikon A1, Japan). LLC cells were inoculated in CLSM dishes for 
24 h. Then LLC cells were subjected to the same treatment as described 
above under hypoxia conditions (1%O2), and the cells were stained with 
Calcein-AM/PI live-dead cell double-staining kit at the end of the 
treatment, and the survival and death of cells in different treatment 
groups was observed by CLSM. 

2.8. In vitro apoptosis 

Apoptosis induced by different samples in hypoxic environment was 
detected by flow cytometry. LLC cells at logarithmic growth stage were 
inoculated in six-well culture plates at 1 × 106 cells/well density. For 
chemotherapy, cells were treated with PBS, free DOX, DOX-DFs and 
DOX/HRP-DFs (DOX with final concentration of 0.5, 1, 2, 4, 8 μg/mL) 
for 4 h under hypoxia (1% O2), respectively. Then cells were digested 
with trypsin and stained with Annexin V-fluorescein and 4′,6-diamidino- 
2-phenylindole (DAPI). For the sonodynamic therapy experiment, LLC 
cells were treated with above different drugs under hypoxia (1% O2) for 
4 h, and then were irradiated with 1 MHz ultrasound with intensity of 1 
W/cm2 for 3 min. The cell staining procedure was the same with the one 
in chemotherapy. Finally, all samples were assayed by flow cytometry 
(Beckman Coulter, Inc., USA). 

2.9. Therapeutic effect evaluation of DOX/HRP-DFs combined ultrasound 
irradiation 

When the tumor volumes reached 100–150 mm3, all C57BL/6 tumor- 
bearing mice were randomly divided into eight groups: PBS (control); 
ultrasound alone (US); free DOX; free DOX + US; DOX-DFs; DOX-DFs +
US; DOX/HRP-DFs; and DOX/HRP-DFs + US. Mice with different 
treatments were administered by injecting various medications into the 
mice’s tail veins, and the tumor site of mice in the group associated 
ultrasound were irradiated ultrasound (1 MHz, 1 W/cm2) for 3 min at 
24 h after drug injection during experiments. The weight and tumor 
volume of mice were monitored every 2 days, and tumor volume was 
figured out as follows: tumor volume (mm3) = (Length ×Width2)/2. The 
mice tumors in each treatment group were harvested and photographed 
following the course of treatment. After paraffin embedding, sections 
from tumor tissue were cut in order to conduct hematoxylin-eosin (H&E) 
staining, immunohistochemical staining and immunofluorescence 

experiments. To examine the apoptosis, TdT-mediated dUTP nick end 
labeling (TUNEL) was used to stain tumor cells by immunofluorescence 
staining. Additionally, tumor tissue slices were immunohistochemical 
stained for hypoxia-inducible factor-1α (HIF-1α), vascular endothelial 
growth factor (VEGF) and platelet-endothelial cell adhesion molecule-1 
(PECAM-1/CD31) using the appropriate antibodies, as directed. In the 
meantime, the eyeballs of the mice in each group were removed, and 
blood was taken. And the level of HIF-1α, VEGF and CD31 in serum was 
detected by mouse HIF-1α, VEGF and CD31 ELISA kit. Additionally, the 
survival rate of tumor-bearing mice in each treatment group was 
checked daily during the observation period of 60 days. 

2.10. In vivo biosafety test 

At the end of the treatment, the vital organs (heart, liver, spleen, 
lung, and kidney) of mice in each group were collected and made into 
paraffin sections for H&E staining to evaluate the biosafety of the 
nanoflowers. Meanwhile, the levels of biochemical indicators such as 
alanine aminotransferase (ALT), aspartate aminotransferase (AST), 
blood urea nitrogen (BUN), creatinine (CREA), creatine kinase (CK), and 
total bilirubin (TBIL) were all measured in mice’ serum. 

2.11. Statistical analysis 

All data were expressed as mean ± standard deviation (SD) and 
statistical analysis was performed using GraphPad Prism version 8.00 
for Windows (GraphPad Software; La Jolla, CA, USA). Significant dif-
ferences among groups were analyzed using a one-way ANOVA and 
differences for individual groups were determined using Student’s t-test. 
The results were regarded as a significant difference when *P < 0.05. 
**P < 0.01, ***P < 0.001. 

3. Experimental results 

3.1. Characterization of DOX/HRP-DFs 

The circle-DNA and high molecular weight products synthesized by 
the RCA reaction were characterized by 2% agarose electrophoresis. As 
shown in Fig. 1a, the long-stranded DNA in lane 2 was stagnant in the 
hole due to its larger molecular weight after the RCA reaction and thus, 
the DNA loop product in lane 3 moved slower than the DNA template 
strand in lane 4, demonstrating the generation of loop DNA. The DLS 
results showed that the HRP-DFs, with a particle size at 396 ± 8 nm and 
a potential at − 17.4 ± 1.2 mV, and the DOX/HRP-DFs, with a particle 
size at 415 ± 9 nm and a potential at − 13.3 ± 2.2 mV, demonstrated 
that loading DOX had little effect on the particle size of DNA nano-
flowers (Fig. 1b and c and Fig. S1). The structure and morphology of 
DOX/HRP-DFs were analyzed by SEM and TEM (Fig. 1d and e), and the 
results showed that the prepared DOX/HRP-DFs had a flaky porous 
flower-like structure. These porous structures allow for the loading of 
drug (e.g. DOX). Furthermore, the structures of blank DFs, HRP-DFs and 
DOX-DFs were also analyzed by TEM, and the results show that the 
encapsulation of HRP and DOX does not affect the morphology and 
structure of DNA nanoflowers (Fig. S2). In addition, the constituent el-
ements of DOX/HRP-DFs were analyzed by EDS (Fig. 1f), and the ele-
ments C, N, O, P, and Mg are main elements of the DNA backbone and 
magnesium pyrophosphate in DOX/HRP-DFs. What’s more, the EDS 
elemental mapping showed that the above elements were homoge-
neously distributed in the DOX/HRP-DFs (Fig. S3). To determine the 
amount of DNA in DOX/HRP-DFs, the absorbance of residual dNTP at 
260 nm was measured to calculate the consumption of dNTP, and 
87.02% of dNTP was consumed after 10 h reaction. The amount of HRP 
encapsulation detected by Bradford Protein Assay Kit was 50.8 ± 1.6 
μg/mL, and the encapsulation efficiency was 10.2%. 
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3.2. Stability detection of DOX/HRP-DFs 

The stability of DNA nanoflowers is critical in the complex transport 
environment in vivo. After being incubated for 12 and 24 h with 10% FBS 
and DNase I (5 U/mL), DOX/HRP-DFs were characterized by 2% agarose 
electrophoresis (Fig. 2a). The results showed that DOX/HRP-DFs did not 
decompose after treatment with FBS and DNase I, implying that DOX/ 
HRP-DFs had high serum stability and anti-enzymatic ability. 

3.3. Drug loading and pH responsive release of DOX/HRP-DFs 

The loading of DOX into DOX/HRP-DFs was quantified by a UV–vis 
spectrophotometer. As shown in Fig. 2b, the free DOX was loaded into 
HRP-DFs rapidly within around 30 min, and the drug loading efficiency 
in DOX/HRP-DFs was 73.24 ± 3.45%. After that, the loading efficiency 
of DOX remained essentially unchanged. The high loading rate is due to 
the porous structure of the DNA nanoflowers and the designed DNA 
template containing the drug-loading sequence. The DNA template 
designed in this study contains consecutive CG base pairs providing 
binding sites for DOX, and it is calculated that 42.10 ± 1.97% of DOX is 
loaded by binding to the drug binding sites, while the remaining DOX is 
loaded into the porous structure of DOX/HRP-DFs by physical 
encapsulation. 

Next, the pH-responsive drug release ability of DOX/HRP-DFs was 
investigated. The stability of DOX/HRP-DFs in different pH was inves-
tigated with 2% agarose electrophoresis, which showed that DOX/HRP- 
DFs remained stable at pH 7.4, while decomposition occurred at pH 5.5 
(Fig. 2d). In addition, the drug release experimental results showed that 
at physiological pH (pH = 7.4), DOX/HRP-DFs were more stable and the 
release rate of DOX was only 21.71 ± 1.03% (Fig. 2c), and at pH 6.8, the 
DOX release rate of DOX/HRP-DFs was 29.18 ± 1.12%. However, under 
acidic conditions (pH = 5.5), the release rate of DOX increased rapidly, 
with a cumulative release of 82.42 ± 1.07%. It was demonstrated that 
DOX/HRP-DFs have good pH response characteristics and high stability 
under physiological conditions, which can prevent the early release and 
diffusion of DOX in surrounding normal cells. 

3.4. Detection of catalytic activity of HRP in HRP-DFs 

The catalytic activity of HRP-DFs was evaluated by measuring the 
catalytic rate of H2O2 oxidation of ABTS. As shown in Fig. 2e, when the 
reaction time was 20 min, the absorption peak of HRP-DFs in the 
spectral range of 350 nm–500 nm was significantly higher than that of 
free HRP and the mixture of HRP and blank DFs, indicating that the 
catalytic efficiency of HRP-DFs was better than that of free HRP and the 
mixture of HRP and blank DFs. 

3.5. Oxygen production capacity evaluation 

HRP, as a biocatalyst, can catalyze the conversion of H2O2 into H2O 
and O2. In this experiment, the ability of DOX/HRP-DFs to catalyze the 
conversion of H2O2 to O2 was investigated by a portable dissolved ox-
ygen meter. The oxygen production of blank DFs and free DOX was 
similar to that of the control group, indicating that blank DFs and free 
DOX could not catalyze H2O2 to O2 production (Fig. 2f). In contrast, a 
significant amount of O2 was produced when free HRP and DOX/HRP- 
DFs mixed with H2O2, and DOX/HRP-DFs could generate more O2 
than free HRP. At the same time, the generation process of O2 during the 
reaction was tracked in the centrifuge tube, and visual inspection 
revealed that the number of bubbles in the tube of DOX/HRP-DFs was 
also significantly higher than that of free HRP (Fig. 2g). 

Intracellular O2 production of DOX/HRP-DFs was detected by [(Ru 
(dpp)3)]Cl2 probe, whose fluorescence would be sensitively dampened 
by oxygen molecules. As depicted in Fig. 3a and b. The red fluorescence 
of LLC cells in hypoxic environment was more obvious. After the addi-
tion of free HRP and DOX/HRP-DFs, the intensity of the red fluorescence 
in LLC cells dramatically decreased, and the fluorescence intensity of the 
DOX/HRP-DFs group was weaker than that of the free HRP group. And 
the semi-quantitative results of fluorescence intensity also supported the 
previous experimental findings by showing that DOX/HRP-DFs had 
higher catalytic efficiency than free HRP. 

In addition, hypoxia-inducible fact-1α (HIF-1α) is a major factor 
reflecting the degree of tumor hypoxia, and Western blotting analysis 

Fig. 1. Characteristics of DNA nanoflowers. (a) Products visualized by 2% agarose gel-electrophoresis (lane1: DNA marker, lane2: DNA template, lane3: Ligated DNA 
circle, lane4: DOX/HRP-DFs). (b) The average diameter distribution of DOX/HRP-DFs. (c) Zeta potential of HRP-DFs and DOX/HRP-DFs. (d) SEM images of DOX/ 
HRP-DFs (scale bar = 500 nm). (e) TEM images of DOX/HRP-DFs. (scale bar = 500 nm). (f) EDS elemental mapping of DOX/HRP-DFs. 
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verified that DOX/HRP-DFs were able to significantly down-regulate the 
expression of HIF-1α in hypoxic LLC cells (Fig. 5g), which reconfirmed 
that DOX/HRP-DFs have ability to alleviate the hypoxia of tumor cells 
and enhance the efficacy of SDT. 

3.6. Extracellular and intracellular ROS production 

DPBF reagent was used to assess extracellular ROS production of 
DOX/HRP-DFs. As depicted in Fig. 2h, when H2O2 was absent, the DPBF 
content in the control group showed no significant decrease after irra-
diation, while the concentration of DPBF in the free DOX, mixed free 
DOX and HRP, and DOX/HRP-DFs (pH 7.4) decreased significantly with 
the increase of time after ultrasonic irradiation, which proved that the in 
vitro generation of singlet oxygen (1O2) under action of ultrasound on 
the sound sensitizer (DOX). In addition, when H2O2 was added, more 
DPBF was consumed in the mixed free DOX and HRP, and DOX/HRP- 
DFs (pH 7.4) groups, which proved that the system could boost O2 
level via HRP-enabled H2O2 decomposition and consequently increase 
further 1O2 production (Fig. 2i). It was also found that 1O2 was produced 
at pH 7.4, which may be related to the release of HRP in DOX/HRP-DFs 
brought on ultrasonic irradiation. The amount of 1O2 produced in DOX/ 
HRP-DFs at pH 5.5 was substantially higher than at pH 7.4, indicating 
that the pH-responsive drug release properties of DOX/HRP-DFs are 
more important for SDT. This experiment shows that DOX/HRP-DFs can 

produce ROS after being exposed to ultrasound, and that the ability of 
DNA nanoflowers to synthesize oxygen and to release controlled 
amounts of drugs can improve the therapeutic effects of SDT. 

Next, ROS production in LLC cells was detected using the DCFH-DA 
probe. The results from CLSM observation showed that free DOX was 
able to produce ROS, and that when the intracellular drug concentration 
grew, more ROS could be produced after the addition of DOX/HRP-DFs 
(Fig. 3c and d). In addition, the green fluorescence produced by each 
experimental group increased significantly after ultrasound irradiation, 
with the DOX/HRP-DFs showing the highest level of green fluorescence 
compared with other groups, demonstrating that DOX/HRP-DFs com-
bined US could generate the most ROS in cells. According to flow 
cytometry, cells treated with DOX/HRP-DFs in combination with US had 
the highest fluorescence intensity when compared to other treatments. It 
demonstrates how DOX/HRP-DFs can generate ROS and enhance ther-
apeutic effects of SDT. 

3.7. Specific cellular uptake of DOX/HRP-DFs 

The key to precision therapy lies in targeted drug delivery, which 
boosts SDT treatment effectiveness and lessens cytotoxicity effects on 
neighboring healthy tissues. The nucleolin on the surface of tumor cells 
can be precisely recognized by the AS1411 aptamer encoded in the 
template strand of DNA, giving DOX/HRP-DFs the ability to identify 

Fig. 2. (a). the stability of DOX/HRP-DFs was analyzed by 2% agarose electrophoresis. (lane 1: DNA marker, lane 2 and lane 3: DOX/HRP-DFs in 10% FBS for 12 h 
and 24 h, lane 4 and lane 5: DOX/HRP-DFs in 5 U/mL DNase I for 12 h and 24 h, lane 6: DOX/HRP-DFs in PBS for 24h). (b). DOX/HRP-DFs loading DOX efficiency in 
different time points. (c). DOX release in different pH (5.5, 6.8 or 7.4). (d). 2% agarose electrophoresis analysis of DOX/HRP-DFs at different pH (lane 7: DNA marker, 
lane 8: pH = 7.4, lane 9: pH = 5.5). (e). Corresponding UV–vis absorption spectra at the reaction time of 20 min. (f). Detection the oxygen production of DOX/HRP- 
DFs by a portable dissolved oxygen meter. (g). Photograph of oxygen generation. (h) and (i). Extracellular ROS generation by detecting DPBF consuming without 
H2O2 (h) and with H2O2 (i). 
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tumors. LLC cells (high nucleolin expressing) and 16HBE cells (low 
nucleolin expressing) were used to evaluate whether DOX/HRP-DFs 
could specifically target tumor cells. Results from CLSM and flow 
cytometry revealed that LLC cells fluoresced more intensely than 16HBE 
cells after being incubated with FITC-DOX/HRP-DFs (with FITC fluo-
rescent labeling and AS1411 sequence) for 4 h, indicating that DOX/ 
HRP-DFs possesses effective tumor targeting properties (Fig. 4a and 
b). To further analyze the internalization pathway of DOX/HRP-DFs into 
LLC cells, lysosomes were stained with lysotracker and the co- 
localization of lysosomes with DOX/HRP-DFs was monitored. CLSM 
results showed that DOX/HRP-DFs (the red fluorescent) and lysosomes 
(the green fluorescent) were mostly co-located after 4 h incubation, 
demonstrating that DOX/HRP-DFs were specifically taken up by LLC 
cells through endocytosis (Fig. 4e). 

In addition, to evaluate AS1411-mediated tumor uptake, the AS1411 
sequence in the DNA template was replaced with a random sequence to 
prepare non-targeted nanoflowers (FITC-DOX/HRP-NADFs). The 
experimental results showed that the fluorescence intensity of LLC cells 
incubated with the FITC-DOX/HRP-NADFs was significantly lower 
compared to FITC-DOX/HRP-DFs, indicating that the AS1411 aptamer is 
effective in promoting DOX/HRP-DFs tumor targeting and enhancing 
cell uptake through specific recognition mediated by nucleolin (Fig. 4c 
and d). 

3.8. In vitro cytotoxicity 

The in vitro antitumor effects of DOX/HRP-DFs were investigated by 
CCK-8 assay. In normoxic cells, free DOX, DOX-DFs and DOX/HRP-DFs 
all showed dose-dependent cytotoxicity to LLC cells and the survival 
rates of LLC cells at the highest concentrations were 39.45 ± 0.81%, 
35.4 ± 1.06% and 34.35 ± 2.15%, respectively, owing to the ability of 
DOX-DFs and DOX/HRP-DFs to target LLC cells and achieve drug release 
control, which effectively increased the intracellular drug concentration 
(Fig. S6a). However, in hypoxic environment, the cytotoxicity of free 
DOX (cell viability 68.78 ± 1.71%) was significantly inhibited, while 
DOX-DFs and DOX/HRP-DFs still had higher cytotoxicity, with cell 

viability of 53.07 ± 2.09% and 45.88 ± 1.06%, respectively (Fig. S6b). 
The capacity of DOX/HRP-DFs to catalyze intracellular H2O2 synthesis 
of O2 while accurately delivering medicines, which greatly reduced 
tumor hypoxia and enhanced the cell-killing power, caused them to 
demonstrate the highest cytotoxicity among the groups. Furthermore, 
the antitumor effects of different drugs combined with US were evalu-
ated under normoxia and hypoxia (Fig. 5a and b). The cytotoxicity of 
free DOX and DOX-DFs combined US was significantly reduced in hyp-
oxic cells when compared to normoxic conditions. However, DOX/HRP- 
DFs combined US could dramatically lower the IC50 value of tumor cells 
and successfully increase the cytotoxicity of DOX on LLC cells cultivated 
in vitro (Table S4), demonstrating that the DOX/HRP-DFs created in this 
study could improve the therapeutic effect of SDT on tumor cells. 

After being subjected to various treatments, LLC cells were stained 
with PI (red fluorescence) and Calcein-AM (green fluorescence), fol-
lowed by CLSM observation, wherein green fluorescence indicates that 
the cells are alive and red fluorescence indicates that the cells are dead. 
Fig. 5c illustrates how LLC cells treated with DOX/HRP-DFs had intense 
red fluorescence, indicating strong cytotoxicity of DOX/HRP-DFs, while 
LLC cells treated with free DOX and DOX-DFs showed obvious green 
fluorescence and weak red fluorescence, indicating that there were more 
surviving cells. After ultrasound irradiation, the red fluorescence of each 
group was significantly enhanced, among which only a small amount of 
green fluorescence existed in LLC cells treated with DOX/HRP-DFs 
combined US, proving that DOX/HRP-DFs combined US has powerful 
cytotoxic ability. 

3.9. In vitro apoptosis assay 

To verify the ability of DOX/HRP-DFs combined US in inducing cell 
apoptosis, cells were double-stained by Annexin V-FITC and DAPI, and 
then flow cytometry was used to detect the apoptosis rate of cells 
(Fig. 5d). In line with the findings of the CLSM, DOX/HRP-DFs showed 
the highest apoptosis rate among the drug related-only group. In addi-
tion, after ultrasound irradiation, the apoptosis rate of cells after DOX/ 
HRP-DFs treatment was 72.36 ± 1.60%, which was significantly higher 

Fig. 3. Intracellular oxygen content and ROS production assessment. (a) and (b). CLSM images of intracellular oxygen levels of hypoxic LLC cells in vitro after 
different treatments (a) and relative fluorescence against the control in normoxia (b), scale bar = 50 μm. (c) CLSM images of intracellular ROS generation after 
different treatments, scale bar = 50 μm. (d) Flow cytometric analysis of intracellular ROS generation after different treatments. ***P < 0.001. 
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than that of DOX-DFs and free DOX. The experimental findings 
demonstrated that DOX/HRP-DFs could still induce apoptosis of LLC 
cells under hypoxia, while significantly increasing the killing ability of 
SDT on LLC cells. 

Then, the expression of apoptosis pathway-related proteins Bax and 
Bcl-2 was detected using Western blotting analysis (Fig. 5g). Compared 
with free DOX and DOX-DFs, the expression of Bcl-2 was decreased and 
the expression of Bax was increased in LLC cells treated with DOX/HRP- 
DFs. Similarly, LLC cells treated with DOX/HRP-DFs showed the same 
situation after ultrasonic irradiation, which again confirmed the ability 
of DOX/HRP-DFs to significantly promote tumor cell apoptosis. 

3.10. In vitro migration and invasion ability of LLC cells 

The inhibition of DOX/HRP-DFs on LLC cell migration was examined 
by a scratch assay. As shown in fig. 5e and S7, the scratch healing rate of 
free DOX group was 28.45 ± 1.79%, while that of DOX-DFs group and 
DOX/HRP-DFs group showed a decrease of 18.73 ± 0.91% and 12.96 ±
1.33%, respectively (P < 0.001). However, when different drugs were 
combined US for treatment, the scratch healing ratio of cells in each 
experimental group significantly reduced, with the lowest scratch 
healing rate of 4.14 ± 1.40% in DOX/HRP-DFs group (P < 0.001). The 
experimental results demonstrated that DOX/HRP-DFs in combination 
with US could effectively inhibit the migration ability of LLC cells. This 
study further investigated the inhibitory effect of LLC cells treated with 
DOX/HRP-DFs on invasion ability which was measured by the number 

of cells penetrating the membrane. When compared to free DOX and 
DOX-DFs (both P < 0.001), LLC cells treated with DOX/HRP-DFs had the 
lowest number of cells (194.3 ± 37.6 cells) to penetrate the membrane. 
The findings are presented in fig. 5f and S8. Moreover, the number of cell 
penetrations in each treatment group significantly decreased when cells 
were treated with a drug and US combination, with only 102.0 ± 17.3 
cells in the DOX/HRP-DFs combined US group (P < 0.001). This 
investigation demonstrated that DOX/HRP-DFs with US had a powerful 
inhibitory effect on the invasion ability of LLC cells. 

3.11. In vivo tumor-targeting ability and biodistribution of DOX/HRP-DFs 

To verify the in vivo tumor targeting ability of DOX/HRP-DFs, Cy5.5- 
DOX/HRP-DFs and Cy5.5-DOX/HRP-NADFs were injected into LLC 
tumor-bearing mice via the tail vein respectively, and fluorescence im-
ages were taken at different time points and the corresponding fluo-
rescence intensity was recorded. As shown in Fig. 6a and b, the 
fluorescence intensity at the tumor site of mice in the targeted group 
increased with the extension of time and peaked at 24 h post-injection, 
and the fluorescence remained in vivo 48 h after injection, while the 
fluorescence intensity of the tumor in the non-targeted group was al-
ways lower than that in the targeted group. Subsequently, the distri-
bution of DOX/HRP-DFs and DOX/HRP-NADFs in tumor tissues (in 
which co-localization of DOX with the red fluorescence is observable) at 
24 h after injection was observed by CLSM (Fig. 6e and f). The results 
showed that the red fluorescence inside the tumor tissues was 

Fig. 4. DNA aptamer-mediated specific cancer cell recognition in vitro. (a) and (b). CLSM images (a) and flow cytometric analysis (b) of LLC cell and 16HBE cell 
treated with DOX/HRP-DFs, scale bar = 50 μm. (c) and (d). CLSM images (c) and flow cytometric analysis (d) of LLC cell treated with DOX/HRP-NADFs and DOX/ 
HRP-DFs, scale bar = 50 μm. (e) CLSM images of subcellular localization of DOX/HRP-DFs in LLC cells, scale bar = 50 μm. 
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significantly higher in the targeting group than that in the nontargeting 
group, demonstrating that DOX/HRP-DFs could maintain excellent tar-
geting ability in vivo. 

In addition, the main organs (heart, liver, spleen, lung, and kidney) 
and tumor tissues of tumor bearing mice were collected separately for ex 
vivo fluorescence imaging to evaluate the in vivo distribution of DOX/ 
HRP-DFs. As shown in Fig. 6c and d, DOX/HRP-DFs were mainly 
distributed to tumor, liver and kidney sites after 48 h post-injection, 
which proved that DOX/HRP-DFs were mainly taken up by the endo-
thelial reticular system and then cleared. This experiment showed that 
DOX/HRP-DFs have advantages in targeting as well as retention prop-
erties in vivo. 

3.12. Evaluation of antitumor effect in vivo 

The anti-tumor effects of DOX/HRP-DFs were investigated in vivo by 
LLC tumor bearing C57BL/6 mouse model. During an observation period 
of 14 days, the body weight and tumor volume of mice in each treatment 
group were recorded every two days, and these results was shown in fig. 
7b and c and S9. The final tumor volume was 1107.08 ± 135.28 mm3 for 
free DOX treatment. Nevertheless, the tumor volumes of mice treated 
with DOX-DFs and DOX/HRP-DFs increased more slowly, with the 
volumes at the end of treatment being 822.63 ± 63.83 mm3 and 641.10 
± 109.15 mm3, respectively. This was inextricably associated with the in 
vivo targeting and oxygen generation properties of DOX/HRP-DFs. 

Fig. 5. In vitro cytotoxicity of free DOX, DOX-DFs and DOX/HRP-DFs combined with US on LLC cells under normoxic (a) and hypoxic conditions (b). (c). CLSM 
images showed apoptosis of LLC cells after different treatments, scale bar = 100 μm. (d). Flow cytometric analysis apoptosis of LLC cell induced by different 
treatments. (e). Scratch test showed that DOX/HRP-DFs combined US inhibited LLC cell migration, scale bar = 300 μm. (f). Transwell assay shows the ability of DOX/ 
HRP-DFs combined US to inhibit the invasion of LLC cells, scale bar = 200 μm*P < 0.05, ***P < 0.001. (g). HIF-1α, Bax and Bcl-2 levels of LLC cells were analyzed by 
Western blotting. The cells are separately treated with PBS (control) (I); free DOX (II); DOX-DFs (III); DOX/HRP-DFs (IV); US (V); free DOX + US (VI); DOX-DFs + US 
(VII); and DOX/HRP-DFs + US (VIII). 
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Compared to employing free drugs or nanoparticles alone, the thera-
peutic effect of using drugs or nanoparticles in conjunction with US 
therapy was greater. Of these, the tumor growth of mice treated with 
DOX/HRP-DFs combined US was most obviously inhibited in compari-
son to other experimental groups, and the final tumor volume was only 
236.71 ± 38.90 mm3. In addition, mice in each treatment group gained 
weight during the treatment. What’s more, the survival curve data 
indicated that mice treated with DOX/HRP-DFs in conjunction with US 
had much longer survival times, with a survival rate of 80% even after 
60 days (Fig. 7d). 

The pathological alterations of the tumor tissues were then evaluated 
using hematoxylin-eosin (H&E) staining, and TUNEL immunofluores-
cence assays were used to measure the amount of apoptosis in the tumor 
tissues in response to various therapies. Fig. 7e shows that H&E staining 
of tumor cells following DOX/HRP-DFs combined US therapy showed 
cellular structural changes with necrosis and nucleus fragmentation in 

comparison to the control group. In contrast, TUNEL fluorescence la-
beling revealed the most intense green fluorescence in the tumor tissue 
after DOX/HRP-DFs combined US therapy compared to other treatment 
groups, consistent with the H&E staining results, demonstrating that 
significant numbers of tumor cells displayed apoptosis (fig. 7f and S10). 
The findings from H&E staining and the TUNEL assay supported that 
DOX/HRP-DFs combined US had notable anti-tumor effect. 

In addition, the level of oxidative damage was indirectly determined 
by measuring the level of malondialdehyde (MDA) in the tumor tissues 
of each treatment group (Fig. S14). The experimental results showed 
that the MDA level was significantly higher in each treatment group 
after ultrasound irradiation than in the group treated with drugs alone, 
and the oxidative damage level was higher in the tumor tissues treated 
with DOX/HRP-DFs, compared with free DOX and DOX-DFs, which 
proved that increased oxygen content could effectively increase ROS 
production in tumor tissues. 

Fig. 6. In vivo DOX/HRP-DFs tumor-targeting ability and biodistribution. (a). Fluorescence images of C57BL/6 tumor-bearing mice at different time points (3 h, 6 h, 
9 h, 24 h, 48 h) after injection of Cy5.5-labeled DOX/HRP-DFs and Cy5.5-labeled DOX/HRP-NADFs. (b). Fluorescence intensity of tumor tissue at different time 
points. (c). Fluorescence imaging of ex vivo tumor tissues and major organs at 48 h after Cy5.5-labeled DNA nanoflowers injection. (d). Fluorescence intensity ex vivo 
tumor tissues and major organs at 48 h after Cy5.5-labeled DNA nanoflowers injection, scale bar = 50 μm. (e) and (f). CLSM images (e) and fluorescence intensity (f) 
of tumor frozen section at 24 h post-injection of Cy5.5-labeled DNA nanoflower, scale bar = 200 μm ** represents P < 0.01. 
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HIF-1α upregulates vascular endothelial growth factor (VEGF), 
which in turn encourages neovascularization, when present in the 
hypoxic microenvironment of tumor tissues. Tumor tissues from each 
treatment group were subjected to immunohistochemical labeling for 
HIF-1α, VEGF, and CD31 to investigate the potential effects of DOX/ 
HRP-DFs combined US on enhancing hypoxia and reducing neo-
vascularization in tumor tissues. The number of positive cells in the HIF- 
1α, VEGF, and CD31 labeling of tumor tissues treated with DOX/HRP- 
DFs combined US was dramatically reduced when compared to other 
treatment groups, as shown in (Fig. 8a, b and 8c). Meanwhile, the serum 
ELISA results of each treatment group also confirmed that DOX/HRP- 
DFs combined US treatment effectively reduced the levels of HIF-1α, 
VEGF and CD31 in tumor serum (Fig. 8d, e and 8f). This is due to the 
capacity of HRP encapsulated in DOX/HRP-DFs to effectively catalyze 
intracellular H2O2 to generate O2 to alleviate tumor tissue hypoxia. 

3.13. In vivo biosafety of DOX/HRP-DFs 

The in vivo biosafety of DOX/HRP-DFs was evaluated by blood 
biochemical indexes and histopathology of vital organs. And the blood 
biochemical test results showed that the liver function indexes, such as 
alanine aminotransferase (ALT), aspartate aminotransferase (AST) and 
total bilirubin (TBIL), renal function indexes, such as creatinine (CREA) 
and blood urea nitrogen (BUN) and cardiac function indexes, such as 
kinase (CK), were all within the normal range and did no differ signifi-
cantly from the control group (P < 0.05), indicating that DOX/HRP-DFs 

was not toxic to C57BL/6 mice at a certain dose (Fig. S11). In addition, 
since DOX/HRP-DFs formulation needs to be transported through blood, 
hemolysis tests are important to detect the biosafety of DOX/HRP-DFs in 
vivo. The results showed that no significant hemolysis was observed 
when the red blood cells suspension was co-incubated with different 
concentrations of DOX/HRP-DFs (DOX with final concentration of 2, 4, 
8, 16, 32 and 64 μg/mL), and the hemolysis rate was less than 5%, which 
proved that DOX/HRP-DFs had good biocompatibility (Fig. S12). The 
finding by H&E pathological staining after 14 days of therapy that there 
was no obvious coagulation necrosis and injury in the heart, liver, 
spleen, lung, kidney, and other major organs of C57BL/6 mice with 
DOX/HRP-DFs treatment further supported the biological safety of 
DOX/HRP-DFs in vivo (Fig. S13). 

3.14. Activation of immune response mediated by CG sequence in DOX/ 
HRP-DFs 

The activation of immune response by CG sequence was reflected by 
detecting the level of serum cytokines in mice (Fig. S15). Serum ELISA 
results showed that IFN-γ, TNF-α, and IL-6 levels were relatively 
increased in the DOX/HRP-DFs group, implying that CG sequences rich 
in DOX/HRP-DFs can induce the production of serum immune factors 
and have certain immunostimulatory effects. 

Fig. 7. Evaluation of antitumor effect in vivo. (a). The illustration of the treatment in C57BL/6 LLC tumor-bearing mice. Tumor volumes (b), relative body weight (c) 
and survival curve (d) of tumor-bearing mice in each treatment group after 14 days of different treatments. (e). Representative H&E staining images of the tumor 
tissues in tumor-bearing mice with different treatments, scale bar = 100 μm. (f). TUNEL fluorescence staining of tumor tissues in each treatment group after 14 days 
of different treatments, scale bar = 150 μm **P < 0.01, ***P < 0.001. 
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4. Discussion 

Currently, chemotherapy remains the main treatment option for lung 
cancer in clinical practice [42]. However, conventional chemothera-
peutic drugs are non-selectively targeted, lack controlled administration 
in clinical treatment, and cannot be effectively accumulated in tumors. 
Chemotherapy-induced systemic toxicity has become a pressing chal-
lenge in clinical treatment [43,44]. Furthermore, it is widely known that 
hypoxic microenvironments found in solid tumors are one of the major 
contributors of drug resistance [45–47].Thus, our research has devel-
oped a multifunctional DNA nanoflowers drug delivery platform that 
can avoid these tissues and specifically target cancer cells. By lowering 
hypoxia in the tumor tissue, this drug delivery platform can enhance the 
therapeutic efficacy of chemotherapy when applied in conjunction with 
SDT for metastatic lung cancer. 

The RCA, an enzyme reaction, which amplifies single stranded DNA 
effectively under isothermal conditions, is commonly employed to in-
crease detection signals with good stability. When magnesium pyro-
phosphate is present as a co-precipitant during the nanoflower 
formation process, long RCA products have been demonstrated to 
spontaneously self-assemble into densely packed DNA-inorganic hybrid 
nanoflower structures. Using RCA technology, cell-targeting groups, 
aptamers, fluorophores, and drug-loading sequences can be added to 

multifunctional DNA nanoflowers [48–50].After that, these DNA nano-
flowers can be utilized for bioimaging, bioassays, and drug delivery. In 
the present study, we successfully synthesized DNA nanoflowers loaded 
with DOX and HRP catalytic enzyme (DOX/HRP-DFs) by RCA tech-
nique. The DOX/HRP-DFs were observed by SEM and TEM in a lamellar 
flower-like porous structure, which provides the possibility of physical 
encapsulation of the drug (Fig. 1d and e). The stability of DOX/HRP-DFs 
was also investigated in this experiment, and the results showed that 
DOX/HRP-DFs had high serum stability and anti-enzymatic ability, 
which was inseparable from the dense structure of DOX/HRP-DFs and 
also laid the foundation for the subsequent in vivo experiments of 
DOX/HRP-DFs (Fig. 2a). 

Due to the programmability of DNA nanoflowers, DOX was able to 
non-covalently bind to double-stranded DNA through intercalation into 
the helix, and the amount of drug loading was regulated by encoding a 
drug loading sequence in the DNA template strand of DOX/HRP-DFs 
[14,51]. The DOX/HRP-DFs designed in this work have an extremely 
high drug loading rate of 73.03 ± 3.8%. Among these, it was determined 
that 42.10 ± 1.97% of the DOX was loaded into drug binding sequences 
of DNA nanoflowers through intercalation, while the remaining DOX 
was speculated to be physically encapsulated into the DOX/HRP-DFs. 
Fig. 2b presents these results. Compared to nanoparticles made from 
other materials, the nanoflowers created in this study had a substantially 

Fig. 8. In vivo improvement of tumor hypoxia and angiogenesis. HIF-1α (a), VEGF (b) and CD31 (c) immunohistochemical staining of tumor tissues and the serum 
level of HIF-1α (d), VEGF (e) and CD31 (f) in each treatment group after 14 days of different treatments, scale bar = 100 μm *P < 0.05, ***P < 0.001. 
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higher drug loading rate. For instance, the PLGA nanoparticle’s drug 
loading rate is frequently less than 10%. Good therapeutic effect of 
DOX/HRP-DFs was guaranteed by the high drug loading rate. The 
AS1411 aptamer sequence, which binds with nucleolin expressed on 
cancer cell surfaces to specifically transport drugs to tumor cells, was 
also embedded in the DNA template strand of DOX/HRP-DFs [52,53]. 
Through the results of flow cytometry and CLSM, it was found, as shown 
in Fig. 4, that DOX/HRP-DFs specifically attached to LLC cells that are 
nucleolin-highly expressed and was further taken up by the cell via 
lysosome-mediated endocytosis. 

A weak acid environment is one of the primary characteristics of 
solid tumor. The pH-responsive drug release of DOX/HRP-DFs was 
confirmed by our research. At pH 5.5, their 48h drug release rate could 
exceed 80%, whereas in physiological buffer (pH = 7.4), it was 
considerably retarded (Fig. 2c). The magnesium pyrophosphate core’s 
automatic disintegration in an acidic environment led to drug DOX 
releasing. DOX/HRP-DFs structure collapse in an acidic environment 
(pH = 5.5) can be observed from Fig. S4. DOX is released from nano-
particles that stay in the body for a long period under acidic conditions 
in tumor tissue; this can lessen the damaging effects of DOX on normal 
tissues. The release of DOX from nanoparticles that remain in tumor 
tissues for an extended period of time under acidic conditions can 
mitigate the deleterious effects on normal tissues. 

Hypoxia in tumor tissues is a significant factor in the development of 
their enhanced drug resistance, which has a negative impact on the ef-
ficacy of tumor therapy. HRP encapsulated in DOX/HRP-DFs can 
effectively catalyze the decomposition of H2O2 to generate O2. The ca-
pacity of DOX/HRP-DFs to produce oxygen was examined in this study, 
and the results demonstrated that DOX/HRP-DFs could catalyze H2O2 to 
produce O2, and they produced more oxygen than free HRP (Fig. 2f and 
g). This might be the secondary structure of HRP was altered by the 
negatively charged environment of DNA nanoflowers, considerably 
improving its catalytic efficacy [54,55]. 

Subsequently, intracellular hypoxic of LLC cells relief was investi-
gated by an oxygen detection probe [(Ru (dpp)3)]Cl2 probe, with the 
degree of intracellular hypoxia being positively correlated with the in-
tensity of red fluorescence (Fig. 3a and b). Additionally, hypoxia 
inducible factor-1alpha (HIF-1α) is a marker for hypoxic conditions. By 
using immunohistochemistry labeling for HIF-1α expression, hypoxic 
tumor regions were also investigated. When compared to US alone or 
DOX-DFs, the levels of HIF-1α in tissues revealed that DOX/HRP-DFs 
with US irradiation may considerably boost tumor hypoxia alleviation 
(Fig. 8a). The serum HIF-1α ELISA results were consistent with the 
immunohistochemistry investigation (Fig. 8d). The aforementioned 
characteristics of DOX/HRP-DFs enable them to precisely target tumor 
cells, release drugs efficiently in response to the tumor’s acidic envi-
ronment, and alleviate the hypoxic conditions inside tumor cells. 
Furthermore, the physical penetration of ultrasound made it possible for 
more DOX/HRP-DFs to penetrate the target region, which released more 
HRP and alleviated tissue hypoxia. 

This experiment investigated the inhibitory effects of DOX/HRP-DFs 
combined with US on LLC lung cancer cells both in vitro and in vivo. 
According to Table S4, DOX/HRP-DFs combined US could dramatically 
lower the IC50 value of tumor cells and successfully increase the cyto-
toxicity of DOX on LLC cells cultivated in vitro, demonstrating that the 
DOX/HRP-DFs created in this work could improve the therapeutic effect 
of SDT on tumor cells. In addition, this study also evaluated the thera-
peutic effect of DOX/HRP-DFs combined US on LLC tumor-bearing mice, 
and the experimental results showed that DOX/HRP-DFs combined US 
in this study could effectively inhibit volume growth of tumor in com-
parison to other experimental groups(fig. 7b and S8). What’s more, the 
histopathology confirmed that tumor tissue suffered necrosis and nu-
clear fragmentation during therapy, and meanwhile, TUNEL fluores-
cence staining results demonstrated that DOX/HRP-DFs combined US 
significantly boosted apoptosis in tumor cells (Fig. 7e and f). 

Tumor tissues under hypoxia state have increased the expression of 

HIF-1α, subsequently leading to upregulated VEGF expression and 
abnormal tumor angiogenesis [56–58]. Additionally, CD31, a member 
of the immunoglobulin superfamily, is widely utilized to evaluate tumor 
angiogenesis by counting CD31 positive cells to estimate the amount of 
tumor microvessels [59]. In order to achieve a better drug delivering to 
tumor cells, DOX/HRP-DFs may reduce tumor tissues’ hypoxic envi-
ronments, which would inhibit the expression of VEGF and CD31 and 
restore tumor angiogenesis. The immunohistochemical staining and 
ELISA results revealed that, compared to the other treatment group, 
DOX/HRP-DFs decreased the expression of HIF-1α, VEGF, and CD31 in 
LLC lung cancer tissues (Fig. 8a, b and 8c). These results again demon-
strated that the prepared DOX/HRP-DFs have an ability to efficiently 
deliver and specifically target tumor cells, substantially alleviate tumor 
hypoxia to enhance SDT efficacy and achieve significant tumor 
suppression. 

The mechanical effects of ultrasound may affect the physiological 
activity of cells, causing structural changes and the thermal effects may 
also cause damage to cells, but more importantly, ultrasound can acti-
vate sonosensitizers to produce highly lethal ROS, which has substantial 
anti-tumor effects, marvelous tissue penetration and non-invasiveness 
properties. In addition to being a chemotherapy medication to treat 
various cancers, DOX is also one of the most well-known and potent 
sonosensitizers [40]. After combining with ultrasound, it exhibits a SDT 
effect. In the present study, higher levels of ROS were detected in the 
DOX/HRP-DFs formulations following ultrasound activation (fig. 3c and 
d and S14), indicating that ultrasound can activate DOX to increase 
more ROS content, which in turn heightens the anti-tumor activity. 
Through a rapid O2 release and an increase in blood perfusion, 
DOX/HRP-DFs were able to alleviate hypoxia and promote ROS gener-
ation under the influence of ultrasonic irradiation, which enhanced the 
anticancer activity of SDT. 

Inhibition of tumor metastasis is also a more important aspect of 
tumor therapy, so this experiment also explored the potential of DOX/ 
HRP-DFs combined with US to inhibit tumor cell metastasis. In vitro 
experiments show that DOX/HRP-DFs combined with ultrasound has the 
potential to inhibit the migration and invasion of tumor cells, and the 
inhibitory effect of chemo-sonodynamic therapy is greater than that of 
chemotherapy alone (Fig. 5e and f). Further in vivo experiments show 
that DOX/HRP-DFs can effectively alleviate tumor hypoxia and down- 
regulate HIF-1α expression, and after combined US, it could further 
down-regulate the level of VEGF and CD31 and improve the vascular 
supply of tumor tissue, which is also a possible mechanism for DOX/ 
HRP-DFs combined with ultrasound to inhibit tumor metastasis. 

According to the aforementioned findings, DOX/HRP-DFs combined 
US provides the optional tumor-suppression effect through a variety of 
synergistic mechanisms, such as the following: 1. the capacity to spe-
cifically target tumors; 2. oxygenation to alleviate tumor hypoxia, 
normalize tumor angiogenesis, and reverse hypoxia-induced tumor drug 
resistance; 3. reducing the inhibitory effect of hypoxia on SDT, 
increasing ROS production, and improving the therapeutic effect of SDT 
combined with chemotherapy on tumors. 

5. Conclusion 

In this study, we successfully prepared a multifunctional DNA 
nanoflowers drug delivery platform (DOX/HRP-DFs) which is co-loaded 
with DOX and HRP, and it performs satisfactorily in terms of both total 
drug loading rate and drug loading performance. The DOX/HRP-DFs 
exhibited remarkable tumor targeting ability both in vivo and in vitro, 
and they could effectively increase the drug concentration in tumor cells 
while minimizing the toxic side effects. DOX/HRP-DFs combined with 
US could significantly ameliorate the hypoxia of tumor tissues, reducing 
the development of tumor aberrant blood vessels by accelerating the 
production of oxygen from hydrogen peroxide in tissues and subse-
quently down-regulating cytokines including HIF-1α, VEGF and CD31. 
Under ultrasonic irradiation, the multifunctional DNA nanoflowers were 
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able to produce notable amounts of reactive oxygen species both in vitro 
and in vivo, and significantly inhibited the growth of tumor cells. Our 
research demonstrates that the multifunctional DNA nanoflowers drug 
delivery platform developed in this study is anticipated to offer a 
promising strategy for the treatment of metastatic lung cancer. 
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