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Intratumor bacteria, which are involved with complex tumor development mechanisms, can compromise the
therapeutic efficiencies of cancer chemotherapeutics. Therefore, the development of anti-tumor agents targeting
intratumor bacteria is crucial in overcoming the drug inactivation induced by bacteria colonization. In this study,
a double-bundle DNA tetrahedron-based nanocarrier is developed for intratumor bacteria-targeted berberine
(Ber) delivery. The combination of aptamer modification and high drug loading efficacy endow the DNA

nanocarrier TA@B with enhanced delivery performance in anti-tumor therapy without obvious systemic toxicity.
The loaded natural isoquinoline alkaloid Ber exhibits enhanced antimicrobial, anticancer, and immune micro-
environment regulation effects, ultimately leading to efficient inhibition of tumor proliferation. This intratumor
bacteria-targeted DNA nanoplatform provides a promising strategy in intervening the bacteria-related micro-
environment and facilitating tumor therapy.

1. Introduction

Tumor-resident microbiota is an emerging component that has been
documented for a variety of cancer-related biological functions and
mechanisms [1-3]. Recent evidence is gradually validating that bacteria
are integral components of the tumor across a wide range of cancer types
[3,4]. Intratumor bacteria promote tumor metastatic colonization and
influence the responses of tumor cells to immunotherapy in various
cancers. Research has shown that depleting intratumor bacteria leads to
a significant reduction in tumor metastasis [1,3,5]. The presence of
colonized bacteria as environmental factors can alter the metabolism,
growth pattern, and function of neoplastic cells, leading to the reshaping
of the tumor microenvironment during the process of tumor formation
[6]. Given the close association between treatment effects and the tumor
microenvironment, as well as the immune microenvironment, the
impact of bacteria present within tumors on tumor initiation,
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promotion, and progression is complex [4,7]. Additionally, the presence
of intratumor bacteria can compromise the therapeutic efficacy in
chemotherapy. First-line chemotherapeutic, such as gemcitabine, are
observed to be counteracted and metabolized into inactivated form by
intratumor bacteria [3,8]. The increasing drug inactivation gradually
leads to cancer drug resistance and finally posing challenges to clinical
cancer treatment. Overall, intratumor bacteria play a pivotal role in
unraveling the mechanisms of tumor resistance and serve as a research
target for the development of anticancer drugs.

To overcome the tumor metastatic promotion and drug inactivation
induced by bacteria colonization, the development of strategy combined
antitumor treatment with specific sterilization is expected to enhance
the therapeutic effect. Broad-spectrum antibiotics are commonly used as
the first-line anti-infection drugs in antibacterial treatment [9,10].
However, indiscriminate systemic bacteria killing compromises body
microbiome diversity and could impair the efficacy of immune-related
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tumor inhibition [11-13]. In addition, the complex barrier of tumor
microenvironment restricts the permeation of antibiotics into the tumor.
High-dose medication and repeat exposures to antibiotics can also lead
to variety of adverse effects [14,15]. Therefore, selective targeting of
intratumor bacteria associated with cancer chemotherapeutics holds the
potential to effectively inhibit the growth of the intratumor bacteria and
alleviate bacterium-induced drug inactivation [16,17].

Nanoparticle-based drug delivery carriers possess significant ad-
vantages in enhancing drug accumulation and improving therapeutic
efficacy [10,18-20]. Precisely combined therapy can also be achieved
by targeted ligand modification on the drug carriers. DNA nano-
structures, which have demonstrated high drug-loading capability and
superior biocompatibility, have been utilized to deliver therapeutic
drugs to targeted regions for various diseases treatment [21-24].
Functional groups, including targeted ligands, signal probes, catalytic
groups, and drug molecules, can be precisely organized on DNA nano-
carriers to generate vital properties for targeted accumulation and
controlled release [19,25]. The loading strategy for drugs and functional
ligands based on noncovalent binding endow DNA self-assembly nano-
carrier with high loading efficiency and simplified synthesis procedure.
Avoiding complex chemical synthesis, the facile preparation process
effectively enhances the therapeutic effect of antibiotics. While
outstanding performance has been achieved in sterilization, the devel-
opment of DNA nanocarrier has not been fully explored for achieving a
synergistic intervention effect of the loading functional components.
Based on tailored properties above, we hypothesized that agents with
antibacterial activity could be efficiently loaded in the precisely
self-assembled DNA nanostructures and effect enhanced tumor micro-
environment regulatory functions by targeted delivery.

Berberine (Ber), as one of the most used natural isoquinoline alkaloid
worldwide, is a potent alkaloid with considerable pharmacological ac-
tivities, including antimicrobial, anticancer, and anti-inflammatory ef-
fects [26-28]. In this study, we present a universal strategy for
intratumor bacteria-targeted Ber delivery (Scheme 1). A
bacteria-specific double-bundle DNA tetrahedron was firstly developed
for recognizing and binding with intratumor bacteria. Through
site-specific hybridization of multiple bacteria-specific aptamers, the
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Scheme 1. A schematic representation of the DNA tetrahedron-based intra-
tumor bacteria-targeted DNA nanocarrier for multifaceted tumor microenvi-
ronment intervention-based cancer therapy. The loaded Ber exhibits enhanced
antimicrobial, anticancer, and immune regulation effects, ultimately leading to
efficient inhibition of tumor proliferation.
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DNA tetrahedron with Aptamer (TA) accumulates in tumor through
enhanced permeability retention effect, penetrates into the tissue, and
binds with bacteria. The ternary function agent Ber was efficiently
loaded into the TA through intercalation-based noncovalent binding
with DNA duplex. This drug-loading strategy achieved high delivery
performance without the need for complicated chemical reactions and
purification processes. The enhanced tumor cell inhibition, antibacterial
activity, and immune regulation effects of TA@B co-ordinately regulate
tumor microenvironment and significantly inhibit tumor growth. This
rationally designed nanocarrier, namely TA@B, with controllable size
and shape exhibits excellent targetability and effective antitumor effi-
cacy without detectable systemic side effects in vivo. Our study
demonstrated the first example of intratumor bacteria-targeted DNA
platform for multifaceted tumor microenvironment intervention-based
cancer therapy.

2. Experimental section
2.1. Materials

Chemicals and solvents were obtained commercially and used
without further purification. Millipore water was used to prepare all
aqueous solutions. All DNA oligonucleotides used in this study were
purchased from Huzhou Hippo Biotechnology Co., Ltd. Dimethyl sulf-
oxide, LPS, and crystal violet were purchased from Aladdin (Shanghai).
Live & Dead Bacterial Staining Kit (cat# 40274ES60), MolPure® Bac-
terial RNA Kit (cat#18806), and Hifair® III One Step RT-qPCR SYBR
Green Kit (cat#11143ES70) were purchased from Yeasen, Shanghai,
China. TUNEL staining kit was purchased from Solarbio kit (Beijing,
China). The bacteria strain Escherichia coli was obtained from BeNa
Culture Collection (Beijing, China). The bacteria strain was maintained
in LB broth supplemented at 37 °C with shaking (225 rpm). 4T1 cell was
purchased from the American Type Culture Collection. The 4T1 cells
were maintained in DMEM supplemented with 10 % FBS and penicillin/
streptomycin in a humidified atmosphere containing 5 % CO3 at 37 °C.

2.2. Construction and characterization of TA@B

DNA tetrahedron used in this work is modified from previous reports
from Ding’s research [29]. DNA sequences used in this study for DNA
tetrahedron assembly are shown inTable S1. Table S1. The E. coil-specific
aptamer  (CATATCCGCGTCGCTGCGCTCAGACCCACCACCACGCACC)
was stretched from the hybridization sequence. Concentrations of puri-
fied oligonucleotides were determined by measuring UV absorbance at
260 nm. The purified DNA strands were mixed at the same molar ratio in a
1 x TAE/Mg2+ buffer (40 mM Tris, 20 mM acetic acid, 2 mM EDTA, and
12.5 mM magnesium acetate, pH = 8.3) with the final concentration of 1
pM. The aforementioned assembly solutions were kept at 95 °C for 3-5
min and then cooled down from 95 to 25 °C over 24 h. For the preparation
of TA@B, Ber was pre-dispersed in DMSO with a concentration of 5 mM.
Then, the TA was added with different ratios of Ber from 1:1 to 1:4 (DNA
base pair: Ber) and cultured at 25 °C for 3 h. After the loading process, the
TA@B was purified by an Amicon stirred cell (UFSC05001) equipped with
5 kDa ultrafiltration disc under nitrogen pressure to filter the samples
under continuous stirring to avoid the possible aggregation by high local
concentration. The unloaded Ber was quantified by measuring UV ab-
sorption at 325 nm. The drug loading efficiency (DLE) was calculated
according to the following equations:

Ber added — free Ber

% —
DLE % Ber added

x 100%

The prepared samples were imaged with an Ht7800 TEM (Hitachi)
and MultiMode 8 AFM (Bruker). Dynamic light scattering of DNA tet-
rahedron (50 nM) was performed on a Malvern Zetasizer Nano-ZS
(Malvern Instruments, U.K.).
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2.3. Evaluation of ber release

TA@B was separated into 1 mL of PBS (pH 6.0, pH 7.4, or pH 8.3)
and sealed in a dialysis bag (3 KDa). The dialysis bag was immersed in
10 mL of PBS with the corresponding pH and then incubated with
continuous shaking at 37 °C. At the predesigned time intervals, 1 mL of
dialysate was collected from each sample, and 1 mL of the corresponding
buffer was added to the remaining dialysate. The collected dialysate was
analyzed using a UV spectrophotometer.

2.4. Bacterial binding analysis

Bacteria strand E. coli (gram-negative, BNCC336902) was utilized for
performance study. For bacterial binding analysis, activated E. coli (1 x
10%) was cultured with 100 pL of the Cy5-labeled DNA tetrahedron. The
concentration of samples was based on Cy5 (1 pM). The mixture was
incubated at 37 °C for 30 min. After culture, Bacteria were then collected
by centrifuging (4000 rpm, 1 min) and washed with PBS for 3 times.
Then, the bacteria were transferred to confocal dish and covered with a
glass coverslip for laser scanning confocal microscopy (LSCM) imaging
(Carl Zeiss, Germany).

In the bacteria-infection model, TA (1 pM Cy5) was pre-mixed with
E. coli (1 x 10®) for 5 min. Then, the mixture was added into the confocal
dish with pre-adhesion 4T1 cell. After 0.5 h incubation, Calcein AM (10
pM) was added for 4T1 staining. The samples were washed with PBS.
Then, the supernatant containing bacteria was transformed back to the
confocal dish and imaged by CLSM.

2.5. Antimicrobial activity tests

The antimicrobial activity was tested on E. coil. Briefly, the bacterial
suspensions (5 x 10° CFU/mL) were resuspended in the LB broth. Then
the drugs were added and the drug concentration of different compo-
nents was based on 1 mM Ber. After 12 h of incubation, the ODggo value
was measured for relative bacterial viability analysis.

The bacteria after different treatments were centrifuged (4000 rpm,
5 min) and redispersed in 0.5 mL test buffer. Then, DMAO (Ex/Em =
503/530 nm) and EthD-III (Ex/Em = 530/620 nm) were added
following the instructions of the Live & Dead Bacterial Staining Kit for
staining. After incubation, bacteria cells were centrifuged, washed with
PBS for 3 times, and observed by CLSM.

2.6. Cellular cytotoxicity assay

4T1 cells were seeded in 96-well plate with 5 x 10° cells per well and
cultured overnight for cell adhesion. Then, the medium was replaced by
100 pL of OPTI-MEM medium containing drugs. The concentration of
each sample was based on 1 mM Ber. For the bacteria-infected model,
the E. coli-tumor cell mixture (5 x 10° 4T1 cells with 1 x 10° E. coli) was
treated with drugs based on 1 mM Ber. The cells were further incubated
for 48 h at 37 °C. Then the medium with drugs was replaced by fresh
culture medium containing Cell Counting Kit-8 (CCK8) solution. After
the incubation of 0.5 h at 37 °C, the absorbance at 450 nm was measured
using a Bio-Rad 680 microplate reader.

2.7. Quantitative RT-PCR assay

Total RNA was extracted by the MolPure® Bacterial RNA Kit following
the instructions. Briefly, E. coil (1 x 108) treated with different drugs were
harvested, washed with cold PBS, and retreated with RNA protect Buffer.
The isolation of RNA was conducted on ice, followed by reverse tran-
scription of the total RNA into cDNA. Subsequently, the quantitative real-
time PCR analysis of the cDNA samples (100 ng) was performed using the
RT-qPCR SYBR Green Kit. Primer sequences are shown inTable S2.
Table S2. Quantitative real-time PCR was performed using the Multicolor
Real-Time PCR Detection System (Bio-Rad, CA, USA).
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2.8. In vitro immune regulation

To evaluate the anti-inflammatory efficiency, 3 x 10° RAW 264.7
cells were inoculated into 6-well plates overnight. The cells were then
treated with lipopolysaccharide (LPS, 100 ng mL™}) for 12 h to induce
inflammation. Then the induced cells were incubated with PBS, Ber, and
TA@B for 12 h. After the incubation, the TNF-a and IL-6 level was
determined by an enzyme-linked immunosorbent assay (ELISA) kit.

2.9. Animals and tumor model-building

Female BALB/C mice (6 weeks) were obtained from Beijing Vital
River Laboratory Animal Technology Co., Ltd. All animal-related pro-
cedures were approved by the Institutional Animal Care and Use Com-
mittee of Hainan Medical University with ethics approval (HYLL-2023-
182). E. coli-infected 4T1 tumor model was constructed for in vivo
antitumor suppression test. For 4T1 tumor model-building, 5 x 10° 4T1
cells in 100 pL of PBS were subcutaneously injected. When the tumor
volume reached 100 mm3, E. coil (1 x 106, 20 pL) was injected intra-
tumorally for in vivo experiments.

2.10. Hemolysis assay

Red blood cells extracted from healthy mice were centrifuged,
washed with cold PBS, and appropriately diluted to prepare a cell sus-
pension. The PBS, Ber, TA@B, and H,O (as positive control) were added
into the red blood cell suspension and the mixture was incubated at
37 °Cfor 3 h. Then, the absorbance value of the supernatant obtained by
centrifugation was measured at 541 nm.

The calculation formula for the relative hemolysis rate was as fol-
lows:

OD(Drug) — OD(PBS)
OD(H20) — OD(PBS)

Relative hemolysis = x 100%

2.11. Statistical analysis

Data represent the mean =+ s.d. from indicated independent repli-
cates. Statistical analysis was conducted using GraphPad Prism. For
comparisons between two groups, means were compared using the un-
paired two-tailed Student’s t-test. A value of P < 0.05 was considered
statistically significant.

3. Results and discussion
3.1. Construction and characterization of the TA@B

For intratumor bacteria-targeted drug delivery, we aimed to
construct a self-assembly double-bundle DNA tetrahedron-based drug
carrier with targeted ligand modification for Ber delivery. The detail
sequences for DNA tetrahedron synthesis are shown in Table SI.
Table S1 in the supporting information. After a programmed annealing
process, the aptamer-modified TA was acquired with the concentration
of 1 pM. Then, we optimized the drug loading efficacy at different DNA
duplex/Ber molecular ratios (1:0.5, 1:1, 1:2, and 1:4). After obtaining
optimized loading parameters, the Ber-loaded DNA tetrahedron was
characterized with dynamic light scattering (DLS), atomic force micro-
scope (AFM), and transmission electron microscope (TEM) as shown in
Fig. 1A-D. As researchers had investigated that the flavonoids-based
isoquinoline alkaloid berberine reacts with DNA mainly through inter-
calation and electrostatic interaction [30,31], in our study, the Ber
loading procedure was conducted following the loading process we
previously reported [19,29]. UV absorption analysis at 325 nm revealed
that the feed ratio of 1:4 and 3 h incubation had the highest drug-loading
efficiency (DLE) of 45.6 % (Fig. 1E). Based on the results of morphology
characterization, monodisperse nanostructures were observed by AFM
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Fig. 1. Preparation and characterization of the DNA tetrahedron-based drug nanocarrier. (A) Hydrodynamic diameters of the TA and TA@B measured by dynamic
light scattering. (B) TEM images of TA and TA@B. Scale bar: 50 nm. (C) AFM images of TA and TA@B. Scale bar: 50 nm. (D) High-resolution AFM images of the
TA@B. Scale bar: 10 nm. (E) Drug loading efficiency analysis of Ber-loaded DNA tetrahedron TA@B after different time of incubation. (F) Time-dependent Ber release

curve of TA@B at different pH.

and TEM. A clear tetrahedral-like shape was characterized by high res-
olution AFM imaging. No aggregation was found during the
drug-loading procedure. The hydrodynamic particle size of TA@B
measured by DLS was 14.5 £ 0.7 nm, which was slightly larger than the
unloaded TA of 13.2 4+ 0.6 nm. The loading of Ber slightly increased the
diameters of the DNA tetrahedron. Ber with photosensitivity is sensitive
to drug-loading operations. The noncovalent binding of Ber with DNA
duplex is a favorable strategy for Ber loading effectively.

Subsequently, the drug release efficacy of Ber and stability in serum
were investigated to evaluate the delivery performance. The drug
release behaviour was investigated in different pH mimicking different
physiological conditions in blood, tumor acidic, and inflammatory
alkaline conditions, respectively. As shown in Fig. 1F, TA@B exhibited a
slow and sustained release in a time-dependent manner and achieved a
reluctant release of 25 % within 48 h. The stability was tested in DMEM
(with 10 % FBS) at 37 °C for different time intervals. After a 36-h in-
cubation, over 63 % of the DNA structure remained intact (Fig. S1-2).
The stability and release performance of the drug are critical for nano-
carrier in disease treatment. The Ber-loaded nanocarrier would be
favorable for Ber delivery and treatment.

3.2. In vitro antibacterial activity evaluation

Escherichia coli (E. coli) and biofilm have been associated with the
promotion of colorectal cancer development and was found to be
abundant in the breast cancer tissue microenvironment [32-34]. We
employed E. coli to verify the antibacterial performance of the TA@B.
Targeted recognition and specific binding are crucial for the therapeutic
effect of drug carriers. To investigate the cellular binding efficiency, we
used fluorescent dyes FITC-labeled DNA strand to prepare Td (-Apt)
without aptamer modification and TA for confocal imaging analysis. TA
with 3 aptamers stretched out showed a greater affinity to bacterial cells
compared to Td (Fig. 2A). As shown in Fig. 2B, TA also showed a strong
binding selectivity with bacteria in the co-incubation system involving
tumor cells (4T1). These results indicate that the targeted Ber

nanocarrier holds the potential for selectivity against bacteria at the
tumor site.

In anti-infection, Ber showed significant antimicrobial activity
against several microbes through inhibiting the bacteria cell division. In
this study, the inhibitory effects of different drugs on E. coli were sur-
veyed via a series of evaluations. After treated with Ber for 12 h with the
concentration of 1 mM, broadly apoptosis occurred and the growth of
E. coli was inhibited. We stained E. coli with DMAO (Ex/Em = 503/530
nm) and EthD-III (Ex/Em = 530/620 nm), followed by imaging using a
confocal laser scanning microscope (CLSM) according to the instructions
of the Live & Dead Bacterial Staining Kit (Fig. S3). As shown in CLSM
images, PBS-treated cells were stained by simply green fluorescence,
while red fluorescence occurred in the free Ber and TA@B group. In
bacterial viability analysis, the treatment of Ber-loaded nanocarrier with
the same concentration of drugs exhibited enhanced elimination effect,
especially with the guidance of the E. coli-targeted aptamer (Fig. 2C-D).
The TA@B exhibited an excellent antibacterial rate up to 63.1 %, which
is significantly higher than free Ber. To further determine the antibac-
terial effect, we verified sustained inhibition of E. coli by preparing a
drug-containing Luria-Bertani (LB) agar dish (Fig. S4). The TA@B dis-
played a long-term inhibition effect over 24 h. In micromorphology
analysis performed by TEM imaging, the morphology of E. coli appeared
irregular and collapsed after treated with Ber. The Td@B(-Apt) treat-
ment break the structure of the bacteria and in contrast, TA@B
completely destroyed the bacterial cell. Taken together, the targeted Ber
nanocarrier exhibits exceptional antibacterial activity in vitro.

3.3. Cell proliferation inhibition analysis

Ber has been broadly used in cancer therapy as an active agent to
inhibit cancer cell proliferation and induce cell apoptosis [26,30,35].
We at first tested apoptosis induced by different drugs on 4T1 cells to
verify their effects on cell proliferation inhibition. Based on results of
cell apoptosis imaging, at the indicated drug concentrations based on 1
mM Ber, free Ber induced broadly early apoptosis (Annexin V-FITC
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Fig. 2. In vitro antibacterial performance analysis. (A) Confocal images of FITC-labeled Td (-Apt) and FITC-labeled TA on E. coil. Scale bar: 10 pM. (B) Confocal
images of 4T1 cells co-cultured with E. coil. The cell mixture was treated with Cy5-TA for 0.5 h at 37 °C. DNA tetrahedron was labeled with Cy5, red; 4T1 cell was
stained with Calcein AM, green. (C) Relative bacterial viability after the treatment of TA, Ber, and TA@B. The drug concentration is based on 1 mM Ber. (D)
Photographs of the E. coil colonies from different treatment groups. (E) Micromorphologies of medicated bacteria. Scale bar: 1 pm. (*P < 0.05, **P < 0.01).

positive, green) after 12 h of the treatment, whereas TA@B remarkably
exacerbated early apoptosis to necrosis (Annexin V-FITC positive/PI
positive, green/red) of 4T1 cells (Fig. 3A). Apoptosis-related gene
regulation was measured by quantitative RT-PCR (Fig. 3B). The
remarkable downregulation of the Bcl-2 and significant upregulation of
the Bax and cleaved caspase-3 (CC3) were observed. Results of the same
trend in cell viability analysis were obtained by cell counting kit-8 assay.
As shown in Fig. 3C, TA@B exhibited higher anticancer efficacy than
free Ber after 48 h of incubation. The cell viability test was also applied
in the E. coli-infected tumor cell model. In order to avoid imprecision
measurement caused by excessive proliferation of bacteria, we take 24 h
culture as proliferation test condition. As shown in Fig. 3D and S5,
TA@B hold excellent anticancer ability to E. coli-infected cells as
excepted (43.9 % inhibition). In addition to outstanding bactericidal
capabilities, cytocompatibility is also essential for nanomaterials in
biomedical applications. It is worth mentioning in cytotoxicity tests that
the biocompatible TA did not exhibit any cytotoxicity at the indicated
concentrations, indicating good biosafety of the DNA tetrahedron-based
nanocarrier.

3.4. Immune regulation evaluation

The death of gram-negative bacteria can accelerate the release of
LPS, which elicits the immune response with multiple cells involved [8].
The changes in tumor microenvironment caused by LPS have a complex
and varied impact on tumor treatment. In addition to antimicrobial and
antitumor activity, Ber can also counteract inflammatory conditions by

suppressing the expression of inflammatory mediators such as TNF-a
and IL-6. Thus, we evaluated proinflammatory cytokines in LPS-induced
Raw 264.7 after different treatments by ELISA. As shown in Fig. 4A, the
treatment of the Ber and TA@B treatment remarkably decreased the
TNF-a and IL-6 level. The immunofluorescence images confirmed that
after 12 h of TA@B treatment, the LPS-induced Raw 264.7 showed a
noticeable expression of the anti-inflammatory factor TGF-p and IL-10
(Fig. 4B). Taken together, the TA@B inhibited the bacteria-related
tumor immune response, restoring the balance in the tumor microen-
vironment disrupted by bacterial fragmentation.

3.5. In vivo anticancer therapy of TA@B

Encouraged by the excellent in vitro performances of the TA@B, we
next proceeded to study the in vivo anticancer efficacy. The combination
effect including antibacterial activity, tumor cell inhibition, and im-
mune regulation of the loaded Ber, as illustrated in Fig. 5A, are expected
to achieve enhanced tumor suppression effect through intratumor
bacteria-targeted delivery. The in vivo tumor suppression efficiency was
assessed in an E. coil-infected 4T1 mouse tumor model. The infected
tumor on BALB/c mouse model was treated with PBS, Ber, and TA@B
(based on 1 mg Ber/kg body weight) by tail vein injection, respectively.
The administration was conducted every other day for 3 treatments on
Day 0, Day 2, and Day 4. The tumors in the PBS control group exhibited
rapid growth, reaching approximately nine times the initial tumor vol-
ume within 16 days. Compared with the control group, TA@B showed
significant inhibition of tumor growth, which is in accordance with the
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cytotoxicity analysis in vitro. As shown in Fig. 5B, the weight of the
TA@B-treated tumor (0.57 g on average) was remarkably lower
compared to the PBS control group (1.19 g on average). Results with
similar trends were collected through measuring the tumor volume
(Fig. 5C). Bacterial colonization typically triggers a high level of ROS as
part of the immune response. Next, we analyzed the ROS level of the
tumor after different treatments. As shown in Fig. 5D, the ROS level was
apparently decreased after the treatment of TA@B, suggesting the
excellent anti-infection and immunomodulatory effects of the targeted
delivery of Ber. Then, we analyzed the intratumor bacteria through

scanning electron microscopy (SEM) imaging (Fig. S5E). After treated
with TA@B, barely no intact bacteria cell can be observed in the images.
In addition, the E. coil-related LPS was also at a relatively low level under
the action of TA@B(Fig. S6). The tumor tissues harvested from mice
were also stained with TUNEL (Fig. 5F). The images exhibited that
caused the most serious damage to the tumor tissues and TA@B induced
the most severe cell apoptosis (red fluorescence). The counting of bac-
teria colonies in tumor homogenate is consistent with the results of the
SEM imaging(Fig. 5G andS7). The intratumor GFP-transfected E. coil
was thoroughly eliminated after the treatment of TA@B (Fig. 5E-F).
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Fig. 6. In vivo biosafety analysis. (A) Routine blood examination of different treatments on days 0, 7, and 14. (B) Hemolysis analysis of Ber and TA@B. H;O was
utilized as the positive control. (C) H&E assays of the kidney and liver excised after different treatments. Scale bar: 50 pm. (D) Body weights of mice measured during

the treatment.

Moreover, the level of inflammatory factors (TNF-a and IL-6) expressed
in tumor tissue has been effectively reduced under the treatment
(Fig. S8). Compared with free Ber, the strategy of targeted delivery of
Ber demonstrated a significantly improved bacterial inhibition effect.
The above results suggested that the DNA tetrahedron-based targeted
nanocarrier hold exceptional therapeutic effects in vitro.

3.6. In vivo biosafety of TA@B

We further evaluated the in vivo biosafety of the DNA nanostructure-
based nanocarriers. As shown in Fig. 6A, results of routine blood and
biochemistry examinations indicated no significant changes in blood
indices during the treatment. In hemolysis analysis, all treatment groups
were with clear and transparent supernatant (Fig. 6B). The hemolysis
rates in the Ber and TA@B treatment groups were below 1 %, suggesting
that the DNA-based drug delivery platform did not cause hemolysis. In
order to explore whether TA@B made damage to main organs of mice,

after the treatment, H&E staining was utilized to observe the pathologic
changes of the kidney and liver of mice in each group. Biodistribution
analysis indicates high enrichment of the TA@B on bacteria-infected
tumor(Fig. S9). As shown in Fig. 6C, had no discernible impact on the
kidney and liver. In addition, the body weight of mice during the
treatment were similar and steadily increased, providing strong evi-
dence for the biosafety of the DNA nanoplatform (Fig. 6D).

4. Conclusions

In this study, an innovative DNA tetrahedron-based nanocarrier was
fabricated for intratumor bacteria-targeted drug delivery and treating
E. coli-infected cancer. The fabricated TA@B demonstrated excellent
loading and delivery performance of Ber, effectively enhancing the
antibacterial, anti-tumor, and immune regulation effects in the tumor
microenvironment. This multifunctional Ber nanocarrier exhibited
unique advantages for microenvironment-related cancer therapy.
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Firstly, the addressable double-bundle DNA tetrahedron enables the
arrangement of anti-bacterial aptamers to achieve a targeting effect.
Secondly, the biocompatible DNA nanocarrier is tailored for effectively
Ber loading through non-covalent interaction with DNA duplex. Finally,
the ternary effects of the TA@B can realize a combined therapy in
bacteria-related microenvironment. After the treatment of TA@B, we
observed a noticeable inhibition of tumor growth in vivo. This targeted
Ber delivery nanocarrier has the potential to be developed into a ver-
satile platform for intervening in the tumor microenvironment through
multiple pathways. We believe this multifunctional DNA nanoplatform
will open a new avenue for targeted chemotherapy and provide inspi-
ration in the study of tumor microenvironment intervention.
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