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Dolastatin derivatives possess excellent anticancer activity and have been translated into clinical trials for
cancer therapy. Drug delivery systems enable dolastatin derivatives to break the limitation of instability
during blood circulation and ineffective cell internalization in the application. Nevertheless, their
potential has not been thoroughly established because of the limited loading efficacy and complicated
chemical modification. Herein, we rationally propose a rolling circle amplification-based polymer—DNA
assembled nanoflower for targeted and efficient delivery of dolastatin-derived drugs to achieve efficient
anticancer therapy. The polymer—DNA assembled nanoflower with targeted aptamer conjugate is widely
applicable for loading dolastatin-derived drugs with high encapsulation efficiency. The developed
monomethyl auristatin E (MMAE) loaded PN@M exhibited increased cellular uptake and enhanced
inhibitory effect, especially in multidrug-resistant tumor cells. The results of in vivo anticancer effects
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Introduction

Marine-derived compounds, such as those comprising alkaloids,
cyclodepsipeptides, hydroxyphenylacetic acid derivatives, terpe-
noids, and polyketide, demonstrate a significant specificity and
potent affinity for selecting biological targets that are associated
with specific intracellular signaling pathways.'”* Compared with
the traditional chemical-synthesized small molecule inhibitors,
marine-derived compounds inspired by natural active ingredi-
ents present higher activity, stronger targeting, and lower toxicity.
Marine-derived compounds, especially marine-derived peptides,
were broadly studied in biomedical applications such as anti-
tumor, anti-inflammatory, antivirus, and anti-infection therapy.
Since the 21st century, the great potential of unique marine
natural products as candidate therapeutic agents has been widely
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recognized by researchers.* Considerable attention from
researchers has focused on marine bioactive agents due to their
novel chemical and biological properties against cancer cells and
significant advancement has been seen in the clinical research of
marine-derived medicines applied in malignancy therapy.>®
Dolastatins were initially isolated from the mollusc Dolabella
auricularia.”® The excellent anti-tumor effect of the dolastatins
was demonstrated and considerable efforts were made to study
the mechanisms and possible potentials.”**** Anticancer agents
such as auristatin PE (PE), dolastatin-10 (D-10), monomethyl
auristatin E (MMAE), and monomethyl auristatin F (MMAF) are
typical dolastatin derivatives used for antitumor therapy. These
derivatives have attracted much attention due to strong anti-
cancer activity through tubulin polymerization inhibition.
However, MMAE was proved to have limitations as a drug itself.
Due to the non-specificity of cell internalization, MMAE holds
defects in enriching in tumor through systemic administration
and could cause severe systemic toxicity during the treatment.'**
Thus, the necessity of making improvements in the administra-
tion of drugs derived from marine natural compounds is
universal and garnering increasing interest.

A nano particle-based delivery system has been developed
and universally testified to evidently improve drug effects for
several advantages:'*?° (1) avoiding drug degradation in the
physiological environment; (2) maintaining continual drug
release to extend the effective medication concentration; and (3)
achieving targeted delivery to improve the specificity. Based on
these superiorities, a variety of delivery systems were developed
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for clinical translation for further application.”* As reported,
a broad diversity of nano particle-based delivery systems, such
as liposomes,”>** polymer micelles,”** and metal nano-
particles®*® have been constructed and advanced the process of
natural compound-based drug delivery. However, the limited
specificity and potential toxicity of the mentioned delivery
system have plagued scientists for decades.””*® Delivery systems
with universality, high drug-loading capability, and targetability
are essential and rare for dolastatin-derived drugs.

A DNA self-assembly structure with rationally designed
geometries and excellent biocompatibility has provided a plat-
form for multifunctional drug delivery.”*** DNA, as a classic
endogenous carrier of genetic information, can also be employed
as the building block to construct DNA structures by comple-
mentary base pair engineering. Precisely self-assembled DNA
structures have been widely developed for biomedical applica-
tions. A drug delivery system is one of the most studied directions
of DNA self-assembly structure in biomedical applications.****
DNA self-assembly structures include multiple types, such as DNA
origami, DNA tile, DNA polyhedron, and DNA dendrimers; each
type has a unique performance in drug delivery application.
Rolling circle amplification (RCA), an enzymatic process that
produces repetitive single-stranded DNA utilizing circular DNA as
a template,***” can be used for synthesizing self-assembly nano-
flowers.**** The feature of the highly tandem repeating sequences
of DNA strands in self-assembly nanoflowers can maximize the
performance of functional nucleic acids-based active agents. The
functional ligands, which play prominent roles in the selective
recognition of cells, targeted delivery, and therapeutics are simply
equipped in DNA self-assembly nanoflowers through comple-
mentary base pairing.**** Nucleic acid-based functionalities, such
as DNA or RNA aptamer for cell targeting, antisenses oligonu-
cleotides for gene therapy, and metal ion-involved DNAzymes for
catalytic reaction have been developed to be modified in nano-
flowers through rational design.*>** Taking advantage of these
features, nanoflowers are extensively studied for the development
of multifunctional drug delivery systems.

In this study, we first report a targeted MMAE delivery system
based on RCA-derived flower-like DNA structures (NFL) for
resistant cancer therapy. We developed a delivery strategy for
dolastatin-derived microtubule inhibitors loaded in the poly-
mer-DNA assembled nanoflowers (PN) as shown in Fig. 1. The
tumor-targeted aptamer (anti-sgc8 aptamer) and drugs were
directly loaded through the synthesis of nanoflowers. In
particular, MMAE was selected for loading owing to the relative
regular size and high drug-loading efficiency of the MMAE-
loaded nanoflower, namely, PN@M. With the guidance of the
aptamer, the drug-loaded nanoflowers, PN@M, demonstrated
enhanced accumulation in sgc8-positive MCF-7 cells and acted
as effective tumor growth inhibition in a mouse model.

Results and discussion

Construction and characterization of the microtubule
inhibitors-loaded nanoflower

Self-assembly DNA structure has been developed for effective
drug delivery in many types of diseases.’”** The nanoflowers
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Fig. 1 Schematic of the self-assembly polymer—DNA nanoflower for
the targeted delivery of MMAE. MMAE: monomethyl auristatin E.
PN@M: MMAE-loaded polymer—DNA nanoflower with anti-sgc8
aptamer modified. PEG-pL: abbreviation of PEG-pLysine.

used in this research were prepared based on the RCA according
to previous reports.***® In a typical RCA reaction, DNA poly-
merase, assisted by a metal cofactor Mg**, produces long-strand
DNA containing repeated units from the designed circular DNA.
Deoxyribonucleoside triphosphate (ANTP) is incorporated into
the long-strand DNA to form the flower-like structure as a fuel.
The circular DNA as the template is universal for customized
incorporation of DNA functionalities. Based on the customized
templates, nanoflowers can be constructed to have many
advantageous properties, including simple DNA design and
preparation, size tunability, and resistance to enzymatic
degradation and denaturation.**?** In this research, circular
DNA containing the complementary sequence of anti-Sgc8
aptamer (ATCTAACTGCTGCGCCGCCGGGAAAATACTGTA) was
used for the DNA template. The live-cell SELEX-developed anti-
Sgc8 aptamer could recognize specifically and bind tightly to
MCF-7 cells.**** The sequence of the template is shown in Table
S2.t Efficient production of the long DNA strand spontaneously
formed flower-like DNA structures and the incorporation of the
PEG-pLysine was proved to have negligible influence on the
reaction. Following the successful construction of the self-
assembly nanoflower, the drug-loading performance of the
polymer-DNA assembled nanoflower was optimized upon
incorporation of PE, D-10, MMAF, and MMAE (Table S1 and
Fig. S11). The MMAE-loaded nanoflower, namely, PN@M, was
chosen for further verification in anti-tumor therapy for the
combination of excellent drug-loading efficacy (EE: 85.6 + 5.0%)
and uniform size distribution (diameter: 0.92 £ 0.29 um). The
microtubule inhibitor-loaded PN@M was supposed to exhibit
enhanced anticancer activity due to the strategy of the targeted
delivery.

Next, we characterized the drug carrier by scanning electron
microscopy (SEM, Fig. 2A) and atomic force microscopy (AFM,
Fig. 2B). Monodisperse assembled structures were detected and
the average diameter of the drug-loaded PN@M (0.92 + 0.29
nm) had no obvious difference with the unloaded NFL (1.12 +
0.18 nm), as shown in Fig. 2C. The same results were collected
in these results demonstrating that the loading of MMAE
caused no adverse effects on the morphology of the DNA
nanoflower. The SEM images of the NFL and PN@M indicated
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1000 nm

Fig. 2 (A) SEM images of unloaded NFL and MMAE-loaded PN@M.
Scale bar: 1 um. (B) AFM images and size distribution of NFL and PN@M.
The prepared samples (10 nM) were imaged with a MultiMode 8 AFM
(Bruker) under the ScanAsyst-Fluid mode. Scale bar: 1 um. (C) Size
distribution analysis of NFL and PN@M.

that there was no change in the flower-like shape after the
modification. Taken together, this may be due to the optimized
component in DNA nanoflower, which contains a relatively
small number of PEG-pLysine. The drug-release behavior of the
DNA nanoflower PN@M was subsequently investigated in PBS
with physiological pH and the resultant cumulative release of
MMAF versus time is shown in Fig. S2.7 Note that 35.5% of the
loaded MMAE was slowly released in PBS during the 48 h of the
incubation. We concluded that the drug-release behavior of
PN@M was a time-dependent manner and the sustained release
performance is beneficial for drug enrichment in the tumor. As
proven by previous research, drug leakage caused by sudden
release could cause severe side effects during the admiration;
however, there are several advantages of the sustained release
including lesser frequency of administration, reduced side
effects, and stable drug absorption levels in the blood and
plasma.***® In summary, the DNA nanoflower with excellent
drug-loaded performance holds great potential in drug delivery
research.

Cellular internalization analysis in cancer cells

The intracellular delivery of MMAE into MCF-7 cells was tested
in this study, which was proved to be Sgc8 positive.*”*® For
fluorescence imaging, the DNA nanoflower was labeled with
the fluorophore Cy5 (Aex = 650 nm, Ae = 670 nm; red) on the
DNA strand and the loaded MMAE was labeled with the fluo-
rophore fluorescein isothiocyanate (FITC, Aex = 492 nm, Aep, =
518 nm; green). The dual-fluorophore-labeled drug delivery
system was then incubated with MCF-7 cells and intracellular
uptake of each component was independently monitored
using confocal laser scanning fluorescence microscopy
(CLSM) as shown in Fig. 3 and S3.T The enhanced signal was
tested in PN@M treatment. The CLSM visualization clearly
demonstrated the internalization of nanoflower and the
accumulation of MMAE was significantly improved through
aptamer modification. About 7.8 times higher MMAE accu-
mulation in cells was measured by quantitative statistics. The
same trend was observed in multicellular tumor spheroid
(MCS) of MCF-7 cells (Fig. 4). MCSs are a kind of ideal 3D
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Fig. 3 Confocal images of MCF-7 cells treated with different drugs.
The drug concentration was based on 10 ng per mL FITC-MMAE.
Nanoflower was labeled with Cy5, red; MMAE was labeled with FITC,
green. The nucleus was stained with Hoechst, blue. Scale bar: 50 um.

model for the investigation of drug penetration in vitro due to
the multilayers of tumor cells and can resemble avascular
micrometastases and intervascular regions of solid tumors.*®
In our research, high accumulation and permeability of
MMAE in MCS was achieved through PN@M treatment as
expected. The result of the cellular internalization is in coin-
cidence with our previous investigations. The fluorescence
signal of FITC-labeled MMAE penetrated throughout the
whole structure of the MCS. Interestingly, although the
nanoflower-based delivery system increases the whole size of
the therapeutic agents, the loaded MMAE can still penetrate
MCS efficiently. This is probably because the flexible structure
of the nanoflower and the modification of the targeted
aptamer are critical in enhancing drug accumulation in cancer
therapy.””** Similar to antibodies, recognition properties of
aptamers are specific and could induce interactions of the
ligands related to cell endocytosis and transport. The red
signal represents DNA nanoflowers that did not fulfil all cells.
Only cells on the edge of the MCS hold red fluorescence, which
indicates effective drug release is vital for the nanoflower-
based dolastatin-derived microtubule inhibitors delivery
system. Therefore, the targeted microtubule inhibitors-loaded
polymer-DNA assembled nanoflower PN@M holds great
promise for enhanced therapeutic efficacy, given the optimal
drug load performance.

A o
45 ¥
Y
g PN@M
-_- —> | €e —_—> —> cLsm
MCF-7 cell MCF-7 MCSs
B FITC Cy5 Merge

Fig.4 (A) lllustration of the preparation of the MCS internalization test.
(B) Confocal images of MCF-7 MCSs. The drug concentration was
based on 10 ng per mL FITC-MMAE. After incubating for 3 h, the
spheroids were observed by CLSM in the confocal dish. Nanoflowers
were labeled with Cy5, red; MMAE was labeled with FITC, green. Scale
bar: 10 mm.
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In vitro cell viability analysis

Encouraged by the excellent delivery performance of PN@M,
the cellular cytotoxicity of PN@M in MCF-7 cells and resistant
MCF-7/ROS cells was evaluated and compared between
different treatments. During the past few decades, cancer
resistance to chemical drugs has become a major problem for
cancer treatment. As shown in Fig. 5A, PN@M exhibited
significantly stronger cytotoxicity than free MMAE in both MCF-
7 cells and resistant MCF-7/ROS cells. After we tested the cell
viability of different components on the cell, the result indi-
cated that PEG-pLysine is crucial in the enhancement of drug
efficacy (Fig. 5B). The effective inhibitory in resistant cells was
proved by cell apoptosis imaging (Fig. S4t). Based on the above
results, the targeted MMAE delivery system has promising
potential in cancer therapy.

In vivo anti-tumor effect analysis

We further demonstrated the antitumor activity of PN@M in an
MCF-7/ROS mouse xenograft tumor model. The mice were
divided into three groups for anti-tumor efficacy studies. When
the tumor reached 50 mm?, the mice were administered intra-
tumoral injections on day 0, day 3, and day 6 with a dosage of
1.0 mg kg~ " based on MMAE. Changes in the tumor volume and
body weight were monitored during the treatment. The treat-
ment of PN@M exhibited an apparent reduction in the tumor
weight and volume compared to free MMAE, as shown in Fig. 6A
and S5.1 While there was a slight increase in the tumor size in
12 days, the average tumor size in PN@M increased much more
slowly than in the PBS and free MMAE group during the treat-
ment. The smallest tumor size and weight were achieved
through PN@M administration. The combination of the tar-
geted aptamer introduction and PEG-pLysine modification
showed the obvious tumor inhibitory effects towards drug-
resistant cancer.

Under the given experimental doses in our research, the
MMAE only showed a limited inhibitory effect on tumor growth
as shown in tumor volume changes and tumor weight. Besides,
weight loss occurred during the treatment of free MMAE

A Relative cellviability (%)
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Fig.5 (A) Relative cell viability of MCF-7 cells and drug-resistant MCF-
7/ROS cells treated with different concentrations of drugs. (B) Cell
viability analysis of cells after the indicated treatments. NF@M:PN@M
without aptamer. (***P < 0.001; ****P < 0.0001).
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Fig. 6 (A) Tumor weight of each group after the treatment of PBS,
MMAE, and PN@M. The tumor-bearing mice were administered
through intratumoral injections on day O, day 3, and day 6 with
a dosage of 1.0 mg kg ! based on MMAE. (B) Pictures of the tumor
harvested after the treatment. (C) Body weight changes of the mice
during the treatment. The body weight was recorded every 2 days.

(Fig. 6B). In contrast, negligible influence on the body weight of
mice was detected in PN@M treatment. These results
confirmed that the MMAE has limitations as a drug itself due to
the non-specificity-caused systemic toxicity. The systematic
safety of MMAE is broadly focused on since this highly toxic
drug has repeatedly induced serious adverse events after
a single administration at dose equivalents that are relatively
greater than 1.0 mg kg™ ".7*%%2 The strategy of loading MMAE by
self-assembly of DNA nanoflower reduced the system toxicity
during the treatment. The MMAE was loaded in the delivery
system and based on the drug release curve in Fig. S2.f We
believe that the sustained release behavior of the nanoflower is
critical in the improvement of the biosafety in MMAE admin-
istration. The in vivo results proved that the PN@M can improve
the therapeutic efficacy in the use of non-targeted chemother-
apeutic drugs.

Materials and methods

Materials

MMAE was purchased from Abcam. PE, D-10, MMAF, and
PEG-pLysine were purchased from Shanghai Aladdin
Biochemical Technology Co., Ltd. Dulbecco's modified Eagle's
medium (DMEM), and fetal bovine serum were purchased
from Gibco. @ 29 DNA polymerase (high concentration) and
dNTPs were obtained from Enzymatics. 4% paraformaldehyde
tissue fixative was obtained from Wuhan Servicebio Tech-
nology Co., Ltd. Annexin V/PI staining kit was purchased from
Solarbio kit (Beijing, China). YeaRed (cat #10202; cat #40302)
and Mycoplasma Removal Agent (cat #60703) were purchased
from Yeasen, Shanghai, China. All the oligonucleotides and
fluorophore-labeled oligonucleotides used in this work were
obtained from Huzhou Hippo Biotechnology Co., Ltd.

RSC Adv, 2024, 14, 9602-9608 | 9605
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(Huzhou, China), and the oligonucleotides used in this work
are listed in Table S2.7

Preparation of the nanoflowers

To prepare the drug-loaded DNA nanoflowers, circularized
templates (0.3 uM) were added with ¢ 29 DNA polymerase (2 U
uL~"), dNTPs (2 mM pL "), and BSA in a buffer solution and
microtubule inhibitors (1 mg mL™") at 30 °C for 12 h. Then, the
product was mixed with dolastatin-derived drugs (1 mg mL ")
and PEG-pLysine (5 kDa) at an N/P ratio of 0.1:1 to prepare
polymer-DNA-assembled nanoflowers, namely, PNs. After the
incubation at room temperature for 1 h, nanoflowers were
washed with PBS and precipitated by centrifugation. The
fluorophore-labeled DNA nanoflowers were synthesized using
Cy5-labeled DNA strand (sequence: Cy5-
ATCTAACTGCTGCGCCGCCGGGAAAATACTGTA) and fluores-
cein isothiocyanate modified MMAE. The morphologies of
nanoflowers were observed by scanning electron microscopy
(SEM, JEOL, JSM-7500F) and atomic force microscopy (AFM,
MultiMode 8, Bruker). The drug loading efficacy was measured
by quantifying MMAE through high-performance liquid chro-
matography or HPLC.

Characterization of the nanoflowers

The freshly purified nanoflowers (100 nM, 10 pL) were depos-
ited onto freshly cleaved mica and deposited for 10 min. The
prepared samples were imaged with a MultiMode 8 AFM
(Bruker) under a ScanAsyst-Fluid mode.

For SEM imaging, 10 pL of the sample was deposited and
dried at room temperature. SEM imaging was performed using
a Regulus 8100 (Hitachi Limited).

Dynamic light scattering was performed on a Malvern
Zetasizer Nano-ZS (Malvern Instruments, U.K.). NFL and
PN@M were dispersed in PBS buffer and the test was con-
ducted at 25 °C.

Drug release of the nanoflowers

The prepared nanoflowers were dispersed in PBS buffer at a pH
of 7.4 and the mixture was sealed in a dialysis bag (10 kDa). The
dialysis bag was immersed in 10 mL of PBS with the corre-
sponding pH and then incubated by shaking (200 rpm min~") at
37 °C. The released MMAE was separated using the Amicon-
stirred cell (equipped with 5 kDa filter) at different time
points (0.5 h, 1.0 h, 2.0 h, 8.0 h, 16.0 h, 24 h, and 48 h). HPLC
was used for free MMAE quantification.

High-performance liquid chromatography conditions

For quantification of the free MMAE, an Agilent 1100 HPLC
system (equipped with an Agilent Hypersil ODS C18 HPLC
column) was used to quantify the MMAE-containing samples.
Samples containing MMAE were diluted in methanol and
filtered before injection (0.22 pm). The HPLC conditions were as
followed; constant 25% A (0.1% TFA in acetonitrile) and 75% B
(0.1% TFA in ddH,O0) for 3 min, linear gradient to 45% A from
3 min to 19 min, linear gradient to 95% A from 20 min to
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22 min, constant 95% from 23 min to 25 min, linear gradient to
30% A from 26 min to 27 min, and constant 30% A from 27 min
to 30 min with a flow rate of 0.8 mL min~" at 220 nm.

Cellular uptake assay

Human cancer cells MCF-7 cells (American Type Culture
Collection) were seeded in 24-well plates (1 x 10° cells per well)
with DMEM medium containing 10% FBS and 1% penicillin/
streptomycin. Cells were grown and maintained in a humidi-
fied atmosphere with 5% CO, at 37 °C. After adhesion, cells
were incubated with a nanoflower for 4 h. The drug concen-
tration was based on 10 ng per mL FITC-MMAE. After incuba-
tion, the cells were washed with PBS three times and fixed in 4%
paraformaldehyde for 15 min. Nuclei were counterstained with
DAPI. The cells were imaged under a confocal laser scanning
microscopy (CLSM, IX81; Olympus, Tokyo, Japan).

Multicellular tumor spheroid internalization test

Multicellular tumor spheroid (MCS) was used for verifying the
internalization of nanoflower. Note that 1 x 10° MCF-7 cells
were seeded in a flask and incubated for 72 h. The MCSs were
then added with PN@M (10 ng per mL MMAE). After incubating
for 3 h, the spheroids were collected and fixed with 4% PFA (w/v)
at room temperature for 1 h. Finally, the spheroids were
observed by CLSM.

In vitro cytotoxicity study

Cell viability was tested through Annexin V/PI staining and
CCK8 assay. MCF-7 cells were seeded in six-well plates and
cultured for 24 h. Then, the medium was replaced with fresh
DMEM containing 10% FBS and each component. The drug
concentration was based on 50 ng per mL MMAE. After 6 h of
incubation, cells were washed with PBS three times and fixed in
4% paraformaldehyde for 15 min. For Annexin V/PI staining,
MCF-7 cells were treated with different drugs and further
stained for 10 min. Then, cells were observed through CLSM.

For the CCK8 assay, MCF-7 cells were seeded in a 96-well
plate with 10" cells per well and cultured overnight for cell
adhesion. The medium was replaced by 100 pL of DMEM
medium containing different concentrations of drugs. The drug
concentration ranged from 1 to 50 ng mL ", based on MMAE.
After 24 h, the mixture of the drug-containing medium was
removed and the CCK8 solution was added and incubated for
1 h, and the absorbance was measured at 450 nm using the
Spectra Max M5 microplate reader.

In vivo anti-tumor study

All animals received care in compliance with the guidelines
outlined in the Guide for the Care and Use of Laboratory
Animals. The procedures were approved by the Institutional
Animal Care and Use Committee of Hainan Medical University
with ethics approval (HYLL-2023-182). To generate xenografts,
100 pL of 5 x 10° cells in PBS were injected in the upper right
blanks of the BALB/c nude (female, 5-6 weeks). When the tumor
volume reached 50 mm?®, the mice were split into three groups

© 2024 The Author(s). Published by the Royal Society of Chemistry
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randomly and 25 pL of PBS, free MAEE, or PN@M were
administrated by tail vein injection at days 0, 3, and 6. The
tumor volume and weight were recorded every two days. At 18
days after tumor inoculation, tumors were collected and
weighed.

Statistics

All experiments were repeated at least three times and each
condition was analyzed in triplicate. The statistical significance
of differences between experimental and control groups was
determined using a Student's ¢-test. Significant differences are
denoted in the figures.

Conclusions

In summary, to improve the drug effects of dolastatin-derived
drugs, we designed a simple, highly drug-loaded, and specific
aptamer-modified  polymer-DNA-assembled  nanoflower.
Taking advantage of the unique features of the DNA nanoflower,
this multifunctional nanoflower serves as a delivery system for
dolastatin-derived microtubule inhibitors in cancer therapy.
Recent advancements highlight the successful application of
programmable self-assembly DNA nanoflowers in biosensing,
bioimaging, and therapeutics. By virtue of DNA sequence cus-
tomization, we integrated multiple functional nucleic acids
within the individual DNA self-assembly nanoflowers. This
approach addresses the limitations of dolastatin-derived
microtubule inhibitors in cancer therapy. The targeted
delivery system, PN@M, exhibits excellent bioavailability and
therapeutic efficacy, allowing recognition, accumulation, and
sustained release within breast cancer cells. This enhanced
performance results in high cytotoxicity against both MCF-7
cells and drug-resistant MCF-7/ROS cells. Moreover, in vivo
therapy results demonstrate that PN@M has targeting capabil-
ities and can increase therapeutic efficacy. Given that drug
resistance and toxicity are major obstacles in cancer treatment,
this microtubule inhibitor delivery system holds significant
clinical promise.

Author contributions

TW: conceptualization, data curation, formal analysis, writing-
original draft. YS: writing-review and editing, formal analysis,
validation, software. TY: writing-review & editing. PZ: data
curation, methodology. ZY: funding acquisition, supervision,
writing, review and editing. BY: funding acquisition, supervi-
sion, investigation, writing, review and editing. All authors read
and approved the final manuscript.

Conflicts of interest

There are no conflicts to declare.

Acknowledgements

This work is supported by the National Natural Science Foun-
dation of China (82102080, 82060642). The Major Science and

© 2024 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

Technology Program of Hainan Province (ZDK]J2021036).
Hainan Provincial Natural Science Foundation of China
(821RC569, 821QN253).

Notes and references

1 X. Ren, X. Xie, B. Chen, L. Liu, C. Jiang and Q. Qian, J. Med.
Chem., 2021, 64, 7879-7899.

2 T. F. Molinski, D. S. Dalisay, S. L. Lievens and J. P. Saludes,
Nat. Rev. Drug Discovery, 2009, 8, 69-85.

3 S. Banerjee, Z. Wang, M. Mohammad, F. H. Sarkar and
R. M. Mohammad, J. Nat. Prod., 2008, 71, 492-496.

4 M. Donia and M. T. Hamann, Lancet Infect. Dis., 2003, 3, 338-
348.

5 M. L. Ciavatta, F. Lefranc, M. Carbone, E. Mollo,
M. Gavagnin, T. Betancourt, R. Dasari, A. Kornienko and
R. Kiss, Med. Res. Rev., 2017, 37, 702-801.

6 K. M. Bajjuri, Y. Liu, C. Liu and S. C. Sinha, ChemMedChem,
2011, 6, 54-59.

7 S. O. Doronina, B. E. Toki, M. Y. Torgov, B. A. Mendelsohn,
C. G. Cerveny, D. F. Chace, R. L. DeBlanc, R. P. Gearing,
T. D. Bovee, C. B. Siegall, J. A. Francisco, A. F. Wahl,
D. L. Meyer and P. D. Senter, Nat. Biotechnol., 2003, 21,
778-784.

8 P. Proksch, R. Edrada and R. Ebel, Appl Microbiol.
Biotechnol., 2002, 59, 125-134.

9 R. Bai, S. J. Friedman, G. R. Pettit and E. Hamel, Biochem.
Pharmacol., 1992, 43, 2637-2645.

10 G. Gao, Y. Wang, H. Hua, D. Li and C. Tang, Mar. Drugs,
2021, 19, 363.

11 D. J. Newman and G. M. Cragg, Mar. Drugs, 2017, 15, 99.

12 P. N. Moquist, T. D. Bovee, A. B. Waight, J. A. Mitchell,
J. B. Miyamoto, M. L. Mason, K. K. Emmerton, N. Stevens,
C. Balasubramanian, J. K. Simmons, R. P. Lyon,
P. D. Senter and S. O. Doronina, Mol. Cancer Ther., 2021,
20, 320-328.

13 R. Qi, Y. Wang, P. M. Bruno, H. Xiao, Y. Yu, T. Li, S. Lauffer,
W. Wei, Q. Chen, X. Kang, H. Song, X. Yang, X. Huang,
A. Detappe, U. Matulonis, D. Pepin, M. T. Hemann,
M. ]. Birrer and P. P. Ghoroghchian, Nat. Commun., 2017,
8, 2166.

14 X. Yang, X. Xia, W. Huang, X. Xia and D. Yan, Nano Res.,
2022, 16, 5256-5264.

15 S. B. Yang, N. Banik, B. Han, D. N. Lee and ]. Park,
Pharmaceutics, 2022, 14, 1378.

16 P. P. Kalelkar, M. Riddick and A. J. Garcia, Nat. Rev. Mater.,
2022, 7, 39-54.

17 K. M. Rubey and J. S. Brenner, Adv. Drug Deliv. Rev., 2021,
179, 113996.

18 A. R. Kirtane, M. Verma, P. Karandikar, J. Furin, R. Langer
and G. Traverso, Nat. Nanotechnol., 2021, 16, 369-384.

19 Y. Liu, L. Shi, L. Su, H. C. van der Mei, P. C. Jutte, Y. Ren and
H. J. Busscher, Chem. Soc. Rev., 2019, 48, 428-446.

20 S. R. Mane, A. Sathyan and R. Shunmugam, ACS Appl. Nano
Mater., 2020, 3, 2104-2117

21 K. A. Afonin, M. A. Dobrovolskaia, W. Ke, P. Grodzinski and
M. Bathe, Adv. Drug Deliv. Rev., 2022, 181, 114081.

RSC Adv, 2024, 14, 9602-9608 | 9607


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3ra08146j

Open Access Article. Published on 21 March 2024. Downloaded on 6/15/2026 9:58:31 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

RSC Advances

22 V. Van Tran, J.-Y. Moon and Y.-C. Lee, J. Controlled Release,
2019, 300, 114-140.

23 A. Mandal, R. Bisht, I. D. Rupenthal and A. K. Mitra, J.
Controlled Release, 2017, 248, 96-116.

24 W. Y. Seow, J. M. Xue and Y.-Y. Yang, Biomaterials, 2007, 28,
1730-1740.

25 Y. Zhu, Y. Pan, Z. Guo, D. Jin, W. Wang, M. Liu, M. Zong,
X. Zheng, Y. Wu, L. Wang, C. Tian, J. Cheng and Y. Liu,
Adv. Healthcare Mater., 2022, 12, 2202198.

26 Y. Zhu, J. Cheng, Y. Qu, Y. Dai, M. Liu, J. Yu, C. Wang,
H. Wang, S. Wang, C. Zhao, Y. Wu and Y. Liu, Angew.
Chem., 2021, 133, 9566-9574.

27 Z. Wang, L. Song, Q. Liu, R. Tian, Y. Shang, F. Liu, S. Liu,
S. Zhao, Z. Han, J. Sun, Q. Jiang and B. Ding, Angew.
Chem., Int. Ed., 2021, 60, 2594-2598.

28 A.N. Zelikin, C. Ehrhardt and A. M. Healy, Nat. Chem., 2016,
8, 997-1007.

29 T. Wu, J. Liu, M. Liu, S. Liu, S. Zhao, R. Tian, D. Wei, Y. Liu,
Y. Zhao, H. Xiao and B. Ding, Angew. Chem., Int. Ed., 2019,
58, 14224-14228.

30 T. Wu, Y. Cao, Q. Liu, X. Wu, Y. Shang, J. Piao, Y. Li, Y. Dong,
D. Liu, H. Wang, J. Liu and B. Ding, J. Am. Chem. Soc., 2022,
144, 6575-6582.

31 N. C. Seeman and H. F. Sleiman, Nat. Rev. Mater., 2017, 3,
17068.

32 H. Liang, X.-B. Zhang, Y. Lv, L. Gong, R. Wang, X. Zhu,
R. Yang and W. Tan, Acc. Chem. Res., 2014, 47, 1891-1901.

33 0. 1. Wilner and I. Willner, Chem. Rev., 2012, 112, 2528-2556.

34 K. E. Bujold, A. Lacroix and H. F. Sleiman, Chem, 2018, 4,
495-521.

35 T. Wu, H. Wang, R. Tian, S. Guo, Y. Liao, J. Liu and B. Ding,
Angew. Chem., Int. Ed., 2023, €202311698.

36 L. Mei, G. Zhu, L. Qiu, C. Wu, H. Chen, H. Liang, S. Cansiz,
Y. Lv, X. Zhang and W. Tan, Nano Res., 2015, 8, 3447-3460.

9608 | RSC Adv, 2024, 14, 9602-9608

View Article Online

Paper

37 H. Zhao, J. Lv, F. Li, Z. Zhang, C. Zhang, Z. Gu and D. Yang,
Biomaterials, 2021, 268, 120591.

38 L. Zhang, R. Abdullah, X. Hu, H. Bai, H. Fan, L. He, H. Liang,
J. Zou, Y. Liu, Y. Sun, X. Zhang and W. Tan, J. Am. Chem. Soc.,
2019, 141, 4282-4290.

39 ]J.Lv, Y. Dong, Z. Gu and D. Yang, Chemistry, 2020, 26, 14512-
14524.

40 J. Liu, G. Xie, S. Lv, Q. Xiong and H. Xu, Trends Anal. Chem.,
2023, 160, 116953.

41 C. Li, Y. Wang, P.-F. Li and Q. Fu, Acta Biomater., 2023, 160,
1-13.

42 Y. Dong, C. Yao, Y. Zhu, L. Yang, D. Luo and D. Yang, Chem.
Rev., 2020, 120, 9420-9481.

43 Y. Yang, J. Liu, X. Sun, L. Feng, W. Zhu, Z. Liu and M. Chen,
Nano Res., 2016, 9, 139-148.

44 F. Xia, A. He, H. Zhao, Y. Sun, Q. Duan, S. J. Abbas, J. Liu,
Z. Xiao and W. Tan, ACS Nano, 2022, 16, 169-179.

45 C. Maderuelo, A. Zarzuelo and ]J. M. Lanao, J. Controlled
Release, 2011, 154, 2-19.

46 J. V. Natarajan, C. Nugraha, X. W. Ng and S. Venkatraman, J.
Controlled Release, 2014, 193, 122-138.

47 X. Zhang, X. Wei, X. Men, C.-X. Wu, J.-J. Bai, W.-T. Li,
T. Yang, M.-L. Chen and J.-H. Wang, ACS Appl. Mater.
Interfaces, 2021, 13, 43668-43675.

48 X.-L. Hu, N. Kwon, K.-C. Yan, A. C. Sedgwick, G.-R. Chen,
X.-P. He, T. D. James and J. Yoon, Adv. Funct. Mater., 2020,
30, 1907906.

49 J. Friedrich, C. Seidel, R. Ebner and L. A. Kunz-Schughart,
Nat. Protoc., 2009, 4, 309-324.

50 P. Rothlisberger and M. Hollenstein, Adv. Drug Deliv. Rev.,
2018, 134, 3-21.

51 M. R. Dunn, R. M. Jimenez and J. C. Chaput, Nat. Rev. Chem,
2017, 1, 0076.

52 S.Maacha, A. A. Bhat, L. Jimenez, A. Raza, M. Haris, S. Uddin
and J.-C. Grivel, Mol. Cancer, 2019, 18, 55.

© 2024 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3ra08146j

	Polymertnqh_x2013DNA assembled nanoflower for targeted delivery of dolastatin-derived microtubule inhibitorsElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3ra08146j
	Polymertnqh_x2013DNA assembled nanoflower for targeted delivery of dolastatin-derived microtubule inhibitorsElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3ra08146j
	Polymertnqh_x2013DNA assembled nanoflower for targeted delivery of dolastatin-derived microtubule inhibitorsElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3ra08146j
	Polymertnqh_x2013DNA assembled nanoflower for targeted delivery of dolastatin-derived microtubule inhibitorsElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3ra08146j
	Polymertnqh_x2013DNA assembled nanoflower for targeted delivery of dolastatin-derived microtubule inhibitorsElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3ra08146j
	Polymertnqh_x2013DNA assembled nanoflower for targeted delivery of dolastatin-derived microtubule inhibitorsElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3ra08146j
	Polymertnqh_x2013DNA assembled nanoflower for targeted delivery of dolastatin-derived microtubule inhibitorsElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3ra08146j

	Polymertnqh_x2013DNA assembled nanoflower for targeted delivery of dolastatin-derived microtubule inhibitorsElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3ra08146j
	Polymertnqh_x2013DNA assembled nanoflower for targeted delivery of dolastatin-derived microtubule inhibitorsElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3ra08146j
	Polymertnqh_x2013DNA assembled nanoflower for targeted delivery of dolastatin-derived microtubule inhibitorsElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3ra08146j
	Polymertnqh_x2013DNA assembled nanoflower for targeted delivery of dolastatin-derived microtubule inhibitorsElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3ra08146j
	Polymertnqh_x2013DNA assembled nanoflower for targeted delivery of dolastatin-derived microtubule inhibitorsElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3ra08146j
	Polymertnqh_x2013DNA assembled nanoflower for targeted delivery of dolastatin-derived microtubule inhibitorsElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3ra08146j
	Polymertnqh_x2013DNA assembled nanoflower for targeted delivery of dolastatin-derived microtubule inhibitorsElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3ra08146j
	Polymertnqh_x2013DNA assembled nanoflower for targeted delivery of dolastatin-derived microtubule inhibitorsElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3ra08146j
	Polymertnqh_x2013DNA assembled nanoflower for targeted delivery of dolastatin-derived microtubule inhibitorsElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3ra08146j
	Polymertnqh_x2013DNA assembled nanoflower for targeted delivery of dolastatin-derived microtubule inhibitorsElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3ra08146j
	Polymertnqh_x2013DNA assembled nanoflower for targeted delivery of dolastatin-derived microtubule inhibitorsElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3ra08146j

	Polymertnqh_x2013DNA assembled nanoflower for targeted delivery of dolastatin-derived microtubule inhibitorsElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3ra08146j
	Polymertnqh_x2013DNA assembled nanoflower for targeted delivery of dolastatin-derived microtubule inhibitorsElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3ra08146j
	Polymertnqh_x2013DNA assembled nanoflower for targeted delivery of dolastatin-derived microtubule inhibitorsElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3ra08146j
	Polymertnqh_x2013DNA assembled nanoflower for targeted delivery of dolastatin-derived microtubule inhibitorsElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3ra08146j


