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DNA-based nanomaterials have attracted increasing attention over the past decades due to their incomparable
programmability and functionality. In particular, dendritic DNA nanostructures are ideal for constructing drug
carriers due to their highly branched structure. In this study, an intelligent drug delivery system was constructed
based on DNA dendrimers, in which the DNA duplexes were utilized for simultaneously loading both
hydrophilic and hydrophobic small molecule drugs. Additionally, cancer microenvironment-responsive and

cancer cell-targeting moieties were introduced into the internal framework and surface of the
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Accepted 8th January 2025 nanostructures, respectively. Our research shows that these DNA-based drug carriers can enter cancer cells

. through endocytosis and disintegrate under the reduction of cellular glutathione, thereby achieving targeted
DOI: 10.1039/d4ra07839) co-delivery and controlled release of chemotherapeutic agents and antisense oligonucleotides, providing

rsc.li/rsc-advances an effective drug delivery strategy for combined treatment of tumors.
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DNA-based nanostructures have been widely used in drug
delivery and targeted therapy in recent years due to their diverse
structures and functions.”® Nucleotide sequence design based
on the specific structural properties of nucleic acids can accu-
rately construct complex nanostructures.”™ From a chemical
point of view, DNA is composed of a negatively charged
phosphate-sugar backbone with complementary hydrophobic
base pairs inside the backbone. These base pairs interact with
each other through hydrogen bonds to form a double helix
structure. Duplex DNA can interact with various small molecules
through - stacking and electrostatic forces, which makes DNA
have potential application value in drug delivery systems."”*™* In
addition, gene drugs such as small interfering RNA, antisense
oligonucleotides (ASO), deoxyribozymes (DNAzyme) and cytosine
guanosine monophosphate (CpG) oligonucleotides can also be
integrated into nucleic acid nanostructures through Watson-
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Crick base pairing."""” These properties make DNA an ideal
material for building a new generation of smart drug delivery
systems."® Through rational design, the introduction of aptamers
and response-controlled release sites on DNA nanostructures can
efficiently transport active drug molecules to biological targets
and exert their therapeutic effects, while significantly reducing
the cytotoxic effect of drugs on normal cells."**

Among all types of DNA nanostructures, DNA dendrimers
possess unique properties such as hyperbranched porous
conformation, high structural stability, and excellent mono-
dispersity.'>* Because its outer layer has easy to modify functional
sites, DNA dendrimers can accommodate imaging agents, drugs,
and targeting ligands simultaneously, thus having significant
drug loading and directional drug release capabilities.”* In addi-
tion, compared with dendrimers made of other organic or inor-
ganic macromolecules, DNA dendrimers have good
biocompatibility, significant cellular internalization ability and
biodegradability.">**** Furthermore, when used as drug carriers,
the binding between DNA dendrimers and small molecule drugs
is usually reversible, which helps DNA dendrimers achieve stimuli
responsiveness through sequence design, thereby achieving
controlled release of drugs. Through continuous design and
improvement of sequences, scientists have continuously devel-
oped different categories of stimuli-responsive DNA structures.>™*
Since the concentration of 1-glutathione (GSH) in tumor cells and
tumor microenvironment is much higher than that in normal
tissues, this property has been utilized by many scientists to
develop GSH-responsive drug delivery systems for tumor treat-
ment.*** On this basis, by modifying the sticky ends of DNA
dendrimers with aptamers, DNA dendrimers can recognize the
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Fig. 1 Schematic illustration of the DNA dendrimer-based nano-
carriers for targeted co-delivery and controlled release of multiple
chemotherapeutic drugs.

corresponding receptors on the cell surface through aptamers,
thereby achieving precise targeted delivery of drugs/genes.”»*
Although some drug carriers with DNA dendritic structures have
been successfully developed in recent years, most of them can only
carry a single drug.** The main reason is that the physical and
chemical properties of different types of drugs vary greatly, such as
hydrophilicity/hydrophobicity or small molecules/
biomacromolecules. Therefore, different types of drugs may
repel each other in the same carrier, thus limiting the function of
most drug carriers to the delivery of a single type of drug.*
Here, we designed and synthesized a DNA-based dendritic
drug carrier system for the co-delivery of multiple different
types of chemotherapeutic drugs. At the same time, the surface
of this dendritic nanostructure has multiple sticky ends, which
can be used to load targeting recognition groups such as DNA
aptamers and nucleic acid-based drugs such as antisense
oligonucleotides. At the same time, disulfide modification is
introduced between some of the phosphodiester bonds that
constitute the DNA dendrimer drug carriers. Once these carriers
enter cancer cells, disulfide bonds could be reduced under the
action of intracellular GSH, thus causing the release of anti-
cancer drugs from the DNA duplexes to play a therapeutic role.
In this study, we successfully co-loaded doxorubicin (Dox),
Netropsin (Ntp), and an ASO drug into these DNA dendrimers,
achieving targeted co-delivery and responsive release of hydro-
phobic and hydrophilic chemotherapeutic drugs (Fig. 1).

Design and synthesis of the drug
delivery systems based on DNA
dendrimers

To construct a hierarchical DNA dendrimer structure with
controlled drug release capabilities, three Y-shape DNA
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structures GO, Y1, Y2 were firstly designed and synthesized. The
three sticky ends of GO were identical, while one of the sticky
ends of Y1 is designed to be complementary to GO for the
formation of the second layer. The other two sticky ends of Y1
are complementary to Y2 to form the third layer. On this basis,
by introducing disulfide bonds into each protruding single
strand of the Y-shaped structure (Fig. 2a), the reductive
breakage of the DNA single strand under GSH stimulation can
be achieved, thereby activating the disintegration of the DNA
dendrimer and the controlled release of the drugs. Moreover, to
load DNA aptamer onto the dendrimer macromolecules, 13
bases at the 5’ end of aptamer are designed to complement the
two identical sticky ends at the outermost layer of DNA Y2.

For the construction of Y-shaped DNA structures, three
oligonucleotides of equal length were mixed with 50 mM Tris-
HCI buffer and 50 mM NacCl in a ratio of 1:1:1, incubated at
95 °C for 5 minutes, and cooled to 25 °C over a time period of 40
minutes. After the annealing process, three Y-shaped structure
GO, Y1, and Y2 consisting of 13-bp double-stranded central
stems and three single-stranded protrusions were formed
respectively through base pair hybridization (Fig. 2a).

To characterize the synthesis of GO, Y1, Y2 and aptamers, the
synthesized products were analyzed by agarose gel electropho-
resis (Fig. 2b). From the electrophoresis results, the bands
shown in Lanes 1-5 indicate that GO, Y1, Y2 and aptamers were
successfully synthesized without distinct by-products. The
electrophoretic mobility of the bands in Lanes 1-3 are similar
and slightly lower than those in Lane 4 and Lane 5. This is
consistent with the expectation that GO, Y1 and Y2 have the
same number of nucleotide bases, which is greater than that of
the aptamers MUC1 and VEGF.

The obtained GO and Y1 were mixed at a ratio of 1:3 and
incubated at 25 °C for 2 hours to obtain G1. Subsequently, the
obtained G1 and Y2 were mixed at a molar ratio of 1: 6 under
the same condition to synthesize the DNA dendrimer, namely
G2 (Fig. 3a). Subsequently, the obtained G2 was functionalized
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Fig. 2 Synthesis and verification of Y-shaped DNA structure. (a) GO,
Y1, Y2 synthesis diagram and chemical structure linked by disulfide
bonds. (b) Experiment result of agarose gel electrophoresis: Lane 1: 2
uM GO; Lane 2:2 pM Y1; Lane 3:2 uM Y2; Lane 4:2 pM aptamer
MUCI; Lane 5: 2 pM aptamer VEGF (Run buffer: 1 x TAE; 125V cm™%;
20 min).
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Fig. 3 Synthesis and characterization of our newly designed DDN. (a)
Schematics of the synthetic route of DDN. (b) Schematics of the
surface functionalization process of DDN. (c) Electrophoretic analysis
of different generations of DNA dendrimers. Lane 1, 2 uM GO; Lane 2,
0.5 uM GI; Lane 3, 0.2 uM G2; Lane 4, 0.14 uM ASO-DDN; Lane 5,
90.9 nM ASO-Apt-DDN. Electrophoresis was carried out in 1 x TAE
buffer at 12.5 V cm™* for 20 min.

by mixing it with the MUC1 aptamer, VEGF aptamer, and
antisense oligonucleotide (ASO) in a 1:4:4:4 ratio under
identical conditions, resulting in the formation of an aptamer-
functionalized DNA dendrimer-based nanocarrier (Apt-DDN)
(Fig. 3b).

As shown in Lanes 1-3 of Fig. 3c, single band can be clearly
observed under 1.5% agarose gel electrophoresis, indicating
that G1, G2 and surface functionalized G2 were successfully
synthesized (Fig. 3c). These results showed that the overall size
of DNA-based dendritic molecules increased with the increase
of layers and enrichment of functional elements (aptamers and
antisense oligonucleotides), demonstrating the successful
synthesis of DNA dendrimers. In addition, it seems that the
bands gradually smear with the increase of the number of layers
of DNA dendrimers, which suggests that the higher the number
of layers, the less yield of the dendrimers can be obtained

(Fig. 3c).

Determination of the particle size of
DNA dendrimer-based nanocarriers
using atomic force microscopy

To characterize the synthesis of DNA dendrimers, sample solu-
tions containing dendritic DNA of various generations were
deposited onto a mica surface and subsequently analyzed using
tapping mode atomic force microscopy (AFM). AFM observations
revealed that DNA dendrimers of each generation were generally
dispersed spherical in shape (Fig. 4a). Further analysis gave the
average particle diameter of GO, G1, and G2 as 14.398 £ 0.65 nm,
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Fig. 4 (a) Atomic force microscopic imaging of the DNA-based

nanostructures GO, G1, G2, and Apt-DDN by tapping mode. (b) The
diameter of DNA-based nanostructures was obtained by NanoScope
Analysis.

25.153 £ 1.15 nm, 41.671 £+ 1.90 nm, respectively, while the
average diameter of aptamer-functionalized Apt-DDN was around
53.246 + 2.43 nm. AFM studies showed that the size of the
nanoparticles increased with the number of DNA polymer layers,
which was consistent with the design expectations. As a comple-
ment to gel electrophoresis, AFM results verified the successful
synthesis of dendrimers from another aspect (Fig. 4b).

Verification of GSH-triggered
disintegration of the disulfide bond-
containing DNA dendrimers

The single strands of each arm of the Y-shaped DNA are

modified with disulfide bonds between the phosphodiester
bonds near the duplex regions (detailed structures shown in

RSC Adv, 2025, 15, 2981-2987 | 2983
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Fig. 5 Schematic illustration and verification of the GSH-induced
disintegration of Apt-DDNs. (a) Illustration of the mechanism of GSH-
responsive cleavage of DNA backbones. (b) Electrophoretic analysis of
DNA dendrimers under various incubation conditions. Lane 1, 10 nM
DDN; Lane 2, 20 nM DDN incubated in a PBS buffer at 37 °C for 2 h;
Lane 3, 20 nM DDN incubated in a PBS buffer containing 5 mM GSH at
37 °C for 2 h; Lane 4, 20 nM DDN incubated in a PBS buffer containing
15 mM GSH at 37 °C for 2 h. Electrophoresis was carried out in 1 x TAE
buffer at 12.5 V. cm™~* for 20 min.

Fig. 5a). These disulfide bonds will theoretically break under the
action of high concentrations of reduced glutathione in the
tumor microenvironment, triggering the disintegration of the
DNA dendritic macromolecular structure, thereby improving
the release efficiency of drugs in tumor tissues.

In order to evaluate the stability of the synthesized DNA
dendrimers under physiological conditions and their respon-
siveness to GSH, we performed a series of agarose gel electro-
phoresis experiments on the synthesized Apt-DDN. Results
showed that the band intensity of Apt-DDNs after treatment
with phosphate-buffered saline is consistent with that of
untreated ones, indicating that the DNA dendrimers show good
stability under physiological conditions (Fig. 5b). Additionally,
when Apt-DDN was incubated in PBS buffer containing 5 mM or
15 mM GSH at 37 °C, the electrophoretic mobility of Apt-DDN
was significantly accelerated and the band brightness became
smear compared with the untreated DNA dendrimers, sug-
gesting that the modified disulfide bonds in Apt-DDN were
reduced by GSH and led to the decomposition of DNA den-
drimers to small molecular weight fragments (Fig. 5b).

Determination of the loading capacity
and release efficiency of DNA
dendrimer-based nanocarriers towards
chemotherapeutic drugs

To characterize the drug loading capacity of nanocarriers and
their responsiveness to glutathione, fluorescence spectroscopy
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Fig. 6 Determination of the drug loading and release capacity of Apt-
DDNSs. (a) Fluorescence intensities of 0.67 uM doxorubicin under
different concentration of DDNSs. (b) Fluorescence intensities of drug-
loaded DDNs incubated in various concentrations of reduced gluta-
thione at 37 °C for 2 h.

analysis of the doxorubicin-loaded aptamer-functionalized DNA
dendrimer-based nanocarrier (Dox-Apt-DDN) was performed.
Doxorubicin (Dox) can intercalate into the double helix struc-
ture of cancer cell DNA, disrupting DNA replication and tran-
scription, thereby inhibiting cancer cell proliferation.*® The
anthracycline ring within its molecular structure emits a strong
red fluorescence under ultraviolet light, making it useful for
monitoring drug release behavior.*”” When the concentration of
doxorubicin was fixed at 0.67 uM, the fluorescence intensity of
Dox-Apt-DDN gradually decreased with the increment of DNA
dendrimer concentration, indicating that Dox molecules were
successfully intercalated in the double helix structure of Apt-
DDN and their fluorescence were significantly quenched by
their adjacent nucleobases. Fluorescence spectra showed that
when 3.3 nM of Apt-DDN was present, the fluorescence intensity
decreased by 82.1% compared to Dox alone, demonstrating the
great drug loading capacity of the Apt-DDN (Fig. 6a).

By analyzing the fluorescence intensity of Apt-DDN samples
before and after incubation with different concentrations of
GSH (Aex = 469 nm), we found that as the GSH concentration
increased during the incubation of Apt-DDN, the fluorescence
intensity increased as well, which revealed that the drug release
was accelerated. Based on the relationship between fluores-
cence intensity and Dox concentration, we can infer that when
the GSH concentration was 5 mM and 15 mM, 37% and 46% of
the drug load were released, respectively, which suggested that
these DNA-based drug delivery systems are highly sensitive to
GSH and can efficiently release drugs under high concentra-
tions of GSH as expected (Fig. 6b).

Studies of the cell internalization
efficiency of DNA dendrimer-based
nanocarriers

To evaluate whether the constructed Apt-DDN can enhance
drug uptake efficiency in living cells, confocal microscopy was
used to observe Hela cells after 2 hours of incubation with Dox-
Apt-DDN in the presence of doxorubicin (Fig. 7a). The results
showed that the fluorescence intensity of Hela cells treated with
Dox-Apt-DDN solution was nearly four times than that of the
control group, indicating that with the help of the drug carrier

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Verification of the cell internalization ability of drug-loaded
Apt-DDNs. (a) Confocal laser scanning microscopy images of Hela cell
lines treated with Dox-Apt-DDN and Dox alone for 2 h. (b) Comparison
of the average fluorescence intensity of cells treated with Dox-Apt-
DDN and Dox alone.

Apt-DDN, the cell uptake rate of the anticancer drug doxoru-
bicin was greatly improved compared with itself (Fig. 7b).

Examination of the anticancer activity
of drug-loaded DNA dendrimer-based
nanocarriers

As a commonly used chemotherapeutic agents, netropsin (Ntp)
specifically binds to the minor groove of DNA, thereby
obstructing the binding of DNA polymerases and transcription
factors, which in turn inhibits gene expression.*® On the other
hand, Antisense oligonucleotide (ASO) binds complementarily
to specific mRNA target sequences, forming RNA-DNA hybrid
duplexes that either block the translation process or trigger
RNase H-mediated mRNA degradation, thereby reducing the
expression of the target gene.* In this study, the CCK-8 assay
was utilized to evaluate the cytotoxicity of Apt-DDN against
cancer cell lines. Experimental results showed that the drug-
loaded Apt-DDN demonstrated enhanced antitumor activity
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Fig. 8 Examination of the cytotoxicity of Dox-Apt-DDN (a), Ntp-Apt-
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compared to both the original drug molecule and the ASO-DDN.
This indicates that DDN can not only transport therapeutic
nucleic acids into tumor cells to exert their effects, but also
simultaneously deliver small molecule chemotherapeutic
drugs, thereby enhancing the efficacy of tumor cell eradication
through combination therapy (Fig. 8a).*

When the drug concentration was fixed at 10 uM, the cell
viability after treatment with Dox-Apt-DDN, NtP-Apt-DDN, and
Dox/NtP-Apt-DDN was 68.0%, 89.0%, and 56.3%, respectively. It
can be seen that with the help of DNA-based nanocarriers, the
toxicity of two anticancer drugs acting together on target cells is
not exactly the sum of the effects of the two drugs acting alone
(Fig. 8b). These DNA-based dendrimers is therefore expected to
be used for anti-cancer drug screening and drug efficacy eval-
uation at the cellular level to obtain the optimal combination
therapy effects in the future.

Conclusion

In summary, DNA dendrimer-based nanocarriers were
successfully prepared for targeted co-delivery and controlled
release of multiple chemo-therapeutic drugs in this study. The
results showed that Apt-DDNs can achieve targeted drug
delivery and controlled drug release through the aptamer on
their surface as well as the disulfide bonds incorporated
within the DNA backbones. Meanwhile, with efficiently
loading of multiple inclusions, these versatile DNA den-
drimers achieve targeted co-delivery of various types of anti-
cancer drugs (Dox/Ntp/ASO) to overcome single-drug resis-
tance in cancer treatment, which is expected to achieve
multimodal treatment on a single platform. The successful
synthesis of these versatile DNA dendrimer-based nano-
carriers provides a new strategy and tool for tumor treatment,
and therefore expected to be further applied in clinical trials
of combination therapy.
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