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Chemistries and applications of
DNA-natural product conjugate

Yuanyuan Chen', Wenting Li' and Hang Xing*
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Natural products and their derivatives have made great contributions to
chemotherapy, especially for the treatment of tumors and infections.
Despite the achievements, natural product-based small molecule drugs
usually suffer from side effects, short circulation time, and solubility issue. To
overcome these drawbacks, a common approach is to integrate another bio-
functional motif into a natural product compound, enabling targeted or
synergistic therapy. One of the most promising strategies is to form a DNA-
natural product conjugate to improve therapeutic purposes. The incorporated
DNA molecules can serve as an aptamer, a nucleic-acid-based congener of
antibody, to specifically bind to the disease target of interest, or function as a
gene therapy agent, such as immuno-adjuvant or antisense, to enable
synergistic chemo-gene therapy. DNA-natural product conjugate can also
be incorporated into other DNA nanostructures to improve the
administration and delivery of drugs. This minireview aims to provide the
chemistry community with a brief overview on this emerging topic of DNA-
natural product conjugates for advanced therapeutics. The basic concepts to
use the conjugation, the commonly used robust conjugation chemistries, as
well as applications in targeted therapy and synergistic therapy of using DNA-
natural product conjugates, are highlighted in this minireview. Future
perspectives and challenges of this field are also discussed in the discussion
and perspective section.
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Introduction

The development of more effective drugs is the central topic in chemistry and
biotechnology. In addition to modern drug discovery methods in the pharmaceutical
industry, such as high throughput screening assays (David et al., 2014), DNA-encoded
libraries (Huang et al., 2022; Sunkari et al., 2022), and artificial intelligence (AI)-assisted
machine-learning technology (Bowen et al., 2020; Feng et al., 2022), high potent natural
products isolated from plants and other natural sources remain an important source of
new chemical entity drugs (Frantz and Smith, 2003). To date, natural products and
natural products derivatives comprise 26% of new drugs being developed (Newman and
Cragg, 2020). These natural product drugs have demonstrated their key role against many
long-established druggable targets including kinases, proteases, ion channels, G protein-
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coupled receptors, and other functional enzymes, making
contributions to the
(Okouneva et al, 2003), acquired immunodeficiency
syndrome (AIDS) (Yu et al, 2003), Alzheimer’s disease
(Heinrich and Lee Teoh, 2004) and malaria (Cowman et al.,

remarkable treatment of cancer

2016). Despite these achievements, the drawbacks of natural
product drugs are non-negligible. One of the main downsides
of natural products is off-target which leads to severe side effects
and undesired toxicity. Some natural products also have a short
half-life span and can be rapidly eliminated by systemic
circulation in the biliary and renal systems (Ahuja et al., 2020;
Zhang et al., 2020). This decreases the bioavailability of natural
product drugs, and thus repeated administration is necessary
(Butler et al., 2014). Another disadvantage is the poor solubility
of natural medicines. For example, natural paclitaxel shows
limited effectiveness in aqueous media due to its inherent
insolubility. One approach to improve its solubility and
effectiveness is to covalently link the drug onto gold
nanoparticles via a DNA linker. The resulting conjugates are
highly soluble in aqueous buffers, showing more than 50-fold
higher solubility than unconjugated drug (Zhang et al., 2011;
Ahuja et al., 2020; Jain and Chella, 2020).

To alleviate the drawbacks of natural products, a variety of
conjugation technologies integrating the natural product with
another functional motif have been developed, including small-
molecule drug conjugate (Krall et al., 2014; Zhuang et al., 2019),
peptide drug conjugate (Ma et al., 2017; Wang et al., 2017),
protein-drug conjugate (Vhora et al, 2015), antibody-drug
conjugate (ADC) (Strebhardt and Ullrich, 2008; Beck et al,
2017; Bardia et al, 2019; Drago et al, 2021), virus-like drug
conjugate, etc. For example, monomethyl auristatin E (MMAE)
is a dolastatin-10 pentapeptide derivative with microtubule-
disrupting ability. Because of its high toxicity, it cannot be
used as a drug itself; instead, it has been linked to an anti-
CD30 antibody to target CD30-positive cancer cells (Fanale,
2017; Chen et al., 2020). This ADC formulation, with the
has
approved by FDA in 2018 for the treatment of various

commercial name of Brentuximab Vedotin, been
lymphomas and mycosis fungoides. The “ligand-linker-drug”
construct has been demonstrated as a highly -effective
formulation to enhance the location-specificity and half-life
span of natural products, reducing toxicity in healthy tissues
and increasing efficacy.

In addition to the above-mentioned technologies, owing to
the tremendous achievements of DNA technology over the past
decades, conjugating DNA into natural products emerges as one
of the most promising strategies to improve therapeutic
purposes. Pioneered by Seeman, Mirkin, et al., DNA has been
recognized as a programmable material to precisely assemble
cargo molecules in 3D space with a single base pair spatial control
(Jones et al, 2015). The organization of natural product
molecules into a highly ordered DNA nanostructure can

largely improve the efficiency of drug delivery. More
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importantly, the discovery of functional DNA, including
and DNAzyme,
analogues” to native antibodies and enzymes with similar

aptamer provides diverse “chemical
recognition and catalytic properties (Liu et al., 2009; Jia et al.,
2022). Functional DNA is also considered to be of high stability,
low immunogenicity, and easy chemical modification (Liang
et al, 2014; Li et al, 2016). Thus, the integration of natural
products and functional DNA has demonstrated the potential to
realize many advanced therapeutic approaches, including
targeted cancer therapy, synergistic chemo-immunotherapy,
and targeting previous “undruggable” biotargets (Zhu et al,
2015; Chen et al., 2017; Kim et al., 2021). In this minireview
article, we focus on the topic of DNA-natural product conjugate
and aim to provide a brief overview of the synthetic chemistries
and biomedical applications of this emerging conjugate,
especially the use of it in the field of cancer therapy. At last,
we provide our envisions on the future development of DNA-

natural product conjugate.

DNA-Natural product conjugation
chemistry

A DNA molecule is a biopolymer with a chain of nucleotide
monomers consisting of a phosphate backbone, deoxyribose, and
nitrogenous base group. A typical synthetic strategy to form the
DNA-natural product conjugate is to use native functional
groups on a natural product, such as a-hydroxyl, phenol
hydroxyl, and a primary amine, to covalently attach to DNA
via homo- and hetero-bifunctional crosslinkers (Figure 1A).
Based on the molecular structure of DNA, Figure 1 illustrates
three commonly used modification chemistries to install natural
product molecules onto DNA: 1) terminal modification (Figures
1B,C); 2) modification of phosphodiester backbone (Figure 1D);
and 3) modification on nucleobase site (Figure 1E).

The first and most used conjugation chemistry is to
immobilize natural products onto the 3'- or 5'-terminus of a
DNA strand. Typically, the terminus of a DNA strand is modified
with active thiol or primary amine to conjugate with natural
product using a bifunctional crosslinker. Mirkin and colleagues
developed a DNA-paclitaxel (PTX) conjugate to improve the
drug solubility and efficacy (Zhang et al.,, 2011). The PTX was
first reacted with succinic anhydride to install a carboxyl group
on its active a-hydroxyl. The DNA strand was synthesized with a
primary amine on the 3'-terminus to react with carboxylated
PTX using EDC/sulfo-NHS coupling chemistry (Figure 1B). The
conjugate can be further immobilized onto gold nanoparticles,
resulting in a nanoparticle drug delivery system that delivers
drugs to cancer cells. Similarly, natural products can also be
attached to the 5'-terminus of the DNA strand. Tan and
colleagues used a hetero-crosslinking agent to conjugate the
mitomycin C (MMC) with a 5'-tholated aptamer (Yang et al.,
2020). The conjugation reaction occurs in the active secondary
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FIGURE 1

(A) Scheme showing the “ligand-linker-drug” construct and three commonly used modification sites on a DNA nucleotide for conjugation. (B)
Conjugation of PTX on 3’-terminus of an amine-modified DNA. (C) Conjugation of MMC on 5'-terminus of a thiolated DNA. (D) Conjugation of PTX
on phosphorothioate backbone using a hetero-bifunctional linker. (E) Use CPT-containing phosphoramidite to prepare a drug-loaded aptamer
strand using solid-state synthesis. (F) Two commonly used traceless linkers to enable the release of native natural product drugs in the presence

of GSH.

amine group on MMC, which does not affect the bioactivity of
the drug (Figure 1C). They prepared three different aptamer-
MMC conjugates and demonstrated these conjugates showed
enhanced cytotoxicity against target cancer cells. The terminal
modification approach is straightforward and effective, except
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that the number of attached drugs is limited. Approaches that can
achieve a higher drug-to-DNA ratio are needed.

The second conjugation chemistry is to incorporate
phosphorothioate (PS) at the desired position on the
backbone of a DNA strand and attach the natural product to
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the PS sites. Since PS is chemically different from native
phosphodiester (PO), site-selective drug modification can be
realized. Zhang and colleagues used this approach to graft
PTX molecules on the PS backbone of a DNA strand (Guo
et al,, 2019). The PTX was first modified with a benzyl bromide
group and was then selectively attached to PS sites at the benzyl
bromide-modified a-hydroxyl site (Figure 1D). By using DNA
sequence with PO and PS backbone blocks, amphipathic DNA-
PTX conjugate with aptamer and PTX-PTX segments can be
synthesized and further assembled into the spherical nucleic acid
construct, enabling active tumor-specific delivery and drug
resistance reversal for antitumor therapy. Zhang and
colleagues further applied the PS backbone modification
chemistry to prepare DNA-Camptothecin (CPT) conjugate to
improve CPT aqueous solubility and delivery (Zhang J. et al,
2019). They used a disulfide linker to incorporate carbonethyl
bromide to CPT on its -OH position, which can be covalently
attached to the PS sites of DNA. The DNA-CPT strands were
further assembled into a drug-loaded DNA tetrahedral structure
with stimuli-responsive drug releasing properties.

The last method to prepare DNA-natural product conjugate is
to use the drug-containing phosphoramidites to directly synthesize
DNA strands with drug-modified nucleosides using standard solid-
state synthesis. For example, Tan and colleagues prepared the CPT-
containing phosphoramidites to synthesize a series of aptamer-CPT
conjugates (Figure 1E) (Gao et al,, 2021). The use of solid-phase
synthesis can largely decrease the synthesis time and improve
efficiency. They demonstrated that the aptamer sequence on the
conjugate maintained targeting property and the incorporated CPT
remained biological inhibitory activity. Cell studies revealed that
aptamer-CPT conjugates can be specifically delivered to targeted
HCT116 cells and released drugs intracellularly. The advantage of
nucleobase modification and PS backbone modification is the ability
to control the number and position of drug molecules on a DNA
strand, thus enabling the possibility to develop precision medication
for cancer and other diseases.

Covalent conjugation is stable and thus can reduce drug leakage.
However, covalent modification might interfere with the binding
ability of natural products, thus affecting their biological properties
(Huang X. et al,, 2021). One possible solution is to use non-covalent
chemistry to prepare the DNA-drug conjugate that can be easily
released in the desired location. One of the most used methods is the
intercalation of drug molecules into double-stranded DNA
(dsDNA). doxorubicin  (DOX),

chemotherapy drug, can interact with dsDNA by occupation

For example, a common
between planar base pairs using a tetracene ring (Stuart et al,
2014). By using aptamer as the targeting agent, DOX-intercalated
dsDNA can be specifically delivered to the targeted cancer cell,
showing enhanced antitumor efficacy in the mouse model (Zhu
et al, 2013). Another approach is to use cleavable or traceless
cleavable linker chemistry, which enables the release of the
natural product when it reaches the target cell (Brise and
Dahmen, 2000). The stimuli-responsive drug release strategies
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include the reduction of disulfide bonds by glutathione (GSH),
light-induced cleavage, and enzyme-catalyzed cleavage (Beck et al,,
2017). Figure 1F illustrates two commonly used, disulfide-based,
traceless cleavage linkers, 4-nitrophenyl 4-(2-pyridyldithio) benzyl
carbonate (NPDBC) and 4-nitrophenyl 2-(2-pyridyldithio) ethyl
carbonate (NPDEC). Under the condition of high intracellular
GSH concentration, the broken disulfide bonds lead to the
cleavage of the amide bond, releasing the native MMC molecule
from the aptamer strand with the secondary amine group intact
(Yang et al,, 2020). The use of a traceless linker to prepare conjugate
not only prevents acid-mediated degradation of MMC but also
enables tumor microenvironment-responsive drug release. In
addition to the above-mentioned traceless release strategies, other
types of traceless linkers, such as amide-containing linker (Shannon
et al, 2003; Gil and Brase, 2004), sulfone-based chemistry (Cheng
et al, 1999; Cheng et al, 2001; Huang T. et al, 2021), and aryl-
triazene (Hejesen et al,, 2013), can also be easily applied to synthesize
DNA-drug conjugates, enabling targeted release of native natural
products.

Applications of DNA—Natural product
conjugate

To date, DNA-natural product conjugate has been used for
advanced therapeutic applications, showing enhanced efficacy over
native drug molecules. One application is to construct DNA
nanostructures, such as spherical nucleic acid, using DNA-natural
product conjugate, improving the solubility, endocytosis ability, and
bioavailability of the drugs. For example, Mirkin and colleagues
developed polymeric SNA construct loading DOX via EDC/sulfo-
NHS coupling chemistry (Banga et al, 2017). The SNA structure
promotes cellular uptake of drugs, showing enhanced cytotoxicity
against SKOV3 cancer cells. Another example was reported by Zhang
and colleagues, who prepared PTX-loaded SNA-like micellar
nanoparticles using amphiphilic blocked DNA-drug conjugates
(Guo et al, 2019). Since multiple drug molecules can be attached
to the phosphorothioate group on the DNA backbone, the PTX-SNA
achieved a high drug loading ratio up to ca. 53%. The approach to
assemble DNA-natural product conjugate into DNA nanostructure
not only increases the stability and loading of the drug molecule but
also improves its cellular uptake and half-life span, overcoming the
key downsides of the small-molecule drug.

Another widely reported application is to use aptamer—natural
product drug (ApDC) conjugate for targeted cancer therapy. Since
aptamer serves as the antibody analogue that can bind target with
high affinity and specificity, ApDC can help deliver drug
specifically to the targeted sites, decreasing the side effects of
chemotherapy. One of the first reported ApDC examples is the
sgc8c-tethered DNA dsDNA loading with DOX. Theranostics
(Zhu et al, 2013). The use of sgc8c aptamer enabled targeted
delivery of DOX to protein tyrosine kinase 7 (PTK-7) positive
CEM cells in mouse model, thereby achieving improved efficacy
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TABLE 1 Representative examples of DNA—natural product conjugates.

10.3389/fchem.2022.984916

Modification = Natural Conjugate Conjugation DNA Disease  Ref.
Method Product Chemistry Sequence
Terminal Paclitaxel 5%\/\3:' fk/\lfo Coupling 3’-terminal amineand ~ DNA with Breast Zhang
Modification (PTX) H 3 active hydroxyl on PTX using  oligo-T cancer et al,
EDC/sulfo-NHS (2011)
Mitomycin o s’sf/\/\a Coupling 3’-terminal thiol and ~ XQ-2d Prostate Yang
C (MMCQC) NJLO‘ (:) secondary amine on MMC via cancer et al.,
hetero-bifunctional linker (2020)
Backbone Paclitaxel SM 3 Modifying phosphorothioate AS1411 Breast Guo et al,,
Modification (PTX) )— N group on DNA backbone using cancer (2019)
. o_Base benzyl bromide linker
=GRPRURRY .,
Oy
Camptothecin 5M' Modifying phosphorothioate DNA Colon Zhang
(CPT) N )— N group on DNA backbone using  tetrahedron cancer J. et al,
o o Base benzyl bromide linker (2019)
) o
Sy (D
o.,
Nucleobase Camptothecin 5 M3' Using CPT-containing Sgc8-c Colon Gao et al,
Modification (CPT) )_ “ phosphoramidite to prepare a cancer (2021)
o drug-loaded aptamer via solid-
o (( state synthesis
N
O:I-f'-O
o..
Non-covalent Doxorubicin DOX Intercalation between planar Sgc8-c Leukemia  Zhu et al,,
(DOX) W base pairs (2013)

than DOX itself. Nucleolin is another common biomarker
overexpressed on the surface of various cancer cells, which can
be used as the potential binding target of aptamer (Soundararajan
et al,, 2009). Zhang and colleagues reported a nucleolin aptamer
AS1411-PTX conjugation via a cathepsin B sensitive dipeptide
bond. The conjugation can specifically target cancer cells to release
PTX, showing antitumor ability, but did not affect the normal cell.
Compared with non-targeted PTX, the AS1411-PTX conjugate
presented higher cancer cell uptake and preferable targeting
property in ovarian tumor mouse model (Li et al, 2017).
Similarly, Tan and colleagues reported an AS1411-triptolide
conjugate by coupling p-nitrophenylformate on triptolide and
terminal amine on DNA. They demonstrated that triptolide can
be specifically delivered and released into tumor cells, leading to
lysosomal disintegration, and in turn, lysosomal-mediated
programmed cell death (He et al., 2020).

In addition to the above-mentioned two applications, there is a
growing interest to develop synergistic therapies by combining

Frontiers in Chemistry

05

natural product chemotherapy with other treatments to overcome
drug resistance. For example, P-glycoprotein or multidrug resistance
protein (MDR1) overexpressed on cancer cells is one of the key issues
affecting drug accumulation. To address this issue, Zhang and
colleagues conjugated PTX onto a floxuridine (FdU)-integrated
antisense oligonucleotide to develop synergistic chemo-gene
therapy (Zhu et al,, 2020). They used fluorescent dithiomaleimde
as a linker to form the conjugation, which further assembled into an
SNA construct. The conjugate can inhibit P-glycoprotein expression
as well as release FAU and PTX, enabling synergistic therapy for drug-
resistant cancer. Another promising approach for cancer treatment
way is synergistic chemo-immunotherapy. Lv and colleagues
reported the use of a DOX and CpG-loaded nanoparticle to
modulate the tumor microenvironment for efficient chemo-
immunotherapy (Dong et al., 2020). Compared with a hydrogel
containing DOX only, the incorporation of CpG enabled a long-
lasting immunostimulatory effect. The co-stimulation from both
DOX and adjuvant can regulate the tumor microenvironment to
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a suppressive state, resulting in a stronger immune response and
more effective chemo-immunotherapy. As we can see from these
examples, the DNA-natural product conjugates largely expand the
application regime of natural medicines in cancer treatment and
other diseases.

Perspectives

As discussed in this minireview and summarized in Table 1,
conjugating natural product drugs to functional DNA represents one
of the most promising methods to improve the therapeutic effects.
Despite the growing interests and publications in this field over the past
decade, the number of successful examples of DNA-drug conjugate in
the pharmaceutical industry does not seem to correlate with its
academic popularity, especially when compared with antibody-drug
conjugate, which has already achieved tremendous success in clinic. To
meet the challenges in bench-to-bedside transition of DNA-drug
conjugate, more efforts shall be needed to address the critical issues
affecting the therapeutic performance of DNA-based conjugates and
the cost-efficacy benefit in the development.

First, the community might consider standardizing the evaluation
procedures for DNA-natural product conjugates in animal models.
Granted, the targeting effects and unique biological properties of
functional DNA are robust and reproducible at the cellular level, but
some of these properties might have interfered when reaching the in-
vivo context (Sun et al.,, 2014; Toh et al., 2015). The formation of the
protein corona, degradation of biomacromolecules, and inherent
immune response may inevitably lead to the decrease of
Thus, it is
appropriate controls and standardize the way conjugates are tested.

biorecognition properties. important to adapt
For example, the scramble DNA sequence shall be an important
control to verify the corresponding aptamer still binds tightly and
specifically to its molecular targets in animal models (Xing et al,
2013). In this vein, the community can take advantage of the solid
results and data of these conjugates to address potential issues
associated with their use in therapy.

Second, more efforts are expected to address some key issues of
functional DNA in therapeutic applications. Two widely-recognized
issues are the relatively lower binding affinity (ca. 10 ~ 10 M) and
poorer pharmacokinetics and pharmacodynamics of DNA when
compared with antibodies (Yan and Levy, 2018). Since different
formulations might work differently in animal models, it might be
important to test and analyze the performance of each DNA and its
conjugate in vivo (Sun et al,, 2014; Zhu and Chen, 2018; Zhang Y.
etal, 2019; Odeh et al,, 2019). A comprehensive and solid database
shall be beneficial for the community to solve the binding and
delivery issues of DNA, and to accelerate the development of
conjugates for clinical applications.

Third, another potential issue in clinical application of DNA-
natural product conjugates is the significantly improved cost when
comparing with the small molecule drug due to the DNA
conjugation. The cost-effectiveness analysis should be carefully
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evaluated during the conjugation drug development process. The
community could learn from the example of GalNAc-siRNA
conjugate which has advanced into multiple preclinical and
clinical trials, including three phase III trials initiated by
Alnylam. The carefully chosen target receptor and well-designed
conjugation chemistry makes the GalNAc-siRNA a successful
solution to the RNAIi therapeutics for liver hepatocyte diseases
(Nair et al,, 2017; Thangamani et al,, 2021). In the development
of DNA-natural product conjugates, the cost-effective nucleic acid
manufacturing technologies, such as the use of use of drug-
containing phosphoramidite, could be considered to reduce the
cost (Zhu et al,, 2015). One oligonucleotide strand can also load
multiple copies of drug molecules to increase drug loading capacity,
thus potentially improving the effectiveness (Beck et al., 2010).

To conclude, the use of DNA as a programmable
biorecognition agent to improve natural product drug efficacy
is an important and emerging field. Recent progress in the field of
molecular biology, biotechnology, and synthetic chemistry may
provide better solutions for solving the abovementioned key
issues. With more reliable DNA-drug conjugates in hand, the
community can meet the critical challenges in the field to develop
better pharmacological therapies.

Author contributions

All authors listed have made a substantial, direct, and intellectual
contribution to the work and approved it for publication.

Acknowledgments

The authors acknowledge the financial support from
National (No.
21877032), Hunan Province Talented Young Scientists
Program (2019RS 2021), and Shenzhen Institute of Synthetic
Biology Scientific Research Program (DWKF20210005).

Natural Science Foundation of China

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

frontiersin.org


https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://doi.org/10.3389/fchem.2022.984916

Chen et al.

References

Ahuja, R., Panwar, N., Meena, J., Singh, M., Sarkar, D. P., and Panda, A. K. (2020).
Natural products and polymeric nanocarriers for cancer treatment: A review.
Environ. Chem. Lett. 18, 2021-2030. doi:10.1007/s10311-020-01056-z

Banga, R. ]., Krovi, S. A., Narayan, S. P., Sprangers, A. ], Liu, G., Mirkin, C. A.,
et al. (2017). Drug-loaded polymeric spherical nucleic acids: Enhancing colloidal
stability and cellular uptake of polymeric nanoparticles through DNA surface-
functionalization. Biomacromolecules 18, 483-489. doi:10.1021/acs.biomac.
6b01563

Bardia, A., Mayer, I. A, Vahdat, L. T., Tolaney, S. M., Isakoff, S. ]., Diamond, J. R.,
et al. (2019). Sacituzumab govitecan-hziy in refractory metastatic triple-negative
breast cancer. N. Engl. J. Med. Overseas. Ed. 380, 741-751. doi:10.1056/
nejmoal814213

Beck, A., Goetsch, L., Dumontet, C., and Corvaia, N. (2017). Strategies and
challenges for the next generation of antibody-drug conjugates. Nat. Rev. Drug
Discov. 16, 315-337. doi:10.1038/nrd.2016.268

Beck, A., Wurch, T., Bailly, C., and Corvaia, N. (2010). Strategies and challenges
for the next generation of therapeutic antibodies. Nat. Rev. Immunol. 10, 345-352.
doi:10.1038/nri2747

Bowen, T., Stephens, L., Vance, M., Huang, Y., Fridman, D., and Nabhan, C.
(2020). Novel artificial intelligence (AI)-based technology to improve oncology
clinical trial fulfillment. J. Clin. Oncol. 38, 2052. doi:10.1200/jc0.2020.38.15_suppl.
2052

Brise, S., and Dahmen, S. (2000). Traceless linkers only disappearing links in
solid-phase organic synthesis. Chem. Eur. J. 6, 1899-1905. doi:10.1002/1521-
3765(20000602)6:11<1899:aid-chem1899>3.0.co;2-m

Butler, M. S., Robertson, A. A., and Cooper, M. A. (2014). Natural product and
natural product derived drugs in clinical trials. Nat. Prod. Rep. 31, 1612-1661.
doi:10.1039/c4np00064a

Chen, K., Liu, B, Yu, B., Zhong, W., Lu, Y., Zhang, J., et al. (2017). Advances in the
development of aptamer drug conjugates for targeted drug delivery. Wiley
Interdiscip. Rev. Nanomed. Nanobiotechnol. 9, e1438. doi:10.1002/wnan.1438

Chen, R., Herrera, A. F., Hou, J., Chen, L., Wu, J., Guo, Y., et al. (2020). Inhibition
of MDRI1 overcomes resistance to Brentuximab vedotin in hodgkin lymphoma.
Clin. Cancer Res. 26, 1034-1044. doi:10.1158/1078-0432.ccr-19-1768

Cheng, W-C,, Olnstead, M. M., and Kurth, J. (2001). Vinyl sulfones in solid-
phase synthesis: Preparation of 4, 5, 6, 7-tetrahydroisoindole. J. Org. Chem. 66,
5528-5533.

Cheng, W.-C,, Halm, C,, Evarts, J. B., Olmstead, M. M., and Kurth, J. M. (1999).
Allylic sulfones in solid-phase Synthesis: preparation of cyclobutylidenes. J. Org.
Chem. 64, 8557-8562. doi:10.1021/j0990954b

Cowman, A. F.,, Healer, J., Marapana, D., and Marsh, K. (2016). Malaria: Biology
and disease. Cell 167, 610-624. doi:10.1016/j.cell.2016.07.055

David, B., Wolfender, J.-L., and Dias, D. A. (2014). The pharmaceutical industry
and natural products: Historical status and new trends. Phytochem. Rev. 14,
299-315. doi:10.1007/s11101-014-9367-2

Dong, X., Yang, A, Bai, Y., Kong, D., and Lv, F. (2020). Dual fluorescence
imaging-guided programmed delivery of doxorubicin and CpG nanoparticles to
modulate tumor microenvironment for effective chemo-immunotherapy.
Biomaterials 230, 119659. doi:10.1016/j.biomaterials.2019.119659

Drago, J. Z., Modi, S., and Chandarlapaty, S. (2021). Unlocking the potential of
antibody-drug conjugates for cancer therapy. Nat. Rev. Clin. Oncol. 18, 327-344.
doi:10.1038/s41571-021-00470-8

Fanale, M. A. (2017). Brentuximab vedotin for advanced Hodgkin’s lymphoma.
Lancet Oncol. 18, 1566-1568. doi:10.1016/s1470-2045(17)30845-8

Feng, ]., Phillips, R. V., Malenica, I, Bishara, A., Hubbard, A. E,, Celi, L. A, et al.
(2022). Clinical artificial intelligence quality improvement: Towards continual
monitoring and updating of AI algorithms in healthcare. npj Digit. Med. 5, 66.
doi:10.1038/s41746-022-00611-y

Frantz, S., and Smith, A. (2003). New drug approvals for 2002. Nat. Rev. Drug
Discov. 2, 95-96. doi:10.1038/nrd1014

Gao, F, Zhou, J., Sun, Y., Yang, C, Zhang, S., Wang, R, et al. (2021).
Programmable repurposing of existing drugs as pharmaceutical elements for the
construction of aptamer-drug conjugates. ACS Appl. Mat. Interfaces 13, 9457-9463.
doi:10.1021/acsami.0c18846

Gil, C, and Brase, S. (2004). Traceless and multifunctional linkers for the
generation of small molecules on solid supports. Curr. Opin. Chem. Biol. 8,
230-237. doi:10.1016/j.cbpa.2004.04.004

Guo, Y., Zhang, ], Ding, F., Pan, G,, Li, ., Feng, J., et al. (2019). Stressing the role
of DNA as a drug carrier: Synthesis of DNA-drug conjugates through grafting

Frontiers in Chemistry

07

10.3389/fchem.2022.984916

chemotherapeutics onto phosphorothioate oligonucleotides. Adv. Mat. 31,
€1807533. doi:10.1002/adma.201807533

He, J., Peng, T., Peng, Y., Ai, L., Deng, Z., Wang, X. Q,, et al. (2020). Molecularly
engineering triptolide with aptamers for high specificity and cytotoxicity for triple-
negative breast cancer. J. Am. Chem. Soc. 142, 2699-2703. doi:10.1021/jacs.9b10510

Heinrich, M., and Lee Teoh, H. (2004). Galanthamine from snowdrop--the
development of a modern drug against Alzheimer’s disease from local
Caucasian knowledge. J. Ethnopharmacol. 92, 147-162. doi:10.1016/j.jep.2004.
02.012

Hejesen, C., Petersen, L. K., Hansen, N. J., and Gothelf, K. V. (2013). A traceless
aryl-triazene linker for DNA-directed chemistry. Org. Biomol. Chem. 11,
2493-2497. doi:10.1039/c30b27504c

Huang, T., Hosseinibarkooie, S., Borne, A. L., Granade, M. E., Brulet, J. W,
Harris, T. E,, et al. (2021). Chemoproteomic profiling of kinases in live cells using
electrophilic sulfonyl triazole probes. Chem. Sci. 12, 3295-3307. doi:10.1039/
d0sc06623k

Huang, X, Blum, N. T, Lin, J.,, Shi, ], Zhang, C., and Huang, P. (2021).
Chemotherapeutic drug-DNA hybrid nanostructures for anti-tumor therapy.
Mat. Horiz. 8, 78-101. doi:10.1039/d0mh00715¢

Huang, Y., Li, Y., and Li, X. (2022). Strategies for developing DNA-encoded
libraries beyond binding assays. Nat. Chem. 14, 129-140. doi:10.1038/s41557-021-
00877-x

Jain, H., and Chella, N. (2020). Methods to improve the solubility of therapeutical
natural products: A review. Environ. Chem. Lett. 19, 111-121. doi:10.1007/s10311-
020-01082-x

Jia, H. R., Zhang, Z., Fang, X, Jiang, M., Chen, M., Chen, S., et al. (2022). Recent
advances of cell surface modification based on aptamers. Mater. Today Nano 18,
100188. doi:10.1016/j.mtnano.2022.100188

Jones, M. R,, Seeman, N. C,, and Mirkin, C. A. (2015). Programmable materials
and the nature of the DNA bond. Science 347, 1260901. doi:10.1126/science.
1260901

Kim, D. H,, Seo, J. M., Shin, K. J,, and Yang, S. G. (2021). Design and clinical
developments of aptamer-drug conjugates for targeted cancer therapy. Biomater.
Res. 25, 42. doi:10.1186/s40824-021-00244-4

Krall, N., Pretto, F., Decurtins, W., Bernardes, G. J., Supuran, C. T., and Neri, D.
(2014). A small-molecule drug conjugate for the treatment of carbonic anhydrase IX
expressing tumors. Angew. Chem. Int. Ed. 53, 4231-4235. doi:10.1002/anie.
201310709

Li, F, Lu, J,, Liy, J,, Liang, C., Wang, M., Wang, L., et al. (2017). A water-soluble
nucleolin aptamer-paclitaxel conjugate for tumor-specific targeting in ovarian
cancer. Nat. Commun. 8, 1390. doi:10.1038/s41467-017-01565-6

1i,J., Mo, L., Lu, C. H,, Fu, T, Yang, H. H,, and Tan, W. (2016). Functional nucleic
acid-based hydrogels for bioanalytical and biomedical applications. Chem. Soc. Rev.
45, 1410-1431. doi:10.1039/c5¢s00586h

Liang, H., Zhang, X. B, Lv, Y., Gong, L, Wang, R, Zhu, X,, et al. (2014).
Functional DNA-containing nanomaterials: Cellular applications in biosensing,
imaging, and targeted therapy. Acc. Chem. Res. 47, 1891-1901. doi:10.1021/
ar500078f

Liy, J., Cao, Z., and Lu, Y. (2009). Functional nucleic acid sensors. Chem. Rev. 109,
1948-1998. doi:10.1021/cr030183i

Ma, L., Wang, C.,, He, Z., Cheng, B., Zheng, L., and Huang, K. (2017). Peptide-
drug conjugate: A novel drug design approach. Curr. Med. Chem. 24, 3373-3396.
doi:10.2174/0929867324666170404142840

Nair, J. K., Attarwala, H., Sehgal, A., Wang, Q., Aluri, K., Zhang, X., et al. (2017).
Impact of enhanced metabolic stability on pharmacokinetics and
pharmacodynamics of GalNAc-siRNA conjugates. Nucleic Acids Res. 45,
10969-10977. doi:10.1093/nar/gkx818

Newman, D. J.,, and Cragg, G. M. (2020). Natural products as sources of new
drugs over the nearly four decades from 01/1981 to 09/2019. J. Nat. Prod.
(Gorakhpur). 83, 770-803. doi:10.1021/acs.jnatprod.9b01285

Odeh, F., Nsairat, H., Alshaer, W., Ismail, M. A., Esawi, E., Qaqish, B., et al.
(2019). Aptamers chemistry: Chemical modifications and conjugation strategies.
Molecules 25, 3. doi:10.3390/molecules25010003

Okouneva, T., Hill, B. T., Wilson, L., and Jordan, M. A. (2003). The effects of
vinflunine, vinorelbine, and vinblastine on centromere dynamics. Mol. Cancer Ther.
2, 426-436.

Shannon, S. K., Peacock, M. J., Kates, S. A., and Barany, G. (2003). Solid-phase
synthesis of lidocaine and procainamide analogues using backbone amide linker
(BAL) anchoring. J. Comb. Chem. 5, 860-868. d0i:10.1021/cc034014n

frontiersin.org


https://doi.org/10.1007/s10311-020-01056-z
https://doi.org/10.1021/acs.biomac.6b01563
https://doi.org/10.1021/acs.biomac.6b01563
https://doi.org/10.1056/nejmoa1814213
https://doi.org/10.1056/nejmoa1814213
https://doi.org/10.1038/nrd.2016.268
https://doi.org/10.1038/nri2747
https://doi.org/10.1200/jco.2020.38.15_suppl.2052
https://doi.org/10.1200/jco.2020.38.15_suppl.2052
https://doi.org/10.1002/1521-3765(20000602)6:11<1899:aid-chem1899>3.0.co;2-m
https://doi.org/10.1002/1521-3765(20000602)6:11<1899:aid-chem1899>3.0.co;2-m
https://doi.org/10.1039/c4np00064a
https://doi.org/10.1002/wnan.1438
https://doi.org/10.1158/1078-0432.ccr-19-1768
https://doi.org/10.1021/jo990954b
https://doi.org/10.1016/j.cell.2016.07.055
https://doi.org/10.1007/s11101-014-9367-z
https://doi.org/10.1016/j.biomaterials.2019.119659
https://doi.org/10.1038/s41571-021-00470-8
https://doi.org/10.1016/s1470-2045(17)30845-8
https://doi.org/10.1038/s41746-022-00611-y
https://doi.org/10.1038/nrd1014
https://doi.org/10.1021/acsami.0c18846
https://doi.org/10.1016/j.cbpa.2004.04.004
https://doi.org/10.1002/adma.201807533
https://doi.org/10.1021/jacs.9b10510
https://doi.org/10.1016/j.jep.2004.02.012
https://doi.org/10.1016/j.jep.2004.02.012
https://doi.org/10.1039/c3ob27504c
https://doi.org/10.1039/d0sc06623k
https://doi.org/10.1039/d0sc06623k
https://doi.org/10.1039/d0mh00715c
https://doi.org/10.1038/s41557-021-00877-x
https://doi.org/10.1038/s41557-021-00877-x
https://doi.org/10.1007/s10311-020-01082-x
https://doi.org/10.1007/s10311-020-01082-x
https://doi.org/10.1016/j.mtnano.2022.100188
https://doi.org/10.1126/science.1260901
https://doi.org/10.1126/science.1260901
https://doi.org/10.1186/s40824-021-00244-4
https://doi.org/10.1002/anie.201310709
https://doi.org/10.1002/anie.201310709
https://doi.org/10.1038/s41467-017-01565-6
https://doi.org/10.1039/c5cs00586h
https://doi.org/10.1021/ar500078f
https://doi.org/10.1021/ar500078f
https://doi.org/10.1021/cr030183i
https://doi.org/10.2174/0929867324666170404142840
https://doi.org/10.1093/nar/gkx818
https://doi.org/10.1021/acs.jnatprod.9b01285
https://doi.org/10.3390/molecules25010003
https://doi.org/10.1021/cc034014n
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://doi.org/10.3389/fchem.2022.984916

Chen et al.

Soundararajan, S., Wang, L., Sridharan, V., Chen, W., Courtenay-Luck, N., Jones,
D., et al. (2009). Plasma membrane nucleolin is a receptor for the anticancer
aptamer AS1411 in MV4-11 leukemia cells. Mol. Pharmacol. 76, 984-991. doi:10.
1124/mol.109.055947

Strebhardt, K., and Ullrich, A. (2008). Paul Ehrlich’s magic bullet concept:
100 years of progress. Nat. Rev. Cancer 8, 473-480. doi:10.1038/nrc2394

Stuart, C. H., Horita, D. A., Thomas, M. J,, Salsbury, F. R,, Lively, M. O., and
Gmeiner, W. H. (2014). Site-specific DNA-doxorubicin conjugates display
enhanced cytotoxicity to breast cancer cells. Bioconjug. Chem. 25, 406-413.
doi:10.1021/bc4005427

Sun, H., Zhu, X,, Lu, P. Y., Rosato, R. R, Tan, W., and Zu, Y. (2014).
Oligonucleotide aptamers: New tools for targeted cancer therapy. Mol. Ther. -
Nucleic Acids 3, e182. doi:10.1038/mtna.2014.32

Sunkari, Y. K, Siripuram, V. K., Nguyen, T. L., and Flajolet, M. (2022). High-
power screening (HPS) empowered by DNA-encoded libraries. Trends Pharmacol.
Sci. 43, 4-15. doi:10.1016/j.tips.2021.10.008

Thangamani, L., Balasubramanian, B., Easwaran, M., Natarajan, J., Pushparaj, K.,
Meyyazhagan, A, et al. (2021). GalNAc-siRNA conjugates: Prospective tools on the
frontier of anti-viral therapeutics. Pharmacol. Res. 173, 105864. doi:10.1016/j.phrs.
2021.105864

Toh, S. Y., Citartan, M., Gopinath, S. C., and Tang, T. H. (2015). Aptamers as a
replacement for antibodies in enzyme-linked immunosorbent assay. Biosens.
Bioelectron. 64, 392-403. doi:10.1016/j.bios.2014.09.026

Vhora, I, Patil, S., Bhatt, P., and Misra, A. (2015). Protein- and peptide-drug
conjugates: An emerging drug delivery technology. Adv. Protein Chem. Struct. Biol.
98, 1-55. doi:10.1016/bs.apcsb.2014.11.001

Wang, Y., Cheetham, A. G., Angacian, G., Su, H,, Xie, L., and Cui, H. (2017).
Peptide-drug conjugates as effective prodrug strategies for targeted delivery. Adv.
Drug Deliv. Rev. 110-111, 112-126. doi:10.1016/j.addr.2016.06.015

Xing, H,, Tang, L., Yang, X. ], Hwang, K., Wang, W. D,, Yin, Q, et al. (2013). Selective
delivery of an anticancer drug with aptamer-functionalized liposomes to breast cancer
cells in vitro and in vivo. J. Mat. Chem. B 1, 5288-5297. doi:10.1039/c3tb20412j

Yan, A. C, and Levy, M. (2018). Aptamer-mediated delivery and cell-targeting
aptamers: Room for improvement. Nucleic Acid. Ther. 28, 194-199. doi:10.1089/
nat.2018.0732

Frontiers in Chemistry

08

10.3389/fchem.2022.984916

Yang, Q., Deng, Z., Wang, D., He, J., Zhang, D., Tan, Y., et al. (2020). Conjugating
aptamer and mitomycin C with reductant-responsive linker leading to
synergistically enhanced anticancer effect. J. Am. Chem. Soc. 142, 2532-2540.
doi:10.1021/jacs.9b12409

Yu, D., Suzuki, M., Xie, L., Morris-Natschke, S. L., and Lee, K. H. (2003). Recent
progress in the development of coumarin derivatives as potent anti-HIV agents.
Med. Res. Rev. 23, 322-345. doi:10.1002/med.10034

Zhang, J., Guo, Y., Ding, F., Pan, G, Zhu, X, and Zhang, C. (2019). A
camptothecin-grafted DNA tetrahedron as a precise nanomedicine to inhibit
tumor growth. Angew. Chem. Int. Ed. Engl. 58, 13932-13936. doi:10.1002/ange.
201907380

Zhang, L., Song, J., Kong, L., Yuan, T., Li, W., Zhang, W., et al. (2020). The
strategies and techniques of drug discovery from natural products. Pharmacol. Ther.
216, 107686. doi:10.1016/j.pharmthera.2020.107686

Zhang, X.-Q., Xu, X,, Lam, R,, Giljohann, D., Ho, D., and Mirkin, C. A. (2011).
Strategy for increasing drug solubility and efficacy through covalent attachment to
polyvalent DNA-nanoparticle conjugates. ACS Nano 5, 6962-6970. doi:10.1021/
nn201446c

Zhang, Y., Lai, B. S., and Juhas, M. (2019). Recent advances in aptamer discovery
and applications. Molecules 24 (5), 941. doi:10.3390/molecules24050941

Zhu, G., and Chen, X. (2018). Aptamer-based targeted therapy. Adv. Drug Deliv.
Rev. 134, 65-78. doi:10.1016/j.addr.2018.08.005

Zhu, G, Niu, G., and Chen, X. (2015). Aptamer-drug conjugates. Bioconjug.
Chem. 26, 2186-2197. doi:10.1021/acs.bioconjchem.5b00291

Zhu, G., Zheng, J., Song, E., Donovan, M., Zhang, K,, Liu, C,, et al. (2013). Self-
assembled, aptamer-tethered DNA nanotrains for targeted transport of molecular
drugs in cancer theranostics. Proc. Natl. Acad. Sci. U. S. A. 110, 7998-8003. doi:10.
1073/pnas.1220817110

Zhu, L., Guo, Y., Qian, Q., Yan, D., Li, Y., Zhu, X,, et al. (2020). Carrier-free
delivery of precise drug-chemogene conjugates for synergistic treatment of drug-

resistant cancer. Angew. Chem. Int. Ed. Engl. 59, 18100-18106. doi:10.1002/ange.
202006895

Zhuang, C., Guan, X., Ma, H., Cong, H., Zhang, W., and Miao, Z. (2019). Small
molecule-drug conjugates: A novel strategy for cancer-targeted treatment. Eur.
J. Med. Chem. 163, 883-895. doi:10.1016/j.ejmech.2018.12.035

frontiersin.org


https://doi.org/10.1124/mol.109.055947
https://doi.org/10.1124/mol.109.055947
https://doi.org/10.1038/nrc2394
https://doi.org/10.1021/bc4005427
https://doi.org/10.1038/mtna.2014.32
https://doi.org/10.1016/j.tips.2021.10.008
https://doi.org/10.1016/j.phrs.2021.105864
https://doi.org/10.1016/j.phrs.2021.105864
https://doi.org/10.1016/j.bios.2014.09.026
https://doi.org/10.1016/bs.apcsb.2014.11.001
https://doi.org/10.1016/j.addr.2016.06.015
https://doi.org/10.1039/c3tb20412j
https://doi.org/10.1089/nat.2018.0732
https://doi.org/10.1089/nat.2018.0732
https://doi.org/10.1021/jacs.9b12409
https://doi.org/10.1002/med.10034
https://doi.org/10.1002/ange.201907380
https://doi.org/10.1002/ange.201907380
https://doi.org/10.1016/j.pharmthera.2020.107686
https://doi.org/10.1021/nn201446c
https://doi.org/10.1021/nn201446c
https://doi.org/10.3390/molecules24050941
https://doi.org/10.1016/j.addr.2018.08.005
https://doi.org/10.1021/acs.bioconjchem.5b00291
https://doi.org/10.1073/pnas.1220817110
https://doi.org/10.1073/pnas.1220817110
https://doi.org/10.1002/ange.202006895
https://doi.org/10.1002/ange.202006895
https://doi.org/10.1016/j.ejmech.2018.12.035
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://doi.org/10.3389/fchem.2022.984916

	Chemistries and applications of DNA-natural product conjugate
	Introduction
	DNA–Natural product conjugation chemistry
	Applications of DNA–Natural product conjugate
	Perspectives
	Author contributions
	Acknowledgments
	Conflict of interest
	Publisher’s note
	References


