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Abstract Aptamers are single-stranded DNA or RNA sequences that can specifically bind with the

target protein or molecule via specific secondary structures. Compared to antibody-drug conjugates

(ADC), aptamer‒drug conjugate (ApDC) is also an efficient, targeted drug for cancer therapy with a

smaller size, higher chemical stability, lower immunogenicity, faster tissue penetration, and facile engi-

neering. Despite all these advantages, several key factors have delayed the clinical translation of ApDC,

such as in vivo off-target effects and potential safety issues. In this review, we highlight the most recent

progress in the development of ApDC and discuss solutions to the problems noted above.

ª 2023 Chinese Pharmaceutical Association and Institute of Materia Medica, Chinese Academy of Medical

Sciences. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

The severe acute respiratory syndrome coronavirus (SARS-CoV-
2) caused an unprecedented crisis. mRNA vaccines have been
recognized as one of the most effective ways to fight the
pandemic1,2. Nucleic acid drugs, such as siRNA, miRNA, and
aptamer, are playing a more and more important role not only in
anti-virus but also in cancer therapy and other diseases3. Espe-
cially, nucleic acid drugs show prominent potential to treat dis-
eases with undruggable targets for small molecules or protein
drugs. Aptamers are a type of single-stranded DNA or RNA
sequence that specifically binds to a target4e6. Aptamers are
mainly screened from a technology known as Systematic Evolu-
tion of Ligands by Exponential Enrichment (SELEX). At present,
a variety of aptamer screening methods have been developed7e12,
and aptamer targets include small molecules13e15, ions16,17,
proteins18e20, cells21e23, and tissues24,25. Since Larry Gold26 and
Ellington A27. reported the aptamer in 1990, thousands of
aptamers have been reported28e33. Aptamers are called chemical
antibodies, but with specificity and affinity equal to, or better than,
antibodies. Compared to antibodies, aptamers have the advantages
of easy synthesis, facile chemical modification, high stability, and
low cost (Table 1). Therefore, aptamers have shown promise in
cancer therapy and diagnostics34e38.

Antibody-drug conjugates (ADC) represent one of the fastest-
growing anti-cancer drugs in the past decade, owing to their
excellent anti-cancer effect compared to traditional chemo-
therapy39,40. The concept of ADC comes from the idea of “magic
bullet” that Paul Ehrlich first presented over 100 years ago41. In
his idea the “magic bullet” can specifically recognizes its target
without harming the host organism. ADC research can be traced
back to the 1980s; the U.S. Food and Drug Administration (FDA)
did not approve the first ADC for marketing until 200042. Public
data show that 14 ADCs have been approved worldwide so far,
and more than 150 ADCs are in clinical trials43,44. Besides ADCs,
some peptide-drug conjugates (PDC) have shown promising
anticancer effects and tumor penetration45,46. Last year, the FDA
approved the first PDC, Pepaxto, to treat relapsed or refractory
Table 1 Comparison of aptamer and antibody.

Character Aptamer Antibody

Molecular weight 6e30 kDa 150e180 kDa

Size w2 nm w15 nm

Affinity High High

Specificity High High

Stability Very stable Sensitive to

temperature

Targets Wide range

of targets

Immunogenic

molecules

Generation

discovery time

Few hours

to months

Several months

In vivo half-life Short (w20 min) Long

(wone months)

Cost Lower Higher

Nuclease

degradation

Sensitive Resistant

Chemical

modifications

Various

modifications

Limited

modifications

Secondary structure Hairpin, stem,

loop, G-quadruplex

A-helix and b-fold
multiple myeloma (MM)47. ADCs and PDCs-alike consist of
ligand, linker, and payload. However, the ligand in ADC and PDC
is antibody and peptide, respectively. Huang et al.48 first proposed
aptamer‒drug conjugate (ApDC) in 2009, a concept similar to
ADC and PDC. Here, the aptamer can be easily conjugated with
different drugs and act as the targeting ligand. In this review, we
summarized the recent progress in developing and applying ApDC
in cancer therapy (Scheme 1). We also defined the extended
payload of ApDC beyond small-molecule drugs.
2. Small molecule drug-based ApDC

Despite the rapid development of biological drugs, small-molecule
drugs still occupy a significant share of the pharmaceutical mar-
ket. Small molecule drugs have the advantages of convenient
storage and transportation, low immunogenicity, and oral admin-
istration. However, they have poor water solubility and relatively
large toxic and side effects because of low specificity. Targeted
delivery of small-molecule drugs via adding targeting ligands can
effectively improve the water solubility, thus reducing the toxicity
and side effects and enhancing drug efficacy. As an efficient
recognition molecule, aptamer can couple with small-molecule
drugs to achieve targeted drug delivery. The coupling of aptam-
ers and small molecule drugs mainly adopts three forms: covalent
conjugation, nucleic acid synthesis, and physical interaction.

2.1. Covalent conjugation

Aptamers have shown high efficacy as a delivery platform for
small molecules in cancer therapy. Aptamers and drugs can form
covalent coupling by modifying a reactive group, such as amino,
thiol, or cyclooctyne (DBCO).

Since developing the first ApDC by covalent coupling in 2009
(Fig. 1A)48, Tan group have reported multiple studies on covalent
ApDC. In 2019, Zhou et al.49 reported a cyclic bivalent ApDC
(cb-ApDC), which can specifically recognize target cells, effi-
ciently internalize into cells, and release drugs upon cleavage by
esterase (Fig. 1B). At the same time, cb-ApDC has more stability
than a single ApDC. In addition, cb-ApDC achieved precise
control of the drug ratio via a simple chemical reaction. This cb-
ApDC inspired the development of different drug combinations
and proportions for combinatorial cancer therapy. For instance, in
2020, Yang et al50. Developed the aptamer-Mitomycin C conju-
gate (Fig. 1C). They found that the cytotoxicity of these ApDC
was linker-dependent. The reductant-sensitive crosslinking strat-
egy significantly enhanced the cytotoxicity of MMC for the
treatment of target cancer cell lines. The cytotoxicity enhancement
has several critical factors, such as specific binding, target
recognition, and internalization. Furthermore, He et al.51 devel-
oped a triptolide ApDC to treat Triple-negative breast cancer
(TNBC) with high efficacy (Fig. 1D). The triptolide ApDC
showed high specificity and cytotoxicity against the MDA-MB-
231 cell line. It is noteworthy that the triptolide ApDC has
excellent in vivo anti-tumor efficacy for TNBC and negligible side
effects on healthy organs. In 2021, Li et al.52 reported an aptamer-
artesunate conjugate (Fig. 1E) which showed much higher cyto-
toxicity than artesunate alone because the aptamer caused an
increased accumulation of artesunate in target cells. Meanwhile,
in vitro experiments demonstrated that the aptamer-artesunate
conjugate has the specific targeting capability and remains at the
tumor site much longer than in control groups.



Scheme 1 Summary of aptamer-drug conjugate (ApDC).
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In addition to the Tan group, other research groups have
developed some effective ApDC via covalent coupling. Niu et al.
collaborated with Prof. Tan53 to develop the sgc8 aptamer and N-
heterocyclic carbene (NHC)-Au(I) complexes to treat CCRF-
CEM leukemia cells (Fig. 2A). This ApDC showed increased
toxicity to CCRF-CEM cells compared to N-heterocyclic carbene
(NHC)-Au(I) complexes alone. The IC50 decreased almost 30
times. They further tested other drug complexes and showed
enhanced cytotoxicity in different cell lines54. Li et al.55 reported
a highly water-soluble aptamer AS1411-paclitaxel conjugate
(AS1411-PTX), as shown in Fig. 2B, which can selectively
deliver paclitaxel to tumor sites. Cathepsin B-cleaved dipeptide
linker was used to connect AS1411 aptamer and the hydroxyl
group at position 2 of paclitaxel. AS1411-PTX remains struc-
turally stable in blood circulation. When AS1411-PTX enters
tumor cells, the dipeptide linker is cleaved to release PTX to kill
tumor cells. The selective enrichment of AS1411-PTX in ovarian
tumor tissues significantly improves the in vivo antitumor activity
of PTX and reduces systemic toxicity. The Gray group56 screened
aptamer E3, which has a high internalization ability. They used
MMAE (monomethyl auristatin E) and MMAF (monomethyl
auristatin F) to form ApDC E3-MMAE and E3-MMAF. These
ApDCs can effectively kill prostate cancer cells in vitro with
minimal toxicity on normal prostate epithelial cells. At the same
time, aptamer E3 can specifically target tumor tissues in vivo, and
the aptamer E3-MMAF conjugate has a significant growth
inhibitory effect in the prostate cancer mouse model. In addition,
using the complementary sequence of aptamer E3 as an antidote
can attenuate the cytotoxicity of the ApDC.

Kratschmer et al.57 used maleimide-MMAE and -MMAF
conjugated with thiol-modified aptamers to form ApDC. These
ApDCs showed high toxicity to the targeted cell lines. They could
also specifically enter into and kill pancreatic cancer cells effec-
tively. Pusuluri et al.58 developed a modular aptamer‒drug
coupling model. It provided for selective drug combinations in a
synergistic ratio for effective low-dose treatment through aptamers
specifically targeting tumor cells (Fig. 2C). First, the peptide
scaffold coupled doxorubicin (DOX) and camptothecin (CPT)
with a precise ratio (Fig. 2D). Then, drug-peptide conjugate and
aptamer were conjugated through an efficient chemical reaction to
form an aptamer-cooperative drug conjugate. The ApDC showed a
very low IC50 (31.9 nmol/L) in experiments using the triple-
negative breast cancer cell line MDA-MB-231. Furthermore,
in vivo antitumor study indicated that the effective dose was
reduced 20‒30 times compared with previously reported studies.

The ApDC formed by covalent conjugation is similar to ADC.
Current studies have indicated that conjugation to small molecules
has little effect on the aptamer binding affinity and specificity.
However, the coupling strategy between aptamers and small
molecules are restricted by traditional coupling methods such as
thiol-maleimide, azide-alkyne, amino-carboxyl, etc. Therefore,
developing new chemistry strategy for efficient conjugation is
crucial for exploring highly efficient aptamer‒drug conjugates.

2.2. Nucleic acid synthesis

Commercial nucleic acid is mainly synthesized through solid-
phase and enzymatic synthesis. The small molecules can couple
aptamers as base modules. The automated synthesis of ApDC,
which uses inactive ingredients of drugs as a bonding moiety,
usually does not affect the biological activity of conjugated drugs.
When the ApDC enters cells, nucleases can release the drug.

Since the Tan group developed the first photoactivated ApDC
via solid-phase synthesis (Fig. 3A) in 2014, they have developed
multiple ApDC via automated DNA synthesis59. In 2019, Lv
et al.60 used 5-fluorouracil (5-FU) as a payload to form ApDC to
investigate the internalization and subsequent transport of ApDC.
Cellular uptake pathways of ApDC were found to be similar to
that of aptamer, both being mainly directed by caveolin-mediated
endocytosis.

In 2020, the Tan group reported an automated synthesis of
Camptothecin (CPT) (Fig. 3B)61, Combretastatin A4 (CA4)
(Fig. 3C)62, pyrochlorophyll A (PA) (Fig. 3D)63, and an artificial
prodrug base (Fig. 3E)64. The CPT ApDC demonstrated a general
approach by converting traditional chinese medicine drug mole-
cules into phosphoramidites to build ApDC through a DNA syn-
thesizer61. The CA4 ApDC showed a more efficient and safer
therapeutic effect than CA4 alone, including a systematic visual-
ization of cellular events of CA4 ApDC upon entering the target
cells62. Besides its use as a chemotherapeutic drug, PA ApDC also
showed high efficacy for targeted photodynamic therapy. PA
ApDC could take advantage of the hypoxia-associated tumor
microenvironment for cancer treatment as a molecular domino
reactor63. This ApDC provides a general strategy for creating
functional ApDC to overcome the physiological barriers of the
tumor microenvironment. Xuan et al.64 designed a prodrug as an
artificial base for the DNA synthesizer to synthesize an aptamer
prodrug conjugate (ApPdC) for chemodynamic therapy. The
ApPdC was combined with bioorthogonal chemistry to improve
the chemodynamic therapeutic efficacy of the prodrug. The pro-
drug in ApPdC acts as a free radical generator for in situ gener-
ations of toxic free radicals in cancer cells. In 2021, Huang et al.65

investigated the influence of linkers in ApDC (Fig. 3F). They
developed three CA4 ApDC with disulfide bond, phosphodiester
bond, or carbamate bond to decipher the drug release mechanism
and anticancer efficacy. The phosphodiester bond could also be
cleaved by a nucleophilic attack of glutathione. The repeated
cleavage of the linker has a higher anticancer efficacy. This result



Figure 1 Examples of covalent-coupled ApDC developed by the Weihong Tan group. (A) Aptamer-DOX conjugate by covalent coupling. (B)

Cyclic bivalent ApDC. Reprinted with permission from Ref. 49. Copyright ª 2019 John Wiley and Sons. (C) Aptamer-Mitomycin C conjugate.

Reprinted with permission from Ref. 50. Copyright ª 2020, American Chemical Society. (D) AS1411-triptolide conjugate. Reprinted with

permission from Ref. 51. Copyright ª 2020, American Chemical Society. (E) Aptamer-artesunate conjugate.

Figure 2 Examples of covalent-coupled ApDCs from other groups. (A) Sgc8 N-heterocyclic carbene (NHC)eAu(I) complex conjugate.

Reprinted with permission from Ref. 53. Copyright ª 2016 John Wiley and Sons. (B) AS1411-paclitaxel conjugate. (C) Modular ApDC.

Reprinted with permission from Ref. 58. Copyright ª 2019 John Wiley and Sons. (D) Peptide scaffold-coupled DOX and CPT. Reprinted with

permission from Ref. 58. Copyright ª 2019 John Wiley and Sons.
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Figure 3 Examples of ApDCs from solid-phase synthesis. (A) The photo-activated ApDC across solid-phase synthesis. Reprinted with

permission from Ref. 59. Copyright ª 2014 American Chemical Society. (B) The camptothecin ApDC across solid-phase synthesis. Reprinted

with permission from Ref. 61. Copyright ª 2021 American Chemical Society. (C) The combretastatin A4 ApDC across solid-phase synthesis.

Reprinted with permission from Ref. 62. Copyright ª 2020 John Wiley and Sons. (D) The pyrochlorophyll A ApDC across solid-phase synthesis.

Reprinted with permission from Ref. 63. Copyright ª 2020 Ivyspring International Publisher. (E) Artificial prodrug ApDC across solid-phase

synthesis. Reprinted with permission from Ref. 64. Copyright ª 2020 American Chemical Society. (F) Combretastatin A4 ApDC with

different linkers. Reprinted with permission from Ref. 65. Copyright ª 2021 American Chemical Society.
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is a reminder that the linker is also extremely important in the
design of ApDC.

Nucleoside drugs are similar to bases and can form aptamers
by enzymatic conjugation. Yoon et al.66 developed a method for
the enzymatic synthesis of 5-FU and gemcitabine ApDC. They
used gemcitabine triphosphate (dFdCTP) and 5-fluorouracil (5-
FU) triphosphate (5FdUTP) to enzymatically conjugate with P19
RNA aptamer. The ApDCs were found to significantly inhibit the
proliferation of the targeted cell lines and induce the phosphory-
lation of histone H2AX on Ser139 (g-H2AX). Tran et al.67 re-
ported DNA nanoparticles of ApDC from enzyme-driven self-
assembly. The ApDC nanoparticles showed highly efficient
cellular uptake and enhanced serum stability. These properties led
to significant in vivo suppression of tumor growth without
apparent systemic toxicity. Enzymatic synthesis is the most
effective method to get long-chain ApDC. However, only a small
number of nucleoside drugs can be used for enzymatic synthesis,
thus limiting the species of payload. Therefore, successful enzy-
matic synthesis of ApDC will ultimately depend on developing
more versatile enzymes.

Nucleoside-based drugs have been widely used in clinics. The
construction of ApDC by solid-phase synthesis or enzymatic
coupling of various nucleoside drugs with aptamers is a clever
strategy for the preparation of targeted nucleoside drugs. Despite
many potential problems, the construction of ApDC based on
nucleic acid synthesis is still an efficient and modular construction
method for ApDC. At the same time, building ApDC based on
nucleic acid synthesis is also conducive to the clinical translation
of unnatural nucleic acids.

2.3. Physical conjugation

In addition, to achieve covalent crosslinking, it is convenient to
couple drugs with aptamers using physical interactions. DOX is an
anticancer drug widely used in the clinic68,69. Due to its flat ar-
omatic ring structure, DOX can interact with double-stranded
DNA70. Based on this, Bagalkot et al.71 developed the first
aptamer-DOX conjugate via non-covalent coupling in 2006
(Fig. 4A). Since then, DOX has become the most popular model
drug in drug delivery, with nucleic acid as a carrier72e74.

Zhu et al.75 reported aptamer-tethered DNA nanotrains
(aptNTrs) as a high-payload ApDC (Fig. 4B). The aptamer acted
as the locomotive, guiding DNA “boxcars” to the cellular target.
Li et al.76 reported a multivalent ApDC called DNA nano-
centipede. Compared to DNA nanotrains, the DNA nanocentipede
has higher specificity owing to the multivalent aptamers. Wen



Figure 4 Examples of ApDC from physical conjugation. (A) The first aptamer-DOX conjugate via non-covalent coupling. (B) Aptamer-

tethered DNA nanotrains. Reprinted with permission from Ref. 75. Copyright ª 2013 National Academy of Sciences. (C) Apta-

mereTNMeDOX conjugate. Reprinted with permission from Ref. 78. Copyright ª 2021 MDPI. (D) AptamereDOX conjugates with artificial

bases Z and P. Reprinted with permission from Ref. 79. Copyright ª 2019 John Wiley and Sons.
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et al.77 reported a multiple myeloma cells-targeted ApDC. The
aptamer was conjugated with DOX via hydrophobic interaction.
The ApDC could specifically bind to CD38 protein on the cell
membrane and internalize into the lysosome. Then, the ApDC
released Dox in the acidic environment of the lysosome to kill
tumor cells. The aptamer, combined with this active strategy,
allowed this ApDC to specifically kill multiple myeloma cells
with no significant off-target side effects. To improve the thera-
peutic efficacy of aptamer-DOX conjugate, Zeng et al.78 used
three DOX molecules to form a trifurcated Newkome-type
monomer structure (TNM-DOX). TNM-DOX has pH-sensitive
hydrazone bonds (Fig. 4C). The aptamer and TNM-DOX self-
loaded together to generate an aptamer-TNM-DOX conjugate
(Apt-TNM-DOX). Apt-TNM-DOX has a payload of 15 DOX
molecules. DOX can be released from the Apt-TNM-DOX at pH
5.0. It can specifically target lymphoma cells without off-targeting
to control cell lines. Apt-TNM-DOX is an example of a simple,
high-payload aptamer-DOX conjugate. Zhang et al.79 also re-
ported an ApDC with artificial bases, such as Z and P (Fig. 4D),
which can be conjugated with DOX via physical interactions like
that of natural bases G and C. The displacement of standard
nucleotide pairs by Z and P pairs may have improved the affinity
between DOX and DNA. The ApDC formed by physical in-
teractions has a promising application in cancer treatment. How-
ever, its in vivo safety and stability issues are still major challenges
and remain to be studied.

Physical interaction is an early and widely used method for
construction of aptamer‒drug conjugates. Since the discovery that
Dox can intercalate into nucleic acid GC bases, many studies
regarding nucleic acid-Dox conjugation for tumor therapy have
been conducted. Dox, an FDA-approved drug, is one of the most
popular physical interaction-based ApDC drug candidates which
can be released in acidic tumor environment. However, this
method has a fatal flaw. The ApDC formed through physical
interaction is extremely unstable and prone to drug leakage, thus
inducing toxic side effects. Therefore, a more stable physical
interaction-based ApDC system needs to be developed to enhance
the therapeutic efficacy.
3. Biomacromolecule-based ApDC

Although ApDC shows excellent antitumor properties at the
cellular level, some limitations remain for in vivo applications
because of the low in vivo antitumor activity, short circulation
time, and poor stability. Nonetheless, apart from small-molecule
drugs, the ApDC concept has been expanded to proteins, nucleic
acids, liposomes, viruses, bacteria, and even cells.

3.1. Aptamer-protein conjugate

Although the aptamer with small molecular weight confers good
tumor penetration, it exhibits rapid renal clearance and limits
in vivo efficacy. To enhance the targeting and therapeutic efficacy,
conjugating aptamers to large biomacromolecules such as proteins
is one of the means to increase the circulating half-life of aptamers.

Human serum albumin (HSA) has been a widely used drug
delivery platform in the clinic because of the long circulating half-



Figure 5 Examples of aptamer-protein conjugates. (A) Aptamer-HSA conjugate. (B) Aptamer-antibody conjugate. Reprinted with permission

from Ref. 82. Copyright ª 2016 Elsevier. (C) EGFR aptamer ErbB2 antibody conjugate and EGFR aptamer PD-L1 antibody conjugate. Reprinted

with permission from Ref. 83. Copyright ª 2019 MDPI.
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life and engagement with the recycling neonatal Fc receptor
(FcRn)80. The FDA has approved several albumin-based drug
conjugates for clinical applications. The Kuhlmann group81 re-
ported a novel site-specific assembly method of designing an
aptamer-albumin conjugate, as shown in Fig. 5A. The aptamer-
albumin conjugate exhibits high serum stability and retains the
specificity of the aptamer. This site-specific construction method
has potential application prospects for combined drug delivery and
half-life extension. An antibody is a kind of functional protein. In
addition to increasing the half-life of the aptamer, the aptamer-
antibody conjugate can also assume new functions. For instance,
Heo et al.82 reported an aptamer-antibody conjugate (Fig. 5B),
called “oligobody” (oligonucleotide þ antibody), which can
overcome the limitation of short circulation time. Pegaptanib-
targeted aptamer t44-OMe was coupled with cotinine to specif-
ically bind with an anti-cotinine antibody to construct an aptamer-
antibody conjugate. They found that the antibody extended the
pharmacokinetics of the aptamer in vivo but had no effect on the
binding affinity between aptamer and target. Compared to anti-
VEGF antibodies, the oligobody can penetrate deep tumor tis-
sues. Passariello et al.83 developed an EGFR (epidermal growth
factor receptor) aptamer ErbB2 (epidermal growth factor receptor
2) antibody conjugate and an EGFR aptamer PD-L1 antibody
conjugate (Fig. 5C). These aptamer-antibody conjugates retained
their inhibitory activity in cancer cells. The EGFR aptamer PD-L1
antibody conjugate efficiently activates T cells to kill cancer cells.
The aptamer-antibody conjugate is an efficient way to form ApDC
with better therapeutic activity by combining both advantages.
The coupling of aptamer to protein significantly improves the
circulating half-life of aptamers. However, there are still chal-
lenges in developing an efficient and general aptamer protein-
specific coupling method to achieve precise coupling of aptam-
ers and proteins.

3.2. Aptamer-nucleic acid conjugate

The FDA has approved many nucleic acid (NA) drugs since
199884,85, and more nucleic acid drugs are in the pipeline. The
nucleic acid drug, such as mRNA, has shown prominent potential in
therapy since the pandemic of COVID-1986,87. The targeted de-
livery of NA drugs is challenged by the intrinsic negative charge88.

Aptamers can be conjugated with nucleic acid drugs via
complementary hybridization. Using aptamers as an efficient
carrier can precisely deliver NA drugs to target cells to improve
efficiency89. MiRNA plays a significant role in messenger RNA
expression regulation. Although no miRNA drug is available on
the market so far. It is still considered as a promising new therapy
candidate, especially in treating complex diseases such as diabetes
and heart failure. However, targeted delivery of miRNA is crucial
to effective miRNA-based therapy. Esposito et al.90 designed an
aptamer-microRNA (miRNA) conjugate to treat glioblastoma
(Fig. 6A). They selected two aptamers that could respectively
target and inhibit the receptor tyrosine kinases Axl and PDGFRb
as targeting ligands to deliver a variety of miRNAs into



Figure 6 Examples of aptamer-nucleic acid drug conjugates. (A) Aptamer miRNA conjugate. Reprinted with permission from Ref. 90.

Copyright ª 2016 Elsevier. (B) Photoactivated aptamer-siRNA conjugate. Reprinted with permission from Ref. 92. Copyright. ª 2018 John

Wiley and Sons. (C) AS1411 TAP siRNA conjugate. Reprinted with permission from Ref. 94. Copyright ª 2019 Springer Nature. (D) Aptamer

conjugate as LYTACs. Reprinted with permission from Ref. 95. Copyright ª 2019 John Wiley and Sons.
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glioblastoma stem cells. The aptamer-miRNA conjugate could
efficiently prevent the proliferation of glioblastoma stem cells.
Russo et al.91 reported an aptamer-tyrosine kinase receptor Axl
conjugate GL21.T and miRNA-212. Aptamer-miRNA-212 could
effectively deliver miRNA-212 into tumor cells while down-
regulating PED protein expression and restoring TNF-related
apoptosis-inducing ligand (TRAIL)-mediated cytotoxicity in
cancer cells. They also developed an aptamer-GL21.T-miRNA-
34c conjugate, which showed a dual inhibitory effect on Axl at
the functional and transcriptional levels72. The aptamer-GL21.T-
miRNA-34c conjugate could depress the proliferation of non-
small cell lung cancer cells, thus overcoming the resistance to
RTK inhibitors by targeting and inhibiting Axl.

Numerous clinical and preclinical data have demonstrated
that siRNA is an efficient drug in gene-related diseases. With
excellent targeting ability, aptamer also exhibits great potential
in siRNA delivery. Zhang et al.92 developed a photoactivated
aptamer-small interfering RNA (siRNA) conjugate, as shown in
Fig. 6B. The aptamer-siRNA conjugate could enter cells and
cause gene silencing under light irradiation. Esposito et al.93

reported a conjugation of tyrosine kinase PDGFRb-binding
aptamer Gint4.T- and STAT3- (signal transducer and activator of
transcription 3) siRNA to treat glioblastoma. The conjugate
effectively silenced STAT3 in glioblastoma cells, inhibiting the
viability and migration of glioblastoma cells in vitro and
depressing tumor growth and angiogenesis in vivo. Garrido
et al.94 reported the conjugation of AS1411 aptamer and TAP
(transporter associated with antigen processing) siRNA, inhib-
iting the growth of various tumors without significant toxicity
(Fig. 6C). This conjugate could transiently downregulate the
expression of antigen processing-related transporters and induce
the production of a set of universal neoantigens in situ in tumor
cells.

Besides siRNA and miRNA, aptamers can also conjugate with
aptamers to form multivalent aptamers or functional ApDC. Han
et al.95 developed an aptamer conjugate as lysosome-targeting
chimeras (LYTACs) for targeted degradation of membrane pro-
teins (Fig. 6D). They demonstrated that the ApDC could effi-
ciently degrade membrane proteins, such as Met and PTK-7, via
lysosomal protein degradation. This method provides a universal
platform for LYTACs using aptamers.

The targeted delivery of nucleic acid drugs based on aptamers
can significantly improve the efficiency of nucleic acid drugs in
entering target cells or organs. The coupling of aptamer and
nucleic acid drug can be achieved using molecular biological
methods such as transcription. It’s a unique advantage in targeted
delivery of nucleic acid drug for aptamer compared with that of
antibody. However, as a small-size targeting ligand, aptamer is
facing challenges in the targeted delivery of large mRNA mole-
cules. For example, aptamer-nucleic acid conjugates cannot avoid
non-specific adsorption of proteins in serum caused by the elec-
tronegativity of nucleic acid molecules. Therefore, more explo-
ration and research are still needed to develop aptamer-nucleic
acid conjugates with high specific targeting ability.



Figure 7 Examples of biotherapeutic drug conjugates. (A) Aptamer AAV2 conjugate. Reprinted with permission from Ref. 96. Copyright ª
2017 American Chemical Society. (B) Aptamer-macrophage conjugate. Reprinted with permission from Ref. 97. Copyright ª 2018 American

Chemical Society. (C) Aptamer bacteria conjugate. Reprinted with permission from Ref. 98. Copyright ª 2018 Springer Nature.
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3.3. Aptamer-biotherapeutic drug conjugate

In addition to drugs, such as small molecules and proteins, bio-
therapeutic drugs, such as viruses, bacteria, and cells, can also be
conjugated with aptamers for targeted delivery.

Wu et al.96 reported multivalent aptamer AAV2 (adeno-asso-
ciated virus vector) conjugate (G-sgc8-AAV2) for gene trans-
fection (Fig. 7A). The G-sgc8-AAV2 conjugate has higher gene
transfection efficiency owing to higher affinity and stability.
Sugimoto et al.97 developed an aptamer-macrophage conjugate for
targeted tumor immunotherapy (Fig. 7B). The aptamer-
macrophage conjugate showed stronger adhesion to tumor cells
and more antigen presentation owing to the higher expression of
major histocompatibility complex (MHC) class I and II molecules.
Geng et al.98 reported an aptamer-bacteria conjugate for the tar-
geted localization of bacteria at the tumor site (Fig. 7C). They
found that each bacterial conjugate with an average of 2.8 � 105

aptamers had the highest specificity to tumor cells in vitro. In
different tumor-bearing mouse models, the aptamer-conjugated
attenuated Salmonella showed enhanced antitumor efficacy and
highly activated immune responses. These studies showed that
aptamers could be an efficient drug delivery tool for bio-
therapeutic drugs in cancer therapy.
4. High-payload ApDC

Traditionally, each ApDC usually carries one or two drug mole-
cules. High-payload ApDC with multi-drug molecules has great
potential to enhance the efficacy of targeted therapy. It’s convenient
to couple with macromolecules such as polymers, framework
nucleic acid (FNA), or liposomes to construct high-payload ApDC
because of the intrinsic chemical conjugation superiority.

Deng et al.99 conjugated an aptamer with a reduction-triggered
prodrug and biocompatible brush-like backbone to develop
aptamer�polyprodrug conjugates (ApPDCs) to improve drug
loading and extend the in vivo circulation time of ApDC (Fig. 8A).
ApDC with DNA octahedral wireframe was also developed
(Fig. 8B)100. The ApDC have shown high serum stability, deep
penetration capability, and significantly enhanced therapeutic ef-
ficacy. Luo et al.101 also used cell-derived vesicles as carriers to
form ApDC, thereby achieving a combined delivery of multiple
drugs (Fig. 8C). The result showed that the drugs were efficiently
encapsulated into the vesicles and entered the tumor cells through
membrane fusion, resulting in a synergistic therapeutic effect.
Geng et al.102 reported a multivalent aptamer drug conjugate
(ApMDC). ApMDC comprises hydrophilic aptamer and hydro-
phobic PAMAM monodendron (Fig. 8D). Each monodendron has



Figure 8 Examples of high-payload ApDC. (A) Aptamer�polyprodrug conjugates. Reprinted with permission from Ref. 99. Copyright ª 2019

American Chemical Society. (B) ApDC with DNA octahedral wireframe. Reprinted with permission from Ref. 100. Copyright ª 2020 American

Chemical Society. (C) Aptamer-cell-derived vesicle conjugate. Reprinted with permission from Ref. 101. Copyright ª 2019 American Chemical

Society. (D) Multivalent aptamer-drug conjugate. Reprinted with permission from Ref. 102. Copyright ª 2021 John Wiley and Sons. (E) Aptamer

Gint4.T-polymer vesicle conjugate. Reprinted with permission from Ref. 103. Copyright ª 2019 American Chemical Society.
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four DOX molecules with an acylhydrazone linker. ApMDC can
enhance antitumor immune responses and boost immunogenic
tumor cell death in vivo. Monaco et al.103 developed an aptamer
Gint4.T-polymer vesicle conjugate (Fig. 8E). It could recognize
platelet-derived growth factor receptor b and pass through the
blood-brain barrier (BBB). The aptamer-polymer vesicle conju-
gate is characterized by higher uptake efficiency in glioblastoma
U87MG cells and lower EC50 value (38 pmol/L) when loaded with
PI3K-mTOR inhibitors. All these conjugates indicate that the
ApDC, through transformation and optimization, can achieve high
efficacy in tumor treatment.
5. Conclusions and future perspectives

Overall, the ApDC is very promising for clinical applications
owing to its potential high efficacy in cancer treatment, as well as
its intrinsic advantages. Although scientists have reported many
ApDC, few of them have entered clinical trials. Some factors
limiting the in vivo applications of ApDC are low in vivo speci-
ficity, low stability in serum, and rapid renal clearance.

To overcome the clinical limitations, several major strategies
have been employed to obtain aptamers with excellent in vivo
performance. The first strategy involves screening aptamers with a
modified library. The introduction of unnatural nucleic acid en-
riches the aptamer library’s diversity and improves the aptamer’s
affinity and specificity. However, there is currently a lack of nucleic
acid amplification enzymes that can recognize unnatural nucleic
acids to amplify unnatural nucleic acid libraries. The development
of highly efficient nucleic acid amplification enzymes that
recognize unnatural nucleic acids will significantly enhance the
diversity of aptamer library and provide more excellent aptamers.
The second strategy is to screen aptamer in a complex environ-
ment, such as in vivo-based SELEX. So far, most aptamers come
from in vitro screening with high affinity and specificity in vitro.
Only a few aptamers exhibit good binding specificity in vivo.
Therefore, screening aptamers under the same target environment
and same target conformation will have more opportunity to select
aptamers with excellent in vivo performance. The critical factors
for in vivo screening of aptamers are the efficiency of specific li-
brary enrichment and extraction and the amplification of the library
from tissue. Thus, we suggest: (1) incubating the library with target
tissue before in vivo screening to avoid loss of sequences because
of circulation and metabolism; (2) increasing the in vivo circulation
time to have more contact opportunities with target molecules; (3)
Enhancing the extraction efficiency of the library with new tech-
nologies such as spatial omics. The third strategy involves post-
SELEX of aptamer. Besides screening new aptamers, post-
SELEX by mutation or truncation is also an efficient way to
improve the in vivo efficacy of aptamers. However, the post-
SELEX of aptamers lacks theoretical guidance and can only be
obtained by trial and error. Future post-SELEX could be achieved
through machine learning or artificial intelligence-assisted SELEX
by building an extensive database of aptamer structures.

High-payload ApDC typically exhibits high anti-tumor activ-
ity. However, there is a trade-off between targeting efficiency and
high payload. The targeting ability of aptamer may be lost as the
payload increases since the aptamer size is getting smaller
compared with excessive payload. The steric effect from the
payload may cover the aptamer and resulting in the loss of
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targeting ability. Too much loading of drug molecules may also
induce conformational changes of the aptamer, while inadequate
drug loading may lead to ineffective drug delivery. Therefore, it is
necessary to develop precise, controllable and optimized ApDC
with both high payload and high targeting ability to achieve
satisfied tumor depression performance.

In addition to aptamer and payload, the linker is also critical to
develop a high-efficacy ApDC. Covalent conjugation is the major
strategy for the development of both ApDC and ADC. Although
ApDC has more options in selecting a linker, the intrinsic prop-
erties of a linker such as stability, stimuli-responsive property need
to be considered when constructing a new ApDC. New linkers
which can hold high-payload and release the drug molecules upon
reaching the target sites are eager to be developed for the next
generation of high-efficacy ApDC system.

Owing to high-payload, facile conjugation, high stability, and
readily modification, ApDC has shown more promising advan-
tages over ADCs in some new therapeutic ways, such as prote-
olysis targeting chimeras (PROTACs), bifunctional molecules
with two heads connected by one linker. From the labor work and
time cost point of view, antibody screening is more time-
consuming than aptamer SELEX, which may only take several
weeks. Researchers need to find a drug delivery method for ApDC
different from that for ADCs. For example, the administration of
the first marketed aptamer drug Macugen was delivered through
an ophthalmic intravitreal injection. Compared to the history of
ADCs, the ApDC is still in its infancy and has a long way to go
before clinical translation. We believe that ApDC represents a
promising platform for targeted drug delivery and that further
clinical translation of ApDC should be pushed forward for suc-
cessful clinical translation.
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