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ABSTRACT: Recently, nucleic acid aptamers have been widely
used in biological analysis due to their high affinity, binding
selectivity, and programmability. Researchers have introduced the
idea that chemical modification endows aptamers with rich spatial
conformations and functions, extending the application of
aptamers in biological analysis. Currently, reviews about aptamers
in the bioanalytical field usually focus on the complexes of
aptamers and functional materials. Few reviews pay attention to
the chemically modified aptamers. In this review, we introduce the
synthesis and screening of chemically modified nucleic acids. In
addition, we summarize the recent works about chemically
modified aptamers in the field of bioanalysis, aiming to provide a
promising step toward an aptamer-based versatile platform for
biological analysis.
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B INTRODUCTION

Nucleic acids consist of five kinds of natural nucleotides (A, T,
G, C, and U).'> In living organisms, nucleic acids can
participate in a variety of physiological procedures, such as
genetic information storage, expression, and regulation.””®
Chemically modified nucleic acids here refer to the nucleic
acids modified with new functional groups that do not exist in
natural nucleotides.”™" In nature, several chemically modified
nucleic acids already exist, producing specific functions that
cannot be achieved by natural nucleic acids.'*”'" Therefore,
nucleic acids with rational design and chemical modification
can be expected to show new properties and functions,'”~>*
promoting their application in biological analysis.**~>°
Recently, nucleic acid aptamers have been widely used in
biological analysis because of their high affinity, binding
selectivity, and programmability.”’ > However, the applica-
tion of many aptamers with excellent properties is limited by
defects, such as rapid degradation in vivo and short half-
lives.”>** To solve these problems, a series of chemically
modified aptamers have been investigated. It has been reported
that chemical modification enhances the resistance of aptamers
to degradation. Chemical modification endows aptamers with
abundant spatial conformations and enhanced affinity for the
target molecules, thus giving aptamers new functions.*”*%*°
Thus, the rational design of modified aptamers holds great
potential to provide a versatile platform for biological analysis.
Currently, reviews about aptamers in the bioanalytical field
usually focus on the complexes of aptamers and functional
materials.’’~*' However, few reviews pay attention to
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chemically modified aptamers. In this review, we introduce
chemically modified aptamers and their applications in the
bioanalytical field. Specifically, we introduce the synthesis and
screening of chemically modified nucleic acids. In addition, we
summarize the studies and applications of chemically modified
aptamers in biomarker detection, regulation of protein activity,
tumor treatment, and sequence analysis. At the end of this
review, we present the opportunities and challenges of
chemically modified aptamers in the bioanalytical field, aiming
to provide a promising step toward an aptamer-based versatile
platform for biological analysis.

Bl SYNTHESIS AND SCREENING OF CHEMICALLY
MODIFIED NUCLEIC ACID APTAMERS

At present, aptamers are mainly obtained by SELEX and Cell-
SELEX.”™*" Through polymerase chain reaction (PCR)
amplification of the binding sequence, the technology enables
evolution from random sequence libraries to sequences with
high afﬁnity.45’46 However, most chemically modified nucleo-
tides cannot be recognized by traditional DNA polymerases
(usually Taq enzymes). This phenomenon limits the
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application of chemically modified nucleotides in PCR
amplification. To achieve screening of chemically modified
aptamers, we could optimize the nucleotide molecule design
and PCR amplification procedures.

Molecular Design of Nucleotide Molecules. From the
perspective of molecular design, we need to design a
chemically modified nucleotide molecule that can be
recognized by traditional DNA polymerases. DNA polymerase
uses DNA as a template to catalyze the polymerization of the
substrate NTP to create new DNA strands.”” However,
chemically modified nucleotides and natural nucleotides are
hard to complementarily pair due to their structural differ-
ences.”® In addition, it is difficult for traditional DNA
polymerases to use chemically modified nucleotides as
substrates for DNA synthesis. Therefore, it is necessary to
retain the structural characteristics of natural nucleotides when
chemically modifying nucleotides, which will facilitate
subsequent PCR amplification. For this reason, researchers
often introduce amino acid side chains or other biological
small molecule fragments into nucleotides to achieve chemical
modifications while maintaining the compatibility of the
modified nucleotides with DNA polymerase.

For example, Bharat et al. modified carboxamides on
cytosine nucleotides and used them to synthesize and screen
chemically modified aptamers.28 Furthermore, the authors also
studied the stability of the obtained aptamers, and the results
showed that the stability of chemically modified aptamers has
been improved. In addition to chemically modified cytosine
nucleotides, some researchers have also studied chemically
modified uracil nucleotides. Hirotaka et al. synthesized a
chemically modified aptamer using a library including
chemically modified uracil nucleotides and used the aptamer
to detect salivary amylase.”” Franziska et al. used click-SELEX
to introduce chemically modified uracil nucleotides into the
original library to obtain chemically modified aptamers.*’

DNA Polymerase That Is Compatible with Chemically
Modified Nucleotides. From the perspective of the PCR
amplification procedures, we need to find a DNA polymerase
that is compatible with chemically modified nucleotides.
Researchers have found that HS Takara Taq DNA polymerase
is compatible with nucleotides containing Z (2-amino-3-
nitropyridin-6-one) and P [imidazo[1,2-a]-1,3,5-triazin-4(8H)-
one] bases. Therefore, many researchers use libraries
containing these two bases to obtain chemically modified
aptamers. Both Li et al. of the Tan group and Xiao et al. used
libraries containing Z and P bases to synthesize chemically
modified aptamers.”">* On this basis, researchers refer to the Z
and P bases as a six-letter artificial genetic system along with
GACT.

Mutual Substitution of Chemically Modified Nucleo-
tides with Natural Nucleotides. In addition, we can convert
chemically modified nucleotides into natural nucleotides on
the basis of the principle of complementary base pairing to
achieve target sequence amplification. There are currently two
general methods of nucleotide conversion. The first method
requires us to obtain a sequence from the library that can
tightly combine with the target and then to obtain the
corresponding complementary nucleic acid. Then natural
nucleic acids are treated with a sublibrary containing
chemically modified nucleotides and T4 ligase to obtain the
desired chemically modified aptamer. The second method also
requires suitable chemically modified aptamers, then synthesiz-
ing complementary natural nucleic acids and PCR amplifying
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them. However, this method requires attaching two or three
natural nucleotides as recognition tags to the 5’ end of the
chemically modified nucleotides (Figure 1). Accordingly, we
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Figure 1. Scheme of the chemically modified aptamer SELEX by
nucleotide conversion.

can identify the corresponding positions of chemically
modified nucleotides in the sequence based on these tags
and convert the natural nucleic acid back to the desired
chemically modified aptamer. For example, Michiko et al.
synthesized and amplified a natural nucleic acid sequence that
was complementary to a chemically modified nucleic acid
containing Ds nucleotides and finally obtained chemically
modified nucleic acid aptamers based on the recognition tag.>

Bl APPLICATION OF CHEMICALLY MODIFIED
NUCLEIC ACID APTAMERS

A nucleic acid aptamer is a nucleic acid sequence that
specifically binds to a target.’”*** It has advantages of a
higher affinity, a lower immunogenicity, and a stronger
nuclease stability.”°~>® Therefore, it has attracted considerable
attention in the field of biological analysis in recent years.*”~**
However, the targeted binding ability of the aptamer is
disturbed by factors such as pH, temperature, and ionic
strength, which limits the use of the aptamer in bioanalysis.****
The introduction of new chemical groups is expected to screen
out suitable chemically modified nucleic acid aptamers.®*®” It
has been reported that chemically modified aptamers may have
stronger affinity and biological functions than conventional
aptamers.”® Therefore, it is expected to extend the application
of aptamers in the bioanalytical field. In this section, we
introduce the related work with chemically modified nucleic
acid aptamers in the bioanalytical field in four realms.
Chemically Modified Aptamers for Biomarker Detec-
tion. The detection of biomarkers can provide us with a
wealth of information that will help us more accurately
diagnose disease.””””* It is well-known that chemicals in living
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Figure 2. AEGIS-LIVE procedure that screens aptamers and uses
aptamers to detect GPC3 protein. (A) Molecular structures (left) and
space filling models (right) of A, T, G, C, Z, and P. (B) 1MEAPGPC3
cell aptamers were screened using AEGIS-LIVE. (C) Schematic
diagram of aptamers for identifying GPC3 protein. Reproduced from
ref 51. Copyright 2016 Wiley-VCH Verlag GmbH & Co. KGaA.

organisms are complex.74’75 Therefore, it is necessary to detect
the target substance usin§ reagents and probes with a high level
of specific binding.”*”®' Aptamers have the potential to
specifically recognize target substances and detect diseases.*”**
However, some biomarkers have not been able to find the
corresponding aptamers by screening natural nucleic acids.
The integration of chemical groups allows chemically modified
aptamer molecules to have richer spatial conformations.”**
This increases the likelihood of screening for desired nucleic
acid aptamers.**™®’ In this section, we describe the work of
chemically modified aptamers in the detection of biomarkers.

The Tan group has extensively studied the Z and P bases
and integrated them into chemically modified nucleic acid
aptamers. Li et al. of the Tan group studied the specific
biomarker glypcan 3 (GPC3) of hepatocellular carcinoma
(HCC).”! Using the six-letter ATGCZP as a library (Figure
2A), the authors obtained the aptamer of GPC3 by an
artificially expanded genetic information system laboratory in
vitro evolution (AEGIS-LIVE) procedure (Figure 2B). They
then used the aptamers for Western blot analysis of GPC3.
The results showed that the obtained aptamer could efficiently
detect the abnormal expression of GPC3 protein induced by
HCC (Figure 2C).

Bacillus anthracis is a highly toxic spore bacterium that is
considered a potential bioterrorism agent.90 At present,
aptamers capable of highly specific binding to B. anthracis
have not been found in natural nucleic acid libraries. Elisa et al.
of the Benner group reported a chemically modified nucleic
acid aptamer containing Z and P bases that are capable of
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Figure 3. (A) Schematic of the molecular design of aptamers as
modulators of protein activity. (B) ZAP-1 binds a3/1 on cells to form
a stable low-affinity conformation. (C) The ZAP-1 aptamer inhibits
cell migration of adhesion between MDA-MB-231 cells and Laminin
10. Reproduced from ref 99. Copyright 2019 Wiley-VCH Verlag
GmbH & Co. KGaA.

targeting the PAG63 antigen in B. anthracis.”’ The fraction
bound of the modified aptamer was increased by ~10%
compared to that of the aptamer that was not modified. The
results indicated that the stability of the aptamer after
modification of the Z:P base pair was improved. In addition
to the construction of new base structures, chemically modified
aptamers can also be obtained by chemically modified natural
bases. Bharat et al. chemically modified the natural bases C and
U to obtain singly modified and doubly modified DNA
aptamers.”® By comparing the affinity of the unmodified, singly
modified, and doubly modified nucleic acid aptamers, the
authors found that doubly modified aptamers had stronger
affinities. Their affinity for PCSK9 is 2 orders of magnitude
higher than that of unmodified aptamers. These studies
indicate that chemical modification of nucleic acid aptamers
will enrich the structure and function of aptamers. Therefore,
identification and detection of other biomarkers can be
achieved by aptamers.

Chemically Modified Nucleic Acid Aptamers for the
Regulation of Protein Activity. Protein is an important
component of living organisms, and most life activities involve
the participation of proteins.””~"* Therefore, research of the
regulation of protein activity is important for understandin
the principles of biolo§ical activity,”® disease processes,””’
and disease treatment.”””” The current research indicates that
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some nucleic acid aptamers can bind to proteins for labeling
and detection.””'*® However, there has been little research on
the regulation of protein activity using traditional nucleic acid
aptamers. As mentioned previously, chemically modified
aptamers have richer spatial conformations. Thus, they are
expected to bind with protein to achieve regulation of protein
activity.'”" In this section, we introduce the application of
chemically modified nucleic acids in the regulation of protein
activity.

In the Tan group, Jie et al. reported the ZAP-1 aptamer by
SELEX screening of DNA libraries containing Z and P bases,””
as shown in Figure 3A. The authors used it for the regulation
of integrin a3p1 affinity. a3f1 usually has two types of
conformations (high-affinity and low-affinity conformations),
and they are normally in a state of rapid equilibrium. ZAP-1
can inhibit the affinity of a341 by binding to a3p1 to form a
stable low-affinity conformation (Figure 3B). The authors used
MDA-MB-231 cells as an example and treated them with ZAP-
1 and a random library. The experimental results showed that
the migration ability of cancer cells was significantly decreased
after ZAP-1 treatment, and the migration ability of cells treated
by the random library was not significantly affected (Figure
3C). This indicates that ZAP-1 can effectively inhibit the
affinity of a3f1.

Nicola et al. used an acyclic nucleoside as a mimetic of the T
base and inserted it into the oligodeoxynucleotide sequence,
known as thrombin-conjugated aptamer (TBA).'’* The
authors preincubated aptamers with fibrinogen and then
added thrombin to compare the clotting times of fibrinogen
after treatment with different aptamers. Compared with
unmodified TBA, the aptamer TBA-T-b modified with acyclic
nucleoside has stronger targeted binding and a shorter binding
time, and effectively inhibits thrombin coagulation of
fibrinogen. The ratio of clotting was shortened from 0.3 to
0.2. Furthermore, the authors performed CD melting analysis
on the aptamers before and after modification, and the melting
temperature of the aptamers was increased from 33.0 to 37.5
°C. These researches indicate that the rational introduction of
chemically modified groups not only enables the nucleic acid
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aptamer to have stronger targeted binding ability but also
makes the aptamer more stable in complex environments.

Chemically Modified Nucleic Acids for Tumor
Therapy. Cancer has a high mortality rate and has been a
research hot spot.'”~'% At present, most cancer therapeutic
drugs used for clinical treatment cannot target the cancer
sites.'%°7'% Therefore, the therapeutic drug also has a certain
degree of killing effects on healthy cells."”~""" This will cause
serious side effects after the patients take the medicine."'*~""*
Nucleic acid aptamers have the ability to specifically recognize
targets.'>~"'7 It can be used to target drug delivery and
directly treat tumors. s However, some cancers cannot
obtain suitable aptamers by conventional screening techniques.
Chemically modified aptamers have a richer spatial con-
formation, and screening aptamers suitable for tumor therapy
is expected to occur.'””'*" In this section, we highlight the
application of chemically modified nucleic acids for tumor
therapy.

Aptamers as Tumor Therapeutic Agents. In recent years,
studies have shown that chemically modified nucleic acid
aptamers could be directly used as therapeutic agents for
tumor therapy.

AS1411 is an oligonucleotide containing a large amount of
guanine (Figure 4A), which has the ability to inhibit cancer cell
proliferation and induce cancer cell death. Moreover, it has
little effect on normal cells, and therefore, it has broad
development potential in tumor therapy."*”'** Xin et al.
integrated 2'-deoxyinosine (2'-dI) (Figure 4B) into AS1411 to
enhance its function.'** The incorporation of 2’-dI at positions
15 and 24 of AS1411 produces an antiparallel G quadrilateral
FAN-1524dl. Thus, there is a structural difference between the
FAN-1524dI-RBD12 complex and the AS1411-RBDI2
complex. As Figure 4D shows, the protein in the FAN-
1524dI-RBD12 complex was significantly shifted to the G
quadruplex. Therefore, the binding of FAN-1524dI to proteins
is more stable, which can better inhibit the proliferation of
cancer cells.

Ken-ichiro et al. of the Ichiro Hirao group integrated
hydrophobic Ds bases into DNA aptamers to improve the
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affinity of the aptamer for IFN-y.'** Then the authors modified
the small hairpin DNA on the aptamer to further improve the
affinity and stability of the aptamer. The results showed that
the native DNA aptamer had a lower affinity for IFN-y (K =
16 nM), while the aptamer integrating Ds bases had a higher
affinity (Kp, = 46 pM). This demonstrates that the affinity of
the aptamer is enhanced after the Ds base is modified.
However, the modified aptamer still has the problem of poor
stability to nucleases, with a survival rate by 72 h of only 9%.
The authors introduced a small hairpin DNA into the aptamer,
further enhancing the affinity and stability of the aptamer. After
the introduction of small hairpin DNA into the chemically
modified aptamer, the Ky, was reduced to 33 pM, and the
survival rate at 72 h increased to 83%. The research indicated
that the chemically modified aptamers have a stronger affinity
and inhibit cancer cell proliferation. Furthermore, Sha et al.
studied slow off-rate modified aptamers (SOMAmers)
containing chemically modified uridine.'*® These modifica-
tions promote the high affinity in combination with IL-6 and
inhibit tumor cell proliferation. Specifically, the Ky, value of the
chemically modified aptamer was reduced by nearly 20 times,
and the stability was also improved. These studies indicated
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that chemically modified aptamers are promising therapeutic
drugs.

Chemically Modified Nucleic Acids for Targeted Drug
Delivery. At present, the most common cancer treatment
problems in the clinic are strong side effects and easy
recurrence.'”’"'*° Therefore, a common research idea is to
develop a drug delivery platform that can accumulate in
diseased areas.”””"*" Then the dru% platform releases the drug
to effectively inhibit tumor growth."*"'** Currently, some drug
delivery platforms can accumulate around tumor tissue by the
EPR effect.'**~'*° However, the EPR effect requires attributes
such as the dimension and solubility of the drug and drug
delivery platform."””~"*" These limit the further progress of
drug delivery platforms. Because the nucleic acid aptamers
have the ability to specifically bind to the target substance, they
are also expected to bind to the tumor site regardless of the
EPR effect. Therefore, structurally diverse chemically modified
aptamers have greater potential for drug delivery plat-
forms."*"'** Furthermore, some researchers have introduced
photosensitive groups into chemically modified nucleic acid
aptamers to achieve targeted release of drugs under specific
illumination.'” In this part, we introduce the related work of
chemically modified nucleic acids for targeted drug delivery.

Solid-phase synthesis is an automated and highly control-
lable method of molecular synthesis."** In the Tan group, Ruo
et al. used a solid-phase technique to integrate the SFU drug
into the aptamer to obtain an aptamer—drug conjugate
(termed MTII),""* as shown in Figure SA. Because the
conjugate has a photocontrolled group, the drug SFU can be
effectively released under ultraviolet (UV) irradiation. The
relevant reaction formula is shown in Figure SB. The authors
then analyzed the inhibition of LIB, free SFU, sgc8-SFU
(without photocleavable linkers between SFU and backbones),
and MTII on HTC116 cells under UV light. The results
indicate that MTII is capable of effectively releasing SFU by
light control (Figure SC).
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Figure 7. Sequence data obtained by deep sequencing of chemically modified nucleic acids when (A) dPa"TPs and (B) dPxTPs are used as non-
natural base substrates. Reproduced from ref 153. Copyright 2019 American Chemical Society.

In addition, Ruo et al. reported the design and synthesis of
photoresponsive bases and used the bases to construct DNA
nanomolecules."*> This base is formed by fusing azobenzene
with a natural T base (zT). The results indicate that the trans-
zT base can complement the A base to form a stable double-
stranded DNA. However, the trans-zT base will be converted
to cis-zT under UV light. Because cis-zT cannot form a
hydrogen bond with the A base, it can be effectively dissociated
by light irradiation. These researches indicate that introduction
of photosensitive groups into aptamers of nucleic acids can
change the structure of the DNA molecules via irradiation with
light of a specific wavelength. Therefore, the introduction of a
photoresponsive group into an aptamer is a latent drug delivery
strategy.

In 20185, Gui et al. of the Tan group described an aptamer—
drug conjugate DDA with nuclease resistance.'”” The authors
subsequently investigated the delivery efficiency of targeted
drugs both in vitro and in vivo. The results demonstrated that
the aptamer—drug conjugate can effectively inhibit CEM cell
growth, while being less toxic to other cells. Furthermore, Fang
et al. also synthesized a circular bivalent aptamer—drug
conjugate.'*> The conjugate was purified by HPLC to remove
residual drug modules and linkers. Further investigation
indicated that the aptamer—drug conjugate showed potent
therapeutic efficacy on target DUI4S cells. These studies
indicate that chemically modified aptamers are promising
delivery platforms.

Sequence Analysis of Chemically Modified Aptamers.
As more and more researchers have begun to study chemically
modified nucleic acids in recent years,'**”'*" the genetic
alphabet expansion technology has been rapidly developed and
many unnatural bases have been produced.'*’”"* Sequence
analysis of chemically modified nucleic acids helps in better
understanding and improving their properties.">>~'** There-
fore, the demand for analysis of unnatural base positions in
chemically modified nucleic acid aptamers is rapidly increas-
ing."®"%” In this section, the relevant work in the study of
sequence analysis of chemically modified aptamers will be

described.
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Kiyofumi et al. of the Ichiro Hirao group recently reported a
chemically modified nucleic acid containing Ds bases. > They
used a library with a non-natural base substrate (dPa’TPs or
dPxTPs) and four natural base substrates (dNTPs) for
replacement PCR. Then, the Ds bases in the original sequence
were substituted with a mixture of A-T and G-C (Figure 6).
Therefore, researchers can distinguish the original positions of
unnatural bases in chemically modified nucleic acids by
analyzing the positions and numbers of A-T and G-C base
pairs in the sequences obtained by replacement PCR under
different non-natural base substrates (Figure 7).

Similarly, Ken-ichiro et al. also constructed a nucleic acid
aptamer containing Ds bases."*® In addition to analyzing the
sequence of chemically modified aptamers, the authors also
studied the affinity and stability of the aptamers. The research
has indicated that the natural aptamers have a lower affinity for
target VWF (Kp = 326 pM), while chemically modified
aptamers have a higher affinity (Kp = 75 pM). Furthermore,
the authors modified a small hairpin DNA into the aptamer to
further improve the affinity and stability of the aptamer.
Among them, the Ky value of the aptamer that modified two
small hairpin DNAs reached 61.3 pM, and the T, increased
from 63 to 76.5 °C. These values indicated that sequence
analysis of chemically modified aptamers not only provides an
understanding of their properties but also provides the
foundation for further application of aptamers.

Bl CONCLUSION AND OUTLOOK

In the past decade, nucleic acid aptamers have attracted
widespread attention of researchers because of their unique
binding capabilities. They are biological materials with great
development potential. In the study presented here, we used a
chemical method to introduce new functional groups to obtain
chemically modified nucleic acid aptamers. Then the aptamer’s
affinity, stability, and light responsiveness were analyzed. The
results show that chemically modified aptamers have an affinity
and a stability that are higher than those of traditional
aptamers. The reason for these changes is the introduction of
new functional groups that allow the aptamers to form stable
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hydrogen bonds and different active sites. For chemically
modified aptamers that introduce specific functional groups,
they cause conformational change or dissociation under
irradiation with light of a specific wavelength. Therefore, the
introduction of functional groups expands the function of the
aptamer, further enhancing its use in the field of bioanalysis.

In this review, we assess the research and application of
chemically modified aptamers in biomarker detection, protein
activity regulation, tumor therapy, and sequence analysis.
These studies indicate that chemically modified nucleic acid
aptamers have made great technological advances in the field
of bioanalysis. However, the clinical research on nucleic acid
aptamers is still in initial stage, which is reflected in the
following. (i) In this review, the kinds of functional groups and
artificial bases used to chemically modified nucleic acid
aptamers are very limited. (ii) The number of chemically
modified aptamers studied is very low. (iii) Although
chemically modified aptamers have great potential for
development, they still lack a large number of clinical trials.
In the future, many differently modified nucleic acid aptamers
will be developed, which is a promising step toward an
aptamer-based versatile biological analysis platform and its
clinical applications.
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