Sensors and Actuators Reports 2 (2020) 100020

Contents lists available at ScienceDirect

Sensors and Actuators Reports

journal homepage: www.elsevier.com/locate/snr

Sensing guanine and its derivatives: From molecular recognition to ]

Check for

applications

Yuging Li?%, Juewen Liu™"*

? Department of Chemistry, Waterloo Institute for Nanotechnology, University of Waterloo, Waterloo, Ontario N2L 3G1, Canada
Y Centre for Eye and Vision Research, 17W Hong Kong Science Park, Hong Kong

ARTICLE INFO ABSTRACT

Keywords: Guanine plays an indispensable role in building nucleic acids, and its derivatives take part in various cellular func-
Aptamers tions such as regulating biological reactions and signal transduction. Monitoring the levels of guanine and its
Fl‘uorescence derivatives is critical for understanding their biological roles and related diseases. Aside from traditional chroma-
zt;’;ensors tography-based methods, majority of the current detections were based on electrochemistry and the oxidation
Guanosine activity of guanine, for which guanine and adenine often had a similar response. Over the last 30 years, various

new sensing strategies have been developed. To provide researchers with more options for specific sensing of gua-
nine and its derivatives, herein we review molecular recognition strategies based on nucleic acids, proteins, small
organic molecules, molecularly imprinted polymers to nanomaterials. The mechanism of each molecular recogni-
tion strategy is discussed. Based on these target recognition molecules, we also critically review representative
fluorescent and electrochemical sensors for guanine-related analytes from an application point of view, and pro-
vide readers with our perspectives to further grow this direction.

1. Introduction

Guanine is one of the four nucleobases of DNA carrying genetic infor-
mation, and its derivatives play key regulatory roles in cellular functions.
For example, extracellular guanosine and guanosine monophosphate
(GMP) modulate the activities of neural cells, whereas intracellular GDP
and GTP work with G-proteins to control transmembrane signal transduc-
tion [1]. Abnormal levels of guanine and its derivatives can lead to serious
problems [2—4]. For instance, a low GMP level results in neurodegenera-
tive brainstem disorders [5], a high concentration of guanosine excretion is
related to carcinoma [6], and an elevated level of 8-oxoguanine reflects
reduced DNA-repair capacity and an increased risk of cancer [7]. Therefore,
monitoring the concentration of guanine and its derivatives is critical for
understanding their biological roles and related disease diagnosis.

Conventional methods for analyzing guanine-contained compounds
rely heavily on chromatographic methods, such as high-performance lig-
uid chromatography (HPLC) [8, 9], gas chromatography [10], mass
spectrometry [11, 12], and microdialysis [13]. They are highly sensitive
and selective, but time-consuming, expensive, or difficult to operate. In
addition, in situ detection is difficult, and samples need to be extracted
and processed before measurement.

Therefore, alternative biosensing strategies have been explored to
meet this analytical challenge. Riboswitches and antibodies are natu-
rally found ligands that can specifically bind guanine and derivates [14,

15]. Due to their complexity and low stability, systematic evolution of
ligands by exponential enrichment (SELEX) was employed to generate
aptamers [16—20]. DNA aptamers are more robust and preferred than
RNA aptamers in analytical applications. On the other hand, however,
the specificity of SELEX-derived aptamers are sometimes insufficient
[21]. In addition, non-SELEX DNA-based strategies were also developed
in recent years, such as using abasic site DNA complexes [22, 23],
vacancy-bearing G-quadruplexes [24], and base excised DNA [25, 26].
Aside from nucleic acid based ligands, some proteins, small organic mol-
ecules and molecularly imprinted polymers can also specifically interact
with guanine containing molecules [27-30], whereas other sensing
strategies take advantage of easy oxidation of guanine [31].

Given the development in guanine recognition and sensing, we
herein review on this topic and the related target molecules are listed in
Fig. 1. The mechanisms of molecular recognition are discussed and com-
pared, and some analytical applications are briefly covered. We critically
reviewed the field and also provided our own opinion.

2. SELEX-derived aptamers and DNAzymes
2.1. RNA aptamer for xanthine/guanine

A guanine becomes a xanthine when its amine group is replaced by
an oxo (Fig. 1A and B). Xanthine can be generated by guanine
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Fig. 1. Chemical structures of guanine and its derivatives reviewed including (A) guanine, (B) xanthine, (C) 8-oxoguanine, (D) guanosine, (E) 2-deoxyguanosine, (F)

GMP, (G) inosine monophosphate (IMP), (H) GDP, (I) GTP and (J) c-di-GMP.

deaminase. With xanthine oxidase, it is further converted to uric acid,
and a high concentration of uric acid can lead to gout and calculi in kid-
neys [32]. In 1998, Yokoyama et al. selected the first xanthine/guanine
RNA aptamer [33]. Through immobilizing xanthine on its C8 position to
agarose (Fig. 2A), the xanthine binding sequences were enriched.
Fig. 2B shows the optimal 32-mer aptamer exhibiting a K; of
4.1 + 0.6 uM xanthine and 1.8 + 0.4 uM guanine. Hypoxanthine and 3-
methylxanthine can also bind with similar affinities of 2.1 + 0.5 uM and
2.7 + 0.4 pM, respectively. Interestingly, the binding of guanosine was
much weaker (K; 140 + 10 uM), while other nucleobases like adenine,
cytosine and uracil can hardly bind. From the structure of these ana-
logues, the N1H, N7 and O6 positions are important for aptamer-ligand
interactions.

2.2. RNA aptamer for guanosine

A guanosine binding RNA aptamer was selected by Connell and
Yarus [34]. They modified the phosphate of GDP on an agarose column
to ensure that the guanosine part could fully interact with the library.
CMP, AMP, and GMP were successively applied to wash the column but
only the last elution containing the GMP-associated strands was col-
lected and amplified. The best aptamer (Fig. 2D) could bind guanosine
and guanine nucleotides with a similar affinity (K4 32 + 2 uM guano-
sine), yet it had no affinity for AMP, UMP or CMP. The C60 (very cru-
cial), N1H, N2H and N7 positions were found important for ligand
recognition.

To understand the effect of ligand change on binding specificity of
the RNA aptamer, the authors further selected an aptamer that can rec-
ognize both arginine and guanosine. The library was first applied to an
arginine affinity chromatography and eluted by r-arginine, and then
transferred to a GDP-agarose column and eluted by GMP. Consequently,
an arginine-guanosine aptamer was obtained (Fig. 2E), showing a K, of
205 + 1 uM guanosine and 4.1 + 0.4 mM arginine. Through comparing

the secondary structures of these two aptamers, a consensus domain
(Fig. 2D and E, in red) was identified, indicating its importance in recog-
nizing the guanosine.

2.3. RNA and DNA aptamers for GTP

Since many aptamers were found to have at least one internal stem-
loop structure [35—38], Davis and Szostak studied whether introducing
such a stem-loop structure would be helpful for selecting high-affinity
aptamers [39]. To test this idea, their RNA library was designed to have
a central 12-nt sequence forming a 4-bp stem loop, flanked by two ran-
dom regions. After the selection, seven aptamer candidates were identi-
fied with K;’s from 25 nM to 500 uM. Among them, a sequence named
9—4 showed the highest affinity (K; = 25 nM), and the initially
designed stem-loop structure was indeed present in the aptamers (the
red region of Fig. 2C).

Later, the authors characterized a variant of the 9—4 aptamer, and
found that the variant contained three stems and two internal bulge-
loops, together contributing to the tight GTP affinity [40]. Based on this,
they proposed an idea that more complex structures were required to
bind GTP with improved affinity. To test this idea, the authors per-
formed a new selection and found that the simple stem-loop bearing
aptamers only showed weaker binding (K4 from 250 nM to 900 nM),
internal bulge-loop aptamers had K4 of 30 nM, and the most complex
aptamers with three stems and two internal bulge-loops had the tightest
affinity from 9 nM to 17 nM GTP. However, tightest affinity did not
mean highest specificity [41]. The 9-4 aptamer can even bind 1-methyl-
guanosine, 6-thio-GTP and 7-methyl-GTP, while some aptamers with
weaker affinities for GTP had better selectivity.

The above aptamer selections were performed between 2002 and
2004, all using RNA libraries. Later, interest on DNA aptamers caught
up for their higher stability and lower cost. Instead of immobilizing tar-
get ligands, in 2005, Nutiu and Li selected a new GTP binding DNA
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Fig. 2. (A) Immobilization of xanthine on agarose through its C8 position. The secondary structures of the (B) xanthine/guanine RNA aptamer, (C) GTP RNA aptamer
(9-4), (D) guanosine RNA aptamer and (E) arginine-guanosine RNA aptamer. (F) The library design for selecting structure-switching aptamers. (For interpretation of
the references to color in this figure, the reader is referred to the web version of this article.)

aptamer by immobilizing the DNA library as shown in Fig. 2F [42]. The
red domain was hybridized with a biotinylated complementary strand at
its 5‘end (BDNA), enabling the library to be attached on the avidin-
coated beads. The flanked blue parts were the randomized region of the
library. Adding GTP would result in the release of some sequences that
can bind GTP and experience a structure switching process. By having
this conformational change, when a fluorophore and a quencher were
attached to the 5°P1 and 3“BDNA, the binding of GTP can synchronize a
fluorescence signal increase.
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2.4. DNAzymes for GTP

DNAzymes, also referred to as catalytic DNA or deoxyribozymes, are
DNA oligonucleotides having catalytic activities. DNAzymes are so far
only obtained by in vitro selections [43—47], and they are known for the
detection of various metal ions [48—50]. The first GTP/Mn?* -depen-
dent DNAzyme for DNA phosphorylation was reported by Li et al. in
2002, and Mn’" acted as cofactor in this case [51]. The mechanism of
the selection is described in Fig. 3A, in which the 5:OH in DNA
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Fig. 3. (A) Reaction scheme for a self-phosphorylating DNAzyme. (B) DNA library design and the optimal sequence for the selected DNAzyme to ligate 5-OH and the
y-phosphate in GTP. (C) Scheme for RCA-based highly sensitive GTP-detection. (D) GTP specificity of the DNAzyme-based sensor in (C). Reproduced with permission
[52]. Copyright 2013, American Chemical Society. (E) Scheme for a DNAzyme to ligate the 2-:OH and a-phosphate in GTP. Reproduced with permission [55]. Copy-
right 2014, American Chemical Society. (For interpretation of the references to color in this figure, the reader is referred to the web version of this article.)
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phosphorylated with the y-phosphate in a GTP can further ligate with
another DNA to form a longer strand. Based on this, their library was
designed in Fig. 3B, where the red and green domains are the acceptor
and donor, contributing 5°OH and phosphate for the ligation reaction,
respectively. Only the ligated strands were collected, and an optimal
sequence is in the lower panel of Fig. 3B. The K,, for Mn?>* and GTP
were 5.6 mM and 0.55 mM, respectively, and the K, was at 0.8 min™".
Apart from the GTP, ATP can also be the other source of activated phos-
phate, and this DNAzyme can hardly distinguish GTP from the ATP
(only 0.7-fold selectivity based on K,,,(GTP)/K,,,(ATP)).

To improve the sensitivity and thereby boost the detection limit, sig-
nal amplification processes were involved in several follow-up works
[52, 53]. For example, Li et al. developed this DNAzyme into a GTP-sen-
sor by introducing a rolling circle amplification (RCA) reaction (Fig. 3C)
[52]. The 3-end of the DNAzyme (in black) was extended to contain the
antisense sequence (in blue) of an RNA-cleaving DNAzyme (named
MgZ, in red). In the presence of GTP, the 5end of the strand was phos-
phorylated and then circularized to template the RCA process in the
presence of @29 DNA polymerase. This RCA reaction can produce long,
repetitive sequence of more than 10 kilobases. In the next step, a fluoro-
phore and quencher labeled substrate was added to produce increased
fluorescence after cleavage [54]. Interestingly, the signal of ATP became
much less in this system (Fig. 3D). As low as 25 nM GTP can be detected
even in the presence of 1 mM ATP.

In addition to DNA phosphorylation on the 5-OH, the 2:OH could
also react with the a-phosphate in GTP, as reported by the Hobartner
group in a new selection [55]. Fig. 3E describes this reaction, in which
the substrate was attached through a 2;5‘phosphodiester bond, and a
pyrophosphate (derived from the - and y-phosphate of GTP) was gener-
ated as a leaving group. The DNAzyme can be used for RNA labeling.
The red star (shown in Fig. 3E) can be different moieties, such as fluoro-
phore (e.g. Cy3 and Cy5) and biotin. The use of this reaction for the
detection of GTP has not yet been demonstrated.

2.5. Detection of intracellular GTP
The GTP RNA aptamer (Class I, Fig. 2C) was used for monitoring
intracellular GTP by Li, Lin and coworkers. They adsorbed the Cy5-

labeled GTP aptamer and a FAM-labeled ATP aptamer on graphene
oxide nanosheets (GO-nS). The GO-nS carried the aptamer probes into
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cells and also to quench their fluorescence. Upon binding to the target
GTP and ATP, the aptamers desorbed with enhanced fluorescence
(Fig. 4) [56, 57]. In buffer, when incubating the sensor with
10 uM—2 mM GTP, the fluorescence of aptamer-Cy5 recovered linearly,
and the characterization of the ATP sensor was previously reported
[58]. In the confocal fluorescence micrograph, the green and red fluores-
cence represented cellular ATP and GTP, respectively. It is interesting to
note that these two fluorescence signals were on completely different
locations, suggesting the distribution of ATP and GTP in living cells (the
right panel, Fig. 4).

3. Riboswitches

Riboswitches are mainly found in the 5 untranslated regions (UTRs)
of mRNAs in bacterial cells and can specifically recognize certain metab-
olites, including adenine and guanine. This recognition can subsequently
activate or repress gene expression based on the concentration of target
metabolites [59-62].

3.1. Riboswitch for guanine

Wohnert et al. characterized the guanine riboswitch in the xpt-pbuX-
mRNA (Fig. 5A) [63]. Its C,4 residue is highly conserved and any muta-
tions to it deprived its affinity for guanine. This mRNA domain has a
very tight K5 of 5 nM guanine, whereas it binds adenine at least
100,000-fold weaker. Interestingly, in the ydhL-mRNA, the binding
region of adenine is highly similar to that of guanine, except that the C,,4
changes to U4. Mutation of this U to C enables guanine to re-fit into the
ydhL-mRNA but not adenine anymore [64]. The guanine riboswitch in
the xpt-pbuX-mRNA has not yet been applied for analytical applications
[65].

3.2. Riboswitch for 2-deoxyguanosine

Breaker and coworkers identified several guanine riboswitch var-
iants from Mesoplasma florum, and found that one of them was highly
selective for binding 2-deoxyguanosine (2-dG) [67]. It was named the I-
A aptamer (Fig. 5B), with 39-nucleotide differences relative to the xpt
mRNA for guanine. The original C,4 position was re-numbered to Cgo,
but the cytosine was still highly conserved for interacting with 2-:dG

M modf GTP Aptamer-Cy5

Fig. 4. Schematic illustration of the multiple sensing platform based on Cy5-GTP RNA aptamer and FAM-ATP DNA aptamer as reporters and GO-nS as a carrier. The
cells were lighted up in the presence of GTP and ATP. Reproduced with permission [56]. Copyright 2013, American Chemical Society.
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through a Watson-Crick base pair. The apparat K; was determined to be
around 80 nM 2-dG (in a 1:1 binding model). Importantly, this ribos-
witch could bind 2-dG at approximately two orders of magnitude stron-
ger than guanosine (only differed by a 2-OH). One of the explanations
was that the mutated regions were located in the upstream of genes
encoding ribonucleotide reductase subunits, which converted ribonu-
cleotides into the deoxyribonucleotide counterparts. Therefore, the engi-
neered mRNA tended to exhibit a much higher affinity for 2-dG than dG.

Serganov et al. solved the crystal structure of this 2:dG riboswitch
[68]. They found its binding pocket was very different from that of the
guanine riboswitch. The mutation led to rearrangements of the RNA,
resulting in accommodation of an additional sugar moiety, and the 2-dG
was able to fit in, but guanosine (with an extra -OH on the 2 position)
can just weakly bind. The binding affinity of guanosine decreased by a
factor of 100 as reported by the original paper [67] and reduced by 50
using isothermal titration calorimetry (ITC) in this work.

3.3. Riboswitch for c-di-GMP

Bis-(3-5)-cyclic dimeric guanosine monophosphate (c-di-GMP) is a
ubiquitous second messenger in bacteria, regulating biological processes
ranging from biofilm formation to expression of virulence genes [69]. A
class of riboswitches named GEMM was found to bind c-di-GMP for reg-
ulating gene expression. Among them, the Vc2 RNA had a K; of ~1 nM
c-di-GMP, which was recognized as the tightest RNA-small molecule
interactions. It was about 1000 times tighter than the c-di-GMP binding
protein (called Escherichia coli PilZ) [70]. The structures of the Vc2 ribos-
witch was solved by the Strobel group (at 2.7 A resolution) [66, 71], and
the Amaré group (at 3.2 A resolution) [69]. The structure reported by
Strobel et al. is shown in Fig. 5C, in which the c-di-GMP was specifically
and asymmetrically recognized by two highly conserved nucleotides Goq
and ng [66].

This riboswitch for c-di-GMP was developed to a few fluorescent bio-
sensors due to its structure adaptability in different systems. The binding
of c-di-GMP was transduced by introducing fluorescent 3,5-difluoro-4-
hydroxybenzylidene imidazolinone (DFHBI) [72, 73]. Since the c-di-
GMP folded RNA shared a critical stem for binding DFHBI, such binding

increased the fluorescence. Hammond and coworkers covalently modi-
fied DFHBI into the riboswitch, and used this platform to sense both the
extracellular [73] and intracellular c-di-GMP [72]. About 30-fold fluo-
rescence elevation was observed for c-di-GMP, while none of the ana-
logues including ¢cGMP, rGMP, GMP and other nucleotides showed a
signal change. Through introducing the DFHBI, the apparent K; was
measured to be 230 + 50 nM c-di-GMP, and 1 uM c-di-GMP was detect-
able.

3.4. Riboswitch for inosine monophosphate

While riboswitches are naturally found, they can also be artificially
created by fusing an existing RNA aptamer (as a target binding domain)
with a conformational change domain in existing riboswitches. For
example, Sugimoto et al. incorporated the in vitro selected xanthine
aptamer in a thiamine pyrophosphate riboswitch, so that inosine mono-
phosphate (IMP), a xanthine analogue, was able to bind tightly (K
~38 nM) [74]. Compared with the SELEX-derived aptamer, riboswitches
are relatively larger (around 100-mer). Therefore, they are more diffi-
cult to be developed into biosensors, especially for applications outside
cells [65].

4. Rationally designed DNA sequences

Compared to the vast amount of work on DNA aptamers for adenine
derivatives [75], DNA aptamers for guanine derivatives were rarely
reported. Recently, several non-SELEX-derived DNA sequences for rec-
ognizing guanine derivatives have been reported, and some took advan-
tage of G-quadruplex structures [76].

4.1. Deleting a guanine nucleobase

In 2003, the Teramae group proposed that when removing a nucleo-
base from a DNA duplex, the resulted abasic site was able to rebind the
deleted base through base pairing or pseudo base pairing [22, 23]. An
abasic site can be obtained by introducing a tetrahydrofuranyl residue
(dSpacer) lacking a nucleobase moiety or a propylene residue (Spacer
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C3) as shown in Fig. 6A. Inspired by these findings, Yin et al. recently
removed a guanine in a G-quadruplex scaffold (Fig. 6B). Based on the
formation of a full G-quartet in the presence of K™, guanosine was able
to fit into the vacancy [77]. This recognition was studied by using thio-
flavin T (ThT) as a label-free fluorescent probe, with a detection limit of
5 uM guanosine. Fig. 6C shows that the larger GMP, GDP and GTP can-
not bind. Therefore, a single phosphate difference between guanosine
and GMP was distinguished in this case.

Galeone et al. pointed out that the insertion of a dSpacer as an abasic

site can significantly destabilize G-quadruplex, while introducing a
dSpacer near the 3'terminus is even worse than that near the 5 terminus
[78]. Therefore, care needs to be taken for designing abasic site-con-
tained G-quadruplexes. Recently, through introducing a hairpin struc-
ture in an abasic site-contained G-quadruplex, Chen and coworkers
improved the detection limit for guanine down to 18.3 nM (also probed
by ThT) [79].

In addition to G-quadruplex scaffolds, abasic site-containing DNA
duplexes were also investigated. Huang et al. modified the opposite
strand of an abasic site by fluorescent pyrrolo-dC (pC) to specifically
sense 8-0x0-7,8-dihydroguanine (8-0xoG) [80], a major product of gua-
nine oxidation during DNA damage (Fig. 6D) [81]. Adding 8-oxoG
quenched about 70% of the pC fluorescence at 446 nm, whereas the fluo-
rescence at 380 nm increased (Fig. 6E). The K; of binding 8-0xoG was
measured to be 5.5 + 0.8 uM, with a detection limit of 100 nM. Guanine
(Kqg ~15 pM) bound around 3-times weaker than 8-0xoG, and other
nucleobases showed K, from 22 to 34 uM.

4.2. Deleting an entire guanine nucleotide

Since introducing abasic site-contained DNA needs special synthetic
steps, using unmodified DNA would be more attractive. The Tan group
spliced an entire guanine nucleotide instead of guanine nucleobase from
a G-quadruplex [24]. This way, only an unmodified DNA was synthe-
sized, but a vacancy in its secondary structure may form (left panel of
Fig. 7A). They found that when this vacancy appeared in top layer of the
G-quadruplex, it was able to bind a few guanine derivatives, such as gua-
nosine, GMP, GDP and GTP (right panel of Fig. 7A). Since negatively
charged phosphate groups tend to be repelled by DNA backbone, the
affinities to GMP, GDP and GTP gradually decreased. Other nucleosides
and nucleotides cannot bind at all. These binding reactions were evalu-
ated by DMS footprinting and DNA melting experiments. The footprint-
ing data in Fig. 7B shows that guanosine binding was only achieved in
the presence of K™, indicating the formation of a G-quartet.

Later, they further developed this system into a fluorescent sensor by
extending this vacancy-bearing G-quadruplex strand with a hybridized
domain, and then respectively label the two ends with a fluorophore
and a quencher (the left panel in Fig. 7C). The fluorescence was
quenched in the initial stage. After adding guanosine or GMP, under the
driving force of forming the G-quadruplex, the loop part switched the
structure leading to increased fluorescence (Fig. 7C) [82]. However,
apart from GMP, other analytes like xanthosine, 8-oxo-2-deoxyguanine
(a biomarker of DNA damage), and two more guanine-related drugs
(Ganciclovir and Acyclovir) all increased the fluorescence signal.
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Fig. 7. (A) Schematic illustration of free guanine-containing ligands fitting into the vacancy in the top layer of the G-quadruplex. (B) Quantification of DMS footprint-
ing results for a vacancy-bearing G-quadruplex upon binding guanine-containing ligands. Reproduced with permission [24]. Copyright 2015, National Academy of Sci-
ences. (C) Schematic illustration of a defective G-quadruplex based fluorescent sensor for specific binding guanine-containing compounds. Reproduced with

permission [82]. Copyright 2016, Wiely-VCH.

Yang and coworkers investigated a vacancy-bearing G-quadruplex
sequence from a human gene promoter named PDGFR-§ [83]. They
measured various Ky values for guanine derivatives on microscale ther-
mophoresis (MST) from 3.1 = 0.4 puM (for deoxyguanosine) to
511 + 44 pM (for dGTP). Using NMR, they found that the binding of
dGTP involved Hoogsteen hydrogen bonding, coordination with K* and
base stacking. An additional C1-H1%s*O4 (a nonconventional CHe**O
hydrogen bond) may also exist.

4.3. Guanine-excised aptamers

Aside from engineering G-quadruplexes, our group recently proposed
a cost-effective and highly specific strategy to recognize guanosine based
on base excision, in which an aptamer was used as a scaffold and an
entire guanine nucleotide was removed to generate a breaking point.

This is different from the above splicing strategy since the strand was
broken after the excision, and a new 3'and a new 5 were generated. As
described in Fig. 8A, the excised site can act as a binding pocket to spe-
cifically accommodate the deleted purine nucleoside [25].

We used both the adenosine aptamer (Fig. 8B) and the Na™-binding
aptamer embedded in a Ce13d DNAzyme [84—-86] (Fig. 8C) as scaffolds
for detecting guanosine [26]. The four guanines in adenosine aptamer
(Gg, Go, G1g and Gyo) and three guanines in Na* aptamer (G4, G;5 and
G16) were individually excised. Based on SYBR Green I (SGI) and ThT
fluorescence spectroscopy, we found that the Gje-excised adenosine
aptamer (Fig. 8D) and Gjo-excised Na*-aptamer (Fig. 8E) exhibited
most notable specificity for free guanosine, but not for GMP. The appar-
ent K, for guanosine was measured to be 0.78 mM and 0.32 mM for the
Gie-exicsed adenosine aptamer and Gjo-excised Na*-aptamer, respec-
tively.
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Fig. 8. (A) Scheme for base-excision strategy. An entire guanine nucleotide is removed from an aptamer scaffold, and a break is generated. The break is able to specifi-
cally re-bind free guanosine but cannot accommodate GMP. The secondary structure of the (B) wild-type adenosine aptamer, and (C) Ce13 DNAzyme. Selectivity for
the (D) G¢-excised adenosine aptamer, and (E) G;¢-excised Na*-aptamer based on dye staining fluorescence spectroscopy. Reproduced with permission [26]. Copy-

right 2020, Wiley-VCH.
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5. Protein based recognition

Since guanine is a nucleobase, using nucleic acids as ligands for their
binding can harness base pairing and G-quadruplex interactions. Before
the advent of aptamers, biosensors for molecular recognition mainly
relied on proteins. For example, protein-based enzymes and antibodies
are useful platforms. A few proteins are also able to specifically recog-
nize guanine and its derivatives.

5.1. G-proteins for recognizing GTP

G-proteins belong to a large family of hydrolase enzymes that can
bind GTP and hydrolyze it to GDP [87, 88]. Unger et al. found a poly-
topic membrane protein FeoB (a typical G-protein) with a guanine nucle-
otide binding domain exhibiting a K; of 4—15 uM for GTP (Fig. 9A) [89].
Nikiforov recently pointed out that a tight binding for GTP might not

Sensors and Actuators Reports 2 (2020) 100020

always be desirable, especially when measuring it in cells, because the
total cellular GTP is 300—800 uM [90]. A too strong affinity may satu-
rate sensor signals.

To solve this problem, Nikiforov et al. inserted a circularly permuted
yellow fluorescent protein (cpYFP) into this FeoB to obtain an engineered
G-protein for sensing intracellular GTP [90]. In the residues 35—40 of the
FeoB G-protein region, the cpYFP was introduced (Fig. 9B). They mea-
sured K. values (the GTP concentrations required to obtain 50% of the
maximal ratiometric signal) of five engineered proteins to be from 30 to
2000 pM, sufficient to cover the intracellular GTP concentrations. Among
these proteins, one candidate named FY5a + 5a showed a ratiometric fluo-
rescence change upon adding GTP (e.g. an emission decrease with 405 nm
excitation and an emission increase with 485 nm excitation). Therefore, a
larger change was obtained by using the ratio of their emission intensities
(Ex405/Ex485). Both GTP and dGTP (4 uM) induced about a 40% signal
change in this ratio, whereas 500 uM CTP, UTP, ATP and ITP had little

+Ro7 QRVGNWAGVTYVERIKP Gys..
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Ex400/Ex485

GTP

CTP uTP GMP

ITP ATP dGTP  GDP

Nucleotide type (LM)

Fig. 9. (A) The G-protein domain of the FeoB protein binding with a GTP. (B) The DNA encoding cpYFP was inserted into that for the FeoB G protein corresponding to
the residues 35—40. (C) The detailed interaction between c-di-GMP and STING. Reproduced with permission [91]. Copyright 2012, Elsevier Inc. (D) Specificity of the
engineered cpYFP. Reproduced with permission [90]. Copyright 2017, Nature America, Inc.
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effect (Fig. 9D). Since the dGTP level in proliferating cells is 100-fold
lower than GTP, interference from dGTP became negligible. Importantly,
GMP and GDP also showed < 10% response in Fig. 9D, indicating a very
high specificity of this sensor in live cells. From this example, the specific-
ity of a sensor not only relies on the binding ligand, but also greatly
affected by its actual detection environment. The specificity in test tubes
may not be equal to that in live cells.

5.2. STING for c-di-GMP

A transmembrane protein called STING (stimulator of interferon
gene) that can specifically bind c-di-GMP was found by Vance et al. in
2011 [92]. The STING acts as an innate immune sensor for this cyclic
dinucleotide to simulate the activity of type I interferons (IFNs). The Ky
of STING binding to c-di-GMP was measured at about 5 uM by equilib-
rium dialysis [92].

Inspired by this finding, Wu and coworkers studied the structural fea-
tures of the c-di-GMP binding domain of STING by X-ray crystallography
[91]. They used the difference map to demonstrate that a c-di-GMP was
able to bind to the central crevice of a STING dimer through stacking and
hydrogen bonding. The detailed interaction is shown in Fig. 9C, in which
most interactions to c-di-GMP were provided by Y167, and other residues
including E260 contributed to multiple van der Waals and hydrogen
bonding interactions. Since the STING also can bind c-di-AMP through
Y167 but not E260, its affinity for c-di-AMP appeared lower. Other groups
also carried out independent researches on STING to further understand
its functions with c-di-GMP [93-95]. c¢-di-AMP but not GTP or ATP can
also bind STING (with lower affinities, K4 not determined) [92]. Using
STING for detecting c-di-GMP has yet to be demonstrated.

6. Small molecule-based sensors

Apart from the large amount of works using biological recognition
molecules such as nucleic acids and proteins to achieve guanine detec-
tion, studies were also carried out using small molecule based chemo-
Sensors.
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6.1. Imidazolium for sensing GTP

Imidazole is a heterocyclic aromatic molecule, and it appears in the
side chain of histidine. In sensing applications, its salt imidazolium was
developed for detecting purine nucleotides. A series of imidazolium-
based cyclophanes were synthesized for detecting GTP [27-30]. For
example, Kim et al. designed a compound shown in Fig. 10A, synthe-
sized by the reaction of 1,8-bis-(bromomethyl)anthracene with 1-(1H-
imidazol-1-ylmethyl)—1H-imidazole in anhydrous DMF [29]. This com-
pound had blue fluorescence emission. Binding of GTP induced a unique
green fluorescence (Fig. 10B). GTP quenched the blue fluorescence
peaks and red-shifted the peak to 490 nm by forming a GTP-cyclophane
excimer (Fig. 10C). The guanine base in GTP acted as the quencher in
this case. Other nucleotides cannot bind to cyclophane, thereby failed to
change its emission wavelength. The K; for GTP was determined to be
1 uM, and the interaction between GTP and cyclophane was character-
ized through formation of a (C—H) " eseanion™ hydrogen bond. The limit
of detection was determined to be 0.97 uM.

Wang and Chang synthesized two benzimidazolium dyes. As shown
in Fig. 10D, the X position can be either a hydrogen or a fluorine [27].
The two structurally related compounds both showed dramatically
increased fluorescence upon adding GTP. Particularly, when the X = H,
80-fold fluorescence increase at 540 nm was observed upon adding GTP,
whereas the changes by adding other nucleotides such as ATP were close
to zero (Fig. 10E). The fluorescence increase was also visible in a 96-well
plate (inset of Fig. 10E). They speculated that both the imidazolium and
2-phenylindole moiety in the dye were important for specific GTP recog-
nition. The K4 for binding GTP (when X = H) was measured to be
33 uM, although the LOD was not reported.

6.2. Thiazole orange for sensing c-di-GMP

Thiazoles have a similar structure to imidazole, and thiozole orange
(TO) is a well-known fluorescent intercalator for polynucleotides. The
intercalation and minor groove binding can lead to its restricted rotation
and thereby fluorescence enhancement. Typically, TO is non-fluorescent
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Fig. 10. (A) The chemical structure of cyclophane 1. (B) Visual fluorescence features, and (C) fluorescence spectrum showing the binding specificity of the cyclophane
1 to GTP. All reproduced with permission [29]. Copyright 2012, Royal Society of Chemistry. (D) The chemical structure of benzimidazolium dye. (E) Binding specificity
of the benzimidazolium dye to GTP. All reproduced with permission [27]. Copyright 2006, American Chemical Society. (F) The scheme of TO forms tetramolecular
quadruplex (Q1 and Q2) and octamolecular complex (Q3 and Q4) with c-di-GMP. Reproduced with permission [96]. Copyright 2011, American Chemical Society.
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when incubated with free nucleotides, such as guanosine and GTP. How-
ever, Sintim et al. found an exception that it can be a specific probe for a
dinucleotide c-di-GMP, because c-di-GMP can self-aggregate forming a
G-quartets in the presence of K* (Fig. 10F) [96, 97]. The authors
hypothesized that the c-di-GMP can form 4:1 complex with TO (Q1 and
Q2 in Fig. 10F), or 8:1 complex (Q3 and Q4). TO binding was confirmed
by the red shift in its absorption spectrum and circular dichroism (CD).
None of the other nucleotides including GTP, cGMP, and c-di-AMP
induced any fluorescence signal. The detection limit for this assay was
5 uM.

7. Electrochemical sensors

The above methods for recognizing guanine and its derivatives
mostly used fluorescence for signaling, and recognition was based on
molecular interactions. In electrochemical sensors, the mechanism of
electro-oxidation of guanine is shown in Fig. 11A, in which guanine was
converted to 8-oxoguanine. The oxidation potential for guanine is the
lowest among the four nucleobases, followed by adenine (just slightly
higher), thymine and cytosine [98]. For example, on an Ag/AgCl elec-
trode, free guanine is oxidized at +0.7 V, adenine at +0.97 V, thymine
at +1.15 V, and cytosine at +1.13 V (at pH 7) [99]. For the electro-
chemical sensors described in this section, the redox peaks were used for
identification of guanine and no affinity molecules were required. Given
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Fig. 11. (A) The oxidation of guanine to 8-oxoguanine. (B) The scheme of Cu@Ni/MWCNTs sensing system for guanine and adenine.
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that the slow electron transfer kinetics of nucleobase, sensing guanine
on bare electrode often faces problems of low sensitivity [100, 101].
Therefore, materials, such as carbon nanotubes, graphene, precious and
transition metals and polymers, are generally used to modify electrodes
to modulate the electrochemical oxidation.

7.1. Carbon-modified electrodes

When carbon atoms are packed in a single layer of sheets or tubes,
they form graphene and carbon nanotubes respectively with excellent
electrical conductivity and a large specific surface area [102]. Efforts
have been made to develop graphene and carbon nanotube containing
electrical devices. Xiong et al. used -COOH functionalized graphene to
modify a glassy carbon electrode (GCE), and realized simultaneous
determination of guanine and adenine. The -COOH groups made the gra-
phene more hydrophilic and easier to be dispersed. Since the redox
potential of guanine is only slightly lower than adenine, guanine cannot
be differentiated with adenine [103]. The detection limit of guanine in
this case was 50 nM.

7.2. Metals and metal oxides-modified electrodes

Metals and metal oxides, such as doped Au, Ag, Pt, Pd, Cu and iron
oxide and zinc oxide, were also used to modify the electrode due to their
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good electrical conductivity and catalytic activity. For example, Li et al.
doped copper and nickel (NiCl, and CuSO, as sources) to multi-walled
carbon nanotubes (Cu@Ni/MWCNTs) [104]. By using this bimetallic
catalyst, the catalytic ability improved due to the unique 3d band holes
of Ni and superior electron transfer capacity from the single electron of
4 s band of Cu. Under positive potentials, both guanine and adenine
were oxidized (Fig. 11B). Their simultaneous detection was realized, but
not for thymine and cytosine. The detection limits for G and A were at
0.17 uM and 0.33 uM, respectively. Such simultaneous sensing has been
reported by many independent groups, although specific oxidation of
guanine was less mentioned because of its oxidation potential being just
slightly lower than that of adenine.

Santhanalakshmi et al. prepared oleylamine-capped CuO nanopar-
ticles on MWCNTSs, and achieved the sensing of guanosine with a LOD of
0.084 uM [105]. Due to the similar operating potential of guanosine and
adenosine, adenosine cannot be distinguished. Recently, Lu and cow-
orkers reported a Ni-Fe Prussian blue analog hollow nanocube (Ni-Fe
PBA HNCs) to specifically detect guanine, and it was unresponsive to
adenine [106]. The PBA was composed of multiple metal ions and cyan-
ogen, and the redox of the multiple metal ions in the PBA can provide a
channel for electrons. Since the PBAs can lower the potential for electro-
catalysis, the oxidation of guanine became easier. This way, the poten-
tial difference between guanine and adenine was widened, and then the
specific oxidation of guanine can be realized, leaving adenine intact.
The detection limits for guanine was measured at 10.4 nM.

7.3. Polymer-modified electrodes
In addition to metal and metal oxides, conducting polymers are

another modifiers to facilitate the oxidation of guanine because of their
inherent charge transport properties and excellent redox responses
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[107, 108]. Among the conducting polymers, organic dyes-based poly-
mers have gained the most interest because of their high conductivity
and facile preparation process on electrode (through electropolymeriza-
tion) [108-110]. Taking a thionine dye as an example [109], Fang et al.
adsorbed polythionine on a carbon electrode (through z-7 stacking) to
sense guanine and adenine [111]. Such adsorption improved the elec-
tron transfer from polymer surface to electrode. The detection limits of
such sensor for guanine and adenine were 10 nM and 8 nM, respectively.
Apart from thionine, other dyes like poly(methylene blue) [112] and
poly(alizarin red) [113] were also reported.

In addition to organic dyes, overoxidized polymers were also used
for guanine detection. Due to overoxidization, such polymers were
found to have a low background current and good sensitivity. For exam-
ple, Wu and coworkers modified overoxidized polypyrrole (PPy) on a
graphene-coated electrode for the detection of guanine and adenine
[114]. The oxygen containing groups such as carbonyl and carboxyl
were introduced to pyrrole unit during the overoxidation process, result-
ing in improved electron transfer efficiency. The detection limits of gua-
nine and adenine were 10 nM and 20 nM in this case, respectively.
Similarly, overoxidized polyimidazole was also used by Lu and cow-
orkers for sensing purines [115].

8. Nanomaterial based sensors

Some nanomaterials were also used for guanine recognition. The first
example is the quantum dot (QD)-based ratiometric fluorescence probe
reported by Hu et al. In this work, intrinsic dual-emitting ZnCdTe QDs
were synthesized by using fluorescence S-doped-carbon dots (CDs) as
capping ligands, named as CDs-ZnCdTe QDs (left panel of Fig. 12A).
This composite has one emission peak at 420 nm from the CDs and the
other at 605 nm from the QDs [116]. The fluorescence emission of the
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Fig. 12. (A) Scheme of a ratiometric sensing system based on CDs-ZnCdTe QDs. (B) Fluorescence spectra of adding guanine into the CDs-ZnCdTe QDs. All reproduced
with permission [116]. Copyright 2018, Elsevier B.V. (C) The scheme of AgNCs-NFR/LDH-Cu®* sensing system. Reproduced with permission [117]. Copyright 2018,
Elsevier B.V. (D) The scheme of Cit/Tb sensing system. Reproduced with permission [120]. Copyright 2019, Elsevier B.V.
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CDs was stable, while that of QDs was quenched by guanine. Low con-
centration of guanine quenched the fluorescence via excited state elec-
tron transfer, while high concentration of it can release the S-doped CDs
from the CDs-ZnCdTe QDs and then resulted in the aggregation of QDs.
Based on these two mechanisms, ratiometric sensing (Isp5/Ls25) of gua-
nine was realized (Fig. 12A). As shown in Fig. 12B, over 5-fold fluores-
cence decrease in the 605 nm peak was observed, while the 425 nm
peak remained constant. None of the other purines including adenine
and xanthine quenched the fluorescence. The detection limit of guanine
was determined to be 0.076 uM. However, the guanine derivatives were
not tested. In addition, it cannot rule out that other quenchers might
also produce a similar fluorescence quenching.

Jin et al. designed a fluorescent silver nanocluster (AgNC)-based sen-
sor immobilized on layered double hydroxides (LDHs) [117]. To endow
this platform with fluorescence sensing functionality, a nuclear fast red
(NFR) dye was used and interacted with the AgNCs in the initial status
(Fig. 12C). The AgNCs-NFR complex had strong fluorescence. However,
when adding Cu®* into the system, the fluorescence was quenched due
to the formation of NFR-Cu®>* conjugates. Since the guanine had stron-
ger coordination with Cu®* than NFR, further adding guanine recovered
the fluorescence. Guanine increased the fluorescence intensity by about
3-fold, whereas the signal of adenine was half of the guanine, and the
signals from the pyrimidines were even less. The detection limit of gua-
nine was 1.85 pM. It is likely that other chelators for Cu®>* might also
produce a signal recovery, such as glutathione (GSH) [118] and GMP
[119].

To determine GMP, Xu and coworkers created lanthanide coordina-
tion polymer nanoparticles (LCPNPs) composed of terbium ions (Tb®*)
and citrate (Cit) [120]. The Cit/Tb®* alone did not have luminescence
in water, because water can coordinate to Tb®*, enabling the energy
transfer to water. Since GMP can strongly coordinate with Tb®*, the
water molecules were replaced. In addition, due to the energy trans-
ferred from GMP to the emissive °Dy state of Tb®* (Fig. 12D), about 15-
fold fluorescence increase was achieved. AMP, CMP, UMP or IMP did
not trigger any obvious fluorescence enhancement due to their low affin-
ity and mismatched energy with Tb®*. The detection limit for GMP was
100 nM. Compared to the two previous examples, this was a light-up
Sensor.

9. Molecularly imprinted polymer-based sensors

The final mechanism of target recognition discussed here relies on
molecularly imprinted polymers (MIPs). MIPs are praised as “artificial
antibody” that can work like natural antibody to accept shape comple-
mentary and chemical complementary ligands, but are much more sta-
ble and robust, as they are synthetic polymers. Hartell et al. reported a
fluorescent MIP for guanosine 3;5-cyclic monophosphate (¢cGMP) [121].
They used 2-acrylamidopyridine as the fluorescent monomer, trimethy-
lolpropane triacrylate (TMPTA) as the crosslinker, and 2,2-azobis(2-
methylpropionitrile) as the initiator to imprint cGMP through free radi-
cal polymerization. After reaction, the cGMP was removed by metha-
nol/water mixture (3:7, v/v). Based on their fluorescence data, the MIP
was able to re-bind cGMP with about 2.5-fold decreased signal, whereas
analogs like GMP and cAMP did not make any difference, although the
detection limit was not reported.

10. Conclusion and future perspective

In summary, we have reviewed various strategies to recognize gua-
nine and its derivatives, ranging from nucleic acids, proteins, small
organic molecules, MIPs to nanomaterials. The signaling strategies
largely rely on fluorescence and electrochemistry. Most guanine-related
aptamers are RNA, making their detection much less explored due to the
unstable nature of the RNA molecules. Comparatively, for adenine, a
number of high-quality and robust DNA aptamers are available. There-
fore, the detection of adenine derivatives has been much more
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performed. In general, nucleic acid and protein-based recognition of
guanine derivatives has the highest specificity, especially the ribos-
witches. The guanine riboswitch exhibits 100,000-fold higher binding
affinity than adenine, and the tightest RNA-small molecule interaction
(K4 ~1 nM) is from the c-di-GMP riboswitch. However, the size of the
aptamers in riboswitches is much larger compared to SELEX-derived
aptamers. Due to their large size and the low stability, using ribos-
witches as biosensors for detection outside cells is less appealing [65].

Although the number of guanine related DNA aptamers from SELEX
is limited, some non-SELEX-derived aptamers have been reported. Aba-
sic site-containing G-quadruplex and duplex, vacancy-bearing G-quadru-
plex, and base-excised aptamers were exploited. Apart from the nucleic
acid-based molecular recognition, proteins also exhibit specific and tight
binding for guanine derivatives. This recognition largely relied on their
shape complementary and chemical complementary to the ligands.
MIPs, which aimed to mimic biological molecular recognition, were also
developed to specifically bind guanine-related compounds. In addition,
due to the specific interactions with guanine base, several small organic
molecules and nanomaterials were also exploited, although their recog-
nition may not be as selective as aptamers, proteins and MIPs.

From the signal transduction point of view, fluorescent sensors were
used more widely than electrochemical sensors, likely due to the simpler
sample preparation and low background of homogeneous fluorescent
assays. Electrochemical sensors are advantageous for in situ measure-
ment and in vivo studies since fluorescence probes are limited by the
short tissue penetration depth and background fluorescence. Electro-
chemical sensors have mainly relied on the intrinsic redox properties of
guanine, making the specificity low, especially interference from ade-
nine. Attaching affinity ligands such as aptamers and MIPs might be
used to improve specificity.

In future studies, we believe more selections can be performed to
obtain new DNA aptamers for guanine-related ligands. High-quality
DNA aptamers are more likely to be further applied in various analytical
applications. Given that excellent riboswitches for guanine exist and
DNA aptamers for adenine also exist, it should be chemically feasible to
obtain DNA aptamers for guanine derivatives. To improve the binding
specificity of the DNA aptamer, both the library and elution protocols
need to be prudently designed. We have not seen a lot of MIP-based gua-
nine sensing work, and by introducing DNA into MIPs, both guanine
binding and sensing might be improved [122, 123]. Since the guanine
and guanosine have low water-solubility, an oil phase like toluene and
acetonitrile are good choice to imprint for them. In contrast, for hydro-
philic guanine nucleotides, water-based buffers are preferred. Consider-
ing that the free radical polymerization-derived polymers tend to have
uncontrolled pore size and heterogeneous binding performances,
advanced fragmentation chain transfer polymerization (RAFT) might be
able to generate well-controlled and finely structured binding pockets.

In addition, although protein-based strategies can also highly specifi-
cally recognize a few guanine derivatives, the stability and cost prob-
lems of the proteins have limited their broader applications. Some
artificial protein mimic such as nanozymes [124—126] can be designed
to mimic the function of proteins with improved robustness and lower
cost. Finally, impactful applications in biology and biomedical diagnosis
need to be demonstrated to further stimulate the fundamental sensing
work. By performing practical sensing studies, we can learn critical tech-
nical barriers and sample matrix effect, which would in turn guide sen-
sor development.
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