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Our knowledge of cell- and tissue-specific quantification of phytohormones is
heavily reliant on laborious mass spectrometry techniques. Genetically encoded
biosensors have allowed spatial and some temporal quantification of phytohor-
mones intracellularly, but there is still limited information on their intercellular dis-
tributions. Here, we review nucleic acid aptamers as an emerging biosensing
platform for the detection and quantification of analytes with high affinity and
specificity. Options for DNA aptamer technology are explained through selec-
tion, sequencing analysis and techniques for evaluating affinity and specificity,
and we focus on previously developed DNA aptamers against various plant
analytes. We suggest how these tools might be applied in planta for quantifica-
tion of molecules of interest both intracellularly and intercellularly.

Quantitative biosensors in plants

A biosensor is a synthetic device that produces a measurable signal upon interaction with its
target ligand, usually a biological analyte [1,2]. Biosensors consist of two main components,
a biological recognition moiety that interacts with the analyte with high sensitivity and specificity,
and a signalling module designed according to the sensor’s application. Examples of biosensors
are numerous and diverse. For example, the medical sciences have pioneered the use of
many biosensors, such as the enzyme-based blood glucose biosensor being used by patients
with diabetes worldwide [3]. Another example is a peptide used to recognise thrombin in
human blood [4] giving a fluorescence output correlating with thrombin concentration in blood
plasma samples, and there are many examples of antibodies used as the biological recognition
moiety linked to diverse output modules such as gold nanoparticles, holograms, and electrical
devices [5].

In plant biology, genetically encoded biosensors have become the established tools for
spatial and temporal monitoring of many analytes, including sugars and phytohormones
[6-10]. For example, monosaccharide reporters were developed from bacterial periplasmic-
binding proteins. These proteins change conformation when binding their substrates and
when fused to a pair of fluorophores with overlapping emission spectra give Forster reso-
nance energy transfer (FRET)-based nanosensors [8]. A sensor based on a mutated bacterial
tryptophan repressor protein coupled with fluorophores also allows monitoring of cytoplas-
mic auxin concentrations [10]. Similarly, a set of FRET-based sensors for abscisic acid
(ABA) has been engineered from the ABA receptor complex [5,11-13]. A semiquantitative
ratiometric fluorescent sensor for the phytohormone auxin was constructed by coupling
the auxin-sensitive Domain Il of an Aux/IAA protein with the fluorescent protein Venus along-
side the fluor Tomato which was coupled to a mutated, auxin-insensitive Domain Il to give
the sensor named R2D2 [7]. These and other genetically encoded biosensors work well
in certain intracellular compartments, generally giving semiquantitative data at high spatial
resolution [9,11,12,14,15].
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Highlights

DNA aptamers provide a versatile option
for recognising and measuring a wide
range of specific analytes in biological
systems, and they have begun to be
exploited in biomedicine.

Aptamers have been selected against
many phytohormones as well as against
plant pathogens.

Diverse aptamer selection techniques
have been developed, and some
promote selections of conformationally
active candidates.

Affinity maturation techniques allow for
guided improvements of specificity and
affinity.

DNA aptamers as aptasensors offer
advantages over other quantitative and
analytical techniques, including the po-
tential for measurements in vivo.

School of Life Sciences, King's College
London, London SE1 9NH, UK

2School of Chemistry, University of
Birmingham, Birmingham B15 2TT, UK
3School of Life Sciences, University of
Warwick, Coventry CV4 7AL, UK

*Correspondence:
sireethorn.1.tungsirisurp@kcl.ac.uk
(S. Tungsirisurp) and
richard.napier@warwick.ac.uk

(R. Napier).

359


https://orcid.org/0000-0002-7156-8846
https://orcid.org/0000-0002-1043-7172
https://orcid.org/0000-0002-0605-518X
http://crossmark.crossref.org/dialog/?doi=10.1016/j.tplants.2022.10.002&domain=pdf
https://doi.org/10.1016/j.tplants.2022.10.002
http://creativecommons.org/licenses/by/4.0/
CellPress logo

¢? CellPress Trends in Plant Science

For quantitative measurements of small molecules in plants, at both tissue level and from isolated
and sorted cells, the method of choice remains mass spectrometry [16]. Electrochemical
microbiosensors have been developed for measurements of phytohormones and compounds
in plants [1,16], although most have been aimed at the food processing industries rather than
studies of plant biology. An exception is the use of cytokinin oxidase (cytokinin dehydrogenase)
coupled with a platinum microelectrode to successfully measure cytokinin concentrations in
tomato (Solanum lycopersicum) root exudate [17].

It is clear that protein-based sensors have proved remarkably helpful in many plant systems, but
they also have their limitations. For example, phytohormone measurements within the apoplast
remain essentially unexplored [18]. Genetically encoded ratiometric pH sensors for the apoplast
are advancing [19] and apo-pHusion makes use of the pH sensitivity in some of the GFP variants
[20]. Hence, there is the prospect of new, durable biosensor proteins active in this space. At the
same time, nucleic acid aptamers are also being developed as the recognition moiety for biosen-
sors of many types and they offer an alternative resource for analyte measurements in the
apoplast.

An aptamer (from the Latin aptus, meaning ‘to fit’) is a short, synthetic oligonucleotide selected to
have a specific binding interaction with target molecules [21]. Aptamers offer comparable sensi-
tivity and specificity to antibodies while having significant advantages, including ease of synthesis,
well-known chemistry, and cost-effectiveness (Table 1). Since the 1990s, numerous aptamers
have been identified for a wide spectrum of target ligands ranging from small molecules to
whole cells (Table 2). The versatility of aptamers allows them to be coupled with diverse sensing
platforms for different applications, such as enzymatically linked oligonucleotide assays
(ELONAs), electrochemical devices, nanoparticles for microscopy and diagnostics, and surface
plasmon resonance (SPR) [22-25]. In this review, we will collate the information on aptamers
directed at plant targets and look forward to how the versatility of these reagents might be
harnessed, with a particular emphasis on the phytohormones.

Aptamer selection methods

Aptamers are selected by systematic evolution of ligands by exponential enrichment (SELEX;
Box 1). The choice of selection and partition techniques during SELEX depends on various
factors, including the nature of target analyte and the intended application of the aptamer
(Table 2). Frequently, ligands are immobilised onto agarose or magnetic beads to facilitate
the separation of analyte-binding sequences from the nonbinders [26]. FluMag-SELEX intro-
duces a fluorescent tag using a labelled primer, allowing sequence partitioning and recovery

Table 1. Features of nucleic acid aptamers versus monoclonal antibodies

Features Aptamers Antibodies
Synthesis Chemically synthesised in a short period Complex extensive processing, often requiring
immunisation

Cost Inexpensive High production cost

Stability Nuclease degradation Short biological half-life
Degradation via UV exposure Specific storage conditions

Target Wide range from whole cell to small Wide range from whole cell to small molecules
molecules

Specificity  High High

Affinity High High
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Table 2. Comparison of different types of SELEX selection processes for aptamers and their targets
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SELEX types Examples of Methods Refs
target ligands
Direct SELEX Proteins Immobilisation of target ligand onto agarose or magnetic [16,87,88]
Macromolecules beads to facilitate separation of specific binders from the
unbound pool.
FluMag-SELEX Proteins Fluorescent tag introduced in PCR amplification allows [27]
Macromolecules monitoring of DNA recovery through SELEX rounds.
Solution SELEX Small molecules A complementary oligonucleotide is used to hybridise to [28,39]
Toxins and immobilise the aptamer library. After washing steps,
incubation with the target ligand allows ligand binders to
refold around the target for collection in solution.
Cell SELEX Whole cells The DNA library is incubated with whole cells for the [68]
selection process. Separation of bound sequences can be
performed by centrifugation.
Capillary Proteins Ligand-specific sequences are separated due to the [89]
Electrophoresis Higher-molecular difference in size and charge of the complex.
SELEX weight ligands
GO-SELEX Proteins GO sheet absorbs and removes unbound sequences [29]

through =17 stacking.

efficiency to be monitored at each cycle (Figure 1A) [27]. However, immobilisation of small-molecule
analytes can pose a serious drawback as modifications to these compounds can significantly
change their surface chemistry and this is the case for all the phytohormones. Alteration of available
functional groups changes the biophysical properties of small molecules, thus reducing the chance
of selecting appropriate aptamers.

An attractive alternative is solution SELEX, where the DNA library is hybridised onto a short com-
plementary oligonucleotide that is displayed on magnetic beads. This allows incubation with free,
unaltered target ligand and promotes selection of aptamers that change conformation upon an-
alyte binding, leading to loss of hybridisation with the captured oligonucleotide [28]. These
analyte-released aptamer candidates are then readily recovered for sublibrary amplification.

Graphene oxide-SELEX (GO-SELEX) offers further refinement to the selection and partition of
aptamer candidates. This method selects aptamers without any immobilisation of either library
or target analyte [29]. After incubation of the DNA library with the target, the solution is introduced
to GO whereupon unbound sequences are removed by absorption onto GO, leaving aptamer
candidates that are folded around their target free for amplification.

The number of SELEX rounds necessary for selecting specific aptamers varies greatly but is gen-
erally above five (Figure 1). Itis also common in later rounds for selection stringency to be raised or
for counterselection steps to be included. These will tend to improve the affinity and the specificity
of successive sublibraries, respectively.

Aptamer sequences can be highly enriched at the end of the SELEX process, but more frequently
they are present at less than 1% of the remaining diversity (Figure 1B). While this can represent
enrichments of over 10"?-fold, secondary selection processes are necessary to identify the
best target binders. Therefore, sequence analyses also play an important role in aptamer selec-
tions. Conventional cloning and sequencing methods have been used extensively to sequence
aptamer pools after the last round of SELEX, with the limiting factor being the finite number of se-
quences that can be handled with these methods. In recent years, high capacity next-generation

Trends in Plant Science, March 2023, Vol. 28, No. 3 361
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Box 1. Systematic evolution of ligands by exponential enrichment (SELEX)

Aptamers, which can be RNA or DNA [79,85], are selected through SELEX, where target-specific aptamer sequences emerge through sequential affinity-based enrich-
ments from a starting highly diverse (~1 0'9), naive oligonucleotide library (Figure I). The variable sequence is typically 40 bases flanked by primers for amplification. Each
round of SELEX consists of three phases: selection, partition, and amplification. Selection allows ligand-specific aptamers to bind. In some cases, counterselection steps
can be introduced by incubating the library with control molecules to eliminate nonspecific binders from successive sublibraries. A range of partitioning techniques can be
used to separate ligand-specific aptamers from the pool (see Table 2 in main text). The separated aptamers are then amplified and subjected to further rounds of SELEX.
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Figure |. General schematic illustration of the SELEX process for DNA aptamers. Figure created with BioRender.com.

sequencing (NGS) has allowed the sublibraries of many rounds of SELEX to be sequenced in one
reaction. Unique oligonucleotide ‘barcodes’ can be added to each sublibrary as part of sample
preparation, allowing them to be deep sequenced on the same NGS run [21]. This not only iden-
tifies the sequences enriched most, but can also illustrate the enrichments of certain sequences
through SELEX rounds (Figure 1C) [21]. Helpfully, NGS can also reveal particular motifs segregat-
ing with target binding [30,31].

362 Trends in Plant Science, March 2023, Vol. 28, No. 3
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Figure 1. Enrichment of target-binding aptamer sequences through SELEX. (A) Fluorescence measurements from each round of FluMag-SELEX was used to
monitor recovery efficiency of single-stranded DNA eluted by the target molecule. CS indicates SELEX rounds with a counterselection step [27]. (B) NGS data reveal
the drop in the relative number of unique sequences after round 5 of SELEX, indicating enrichment of sequences as the SELEX rounds proceed. (C) The frequency or
relative abundance of aptamer ‘A’ through rounds of SELEX indicating the specificity of aptamer ‘A’ after round 7 [86]. Figure created with BioRender.com.
Abbreviations: NGS, next-generation sequencing; SELEX, systematic evolution of ligands by exponential enrichment.

Aptamer targets

In the biomedical arena, aptamers directed against macromolecules have been developed for
diagnosis or therapy for many years [28,32-35], and there is a growing literature on aptamers
directed against small-molecule targets [26,36-41]. In the field of plant developmental biology,
the analytes of widest interest are the phytohormones, which are all small molecules. All phyto-
hormones are believed to transit around plants in either the transpiration stream or the phloem
[42], and whichever route they take they must pass through the apoplast to reach their target
cells. As noted earlier, there are genetic biosensors that will report on changes in concentration
of specific targets on arrival, intracellularly, but there remains a need for biosensors that can report
on the vital, less tractable, local extracellular concentrations. The potential of nucleic acid
aptamers as the sensing module of biosensors (hence aptasensors) for studying small-molecule
analytes in different subcellular and intracellular compartments in plants needs to be evaluated.
The following sections summarise the availability of suitable aptamers with their binding affinities
summarised in Table 3.

Table 3. Aptamers against small phytoactive molecules: binding affinities and techniques used for their

characterisation

Ligands Estimated Kp Techniques used Refs

ATP 6 uM Ultrafiltration [37]
16.4 uM TC [90]
34.4uM Microscale thermophoresis [91]
30.98 uM SPR [92]

Trans-zeatin 3.85 uM ITC [38]
0.23-13.68 uM range Fluorescence assay [63]
0.1-100 nM range Photoelectrochemical [54]

ABA About 0.9 uM Displacement assay [69]

SA 4.7 uM Nanopore film sensor [36]

ASPV 55 nM SPR [70]

MT32

ASPV 83 nM SPR [70]

PSA-H
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ATP aptamers

ATP is increasingly being recognised as a signalling molecule in plants [43-46] as it is in animals
[47,48] and a fluorescent, genetically encoded ATP biosensor has been used to map tissue
gradients and stress responses in arabidopsis (Arabidopsis thaliana) [49]. Importantly, an
aptamer to ATP has been the most widely studied small-molecule DNA aptamer, making its
story a useful reference for this review (Box 2) even though it has yet to be used for plant biology.

ATP aptasensors for plants?

Intracellular ATP is well known to be the main source of energy for both plants and animals. How-
ever, as extracellular ATP (eATP), it also serves as a signalling compound involved in many as-
pects of plant growth, development and the regulation of responses to pathogens [43-45],
which can be monitored through cytosolic Ca®* signalling [49]. During cell damage caused by bi-
otic or abiotic stress, high levels (milimolar range) of eATP released to the apoplast act as a wound
signal [43] and putative receptors for eATP have been described [50,51]. Pollen germination can be
regulated by eATP in a concentration-dependent manner, with pollen growth enhanced at low ATP

Box 2. Selecting aptamers to ATP

ATP was immobilised onto agarose beads for conventional direct SELEX [37]. From a starting library with a diversity of 2 x 10'* ssDNA sequences, 21% of the ssSDNA
input was eluted by ATP. All 17 clones sequenced from this output were different. The accumulating aptamer literature shows that the population of aptamer hits after eight
to 12 rounds of SELEX is seldom more than a few percent of the total sequence diversity, and secondary selection is necessary.

The ssDNA starting library consisted of 72 random bases flanked by 20-mer extensions on each end for primer-binding sites [37]. Two of the aptamer clones were syn-
thesised and shown to bind to immobilised ATP. One was selected for affinity maturation studies, which included sequence truncations and mutagenesis to determine
binding motifs and to enhance the binding affinity, experiments later extended by others [90-92]. The ATP-binding site was first determined to be within the 72 random
bases, but mutagenesis allowed the aptamer length to be shortened to 45 and then to 25 bases, which formed two stable, stacked G-quadruplexes. Further mutagen-
esis showed that these G-quadruplexes dominate the structure [90] and later work showed that two ATP molecules intercalate into this framework as the basis for
recognition and affinity [90,93].

The observed dissociation constant (Kp) of the ATP aptamer varies with the detection method used. Initial analysis using ultrafiltration yielded an estimated Kp of 6 pM
with variants giving values between 1 and 10 uM [37]. Later ITC gave comparable low micromolar values [90]. Poorer affinities were observed using microscale
thermophoresis and SPR techniques with Kp values of 34.4 M and 30.98 pM, respectively [91,92].

The specificity of the ATP aptamer is dependent on the purine and ribose moieties of ATP, not on the phosphate groups. There is minimal binding with other nucleic acid

bases, nor with many other diverse purines. However, the ATP aptamer does significantly bind to ADP, AMP, and adenosine [37,91] and so its application as an
aptasensor for measuring ATP in vivo needs careful calibration (Figure ).

Hairpin G-quadruplex
secondary structure tertiary structure

9, A
'ooo

s~ ATP aptamer % ATP

Trends In Plant Sclence

Figure |. A scheme of structure switching for the aptamer against ATP. In the presence of ATP, the target molecule-induced conformational change promotes a
more stable G-quadruplex structure in the aptamer. Figure created with BioRender.com.
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concentrations and limited at much higher, millimolar concentrations [44,52]. It will be highly
beneficial to monitor eATP concentrations in the apoplast and an eATP aptasensor could be robust
and sufficiently sensitive for the task.

Cytokinin aptamers

As with ATP, cytokinins are purines and various aptamers have been selected against cytokinins.
A modified direct SELEX method with trans-zeatin immobilised onto Sepharose [38] selected
highly specific binders after 24 rounds of SELEX. Selection stringency was increased at each
round, using counterselection steps with L-histidine, increasing numbers of washes, increasing
volumes of counterselection beads, a decreasing single-stranded DNA (ssDNA) pool for each
SELEX round, and shorter elution times with decreasing volumes of the target molecule. After
sequencing and secondary structure analysis, sequence truncations and mutagenesis were
performed to further enhance the aptamer’s binding affinity, resulting in a 35-base aptamer
with a dissociation constant (Kp) for trans-zeatin of 3.85 uM measured by isothermal titration cal-
orimetry (ITC). This aptamer is highly selective for trans-zeatin with very low binding with cis-zeatin
and dihydrozeatin, but some binding with trans-zeatin riboside.

As noted earlier, a biosensor needs the recognition event converted into a quantifiable signal and
several read-out technologies have been reported for cytokinin aptamers. A GO sensor platform
was developed initially, providing a ‘turn-on’ fluorescence measurement upon cytokinin-aptamer
binding [38]. The same aptamer was further developed in a structure-switching assay to success-
fully quantify trans-zeatin, whereby a fluorescein-labelled aptamer was paired with a hybridising
oligonucleotide linked to a quencher [53]. When hybridised, the aptamer was ‘open’ and
quenched. Binding of trans-zeatin leads to a conformational change in the aptamer as it forms a
stable hairpin incorporating the target, releasing the oligo-quencher and activating fluorescence.
This format of assay had a detection limit of 135 nM for trans-zeatin, which might not be sensitive
enough to record endogenous tissue cytokinin concentrations, but an electrochemical sensor
using this cytokinin aptamer has also been reported with an impressive linear response range
from 0.1 to 100 nM and limit of detection of 0.03 nM [54].

Cytokinin aptasensors for plants?

Cytokinin is undoubtedly one of the vital phytohormones, promoting growth, cell division, germi-
nation, shoot and root development, and leaf senescence among its repertoire [55]. Both trans-
zeatin and cis-zeatin are biologically active, although the former is reported to be the most abun-
dant and is significantly more active than its cis-isomer [56]. It is crucial that quantitative tech-
niques are sufficiently specific to distinguish the isomers. As for other phytohormones,
chromatography coupled with mass spectrometry is used to quantify cytokinins [16,57].
Nonetheless, this method is labour intensive and does not reveal cell- or tissue-specific details.
Application of cytokinin aptasensors could provide an alternative temporally resolved and cell-/
tissue-specific quantification of cytokinin concentrations. Unfortunately, to date none of these
cytokinin aptasensors has been tested in planta, but the sensitivity and selectivity of this aptamer
make it a very attractive candidate for such applications if a suitable vehicle can be found. A
riboswitch RNA aptamer has also been reported to be sensitive to endogenous cytokinin [58]
but has not been developed further.

Abscisic acid aptamers

Highly sensitive and specific ssSDNA aptamers have been selected against ABA for quantitative
assay development [59]. Despite being a small molecule, direct SELEX was implemented by
attaching a biotinylated linker at the C4 position of ABA. A counterselection step with the linker
was implemented after the fourth round to avoid enriching for nonspecific binders and two

¢? CellPress
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aptamers were selected with Ky values estimated at 0.98 uM and 0.80 uM, respectively, using a
radiolabelled ABA displacement binding assay. The assays revealed a high level of aptamer spec-
ificity for the (+)2-cis, 4-trans ABA enantiomer, with minimal binding to the (-)2-cis, 4-trans ABA
enantiomer or other isomers.

ABA aptasensors for plants?

The aforementioned ABA aptamers were selected primarily for medical use as ABA has been
found to be an endogenous cytokine in human granulocytes [60]. However, given that ABA is
one of the important regulatory phytohormones, especially important for abiotic stress responses
[61], these reagents could be adopted by plant science. Low nanomolar concentrations of ABA
are observed in plants during ‘nonstressful’ conditions but its concentration can spike to hun-
dreds of micromolar levels during seed maturation and extrinsic stresses [62], concentrations
that are consistent with the working affinity of ABA aptamers. Importantly, ABA is a long-
distance mobile signal carried in the xylem and this can be a challenging compartment from
which to measure local ABA concentrations as genetic reporters [6] are not available within
these cells.

The concentration of ABA and its metabolites in plant tissues can be accurately measured using
chromatography techniques coupled with mass spectrometry or by immunological assay tech-
niques [16,57]. However, these methods require compound isolation from tissue samples and
can be time-consuming. In general, they do not reflect the temporal nor spatial distribution of
the hormone. DNA-based aptasensors for ABA have been developed to work in microfluidic
flow cells [63] which could be good alternatives for quantitative measurements of ABA ex planta
without sample workup. The system uses minimal sample volumes, and ABA concentrations
were measured between 4 and 40 uM in plant extracts. Another assay developed for ABA mea-
surements was designed based on aptamer-coated gold nanoparticles (Box 3).

Salicylic acid aptamers

A DNA aptamer has been developed against salicylic acid (SA; 2-hydroxybenzoic acid) with high
binding affinity and specificity [26]. Solution SELEX was chosen for aptamer selection due to the
limitations of the small size and few functional groups presented by SA. Counterselection steps
with 4-hydroxybenzoic acid after the fourth round increased selection stringency and eliminated
nonspecific binding sequences. Stringency was also increased by extending the length of the
capture oligo from seven to nine bases in the later SELEX rounds. Sequences from NGS gave de-
tails of enrichment from rounds 6, 13, and 15 [36].

The aptamer was coupled to a gold-coated nanopore film to provide a measurement of SA con-
centration based on an optical shift. The kinetic binding data were fitted to a two sites model with
reported Kp values of 34.57 nM and 4.703 pM for the two sites. However, without additional data
for two sites, the higher of these two values is more consistent with the experimental data
provided, suggesting micromolar sensitivity. There were minimal optical shifts observed with
SA metabolites, suggesting that the SA aptamer has good selectivity.

Salicylic acid aptasensors for plants?

SA is one of the phytohormones responsible for the immune response in plants as well as
contributing to thermogenesis, flowering and circadian clock function [64]. Analytical techniques
including chromatography coupled with mass spectrometry and a genetically encoded biosensor
have been developed in efforts to quantify SA concentrations both in cells and in tissues [65].
However, the SA aptamer has a Kp comparable to endogenous SA receptors [66] and offers
alternative sensor options [63].

366 Trends in Plant Science, March 2023, Vol. 28, No. 3
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Box 3. A gold nanoparticle aptamer assay for ABA

In the presence of ABA, the aptamers leave the surface of gold nanoparticles that then aggregate, a process recorded by SPR (Figure ).

The method gave a linear dose response to ABA concentrations between 0.5 and 50 uM. The assay results show that the aptamers are sensitive and selective, but this
has not yet been adapted into an aptasensor for use in planta. However, the gold nanoparticles suggest a delivery vehicle if a suitable readout can be devised.

+ Salt

Q Gold nanoparticles A~V ABA aptamer * ABA

Trends in Plant Science

Figure I. Schematic illustration of the localised SPR assay as used with ABA aptamers. Figure modified from [94] and created with BioRender.com.

Apple stem pitting virus aptamers

In medicine and forensics, the majority of aptamers are developed against macromolecular tar-
gets, such as proteins or cell-surface determinants [33,35,67,68]. Plant science has also started
selecting for aptamers as diagnostic agents. For example, a modified version of direct SELEX was
used for aptamers against two different coat proteins of the apple stem pitting virus (ASPV)
known as MT32 and PSA-H [69]. MT32 and PSA-H proteins were cloned with polyhistidine affin-
ity tags allowing immobilisation on nickel beads for the selection cycles. Removal of nonspecific
binders was done by addition of poly(deoxyinosinic-deoxycytidylic) acid and BSA during library
incubations. Selection stringency was increased throughout the selection process by reducing
the amount of capture protein. Characterisation of the selected aptamers with SPR revealed

Trends in Plant Science, March 2023, Vol. 28, No.3 367
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Box 4. Aptasensor concepts for applications in planta

Well-established chemistries for linking DNA aptamers at their 3" and 5" ends to diverse partner molecules create many options for aptasensor development and three
options are illustrated inFigure |. The smallest will be conformationally active aptamers to be conjugated at opposite ends to complementary fluors which will exhibit FRET
as either empty (shown in Figure |A) or full conformers. Fluorescence-based aptasensors are among the most popular applications because they give positional data as
well as analyte quantitation using turn-on or turn-off mechanisms. Fluorescent nanoparticles can be used both as FRET donor and as delivery vehicle, perhaps holding
the sensor in the apoplast, for example (Figure IB). Electrochemical biosensors developed as microelectrodes (shown in Figure IC), but also as part of scanning tunnelling
microscope probes offer many sensor scales and geometries [95]. In the microelectrode system shown, the aptamer will be conjugated to a gold electrode at one end,
and the proximity of an electroactive compound at the other (e.g., methylene blue) is detected as a change in electrical signal by the electrode [96]. Electrodes allow
precise positioning of the sensor within tissues, such as for measuring hormone transients in xylem sap or the apoplast around mesophyll cells in the leaf.
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Figure |. Various aptasensor designs for in planta detection of phytoactive molecules. Figure created with BioRender.com.
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that the MT32 aptamer binds to both MT32 and PSA-H with affinities (Kp) estimated at 55 and
83 nM, respectively. The aptamers also possess high specificity and differentiate other viruses
including apple mosaic virus and apple chlorotic leaf spot virus. The aptamers have been used
for SPR imaging and an ELONA sensing platform has been developed [70,71].

ASPV aptasensors for plants?

ASPV is a pathogenic virus infecting many pome and stone fruit species [72]. Symptoms vary
depending on host species, from symptomless to severe, such as xylem pitting, red mottling,
and downward growth [73]. It is advantageous to be able to detect and identify such a patho-
gen before it severely impairs the performance of the crop. Previous ASPV detection tech-
niques have been limited to grafting onto indicator plants, which is very time-consuming and
slow [74]. In-field RT-PCR methods can be highly sensitive but lack high throughput [75].
ASPV aptasensors could detect latent pathogen with high sensitivity, high specificity, and
high throughput.

Concluding remarks and future perspectives

Aptasensor development for use in planta

The applications summarised earlier have all been for ex vivo sample measurements, but biosen-
sors can be used to monitor physiological phenomena in virtually any biological system [22,76],
including in vivo, with little to no trauma to the organism [77,78]. To convert established aptamers
into sensing tools that will work in planta, many parameters need to be considered. For example,
the stability of DNA in the testing environment is vital. As free oligonucleotides, ssDNA aptamers
are at risk of degradation by nucleases, but conjugation on both 5" and 3’ ends, such as with
fluors, allows shielding from exonucleases, while base modifications will minimise endonuclease
degradation [79]. Aptamers incorporated as part of DNA tetrahedron structures are also reported
to resist nuclease attacks and this stability has made them useful as aptamer beacon sensors in
mammalian cells [80]. DNA tetrahedrons have yet to be evaluated in plants. Furthermore, DNA
tetrahedron structures can be designed with self-assembling properties, encouraging complex
‘aptachain’ formations that can resist enzymatic degradation [81]. These DNA engineering
possibilities are attractive propositions as aptasensor scaffolds, but need testing.

As with all sensors, the application should dictate how aptasensors are developed. Many
platforms have been developed for measurements on extracted samples, making aptamers
amenable for rapid, facile diagnostic kits [24,26,36,63,70,71,78,82]. However, for measure-
ments in planta, a fluorescent optical biosensor suited to confocal microscopy could give
high spatial resolution and sensitivity (Box 4). There is little need to compete with genetically
encoded fluorescent sensors such as those developed for intracellular monitoring of phytohor-
mones [12], but the plant apoplast remains a poorly explored compartment and it is not readily
amenable to most intracellular probes. Aptasensors might provide the ideal tool for these
spaces and nanoparticles are an attractive option as delivery vehicles. Polymer nanoparticles
(<40 nm) are known to penetrate into and through plant cell walls [83,84] and to pass into
the xylem. Therefore, aptamer-coated nanoparticles as aptasensors could open up opportuni-
ties for studying the behaviours of phytoactive compounds in ways that have been prohibited
previously [67] (see Outstanding questions).
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Outstanding questions

How long before an aptasensor
is developed for reporting analyte
concentrations in planta?

Will aptamers prove to be sufficiently
robust in the mildly acidic conditions
of apoplast?

Which aptasensor design (Box 4) will
prove most versatile for plants? For
example, will aptasensors based on
nanoparticles reside in the cell wall
matrix to sample the apoplast? Will
different nanoparticle designs pass
through the plasma membrane to the
cytoplasm?

Will aptasensors passage to all parts of
a plant in the vasculature to provide
sensing options throughout the plant?
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