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Abstract 

Auxin (Indole-3-acetic acid; IAA) has been one of the most widely studied 

phytohormones due to its vital roles in plant growth and development. Techniques 

including mass spectrometry and genetically-encoded biosensors have provided us 

with valuable information on its intracellular activities. However, there is still a lack 

of quantitative data on its intercellular distribution with high spatial and temporal 

resolution. 

This study aimed to develop a novel auxin-specific, aptamer-based biosensor 

as an alternative tool to provide a more sensitive and detailed intercellular IAA 

gradient. As the biosensor recognition component, we evaluated two methods of 

systematic evolution of ligands by exponential enrichment (SELEX) for the selection 

of aptamer sequences with potential auxin binding affinity and specificity. Secondary 

screenings, including enzyme linked oligonucleotides assay (ELONA) and microscale 

thermophoresis (MST), were used to identify and characterise aptamer candidates with 

reasonable IAA affinity. Furthermore, several affinity maturation techniques, 

including hybridisation inhibition, sequence truncation, and single G-mutations, 

successfully improved IAA binding affinities and specificities of chosen aptamer 

candidates. The optimised IAA aptamer, STA-3-9, were further evaluated for suitable 

auxin quantification assays using fluorescence thioflavin T (ThT) assay and surface 

plasmon resonance (SPR). Meanwhile, an in-depth characterisation of STA-3-9 using 

isothermal titration calorimetry (ITC) and circular dichroism (CD) suggested its ligand 

binding mechanism as auxin intercalation within the pre-existed parallel G-quadruplex 

tertiary structure. 

As the biosensor delivery and signalling system, we evaluated a set of carbon-

based polymer nanoparticles (CPNs) with various physicochemical properties under 

the fluorescence confocal microscopy. Several CPNs including the aptamer 

conjugated CPNs demonstrated a great potential as suitable delivery and signalling 

vehicles for in planta application. While intercellular auxin measurement has not yet 

achieved, this nano-sensor system is a new state-of-the-art and the first step towards a 

mapping tool for a sensitive and detailed intercellular IAA gradient. 
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1.1 Auxin and its physiology 

 

The study of phytohormones has always been of particular interest in plant 

biology to accomplish better understanding of the mechanisms of growth and 

development. Auxin is one of the classical plant hormones responsible for regulating 

cell division, elongation, and differentiation amongst many other physiological 

responses (Růžička and Hejátko, 2017). Since Charles Darwin and his son first 

hypothesized its activity in 1880, followed by its isolation half decade later (Enders 

and Strader, 2015), tremendous amounts of research have been conducted to study its 

chemical structure and its effect on plant systems. 

 

Indole-3-acetic acid (IAA) is the most abundant natural auxin in plants. It is 

generally agreed that the compound derives from a tryptophan precursor, an essential 

amino acid abundantly found in living organisms (Figure 1.1; (Tivendale et al., 2014)). 

IAA interacts with several proteins that, in turn, promote gene expression or 

regulation, such as in the simplified mechanism of AUX/IAA gene expression process 

(Figure 1.2a; (Chapman and Estelle, 2009). The cell-to-cell communications are 

essential for plant development and are regulated through fluxes of plant hormones 

such as auxin for intercellular signalling (Lofke et al., 2013). It is believed that auxin 

is distributed throughout the plant system through a polar auxin transport involving 

AUX1/LAX proteins as influx permeases and PIN-type proteins as efflux carriers 

(Armengot et al., 2016). 

 

Figure 1.1. Chemical structure of tryptophan precursor and predominant auxin 
indole-3-acetic acid (IAA). 
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(a) 

(b) 

Figure 1.2. Simplified schematic depiction of auxin mediated gene expression (a) and  
auxin polar transport in plant (b). (a) TIR-1 protein interacted with Auxin and the 
induced interaction of TIR-1 and AUX/IAA occurred, releasing AUX/IAA from its original 
complex formation with ARF. This release allows gene expression with RNA polymerase 
while the ubiquitination results in degradation of proteasome. Illustrative mechanism 
adapted from (Woodward and Bartel, 2005) and created with BioRender.com. (b) Auxin is 
transported in and out of plant cells through AUX1/LAX and PIN-type proteins, 
respectively. Illustrative scheme adapted from (Lofke et al., 2013) and created with 
BioRender.com. 
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Studies suggested that the differential distribution of auxin is one of the main 

triggers for plant’s growth and development (Enders and Strader, 2015). Many studies 

have utilised the auxin mediated gene expression (Figure 1.2a) to developed 

genetically encoded biosensors. Although there are several reports on its gradients 

using genetically encoded biosensors, all are limited to a qualitative intracellular IAA 

detection (Sadanandom and Napier, 2010, Ottenschlager et al., 2003, Liao et al., 

2015). R2D2 report demonstrated an exception with the ability to semi-quantify auxin 

activities in most dividing cells (Liao et al., 2015). However, this still is limited to 

intracellular auxin response (Figure 1.3, (Liao et al., 2015)). The auxin flux between 

cells are distributed through a polar transport involving AUX1/LAX and PIN-type 

proteins passing through the apoplastic environment (Figure 1.2b). Therefore, it is 

vital to achieve a clearer depiction of IAA’s true quantitative distribution between 

cells with high spatial and temporal resolution. 

 

 
Figure 1.3. A genetically encoded biosensor, R2D2, designed for intercellular, semi-
quantitative auxin response. R2D2 reporter utilised engineered DR5 and DomainII 
reporters for a complete intracellular auxin quantification in A. thaliana roots with temporal 
distribution. Image reproduced with permission of the copyright holder from (Liao et al., 
2015). 

 

1.2 Current techniques for phytohormones analysis 

 

Various techniques have been established throughout the past decades on the 

detection and quantification of phytohormones including auxin ranging from 

chromatography to biosensors. While each and every technique have been improved 

to obtain high resolution and valuable data, none are without flaws and shall be 

discussed here. 
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1.2.1 Mass Spectrometry 

 

For tissue-level and cell-based quantitative measurements of small molecules 

in plants including auxin, the method of choice remains mass spectrometry (MS), often 

using antibodies for sample clean-up prior to measurement (Novak et al., 2017). 

Chromatography technique is coupled with MS to successfully perform both 

qualitative and quantitative analysis of this phytohormone (Porfirio et al., 2016). 

Extracted plant samples are purified using gas or liquid chromatography then 

subjected to analysis using MS. With more advanced technology, auxin and its various 

metabolites can be quantified from minimal amounts of plant materials (Muller et al., 

2002, Lu et al., 2008). Nonetheless, this time-consuming and finely tuned purification 

technique, even though it gives valuable ex vivo quantitative analysis of auxin, fails to 

provide representation of auxin distribution or gradient in real time. 

 

1.2.2 Biosensors 

 

In the past few years, focus has been mainly on biosensors. In brief, a biosensor 

is a synthetic device that specifically interacts with a target molecule and produces a 

measurable signal (Sadanandom and Napier, 2010). It is designed with two main 

components, the biological recognition moiety and a signalling module designed 

according to the sensor’s application. Various types of biosensors have been 

developed to evaluate phytohormones and other plant analytes, including 

electrochemical and genetically encoded biosensors. 

 

Electrochemical sensors have been developed to measure the concentration of 

phytohormones and compounds in plants (Sadanandom and Napier, 2010, Novak et 

al., 2017), although most have been for the food processing industries rather than 

studies of plant biology. An exception is the use of cytokinin oxidase (cytokinin 

dehydrogenase) coupled with platinum microelectrode to successfully measure 

cytokinin concentrations in tomato root exudate (Tian et al., 2014). However, in 

general there are no suitable redox enzymes for similar devices against other 

phytohormones or metabolites, which limits the deployment of microelectrode 

sensors. Another drawback being the designed local measurement requires close 
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proximity of electrode and compound of interest, which can be problematic for the 

analysis. Moreover, as it is an invasive technique, results may be manipulated by the 

response to invasion rather than true concentration of the phytohormone. 

 

 In plant biology, genetically encoded biosensors have been established for 

spatial and temporal quantification of many analytes, including auxin and sugars 

(Herud-Sikimic et al., 2021, Jones et al., 2014, Brunoud et al., 2012, Chaudhuri et al., 

2011, Isoda et al., 2021). For example, monosaccharide reporters were developed from 

bacterial periplasmic-binding proteins fused to a pair of fluorophores with overlapping 

emission spectra to give FRET nano-sensors (Chaudhuri et al., 2011). A set of FRET-

based sensors for abscisic acid (ABA) was engineered from the ABA receptor 

complex (Jones et al., 2014). For auxin measurements, ratiometric sensors for the 

phytohormone auxin were constructed by coupling Domain II of an Aux/IAA protein 

with VENUS to monitor intracellular auxin signalling in Arabidopsis thaliana roots at 

high spatial and temporal resolution (Brunoud et al., 2012). The DR5-GFP reporter 

system successfully illustrated the auxin level changes in root tips due to gravity in 

vivo (Ottenschlager et al., 2003). A recent development of genetically encoded 

biosensor coupled an engineered auxin binding pocket with fluorescent proteins which 

allow real time measurements of auxin intracellularly with high spatial and temporal 

resolution (Herud-Sikimic et al., 2021). All these sensors work well in intracellular 

compartments, but the extracellular plant apoplast remains a challenge, not least 

because of the well-structured cell wall barrier. 

 

With valuable information and understanding on auxin having been achieved 

using techniques mentioned above, there is still a lack of true representation of the 

compound in living plants. Precise quantitative analysis of auxin in whole tissue 

samples is achieved only by MS while in vivo applications, like genetically encoded 

biosensors, only provide semi-quantitative and poorly time-resolved intracellular 

results. It is in great desire to develop a novel biosensor that can evaluate and quantify 

concentration of auxin extracellularly in vivo with both spatial and temporal resolution 

with a non-invasive delivery and detection system. 
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1.3 An aptamer-based biosensor for auxin measurement 

 

Here, we propose an aptamer-based biosensor as an alternative technique for 

real-time in planta distribution of auxin. As mentioned, a biosensor is a powerful 

device designed with specific interactions to a target molecule to produce a measurable 

signal (Sadanandom and Napier, 2010). Biosensors are not confined to ex vivo 

diagnoses and they can be used to monitor physiological phenomena in virtually any 

biological system (Gooch et al., 2017), including in vivo with little to no trauma to the 

organism. One must consider the application of biosensor upon designing the suitable 

biological recognition moiety and the signalling system. The biological recognition 

component is designed with respect to the target molecules and its application. 

Examples are, a peptide sequence was used to recognize protease enzyme in human 

blood for medical application (Morita et al., 1977) while antibodies possess specific 

interactions with their antigens (Grennan et al., 2003). In recent decades, focus has 

been shifted towards aptamer development due to its superiority to other recognition 

components such as antibodies which will be discussed in greater detail in section 1.4. 

DNA aptamer provides ease of modification including conjugation to output 

signalling system for appropriate application. Meanwhile, the signalling system of 

biosensor is greatly dependent to the downstream application. Optical remains 

amongst the most popular signalling component due to ease of use and detection 

sensitivity. Fluorescent proteins were designed as part of genetically encoded 

biosensors allowed visualisation corresponding to intracellular auxin in intact roots 

(Herud-Sikimic et al., 2021, Jones et al., 2014). In recent years, fluorescent 

nanoparticles are gaining interests as a potential delivery and signalling carrier for 

biosensor due to their size and photostability (Bhunia et al., 2013, Choi and Frangioni, 

2010). Here, the development of DNA aptamer as the auxin biological recognition will 

be thoroughly discussed along with the application of fluorescent carbon-based 

polymer nanoparticles (CPNs) as the biosensor signalling system. 

 

1.4 DNA aptamers as biosensor biological recognition 

 

 Aptamers offer an alternative biological recognition element for sensor 

development. An aptamer is a short, synthetic oligonucleotide selected to have a 
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specific binding interaction with target molecules (Mayer, 2016). Aptamers have a 

comparable sensitivity and specificity to antibodies while having significant 

advantages, including ease of synthesis, well-known chemistry and cost-effectiveness 

(Table 1.1). While a more accessible engineered antibodies have been developed, 

DNA aptamers are still generally preferred due to its longer shelf life. Since their 

development in the 1990s, numerous DNA and RNA aptamers have been identified 

for a wide spectrum of target ligands ranging from small molecules to whole cells. 

The versatility of aptamers allows them to be coupled with diverse sensing platforms 

for different applications, such as enzyme linked oligonucleotide assays (ELONA), 

electrochemical devices, nanoparticles for microscopy and diagnostics, and surface 

plasmon resonance (SPR) (Kim et al., 2018, Le et al., 2014, Nguyen et al., 2007). With  

the additional reverse transcription steps within the RNA aptamer selection process, 

DNA aptamers were chosen for our study. 

 
Table 1.1. Features of nucleic acid aptamers and monoclonal antibodies. 
 

 Aptamers Antibodies 

Synthesis Chemically synthesized in short 
period of time 

Complex extensive processing, 
often requiring immunisation 

Cost inexpensive High production cost 

Stability Nuclease degradation 
Degradation via UV exposure 

Short biological half-life 
Specific storage conditions 

Target Wide range from whole cell to 
small molecules 

Wide range from whole cell to 
small molecules 

Specificity High High 

Affinity High High 

 

 

1.4.1 Aptamer selection methods 

 

Aptamers are developed through systematic evolution of ligands by 

exponential enrichment (SELEX; Figure 1.4) where target-specific aptamer sequences 

emerge through sequential affinity-based enrichment from a highly diverse 

oligonucleotide library (Ellington and Szostak, 1990). Each round of SELEX consists 

of three phases: selection, partition, and amplification. Introduction of target ligand to 
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the oligonucleotide library pool allows binding and selection of ligand-binding 

sequences. These ligand-binding sequences are partitioned from the rest of the pool 

and subjected to amplification via polymerase chain reaction. 

 

 
Figure 1.4. General schematic illustration of the SELEX process for DNA aptamer. 
The process starts with a ssDNA library with high diversity (~1015). Selection phase allows 
ligand-specific aptamers to bind. In some cases, counter-selection steps can be introduced 
by incubating the library with control molecules to eliminate non-specific binders from 
successive sub-libraries. A range of partitioning techniques can be used to separate ligand-
specific aptamers from the pool. The separated aptamers are then amplified and subjected 
to further rounds of SELEX. 

 

Several selection and partition techniques can be implemented during SELEX 

depending on various factors, including the nature of target ligands and the intended 

application of the aptamer (Table 1.2). Frequently, ligands are immobilised onto 

agarose or magnetic beads to facilitate the separation of ligand-specific sequences 

from the non-specific ones (McKeague et al., 2014). Implementation of a fluorescent 

tag using a labelled primer, such as in FluMag-SELEX allows monitoring of the 

efficiency of sequence partition and recovery (Stoltenburg et al., 2005). However, 

immobilisation of target ligands can pose a serious drawback for small molecule 

targets as modifications to these ligands can change their surface chemistry, alters the 

available functional groups and the biophysical properties of the small molecules, 

negatively impacting the chance of selecting appropriate aptamer binding interactions 

(Pfeiffer and Mayer, 2016). An attractive alternative is solution-SELEX, also known 

ssDNA library

Control molecule

Negative selection

Removal of non-specific 
bound sequences

Unbound sequences

Target moleculePositive selection

Extracted bound sequences

PCR Amplification

Removal of non-specific 
unbound sequences

Sequences identification through 
cloning and sequencing

or Next Generation Sequencing

SELEX 
process

1. Selection

2. Partition

3. Amplification
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as capture-SELEX, where the DNA library is instead hybridised onto a short 

complementary oligonucleotide which is displayed on magnetic beads. This allows 

incubation with free, unaltered target ligand (Stoltenburg et al., 2012) to select for 

aptamers for which ligand interaction causes aptamer conformational changes and 

interrupts the hybridisation with the capture oligo. Graphene oxide (GO)-SELEX 

method allows selection of aptamers without any immobilisation of either library or 

target ligands (Park et al., 2012). After incubation of DNA library with the target, the 

solution is introduced to GO where unbound sequences are removed by adsorption 

onto GO due to π-π stacking interactions. 

 

Table 1.2. Comparison of different types of selection processes.  

SELEX 
types 

Examples of 
target ligands 

Methods References 

Direct-
SELEX 

Proteins 
Macromolecules 

Immobilisation of target ligand 
onto agarose or magnetic beads to 

facilitate separation of specific 
binders from the unbound pool. 

(Yoshitomi et al., 
2020, Lautner et 
al., 2010, Mayer 
and Hover, 2009) 

FluMag-
SELEX 

Proteins 
Macromolecules 

Fluorescent tag introduced in PCR 
amplification allows monitoring 

of DNA recovery through SELEX 
rounds. 

(Stoltenburg et 
al., 2005) 

Solution-
SELEX 

Small molecules 
toxins 

A complementary oligonucleotide 
is used to hybridise to and 

immobilise the aptamer library. 
After washing steps, incubation 

with the target ligand allows 
ligand binders to undergo 

conformational change around 
target for collection in solution. 

(Stoltenburg et 
al., 2012, 

Reinemann et al., 
2016) 

Cell-
SELEX Whole cells 

The DNA library is incubated 
with whole cells for the selection 

process. Separation of bound 
sequences can be done by 

centrifugation. 

(Sefah et al., 
2010) 

CE-
SELEX 

Proteins 
Higher molecular 

weight ligands 

Ligand-specific sequences are 
separated due to the difference in 
size and charge of the complex. 

(Mendonsa and 
Bowser, 2004) 

GO-
SELEX 

Proteins  
Graphene oxide sheet absorbs and 

remove unbound sequences 
through π-π stacking. 

(Park et al., 
2012) 
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 The number of SELEX rounds necessary for selecting specific aptamers varies 

greatly but is generally above 5 (Figures 1.5, (Blank, 2016), with elution stringency to 

be raised or for counter-selection steps to be included in the later rounds. These will 

tend to improve the affinity or the specificity of successive sub-libraries, respectively. 

 

 

Figure 1.5. The frequency or relative abundance of selected aptamer candidate “A” 
through successive rounds of SELEX. The relative abundancy of aptamer ‘A’ rises above 
background from round 6 with its highest frequency being less than 0.4% in the last round. 
(Figure adapted from (Blank, 2016). 

 

Aptamer sequences can be highly enriched at the end of the SELEX process, 

but are frequently present at less than 1% of the remaining diversity (Figure 1.5). 

Whilst this represents enrichments  of over 1012 – fold, secondary selection processes 

are necessary to identify the best reagents. Therefore, sequence analyses also play an 

important role in aptamer selections. Conventional cloning and sequencing methods 

have been used extensively to sequence aptamers obtained from the last round of 

SELEX, but only a finite number of sequences can be handled with these methods. In 

recent years, the high capacity of next generation sequencing (NGS) has allowed the 

sub-libraries of many rounds of SELEX to be sequenced in one reaction. Unique 

oligonucleotide ‘barcodes’ can be added to sub-libraries from each round as part of 

sample preparation allowing them to be deep sequenced on the same NGS run (Mayer, 

2016). This not only identifies the sequences most enriched but can also illustrate the 

enrichments of certain sequences throughout the SELEX rounds (Mayer, 2016). NGS 

gives a better insight to the enrichment profiles of the aptamers and can also reveal 

particular motifs segregating with target interactions (Hoinka et al., 2018). 
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1.4.2 Developed aptamers against plant targets 

 

1.4.2.1 ATP aptamer 

 

Adenosine trisphosphate (ATP) is increasingly being recognised as a 

signalling molecule in plants (Pietrowska-Borek et al., 2020, Tanaka et al., 2014, 

Tanaka et al., 2010, Chivasa et al., 2005) as it is in animals (Dale, 2020, Schwiebert 

and Zsembery, 2003). Importantly, since its identification in 1995, an aptamer to ATP 

has been the most widely studied small molecule DNA aptamer. Modification of ATP 

was performed to immobilise the target onto agarose beads for the conventional direct 

SELEX process (Huizenga and Szostak, 1995). From a starting library with a diversity 

of 2 x 1014 single-strand DNA (ssDNA) sequences, 21% of the ssDNA input was 

eluted by ATP in SELEX round 8. Whilst this suggested that diversity could now be 

as few as 5 sequences, all 17 clones sequenced were different and the accumulating 

aptamer literature shows that target frequencies at this stage are seldom more than a 

few percent.  

 

The ssDNA starting library consisted of 72 random bases flanked by 20-mer 

extensions on each end for primer binding sites (Huizenga and Szostak, 1995). Two 

of the aptamer clones were synthesised 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 (Zhang and Liu, 2018, Zhang et al., 2017b). 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 25 bases, which 

formed two stable stacked G-quadruplexes. Further mutagenesis showed that these G-

quadruplexes dominate the structure (Huizenga and Szostak, 1995) and later work 

showed that two ATP molecules intercalate into this framework as the basis for 

recognition and affinity (Zhang and Liu, 2018, Zhang et al., 2017b).  

 

The observed dissociation constants (KD) of the ATP aptamer varies with the 

detection method used. Initial analysis using ultrafiltration yielded an estimated KD of 

6 M with variants giving values between 1-10 M (Huizenga and Szostak, 1995), 
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supported later by isothermal titration calorimetry (ITC) which gave comparable 

values (Zhang et al., 2017b). Poorer affinities were observed using microscale 

thermophoresis (MST) and SPR techniques with KD values of 34.4 M and 30.98 M, 

respectively (Entzian and Schubert, 2016, Chang et al., 2014). 

 

 The specificity of the ATP aptamer is dependent on its purine and ribose 

moieties, not by the phosphate groups.  There is minimal binding with other nucleic 

acid bases and many diverse purines. However, the ATP aptamer does significantly 

bind to ADP, AMP and adenosine (Entzian and Schubert, 2016, Huizenga and 

Szostak, 1995) and so its application as an aptasensor for measuring ATP in vivo needs 

careful calibration. 

 

1.4.2.2 ABA aptamer 

 

Highly sensitive and specific ssDNA aptamers have been selected against 

abscisic acid (ABA) for quantitative assay development (Grozio et al., 2013). Despite 

being a small molecule, direct-SELEX was implemented by attaching a biotinylated 

linker at the C-4 position of ABA. A counter-selection step with the linker was 

implemented after the fourth round to avoid enriching for non-specific binders. Two 

aptamers, namely clone 2 and 9, were selected and KD values were estimated at 0.98 

μM and 0.80 μM, respectively using a 3[H]-ABA binding assay. Displacement assays 

revealed a high level of aptamer specificity against the (+)2-cis, 4-trans abscisic acid 

enantiomer with minimal binding to the (-)2-cis, 4-trans abscisic acid enantiomer or 

other isomers. Although clone 9 appears to be more ABA-sensitive than clone 2, it 

also shows some non-specific binding to the biotinylated linker. 

 

1.4.2.3 Trans-zeatin aptamer 

 

Like ATP, cytokinins are purines and various researchers have been 

developing aptamers towards cytokinins. A modified direct-SELEX with trans-zeatin 

immobilised onto Sepharose (Qi et al., 2013) selected highly specific binders after 24 

rounds of SELEX. Selection stringency was increased at each round, using counter-

selection steps with L-histidine, increasing the number of washes, shorter elution times 
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with the target molecule, etc. After sequencing and secondary structure analysis, 

sequence truncation and mutagenesis were performed to enhance the aptamer’s 

binding affinity, the KD for trans-zeatin was 3.85 μM for a 35 base aptamer measured 

by ITC. This aptamer is highly selective for trans-zeatin with very low binding with 

cis-zeatin and dihydrozeatin, but some binding against trans-zeatin riboside.  

 

 As noted above, a biosensor needs the recognition event converted to a 

quantifiable signal and several read-out technologies have been reported for cytokinin 

aptamers. A graphene oxide sensor platform was developed initially, providing a 

‘turn-on’ fluorescence measurement upon ligand-aptamer binding (Qi et al., 2013). 

The same aptamer was further developed as a structure-switching assay to successfully 

quantify trans-zeatin using another fluorescence ‘turn-on’ mechanism (Liu et al., 

2016). A fluorescein-labelled aptamer was paired with a hybridising oligonucleotide 

linked to a quencher. When hybridised, the aptamer was “open” and quenched.  

Binding of trans-zeatin led to a conformational change as the aptamer formed 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. 

An electrochemical sensor for this cytokinin aptamer with better sensitivity has also 

been reported, with an impressive linear response range from 0.1 to 100 nM and limit 

of detection of 0.03 nM (Wang et al., 2018). 

 

1.4.3 DNA aptamer affinity maturation techniques 

 

Identification of ligand binding site(s) gives insight to the minimal ligand 

binding sequences of the aptamer. Modification to the aptamer sequence accordingly 

can improve the ligand binding affinity and specificity, and also improve the synthesis, 

cost, and stability of DNA aptamers (Kalra et al., 2018, He et al., 2017, Zheng et al., 

2015, Blind and Blank, 2015, Katilius et al., 2007, Odeh et al., 2019). SELEX initial 

library is around 80 – 120 bases long consisted of randomised region(s) flanking by 

conserved primer binding sites essential for amplification phase (Ruscito and DeRosa, 

2016, Gopinath, 2007). However, studies have shown that only part of the aptamer 

sequences are involved in ligand interactions (He et al., 2017, Le et al., 2014). The 

primary sequence of an aptamer dictates its overall secondary structure and non-

binding regions could contribute to the conformations obscuring the ligand contact 
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area (Hasegawa et al., 2016). Therefore, removal of those non-binding regions can 

facilitate ligand-induced conformational change of DNA aptamer resulting in 

improved binding affinity (He et al., 2017, Wang et al., 2019). Other affinity 

maturation techniques, including base modifications and chemical conjugations, have 

shown to enhance binding affinity and specificity and the stability of the aptamer 

within biosensor testing environment (Odeh et al., 2019, Mousivand et al., 2020, Kalra 

et al., 2018, Zhang and Liu, 2018, Mayer, 2016, Witt et al., 2015, Katilius et al., 2007). 

For instance, a PEGylated MP7 aptamer demonstrated prolonged in vivo stability for 

cancer therapy (Prodeus et al, 2015). Various affinity maturation techniques for 

downstream applications are discussed here. 

 

Identification of minimal ligand binding sequences of aptamers can be 

performed using various techniques, including hybridisation inhibition (HI), sequence 

truncation, and molecular dynamics (MD) simulations (Mousivand et al., 2020, Wang 

et al., 2019, He et al., 2017, Gao et al., 2016, Le et al., 2014, Qi et al., 2013, Savory et 

al., 2013, Zhou et al., 2011, Ben Aissa et al., 2020). Binding affinity of DNA aptamer 

against electric eel acetylcholinesterase was improved by at least 10-fold using HI in 

conjunction with sequence truncation (Le et al., 2014). Instead of synthesizing each 

truncated variant for optimisation, HI cost-effectively utilised short complementary 

oligonucleotides to restrict part(s) of the aptamer sequence from ligand interaction. 

Binding affinities of aptamer with various restricted regions were compared to identify 

the regions not contributing to ligand binding. Sequence truncation was then used to 

confirm the minimal binding sequences obtained from HI (Le et al., 2014). 

 

Many approaches can be used for sequence truncation of the DNA aptamers. 

Various studies based their sequence truncations on the predicted secondary structure 

features using web-based software such as mfold and RNAstructure (Ha et al., 2017, 

Vu et al., 2016) or a more advance MD simulations of aptamer-ligand interaction in 

3-dimension (Ben Aissa et al., 2020, Gao et al., 2016). Truncations were performed 

according to the potential ligand binding sites predicted by these simulations. Circular 

dichroism (CD) was performed as a supplementary structural characterisation 

techniques to evaluate conformational change of each truncated variant both in 

presence and absence of target ligand (Wang et al., 2019). Meanwhile, some took on 

a more empirical ‘stepping’ approach (Reinemann et al., 2016, Le et al., 2014, He et 
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al., 2017). This empirical approach is more favourable when secondary structure 

predictions did not reveal particular structural features to further pursue (Le et al., 

2014). Furthermore, in presence of target ligand, DNA aptamers are expected to 

undergo conformational change, and therefore, would not conform to the structural 

predictions (Wang et al., 2019). Regardless of the truncation approach, the consensus 

is that the removal of sequences not essential in binding allowed exposure of the ligand 

contact area(s) resulting in more readily ligand binding to occur (Hasegawa et al., 

2016).  

 

Upon identification of the minimal ligand binding sequences, DNA aptamer 

sequences can be further modified and optimised for enhance ligand interactions. 

Several techniques, including in silico maturation (ISM), high throughput mutagenesis 

microarray, and bases modification, have been used to improve binding affinities and 

specificities (Mousivand et al., 2020, Gao et al., 2016, Zheng et al., 2015, Witt et al., 

2015, Savory et al., 2013, Katilius et al., 2007, Gao et al., 2004). ISM utilises a ‘genetic 

algorithm’ computational analysis to generate candidates through rounds of random 

pairing, cross over, and mutation of parent aptamer sequences to obtain evolved 

sequences with enhanced ligand binding affinity and specificity (Savory et al., 2013). 

Known DNA aptamer against aflatoxin B was optimised using combination of 3-D 

simulation, genetic algorithm, and MD simulation as in silico strategy to improve 

binding affinity from estimated KD value of 38.5 pM to 4.0 pM (Mousivand et al., 

2020). While ISM is a powerful tool, it requires in depth computational work that can 

be complicated and time-consuming. On the other hand, several manufacturers now 

offer in situ DNA synthesis, a high-density array could be produced for high 

throughput mutagenesis (Witt et al., 2015, Gao et al., 2004). Customised microarray 

allowed studies of aptamer binding properties through mutagenesis with single-, 

double- and triple- mutations (Katilius et al., 2007). This approach could offer a 

thorough analysis of specific nucleotides compositions that are important for ligand 

binding. However, in situ synthesis of aptamer microarrays still has some limitations 

while commercially available high-density microarrays can be very costly. 

Alternatively, site-directed mutagenesis combined with sequence truncation was used 

to optimise binding affinity of a DNA aptamer against saxitoxin by 30-fold (Zheng et 

al., 2015). Single G mutation of the small molecule aptamer was performed to enhance 

the formation of G-quadruplex structure to improve the aptamer structural stability. 
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Following sequence truncation assisted by secondary structure prediction, ELONA 

was used to evaluate binding affinities of aptamer variants. 

 

Additionally, base and chemical modifications to DNA aptamers have shown 

to increase aptamer stability in evaluation environment (Roxo et al., 2019, Kalra et al., 

2018, Pfeiffer and Mayer, 2016). Aptamer conjugation with high molecular weight 

compounds, such as cholesterol and polyethylene glycol (PEG), enhanced aptamer 

stability for both in vitro and in vivo examinations (Odeh et al., 2019, Ni et al., 2017).  

 

1.5 Carbon-based polymer nanoparticles (CPNs) as biosensor delivery and 

signalling system 

 

Signalling component of biosensor is greatly dependent on its application. 

While an electrochemical biosensor was successfully developed to detect cytokinin in 

plant (Tian et al., 2014), an optical biosensor is amongst the most popular signalling 

component due to ease of use and detection sensitivity (Baaske et al., 2010, Prante et 

al., 2019, Sadanandom and Napier, 2010, Herud-Sikimic et al., 2021, Isoda et al., 

2021). Fluorescent optical biosensors using highly fluorescent proteins and 

nanoparticles coupled with confocal microscopy is desirable for high spatial resolution 

in planta measurements of target ligands (Bhunia et al., 2013, Brunoud et al., 2012, 

Chaudhuri et al., 2011, Hayashi et al., 2014, Herud-Sikimic et al., 2021, Isoda et al., 

2021, Koo et al., 2015).  While there is little need to compete with genetically encoded 

fluorescent sensors such as those developed for intracellular monitoring of 

phytohormones (Walia et al., 2018), the plant apoplast remains a poorly explored 

compartment and it is not readily amenable to most intracellular probes. Thus far, 

developed aptamer sensors have been used mainly on extracted samples for simple 

diagnostic evaluation (Komorowska et al., 2017, Qi et al., 2020). Therefore, to develop 

an aptamer-based biosensor, one needs to consider appropriate mechanism for sensor 

delivery and signalling in planta. 

 

Fluorescent nanoparticles have gained popularity in recent years for their 

applicability for bioimaging and drug delivery (Bhunia et al., 2013, Choi and 

Frangioni, 2010, Koo et al., 2015). More studies are underway on the uptake and 

phytotoxicity of different micro- and nanoparticles in plant systems (Faisal et al., 
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2018). Studies of gold nanoparticles (AuNPs) in Arabidopsis thaliana roots and 

isolated protoplasts reveals the effects the surface charges of this heavy metal particles 

have on the cell uptake and morphology (Milewska-Hendel et al., 2019). Studies 

demonstrated successful internalisation of carbon-based nanomaterials in plant tissues 

(Sypabekova et al., 2017). While focus has been mainly on other organic nanoparticles 

such as carbon nanotubes and fullerenes, carbon-based polymer nanoparticles (CPNs) 

is a potential aptasensor delivery and signalling system. 

 

CPNs is one of the novel classes of nanoparticles widely studied for biomedical 

applications, including bioimaging, therapeutical and cancer research, and plant 

biology (Choi and Frangioni, 2010, Faisal et al., 2018, Frohlich, 2012). Different types 

of nanoparticles (NPs) demonstrated wide ranges of physicochemical properties 

suitable for various applications (Table 1.3; (Choi and Frangioni, 2010)). NPs are 

greatly fine-tuneable allowing ease of delivery mechanism. While some NPs, such as 

AuNPs and QDs, demonstrated smaller sizes with high photostability, potential 

phytotoxicity must be avoided (Choi and Frangioni, 2010, Koo et al., 2015, Milewska-

Hendel et al., 2019). The introduced sensors should be non-toxic and will not stress 

the plant system. This is to avoid obtaining any biased manipulated data as a result of 

aptasensor introduction to the system. Furthermore, chosen NPs for aptasensor must 

allow surface functionalisation for decoration of auxin aptamer as biological 

recognition component. 
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Table 1.3. Comparison of different types of nanoparticles developed for bioimaging 
application. List adapted from (Choi and Frangioni, 2010). 

NP types Compositions Sizes 
(nm) 

Features References 

CPNs 

Repeated units 
of carbon-
containing 
monomers 

1 – 1000 

Organic NPs with biocompatibility. 
Size of CPNs can be fine-tuned 

through polymerisation. Variety of 
monomers used allows high 

functionalisation. 

(Shakesheff 
et al., 1997, 

Sikder et 
al., 2021, 

Chan et al., 
2009) 

Bioimaging of CPNs requires 
contrast agents or fluorescent dyes 

conjugated. 

AuNPs 
Gold-

containing 
nanostructures 

2 – 100 

Highly sensitive NPs with tuneable 
sizes and enhanced permeability 

and retention in biological samples. 
Compatible for near infrared 

imaging. 

(Avellan et 
al., 2017, 
Mejac et 
al., 2009, 
O'Neal et 
al., 2004) 

Potential toxicity due to the gold 
heavy metal. Undefined available 

functionalisation site. 

Quantum 
dots (QDs) 

Semiconductor 
core/shell 

arrays 
5 – 50 

Highly photostable and photo 
efficient. QDs can be fine-tuned for 

desired size and target. 

(Allen and 
Bawendi, 
2008, Cai 

et al., 2006, 
Smith et 
al., 2004) 

Physically unstable with 
aggregation and UV degradation. 

Potential toxicity. 

Silica NPs 
Ceramic silica 
photosensitiser

s 
5 – 100 

Ease of synthesis. NPs can be fine-
tined for desired size and target. (Burns et 

al., 2006, 
Kamata et 
al., 2003) 

Bioimaging of silica NPs requires 
contrast agent. Low mechanical 

stability with aggregation. 

Carbon 
nanotubes 

Carbon-
containing 
nanotubes 

3 – 100 

Durable nanotubes with tuneable 
sizes. 

(Firme and 
Bandaru, 

2010, 
Kostarelos, 

2008) 

Poor water-solubility with 
aggregation. Not suitable for 

surface functionalisation. Potential 
toxicity. 

 

 

CPNs demonstrated the most appropriate NPs for our intended use. CPNs can 

be fine-tuned for desired size, surface charge, polymer chemistry, and available 

functionalisation site for aptamer conjugations (Bhunia et al., 2013, Canning et al., 

2016, Chan et al., 2009, Yildirim et al., 2016). These physicochemical properties of 

CPNs shall be further investigated for suitability of in planta biosensor application 

using A. thaliana as a model plant. A. thaliana is made up of small and well-
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established cell structures suitable for confocal microscopy evaluation (Meinke et al., 

1998). To passively deliver this nano-sensor inside the plant system, one must consider 

the cell wall permeability of the studied tissues. The porosity of cell walls is not well 

defined and varies throughout the cell development. Mature cells contain secondary 

cell walls providing strength and firmness to the cell structure while younger cells are 

made up of mostly primary cell walls with higher flexibility (Cosgrove and Jarvis, 

2012). It was previously shown that small AuNPs (12 nm ) and QDs with different 

surface polymer chemistry were readily taken up by A. thaliana roots (Avellan et al., 

2017, Koo et al., 2015). Therefore, CPNs and nano-sensor evaluation shall focus on 

the primary tissues of A. thaliana seedlings to accomplish the auxin morphological 

gradient. 

 

Upon designing a suitable signalling system, the intrinsic autofluorescence of 

phytochemicals must be accounted for. There are several natural plant compounds that 

possess autofluorescence properties, such as chlorophyll, with emission wavelength 

around 685 nm, and NADH around 440-470 nm (Billinton and Knight, 2001). This 

can severely interfere with fluorescence detection or intensities produced by the sensor 

itself, resulting in false positive reading. Designing the signalling component to avoid 

these interfering wavelengths can easily overcome this issue. Moreover, highly intense 

fluorescent moiety is required for high sensitivity optical sensors. Fluorescent 

nanoparticles are a good candidate but might be extremely difficult to completely 

‘quench’ and potentially affect the ‘turn-on’ mechanism of the biosensor. To 

overcome this, the biosensor can be designed with a fluorophore having fluorescence 

emission spectrum overlapping with the excitation spectrum of the nanoparticles. This 

would allow fluorescence resonance energy transfer (FRET) measurements by 

evaluating the shift in excitation energy or the ratio of the two wavelengths (Okumoto 

et al., 2008). This will be extremely useful for quantitative analysis as the shift in 

wavelengths intensities will be proportional to auxin concentration. 

 

Fluorescence confocal microscopy will be primary technique used for 

evaluation of aptasensor delivery and signalling mechanism. Unlike a traditional 

fluorescence microscopy, confocal microscopy is an optimal imaging technique that 

uses a ‘point illumination’ technique and an adjustable pinhole to control and 
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conjugate a focal plane allowing any signals out of focus to be eliminated 

(Nwaneshiudu et al., 2012). This allows any fluorescence emissions close to the focal 

plane to be detected and greatly help with imaging quality and resolution 

(Nwaneshiudu et al., 2012). Its ability to scan the specimen of interest along the 

horizontal plane allows spatial distribution visualisation of the fluorescence material 

within the specimen in three dimensional. The image resolutions might not be 

comparable to transmission electron microscopy, but confocal microscopy allows 

convenient fluorescent visualisation of living biological samples (Koo et al., 2015, 

Okumoto et al., 2008, Ottenschlager et al., 2003). This direct and non-invasive 

technique has been proven useful for visualisation of fluorescent proteins within thick 

organic materials such as plant roots (Brunoud et al., 2012). 

 

1.6 Aims and objectives 

 

The aim of this study is to develop an aptamer-based biosensor as an 

alternative technique for quantitative measurements of intercellular auxin distribution 

with high spatial and temporal distribution. To do so, DNA aptamers are selected and 

designed for specific auxin interaction as our biological recognition component while 

different CPNs are characterised for biosensor delivery and signalling systems. This 

study will address the following hypotheses: 

 

1) SELEX process can select auxin aptamers 

2) Affinity maturation techniques can improve auxin binding affinities 

and specificities of chosen aptamer candidates. 

3) The developed auxin aptamers can be used as a biosensor recognition 

component in A. thaliana seedlings. 

4) CPNs can be selected to target apoplast and evaluated as suitable 

biosensor delivery and signalling system in A. thaliana seedlings. 

5) A novel nano-sensor can be devised which may map auxin gradients in 

planta. 
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Chapter 2 Materials and Methodology 
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2.1 Materials and reagents 

 

For direct- and solution- SELEX, phosphate buffered saline (PBS) was used 

as selection buffer (SB) (137 mM NaCl, 2.7 mM KCl, 8.1 mM Na2HPO4, 1.5 mM 

KH2PO4) and was prepared in-house. Indole-3-acetic acid (IAA), indole-3-carboxylic 

acid (ICA), indole-3-propionic acid (IPA), indole-3-butyric acid (IBA), L-tryptophan, 

1-Naphthaleneacetic acid, 2-cis-4-trans-abscisic acid (ABA), picloram, and 

quinclorac were purchased from Sigma-Aldrich. Acetic acid was purchased from 

Fisher Scientific UK. Phenylacetic acid (PAA) was purchased from Alfa Aesar. 2,4-

dichlorophenoxyacetic acid (2,4-D) was from Pal Chemicals limited. All other 

chemicals used were of analytical grades. 

 

2.2 PCR optimisation 

 

Primers were synthesized and desalted by Sigma-Aldrich (Table 2.1). DNA 

Taq Polymerase and reaction buffer were purchased from New England Biolab (NEB). 

dNTP set was purchased from Invitrogen and dNTPs master mix was prepared to 10 

mM final concentration of each dNTP in water. The PCR conditions tested is shown 

in Table 2.2. 

 

Table 2.1. Sequences of two SELEX libraries, primers, and capture oligos. Randomised 
regions are underlined and italicised. Modifications are presented in bold. 
Names Sequences 
Direct-SELEX 5’-TAGGGAAGAGAAGGACATATGAT-N40-

TTGACTAGTACATGACCACTTGA -3’ 
Solution-SELEX 5’-TAGGGAAGAGAAGGACATATGAT-N10-

TGAGGCTCGATC-N40- TTGACTAGTACATGACCACTTGA -3’ 
Capture oligos 5’-biotin – GTC – [C18 spacer] – GATCGAGCCTCA -3’ 
FOR 5’-TAGGGAAGAGAAGGACATATGAT -3’ 
REV 5’-TCAAGTGGTCATGTACTAGTCAA -3’ 
FAM-f 5’-fluorescein – TAGGGAAGAGAAGGACATATGAT -3’ 
DIGO-f 5’-digoxigenin – TAGGGAAGAGAAGGACATATGAT -3’ 
BIO-r 5’-biotin – TCAAGTGGTCATGTACTAGTCAA -3’ 
dT25-r 5’-polydT25-[C18spacer]-TCAAGTGGTCATGTACTAGTCAA-3’ 
PHOS-r 5’-phosphate – TCAAGTGGTCATGTACTAGTCAA -3’ 
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Table 2.2. Different conditions of PCR reaction optimised. 

Conditions tested Testing range 
DNA concentration 50, 100, 200, and 300 pM 

MgCl2 concentration 2, 3, 4, 5, 6, and 7 mM 
Primer concentration 100, 200, 300, and 400 nM 

Annealing temperature A temperature gradient from 55 to 65C 
Number of cycles 10, 15, 20, 25, and 30 cycles 

 

2.3 Direct-SELEX 

 

 2.3.1 Direct-SELEX library, primers, and control molecules.  

 

 Direct-SELEX library and primers were purchased from Tri-link 

biotechnologies. The direct-SELEX library (Table 2.1) is made of random sequences 

of single-stranded DNA (ssDNA) with diversity of at least 1015. Control molecules 

used for counter-selection steps were abscisic acid, L-tryptophan, benzoic acid, N6-

benzyladenine, and salicylic acid (chemical structures shown in figure 2.1). All were 

prepared to 100 mM stock concentration in DMSO. 

 

2.3.2 IAA-PEG and its immobilisation onto streptavidin-coated magnetic beads.  

 

IAA-PEG, a biotinylated IAA derivative (Figure 2.1) was a gift from Prof Ken-

ichiro Hayashi (University of Kyoto, Japan) and was resuspended to 10 mg/mL final 

concentration with DMSO. Streptavidin-coated magnetic beads (μBeads) and 

μColumns were purchased as part of μMACs streptavidin kit from Miltenyi Biotec.  

 

 

Figure 2.1. Chemical structures of biotinylated IAA-PEG derivative and control 
molecules used in the SELEX process. 
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Prior to on-column separation, a μColumn was equilibrated with the provided 

equilibration buffer and washed twice with SB. The appropriate amount of IAA-PEG 

and μBeads were mixed (100 pmol biotinylated molecules/100 μL μBeads) and 

incubated briefly at room temperature before being washed 3 x 200 μL to remove 

unbound IAA-PEG. The IAA-PEG-bead complex was eluted by plunger in 150 μL 

final volume. To increase selection stringency, a lower amount of IAA-PEG was 

immobilised onto the μBeads from round 5 of SELEX onwards. 

 

2.3.3 Direct-SELEX process.  

 

 Prior to each selection round, direct-SELEX library, 2 nmol at first round and 

the total quantity in following rounds, was denatured at 95°C for 5 min and snap 

cooled on ice for 10 min. The library was then added to fresh, uncoated streptavidin 

μBeads and the mixture was incubated at room temperature for 1 hr with mild shaking; 

this serves as background elimination step. The mixture was then washed with 4  x 

100 μL SB on μColumn. The non-specific sequences bound to μBeads were held on 

the column while other sequences were collected in the flow-through and subjected to 

a further selection process. In a positive selection step, the collected ssDNA was mixed 

with IAA-PEG-bead complex and incubated at room temperature for 1 hr with mild 

shaking. From round 5 onwards, a counter-selection step was performed by addition 

of control molecules to the ssDNA-bead mixture at 1:1 ratio of IAA-PEG : control 

molecules to remove any non-specific binders. The mixture was then washed with 

selection buffer on μColumn. In the first 6 rounds, 2  x 100 μL boiling water was used 

to elute DNA bound to IAA-PEG while 10x excess of IAA was used to specifically 

elute DNA in further rounds. 

 

The SELEX products, total quantity from first round and all but 50 μL for 

following rounds, were amplified via polymerase chain reaction with reaction setups 

as shown in Table 2.3. The PCR products were pooled and 4% agarose gel 

electrophoresis in TBE buffer (100 mM Tris- HCl, 100 mM Boric acid, 2 mM EDTA) 

was used to check successful amplifications. The pooled products were purified with 

a PCR purification kit (NEB) according to the manufacturer’s protocol and Nanodrop 

was used to estimate the concentrations of purified PCR products. The positive strands 

were separated from biotin-tagged negative strands using fresh streptavidin-coated 
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μBeads. The DNA was denatured at 95°C for 5 min before snap cooled on ice for 10 

min. An appropriate amount of fresh μBeads was added and the mixture was briefly 

incubated before being washed with 2 x 100 μL SB on a pre-conditioned μColumn. 

The positive strands were collected in the column flow-through. 

 

Table 2.3. PCR setup for products from each round of direct-SELEX. a) The 
composition of primers and reagents in each PCR reaction made up to 100 μL total volume 
in PCR reaction buffer (0.2 M Tris-HCl pH 8.4, 0.5 M KCl). b) PCR temperature cycles. 

a. Reagents Concentrations b. Temperature time  
 MgCl2 3 mM  95°C 2 min  
 FOR 0.1 μM  95°C 30 sec  

10 
cycles 

 BIO-r 0.1 μM  56°C 30 sec 
 dNTPs 0.2 mM  72°C 30 sec 
 Taq Polymerase 2.5 U  72°C 5 min  
    15°C hold  

 

In total, 10 rounds of direct-SELEX process were performed. The eluted 

positive strands from round 10 were amplified using FOR and REV primers. 4% 

agarose gel electrophoresis was used to check the successful amplifications and PCR 

products were cleaned up using PCR purification kit (NEB) according to the 

manufacturer’s protocol. The cleaned PCR product was further cloned and sequenced 

to identify aptamer candidates. 

 

2.4 Solution-SELEX 

 

2.4.1 Solution-SELEX library, capture oligos, and primers.  

 

Solution-SELEX library and capture oligo sequences (Table 2.1) were 

synthesized by Microsynth AG incorporating a PAGE purification step. Primers used 

for amplification in solution-SELEX processes were synthesized and desalted by 

Sigma-Aldrich while primers used for amplification in the final round of SELEX was 

from Tri-Link biotechnologies.  
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2.4.2 Immobilisation of capture oligos onto streptavidin-coated magnetic beads.  

 

An appropriate amount of streptavidin coated-μBeads was added to the pre-

conditioned μColumn and was washed with 2 x 200 μL SB. Biotinylated capture 

oligos (100 pmol biotinylated molecules/100 μL μBeads) were added to the column 

and the mixture was incubated at room temperature for 20 min. The bead mixture was 

washed 3 x 200 μL before being double-eluted by centrifugation (1000 g for 2 min) 

with 400 μL final volume. 

 

2.4.3 Solution-SELEX process.  

 

Prior to the hybridization step, solution-SELEX library was denatured at 95°C 

for 8 min and immediately snap cooled on ice for 10 min. The library, 2 nmol in the 

first round and the total quantity in following rounds, was added to the capture oligos-

μBeads complex solution and the mixture was incubated overnight at room 

temperature with mild shaking. After the hybridization, the DNA-bead complex was 

washed with 5 x 200 μL SB on a pre-conditioned μColumn to remove any unbound 

strands before eluted from μColumn by centrifugation. A further temperature step was 

performed to remove weakly bound oligonucleotides by incubating the DNA-bead 

complex at 28°C for 15 min with mild shaking and washing with 5 x 200 μL SB. Next, 

as background elimination step, 1% DMSO was added to the DNA-bead complex and 

the mixture was incubated at room temperature with mild shaking for 1 hr. After 

washing the complex with 5 x 200 μL SB, IAA was added (1 mM final concentration 

in SB) and the mixture was incubated at room temperature with mild shaking for 1hr. 

The oligonucleotides that have binding affinities to IAA were released from the 

hybridisation with the capture oligo. They were collected by running the mixture 

through a pre-conditioned μColumn and washing with 6 x 100 μL SB. 

 

The released oligonucleotides were amplified in 77 parallel PCR reactions in 

the first round and 48 PCR reactions in the following rounds (setup parameters as 

shown in Table 2.4). All PCR products were pooled together and 4% agarose gel 

electrophoresis in TBE buffer was used to determine if amplification was successful. 

The pooled products were ethanol precipitated in the presence of linear 

polyacrylamide (Gaillard and Strauss, 1989) and resuspended in 300 uL TE buffer (10 
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mM Tris-HCl pH 7.4, 1 mM EDTA). The positive strands were separated from 

negative strands due to their unequal lengths by denaturing urea-polyacrylamide gel 

electrophoresis (urea-PAGE) with 13.6% polyacrylamide gel containing 8 M urea in 

TBE buffer. The corresponding DNA bands were excised, crushed, and ssDNA was 

eluted by incubating in elution buffer (2 mM EDTA, 300 mM sodium acetate, pH 7.8) 

at 80°C for 150 mins. After filtering the residual polyacrylamide out through GF/C 

filters, the ssDNA was ethanol precipitated in the presence of linear polyacrylamide 

and resuspended in selection buffer. 

 

Table 2.4. PCR setup for products from each round of solution-SELEX. a) The 
composition of primers and reagents in each PCR reaction made up to 50 μL total volume 
in PCR reaction buffer (0.2 M Tris-HCl pH 8.4, 0.5 M KCl). b) PCR temperature cycles. 

a. Reagents Concentrations b. Temperature time  
 MgCl2 3 mM  95°C 5 min  
 FAM-f 0.1 μM  95°C 30 sec  

15 
cycles 

 dT25-r 0.1 μM  56°C 30 sec 
 dNTPs 0.2 mM  72°C 30 sec 
 Taq Polymerase 1.25 U  72°C 7 min  
    4°C hold  

 

Initially, 6 rounds of solution-SELEX process were performed. The released 

oligonucleotides from round 6 were amplified using FOR and REV primers. 4% 

agarose gel electrophoresis was used to check the successful amplification and the 

PCR products were cleaned up using QIAgen PCR purification kit according to the 

manufacturer protocol. The cleaned PCR product was further cloned and sequenced 

to identify aptamer candidates.  

 

Successively, three parallel solution-SELEX processes were performed with 

three different initial DNA sub-libraries obtained from previous three significant 

rounds of solution-SELEX to further enrich IAA-specific aptamers. Sequences of 

aptamers from last rounds of each parallel SELEX were identified through cloning 

and sequencing.  
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2.5 Cloning and Sequencing 

 

The clean, amplified aptamers prepared as previously described were cloned 

into a pCR4-TOPO vector using the TOPO TA cloning kit for sequencing 

(Invitrogen). The recombinant vectors were transformed into OneShotTM TOP10F’ 

chemically competent Escherichia coli cells (Invitrogen) which is recommended for 

smaller PCR products following the product protocol (Technologies, 2014). Colony 

PCR of 10 positive transformants from each SELEX process were used to screen for 

the successful ligation and transformation of the aptamer sequences. Plasmid DNA 

was isolated from positive colonies using a QIAprep Spin Miniprep kit (QIAgen) and 

the inserted DNA were sequenced (GATC sequencing). The total number of plasmid 

DNA samples sent for each SELEX process is shown in Table 2.5. Multiple sequence 

alignment was performed using Jalview 2.11.1.3 software while secondary structure 

predictions were evaluated using ViennaRNA software and G-quadruplex formation 

simulations were analysed using QGRS webserver software. 

 

Table 2.5. Summary of plasmid DNA sent for GATC sequencing. 

Sub-library Plasmid sent Successful sequencing 

R10d 96 84 
R15s 64 56 
R8Bs 64 63 
R10Cs 64 59 

 

 

2.6 Enzyme linked oligonucleotide assay (ELONA) 

 

2.6.1 Preparation of SELEX sub-libraries for ELONA.  

 

Plasmid DNA obtained from cloning and sequencing were bulk amplified 

using DIGO-f and PHOS-r primers using PCR conditions as established above. 2.5% 

agarose gel electrophoresis were used to confirm successful amplifications. An 

appropriate amount of -exonuclease was added to each PCR product and incubated 

at 37°C for 20 min for phosphorylated negative strand digestion followed by heat 

inactivation at 75°C for 10 min. ssDNA aptamer candidates were ethanol-precipitated 
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and resuspended in ELONA binding buffers (BB; 20 mM MES, 150 mM NaCl, 2 mM 

KCl, 2 mM MgCl2, 0.45% w/v glucose, 0.05% Tween-20, 0.2 μm filtered). Before 

ELONA experiments, ssDNA was denatured at 95°C for 8 min followed by snap 

cooling on ice for 10 min. 

 

2.6.2 Reagents, instrument, and streptavidin-coated 96-well plates.  

 

Clear flat bottom polystyrene 96-well plates were purchased from Sigma-

Aldrich (Greiner). Streptavidin (VWR international) was prepared to 1 μg/mL in 

carbonate buffer (15 mM Na2CO3, 35 mM NaHCO3, pH 9.6). For plate coating, 100 

μL of streptavidin solution was added to each well and the plates were incubated 

overnight at 4°C. The plates were completely dried and kept at 4°C until use. Initially, 

three biotinylated IAA derivatives were tested on ELONA, namely IAA-PEG, IAA-

C6, and b-IAA. IAA-PEG and IAA-C6 were gifted by Professor Ken-ichiro Hayashi 

(Okayama University of Science) with the biotin linkers conjugated through C-

position, while b-IAA was synthesized in-house with biotin linker conjugated through 

C5-position (unpublished). All biotinylated IAAs and free IAA were freshly prepared 

to 1 μg/mL and 10 mM, respectively, in BB at the beginning of each experiment day. 

For enzymatic assay, anti-digoxigenin antibodies with peroxidase conjugation (anti-

DIGO-POD) was purchased from Roche and prepared according to the manufacturer 

while TMB substrate kit was purchased from Fisher Scientific. Three anti-IAA 

primary antibodies raised in rabbit were SAGE, PARSLEY, and D44. 

CLARIOstar®Plus microplate reader was used for all absorbance measurements at 

450nm with pathlength correction at 200μL. 

 

2.6.3 ELONA positive IAA immobilisation check with anti-IAA antibodies.  

 

Streptavidin coated 96-well plates were blocked with 200 μL/well of 2% w/v 

milk protein in BB by an hour incubation at 37°C. The plates were washed 3 x 200 μL 

BB and 100 μL/well of biotinylated IAA was added at 1 μg/mL final concentration. 

The plates were incubated for an hour at RT before being washed with 3 x 200 μL BB. 

Different dilutions (1:250, 1:500, 1:1000, 1:2000, 1:4000) of anti-IAA primary 

antibodies in BB were added 100 μL/well and the plates were incubated for an hour at 



31 
 

RT. The plates were then washed 3 x 200 μL BB and 100 μL of 1:1000 dilutions of 

anti-IgG-rabbit-POD secondary antibody in 1% w/v milk protein in BB were added to 

each well. The plates were incubated for an hour at RT before being washed 3 x 200 

μL BB. A colorimetric assay was developed with 100 uL TMB substrate kit for 20 

min before stopping the reaction with 100 μL of 2 M sulfuric acid. Absorbance at 450 

nm was measured immediately. 

 

2.6.4 ELONA biotinylated IAA concentration check with anti-IAA antibodies.  

 

Streptavidin coated 96-well plates were blocked with 200 μL/well of 2% w/v 

milk protein in BB by an hour incubation at 37°C. The plates were washed 3 x 200 μL 

BB and 100 μL/well of different dilutions of biotinylated IAAs (1, 2, 4, 10, and 20 

μg/mL) were added. After an hour incubation at RT, the plates were washed 3 x 200 

μL BB and 100 μL/well of 1:250 dilution of anti-IAA primary antibodies in BB were 

added. The plates were incubated for an hour at RT before being washed with 3 x 200 

μL BB. 1:1000 dilutions of anti-IgG-rabbit-POD secondary antibody in 1% w/v milk 

protein in BB were added 100 μL/well and the plates were incubated for an hour at 

RT. The plates were washed 3 x 200 μL BB. A colorimetric assay was developed with 

100 uL TMB substrate kit for 20 min before 100 μL of 2 M sulfuric acid was added to 

stop the reaction. Absorbance at 450 nm was measured immediately. 

 

2.6.5 ELONA.  

 

Blocking was performed prior to ELONA experiments by adding 200μL of 2% 

w/v milk protein in BB to each streptavidin-coated well and the plates were incubated 

for an hour at 37°C. The plates were washed 3 x 200μL BB and 100μL/well of 1μg/mL 

biotinylated IAAs in BB was added. The plates were incubated for an hour at RT 

before being washed with 3 x 200μL BB. For competition assay, either DMSO or IAA 

solution (10μM final concentration) were added to pre-equilibrated DIGO-aptamers 

and the mixture was added to the appropriate wells. The plates were incubated for an 

hour at RT before being washed 3 x 200μL BB, then, 100μL of 1:1000 dilutions of 

anti-DIGO-POD in 1% w/v milk protein in BB were added to each well. After an hour 

incubation at RT, the plates were washed 3 x 200μL BB and colorimetric assay was 
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developed with 100μL of TMB substrate kit for 20mins before stopping the reaction 

with 100μL of 2M sulfuric acid. Absorbance at 450 nm was measured immediately. 

 

2.7 Microscale Thermophoresis (MST) 

 

2.7.1 MST instrumentation and software.  

 

All runs were performed and analysed using MO.control and MO.analysis 

software, respectively, on the Monolith NT.115 instrument (NanoTemper 

technologies). Standard treated capillaries (NanoTemper technologies) were used for 

all binding assays. Stock solutions of free labelled compounds were prepared in 

DMSO at the beginning of each measurement day to ensure compound stability. 

 

2.7.2 Preparation of aptamer candidates for MST.  

 

Aptamer candidates with fluorescein conjugated at the 5-end were synthesized 

and desalted by Sigma-Aldrich while candidates with Cy5 conjugation were 

synthesized with HPLC purification by Integrated DNA technologies. Before MST 

experiments, ssDNA was denatured at 95°C for 8 min followed by snap cooling on 

ice for 10 min. 

 

2.7.3 MST binding check experiment.  

 

Free labelled IAA was prepared to appropriate working solution with 10% 

DMSO in assay buffer. An aptamer candidate solution was mixed with either buffer 

or IAA solution in 1:1 volume ratio in an individual PCR tube and incubated for at 

least 5 min at RT. After, the samples were loaded into capillaries, placed on the MST 

capillary tray, and MST measurement was performed using MO.control software. 

 

2.7.4 MST binding affinity experiment.  

 

2X dilution series of IAA were prepared from an IAA stock solution in DMSO 

to make 16 IAA dilutions with 10% DMSO in assay buffer. A volume ratio of 1:1 of 

aptamer candidate solution and each IAA dilution was carefully mixed in an individual 
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PCR tube and incubated for at least 5 min at RT. The samples were then loaded into 

capillaries, placed on the MST capillary tray, and MST measurement was performed 

using MO.control software. 

 

2.7.5 Assay buffer screening.  

 

The compositions of all buffers screened are as shown in Table 2.6. All buffers 

were prepared and adjusted to appropriated pH levels, and 0.2 μm filtered before use.  

 

Table 2.6. Compositions of all buffers used in experimental analysis. All buffers were 
adjusted to appropriate pH and 0.2 μm filtered prior to use.  

PBS buffer Tris buffer MES buffer HEPES buffer 
8.1 mM Na2HPO4 50 mM Tris-HCl 20 mM MES 20 mM HEPES 
1.5 mM KH2PO4       
137 mM NaCl 150 mM NaCl 150 mM NaCl 150 mM NaCl 
2.7 mM KCl 5 mM KCl 2 mM KCl 2 mM KCl 
2 mM MgCl2 2 mM MgCl2 2 mM MgCl2 2 mM MgCl2 
0.45% Glucose       
0.05%  Tw-20 0.05%  Tw-20 0.05%  Tw-20 0.05%  Tw-20 
pH 7.2  pH 7.4  pH 5.8 and 7.2 pH 7.2  

 

2.7.6 Aptamers specificity tests.  

 

 A serial dilutions of different compounds (chemical structures as shown in 

Figure 2.2) were tested against the chosen aptamers using MST binding affinity 

experiments (section 2.7.4). 
  

 

  

Acetic acid L-tryptophan Indole-3-
caboxylic acid 

(ICA) 

Indole-3-
propionic acid 

(IPA) 

Indole-3-butyric 
acid (IBA) 

 

 

   

Naphthyl acetic 
acid (NAA) 

Phenylacetic acid 
(PAA) 

2,4-
Dichlorophenoxyac

etic acid (2,4-D) 

Picloram Quinclorac 

Figure 2.2. Compounds and their chemical structures used for MST specificity tests. 
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2.7.7 Alternative MST using fluorescent auxins as target.  

 

C2-NBD-IAA, C4-NBD-IAA, 6-Bodipy-C4- triazole-C1-IAA, and C2-NBD-

benzoic acid were gifted by Professor Ken-ichiro Hayashi (Hayashi et al., 2014). All 

fluorescent auxins and benzoic acid solutions were prepared to 10 mM stock solution 

in DMSO and stored at -20°C until use. The chemical structures of all IAA derivatives 

are as shown in Figure 2.3. 

 

 

C2-NBD-IAA C4-NBD-IAA 

  

6-Bodipy-C4-triazole-C1-IAA C2-NBD-benzoic acid 

 

 

Figure 2.3. Chemical structures of fluorescent auxins and benzoic acid used in MST 
secondary screening. 

 

 

2.7.7.1 Preparation of aptamer candidates for alternative MST experiments.  

 

Plasmid DNA obtained from cloning and sequencing was bulk amplified using 

FOR and PHOS-r primers followed by 2.5% agarose gel electrophoresis to evaluate 

successful amplification. ssDNA purification from PCR products was as described 

above (section 2.6.1). DNA aptamers were resuspended in sterile water to 100 μM 

stock solution and kept at -20°C until use. For binding affinity experiments, all 

aptamer candidates were synthesized and desalted by Sigma-Aldrich. Before MST 

experiments, ssDNA was denatured at 95°C for 8 min followed by snap cooling on 

ice for 10 min. 
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2.7.7.2 Assay optimisation.  

 

All fluorescent compounds (Figure2.3) were diluted to several final 

concentrations (20 – 1000 nM) in MES buffer with 5% DMSO. Fluorescence signals 

of each compounds were measured using ‘pre-test’ settings on MO.control software 

to determine appropriate working concentrations. 

 

2.7.7.3 MST binding check experiment.  

 

For each compound and each aptamer, two sets of samples were prepared, 

compound-only and compound-aptamer solutions. Using binding check setting, signal 

amplitudes and signal-to-noise ratios were compared. 

 

2.7.7.4 Aptamer-IAA binding affinity experiments.  

 

Binding affinity experiments were performed on C2-NBD-IAA and C2-NBD-

benzoic acid with 8 aptamer candidates. Concentrations of fluorescent compounds 

were kept at 1 μM final concentration in 5% DMSO. Serial dilutions of each aptamer 

candidate were prepared to make 16 2X dilution series with final measuring 

concentrations ranging from 800 pM to 25 μM. Then, 1:1 volume ratio of fluorescent 

compound solutions and each aptamer candidate dilution was carefully mixed in an 

individual PCR tube and incubated for at least 5 min at RT. The samples were then 

loaded into capillaries, placed on the MST capillary tray, and MST measurement was 

performed on binding affinity settings. 

 

2.8 Thioflavin T (ThT) assay  

 

2.8.1 Thioflavin T, assay buffer, and fluorescence measurements.  

 

Thioflavin T (ThT) was purchased from Sigma-Aldrich and was prepared to 

0.1 mM stock solution in water. Tris buffer (Table 2.6) was used as assay buffer. All 

fluorescence measurements were performed with CLARIOstar®Plus microplate 

reader using black flat-bottom 96-well plates (Greiner). Excitation wavelength was set 
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at 425 nm with 10 nm bandwidth and fluorescence emission collected from 455 – 600 

nm. 

 

2.8.2 Preparation of aptamer candidates for ThT assay.  

 

Unmodified aptamer candidates were synthesized and desalted by Sigma-

Aldrich. Before ThT assay, all aptamer candidates were prepared to 1 μM working 

solution in assay buffer and were denatured at 95°C for 8 min followed by snap 

cooling on ice for 10 min. 

 

2.8.3 Assay optimisation. 

 

Aptamer concentrations ranging from 100 nM to 800 nM final concentration 

were tested. In 100 μL final volume, each aptamer concentration was added to 1 μM 

ThT final concentration. The mixture was incubated for at least 5 min before being 

transferred to a black, flat-bottom 96-well plate and fluorescence emission was 

measured. 

 

2.8.4 ATP aptamer for assay validation. 

 

 Adenosine triphosphate (ATP) was purchased from Sigma Aldrich as ATP 

magnesium salt. Initially, equilibrated ATP aptamer (600 nM final concentration) and 

ATP solution (final working concentration ranging from 250 μM to 10 mM) were 

carefully mixed in assay buffer. The mixture was incubated at RT for at least 5 min 

before ThT solution (1 μM final concentration) was added. After incubation at RT for 

at least 5 min, the mixtures were transferred to black, flat-bottom 96-well plates and 

fluorescence emission spectra was measured. 

 

2.8.5 ThT assay. 

 

For qualitative experiment, an equilibrated aptamer (100 nM final 

concentration) and an appropriate amount of IAA (250 μM final concentration) or 

DMSO were mixed and the mixtures were incubated at RT for at least 5 min. ThT 

solution (1 μM final concentration) was then added and the mixtures were incubated 
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for an additional 5 min before being transferred to black, flat-bottom 96-well plates 

and fluorescence emission spectra was measured. 

 

For a dose response experiment, a 2X serial dilution of IAA was initially 

prepared from IAA stock solution to make an 11 concentration series from 250 nM to 

250 μM final concentration in assay buffer. In 100 μL final volume, an equilibrated 

aptamer (100 nM final concentration) and each IAA dilution or DMSO were mixed 

and incubated at RT for at least 5 min. ThT solution (1 μM final concentration) was 

added and the mixtures were incubated for an additional 5 min before being transferred 

to black, flat-bottom 96-well plates and fluorescence emission spectra was measured. 

Control samples of IAA or DMSO solution in buffer were used as negative controls. 

 

2.9 Surface plasmon resonance (SPR) 

 

2.9.1 Biacore platform and consumables. 

 

A streptavidin coated series S (SA) sensor chip was purchased from Cytiva. 

Prior to immobilisation, the SA sensor chip surface was washed with 3 x 50 mM 

NaOH for 30 sec at 30 μL/min to remove any contaminants and thoroughly washed 

with assay buffer. Samples were prepared in polypropylene (PP) plastic vials with 

rubber caps (Cytiva) or PP U-bottom 96-well plates (Greiner). A range of buffers 

(Table 2.6) were tested on the Biacore platform and were prepared and 0.2μm filtered 

at the beginning of each experimental day. The Biacore T200 system (Cytiva) was 

used for all SPR experiments and the system was primed with assay buffer before use. 

All experiments were performed at ambient temperature (25°C). 

 

2.9.2 Biotinylated probe and poly-A tail aptamer candidates. 

 

 Biotinylated oligo(dT) probe (sequenced 5’ – biotin-C14-NH-(T)25 – 3’) was 

purchased from Promega as a 50 μM stock solution. Aptamer sequences (Table 2.7) 

were designed to have a complementary poly-A tail on the 3’-end for hybridisation 

with dT25 probe. Before immobilisation onto SA chip, all aptamer candidates were 

prepared to a 1 μM working solution in assay buffer and were denatured at 95°C for 8 

min followed by snap cooling on ice for 10 min. 
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Table 2.7. Lists of aptamer sequences performed on Biacore platform. 

Aptamer names Sequences (5’-3’) 

ATP-dT25 
ACCTGGGGGAGTATTGCGGAGGAAGGTAAAAAAAAAAAAA 
AAAAAAAAAAAA 

tZeatin-dT25 
CGGATATGGTTAGGCAGGCATAAGAGGTTTATCCGAAAAAA 
AAAAAAAAAAAAAAAAAAAA 

ST57-1-dT25 
ACACGGTTTAGCTTCTACTAATCGGGGTCTTTGGCTTGACTA 
GTACATGACCACTTGAAAAAAAAAAAAAAAAAAAAAAAAAA 

ST57-1-37-dT25 
ACACGGTTTAGCTTCTACTAATCGGGGTCTTTGGCTGGACTA 
GTACATGACCACTTGAAAAAAAAAAAAAAAAAAAAAAAAAA 

STA3-d T25 
GCGGATGAAGACTGGTGTGAGGGGATGGGTTAGGTGGAAAA 
AAAAAAAAAAAAAAAAAAAAAA 

STA3-9-d T25 
GCGGATGAGGACTGGTGTGAGGGGATGGGTTAGGTGGAAAA 
AAAAAAAAAAAAAAAAAAAAAA 

 

2.9.3 Immobilisation of aptamer candidates. 

 

Manual runs were used for all aptamer immobilisations. Initially, 500 nM 

biotinylated oligo(dT) probe was immobilised on the active flow cells (Fc 2, 3, 4) of 

the SA chip at 5 μL/min for 10 min while the reference flow cell was left blank. Several 

washes with 50 mM NaOH at 30 μL/min for 30 sec were to ensure removal of any 

unbound biotinylated probe. Equilibrated aptamer solutions were injected on 

appropriate working flow cells at 4 μL/min for 15 min. The response unit (RU) was 

monitored to ensure appropriate immobilisation. Assay buffer was washed extensively 

over the surface to ensure removal of any unbound aptamers. 

 

2.9.4 SPR assay. 

 

 SPR binding affinity experiments were performed with aptamers for ATP and 

trans-zeatin (tZ) used as assay validation. ATP and trans-zeatin were purchased from 

Sigma Aldrich and were prepared to 10 mM stock solution in DMSO. Several 

compounds were tested against tZ aptamer, including N6-dimethylallyladenine, trans-

zeatin-riboside, and 6-Benzylaminopurine, and were prepared to 10 mM stock 

solution in DMSO. Dilution series of the analytes were prepared with 2% DMSO in 

assay buffer. Analyte association was examined when each analyte solution was 

injected on the flow cells at 5 μL/min for 60 sec. Subsequent assay buffer wash for 60 
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sec was to allow dissociation of analytes from surface with no regeneration steps 

required. The assay method was set to include three start-up cycles, negative control 

(assay buffer with 2% DMSO), and solvent correction solutions. Binding analysis and 

KD calculation were performed using built-in analysis software. 

 

2.10 Isothermal Titration Calorimetry (ITC) 

 

2.10.1 ITC instrumentations and assay buffer. 

 

 All ITC measurements were performed on VP-ITC (MicroCal) instrument 

using VPViewer and Origin 7 software. Samples were degassed and incubated at the 

experimental temperature using a ThermoVac unit for at least 5 min prior to sample 

loading. The reference cell was loaded with deionised distilled water (ddH2O) and was 

cleaned periodically. The sample cell and sample auto-pipette were washed 

thoroughly with ddH2O prior to each run. For extensive wash, sample cell and sample 

auto-pipette were flushed with 300 mL of 5% (v/v) Decon 90 (Decon) followed by 

500 mL of ddH2O. HEPES buffer (Table 2.6) was used as the assay buffer. 

 

2.10.2 Single Injection Method (SIM) mode. 

 

 SIM mode of operation was activated in VPViewer prior to SIM experiments 

and the appropriate samples (Table 2.8) were loaded to the sample cell and auto-

pipette. Injection and experimental parameters were set as detailed in Table 2.9.  

 

Table 2.8. Samples loaded on the sample cell and auto-pipette for SIM mode.  

Experiments Samples in auto-pipette 
(concentration) 

Samples in sample cell 
(concentration in μM) 

Buffer-to-buffer HEPES buffer (0 μM) HEPES buffer (0 μM) 
Trans-zeatin-to-buffer Trans-zeatin (200 μM) HEPES buffer (0 μM) 

Trans-zeatin-to-aptamer Trans-zeatin (200 μM) Trans-zeatin aptamer (20 μM) 
IAA-to-buffer IAA (100 μM) HEPES buffer (0 μM) 

IAA-to-aptamer IAA (100 μM) STA3-9 aptamer (20 μM) 
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2.10.3 Serial injection experiments. 

 

 Serial injection of water into water was used as a differential power (DP) 

baseline calibration. In total of 20 injections was performed for serial injection 

experiment with the first injection of 2 μL for 4 sec with 200 sec spacing followed by 

sequential injections of 7 μL for 14 sec with 400 sec spacing with filter period set to 2 

sec. For serial injection experiments, the experimental parameters were set in 

accordance with the SIM mode (Table 2.9) with stirring speed adjusted to 307 rpm. 

  

2.11 Circular Dichroism (CD) 

 

2.11.1 Aptamer, IAA, and buffers. 

 

 HEPES buffer (Table 2.6) was used as the assay buffer for all CD 

measurements. STA3-9 aptamer was prepared to 10 μM final concentration in assay 

buffer containing 0.1% DMSO. IAA was added to 250 μM final concentration with 

0.1% DMSO for CD spectra measurement of the aptamer in presence of auxin. 

 

2.11.2 CD instrumentation and experimental parameters. 

 

 All CD measurements were performed at the Department of Chemistry 

(University of Warwick) using a J-1500 spectropolarimeter supplied with a Peltier 

thermally controlled cuvette holder (Jasco UK). The CD spectra were recorded at 25ºC 

in a 1.0 mm path length cuvette (Starna). Full spectra were measured at 25°C between 

Table 2.9. Injection (a) parameters for SIM mode experiments and experimental (b) 
parameters set on VPViewer for all ITC measurements except stated otherwise. 

(a) Injection parameters  (b) Experimental parameters 
Injection volume 280 μL  Total # injections 1 
Duration 2800 sec  Cell temperature 15°C 
Spacing 3100 sec  Reference power 4 μCal/sec 

Filter period 2 sec  Initial delay 60 sec 
   Stirring speed 502 rpm 
   Feedback gain High 
   ITC equilibration Auto 
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210-340 nm, with a bandwidth of 2.0 nm, step resolution of 0.2 nm, scanning speed 

of 200 nm/min, response time of 1 s and averaged from 4 individual scans after 

subtraction of the solvent spectrum. Thermal melt experiments were performed by 

acquiring static wavelength measurements at 242 and 263 nm between temperatures 

of 20-85°C. 

 

2.12 Carbon-based polymer nanoparticle (CPN) synthesis and 

characterisation 

 

 All carbon-based polymer nanoparticles (CPNs) investigated were synthesized 

and provided by the collaborating Polymer group at the Chemistry Department in the 

University of Birmingham. In brief, nanoparticles were synthesized using a reverse 

addition-fragmentation chain-transfer (RAFT) mediated polymerisation-induced self-

assembly (PISA) technique (Canning et al., 2016). Dynamic light scattering (DLS), 

proton nuclear magnetic resonance (1H-NMR) and spectrofluorometer analysis were 

used to characterise all CPNs prior to fluorescence evaluation using confocal 

microscopy. 

 

2.13 Plant sample preparation 

 

2.13.1 Arabidopsis thaliana and growth conditions. 

 

A. thaliana ecotype Columbia-0 was used for all biosensor evaluations. The 

seeds were surface-sterilised using 10% bleach and 70% ethanol prior to seeding on 

sterile ½ MS media agar plate (2.2 g/L Murashige and Skoog medium supplemented 

with B5 vitamins, 1% sucrose. 1% agar, pH 5.8). Seeds were stratified on ½ MS media 

agar plate in the dark for two days at 4°C prior to germination for 5 days at 22°C with 

12-hour  light period. 
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2.13.2 A. thaliana root protoplast isolation. 

 

 2.13.2.1 Protoplast solutions and consumables. 

 

 Protoplast and enzyme solutions (Table 2.10) were prepared in-house, adjusted 

to pH 5.5 with Tris-HCl, 0.2 μm filtered, and stored at -20°C until use. MES hydrate 

and bovine serum albumin (BSA) were purchased from Sigma Aldrich. Cellulase 

“Onozuka” RS was purchased from Melford Biolaboratories (Duchefa) and 

Pectolyase was purchased from Sigma Aldrich. 35mm round Petri dishes were 

purchased from Falcon while 70 μm and 40 μm cell strainer meshes were purchased 

from VWR. Polystyrene culture tubes (STARLAB) were used for all centrifugation 

steps. 

 

Table 2.10. Buffer composition of protoplast (a) and enzyme (b) solutions used for 
protoplast isolation. 

(a) Protoplast solution  (b) Enzyme solution 
600 mM Mannitol  Protoplast solution 
2 mM MgCl2  1.5% (w/v) Cellulase RS 
2 mM CaCl2  0.1% (w/v) Pectolyase 
10 mM KCl    
2 mM MES hydrate    
0.1% (w/v) Bovine serum albumin (BSA)    

 

 2.13.2.2 Protoplast isolation 

 

5-day old A. thaliana roots (section 2.14.1) were submerged in enzyme 

solution and were finely chopped using a sterile blade. The solution with chopped 

roots was transferred to a 35 mm round Petri dish and incubated in the dark at 25°C 

with constant agitation for at least 2 hr. The root solution was sequentially filtered 

through 70 μm and 40 μm cell strainer meshes pre-soaked with enzyme solution. The 

filtered protoplasts in solution were carefully transferred to polystyrene culture tubes 

and an equal volume of protoplast solution was added. The solution was centrifuged 

at 300 g for 5 min at 4°C. The supernatant was discarded, and protoplasts were 

resuspended in equal volume of protoplast solution before being centrifuged at 300 g 

for 5 min at 4°C. The supernatant was discarded and protoplasts were resuspended in 

500 μL protoplast solution. Isolated protoplasts were used immediately. 
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2.13.3 Apoplastic fluid extraction 

 

Apoplastic fluid was extracted from 6 – 8 week old wild type Nicotiana 

benthamiana provided by a research colleague (University of Warwick). In short, 

seeds were stratified in 0.1% (w/v) agarose at 4°C for three days prior to sowing in 

pre-soaked compost. Leaves from 6-weeks old Nicotiana benthamiana were harvested 

and submerged in an ice-deionised water bath. Vacuum infiltration was applied to 

allow water intake of the leaves. Infiltrated leaves were removed from the ice-water 

bath and excess water was removed. Apoplastic fluid was subsequently collected by 

centrifugation at 2500 rpm with low acceleration and deceleration at 4°C for 25mins. 

Collected apoplastic fluid was placed on ice for subsequent use on the day of 

extraction. 

 

2.14 CPN evaluation in plant samples 

 

2.14.1 Stability evaluation under agarose gel electrophoresis. 

 

 For stability evaluation, 5 L of aptamers (8 M)  or CPN samples (1 mg/mL) 

were added to 25 L apoplastic fluid (section 2.14.3) and the mixture was incubated 

for at least 30 min. Samples were loaded onto 2% agarose gel electrophoresis in 1x 

TBE buffer before running at 80V for 1 hr. The gels were imaged using a Typhoon 

FLA 9500 biomolecular imager (Cytiva). 

 

2.14.2 Confocal microscopy. 

 

A. thaliana intact roots (section 2.13.1) and isolated protoplasts (section 

2.13.2) were incubated with CPN samples (1 mg/mL) for at least an hour before 

visualisation under a fluorescence confocal microscope. For all confocal microscopy, 

plant samples were mounted on glass slides (1.0-1.2mm thick) and long glass cover 

slips (22x50mm, 0.16-0.19mm thick) before visualisation using a Zeiss LSM 880 

instrument under 40x objective lens. The images were stacked and reconstructed by 

ZEN software (ZEISS) and analysed using ImageJ software.  
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Chapter 3 Auxin aptamer selection through SELEX processes and 

secondary screenings 
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This chapter describes the selection of IAA aptamers through a systematic 

evolution of ligands by exponential enrichment (SELEX) and screening additional 

candidates. A SELEX process starts with a ssDNA library with high diversity (~1015). 

An introduction of IAA to the oligonucleotide library pool allowed binding and 

selection of IAA-binding sequences. These binders were partitioned from the rest of 

the pool and subjected to amplification via polymerase chain reaction. Two types of 

SELEX, direct- and solution-SELEX, were performed to compare DNA sequences 

selected for auxin specific interactions. Whilst direct-SELEX used magnetic beads to 

facilitate partitioning of bound sequences, it requires immobilisation of IAA which 

could be problematic due to structural modifications in such a small ligand. In contrast, 

solution-SELEX uses unaltered ligand and can, in theory, promote selection of 

aptamers with active conformational change which would facilitate further assay 

adaptations (Blind and Blank, 2015). The latter method has been widely employed for 

selection of aptamers against small molecule ligands (Reinemann et al., 2016, 

Stoltenburg et al., 2012). Sequence analyses were used to search for aptamer 

candidates which have become enriched by SELEX and identify any key similarities 

or differences in the sub-libraries obtained from both SELEX types.  

 

3.1 Selection of aptamers against IAA using direct-SELEX 

 

Direct-SELEX was first performed to select auxin aptamers using biotinylated 

IAA immobilised on streptavidin-coated magnetic beads. To ensure a successful 

selection of aptamer candidates from the ssDNA library, several steps needed to be 

considered before SELEX was started, including PCR conditions, sub-library 

preparation for subsequent rounds, and selection stringency. Optimisation of PCR 

conditions was initially performed to ensure successful amplification of SELEX 

products from each round. The number of PCR cycles was monitored carefully to 

avoid PCR by-products or mutants. These conditions were also tested with the eluting 

ligand to check that it did not interfere in PCR reactions during sub-library 

amplifications (Figure 3.1).  
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 Prior to bulk amplifications at each SELEX round, pilot PCRs were tested 

with various volumes of SELEX products (Figure 3.2) to ensure an appropriate 

amount of DNA was used for successful amplifications. In the first direct-SELEX 

round, after the incubation of ssDNA library with biotinylated IAA immobilised on 

streptavidin-coated Beads, the first SELEX sub-library was non-specifically eluted 

with hot water. In the pilot PCR, 1 µL of eluant proved insufficient volume and 

resulted in an insufficient yield of amplification product, while overloading (20 µL) 

saturated amplification. Bulk amplification using FOR and BIO-r primers was 

subsequently performed with 10  µL  of SELEX product in each PCR reaction. 

 

(a) Number of PCR cycles (b) Effect of ligand on amplification 
  

Figure 3.1. 4% agarose gel electrophoresis of PCR optimisation. Low molecular weight 
DNA ladder (marked ‘L’, NEB) was used as DNA size standard. (a) Number of PCR cycles 
was optimised to 10 PCR cycles to avoid amplification of by-products. (b) IAA was added 
to the PCR reactions to confirm no impact of this ligand on DNA amplification. 

 

Figure 3.2. 4% agarose gel electrophoresis of PCR products using different volumes of 
product from first round of SELEX for IAA aptamers. PCR products were analysed against 
low molecular weight DNA ladder (marked ‘L’) and an aliquot of library as PCR positive 
control (+). The optimal volume of SELEX product (10 µL in this case) was used for bulk 
amplification.   

L 10       15        20       25       30  (cycles)

(bp)

500 –

100 –
75 –
50 –

25 –

200 –

(bp)

500 –

100 –

25 –

200 –

L ctrl +IAA

(bp)

500 –

100 –

50 –

200 –

L +           1              5          10           20   µL
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Removal of unincorporated primers and PCR negative strands is essential 

following bulk amplifications. Any leftover primers would interfere with both product 

quantification using Nanodrop, and strand separation using μBeads. Pooled bulk PCR 

products were purified with a standard PCR purification kit. DNA quantification then 

confirmed successful amplification but also allowed estimation of the volume of 

μBeads required for strand separation. The purified PCR product was denatured at 

95C for 5 min before snap cooling on ice for 10 min before adding washed μBeads. 

The biotin-tagged negative strands were immobilised by the strong streptavidin-biotin 

interaction on the μBeads while the positive strands were collected in the flowthrough 

ready for the following SELEX round.  

 

 

 
Figure 3.3. Schematic timeline of direct-SELEX process. The increase in stringency included 
lower ligand availability, introduction of control molecules to the selection process, higher 
number of washes, all followed by selective elution with label-free ligand. 
 

Following five rounds of SELEX, selection stringency was gradually increased 

to enhance the binding affinity and specificity of the auxin aptamer selection (Figure 

3.3; (Blind and Blank, 2015). From round seven onwards, 10x excess of label-free 

IAA was used to compete with IAA-PEG and elute IAA-specific binders during 

positive selection steps. A reduced amount of immobilised IAA-PEG was used on the 

Beads for the positive selections to promote selection of aptamers with higher 

binding affinity. More extensive washing steps removed weak binders. Counter-

selection steps with control molecules were introduced from the fifth round onwards 

to enhance aptamer specificity. The control molecules (Figure 3.4) were chosen for 

their similarities in chemical structures with IAA and are commonly found in plant. 

The mixture of control molecules were added at 1:1 molar ratio of each compound 

Rounds
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Ø Decrease ligands
100 × fold

Ø 20 × washes
Ø Control molecules 

added
Ø Elute with label-free 

IAA

Ø Decrease ligands
1000 × fold
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Ø Control molecules 
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Ø Decrease ligands
1000 × fold

Ø 30 × washes
Ø Control molecules 
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Ø Elute with label-free 

IAA

Ø Decrease ligands
100 × fold

Ø 20 × washes
Ø Control molecules 
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Ø Elute with label-free 
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Ø Decrease ligands
10 × fold

Ø 10 × washes
Ø Control molecules 
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Ø Elute with hot water
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10 × fold

Ø 10 × washes
Ø Control molecules 

added
Ø Elute with hot water
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with IAA-PEG to the ssDNA - Beads mixture and non-specific binding sequences 

were removed by washing.  

 

 

Figure 3.4 Chemical structures of control molecules used in SELEX process. 
Tryptophan, precursor for IAA, was chosen for its structural similarity while other control 
molecules are organic compounds commonly found in apoplast (Novak et al., 2017). 

 

The sub-library from the tenth round of SELEX was amplified and prepared 

for sequence analysis through cloning and sequencing (Section 2.5). A TOPO TA 

cloning kit for sequencing with pCR4-TOPO vector was chosen for cloning 

(Reinemann et al., 2016, Stoltenburg et al., 2012, Sefah et al., 2010). Colony PCRs of 

10 transformants were performed to confirm successful ligation and transformation of 

aptamer sequences. Subsequently, plasmid DNA was isolated from 96 positive colonies 

using a standard plasmid DNA purification kit and the inserted DNA was sequenced 

using Sanger sequencing. From all samples submitted for sequencing, 84 sequences 

were complete, and a full sequence analysis was performed. Only four sequences were 

found in duplicate while no sequences were found more than three times, suggesting 

little enrichment for any dominant aptamer candidate. Further, more detailed 

sequencing analysis was performed alongside sequencing data obtained after solution-

SELEX. 

 

3.2 Selection of aptamers against IAA using solution-SELEX 

 

As an alternative method for auxin aptamer selection, solution-SELEX utilised 

biotinylated capture oligos to hybridise the ssDNA library onto streptavidin-coated 

magnetic beads. The general library sequence, capture oligos, and the selection 
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process of solution-SELEX were adapted from a well-established protocol (Figure 3.5, 

(Stoltenburg et al., 2012)) with primer binding sites kept identical to those of the 

direct-SELEX library for ease of use. Similar to direct-SELEX, optimisation of PCR 

conditions was initially performed to ensure successful amplification of SELEX 

products from each round. 

 

An elevated temperature step at 28C was performed following library 

hybridisation to remove any weakly bound strands. Such weakly bound strands could 

otherwise be released during positive selection, passing through to further rounds of 

SELEX without having any IAA-specific binding properties. A background 

subtraction step was also performed by addition of DMSO, and the mixture was 

incubated at RT for an hour. Solution-SELEX promotes selection of conformational 

aptamers induced by the presence of IAA. These sequences were bulk amplified, 

negative strand separated, and subjected to subsequent selection rounds. As for direct-

(a) 
 
 
(b) 

  
Figure 3.5. Solution-SELEX for selection of DNA aptamers against auxin. (a) General 
sequence of solution-SELEX library with primer binding sites (PBS) flanking randomised 
regions (depicted as N) on both ends. The hybridisation site (blue box) is reverse 
complementary to the capture oligos. (b) Schematic depiction of solution-SELEX. The 
ssDNA library was initially hybridised onto biotinylated capture oligos immobilised on 
streptavidin-coated magnetic beads. Negative selection steps included control molecules, 
and during positive selection, IAA binders were released and collected for subsequent 
amplification. 
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SELEX, pilot PCRs were performed prior to each bulk amplification to ensure 

successful amplifications. 

 

To improve recovery of ssDNA positive strands from negative strands, a 

denaturing urea-PAGE technique was used instead of the streptavidin-coated μBeads 

technique. During bulk amplification, FAM-f primer was used to monitor 

amplifications and positive strand recovery (Stoltenburg et al., 2005). A dT25-r primer 

was added to the amplification reaction to increase the size of negative strands over 

positive strands (Figure 3.6). Denaturing urea-PAGE gels were imaged under 

fluorescence and the fluorescent band was excised, crushed, and the DNA eluted.  

  

Figure 3.6. Analysis of denaturing urea-PAGE of pool PCR products from first round 
of solution-SELEX showing SELEX product amplification. Fluorescence image (left) 
revealed successful amplification of SELEX products containing fluorescein at 5’-end (red 
boxes). Subsequently, the gel was stained with GelRed and visualised under UV light (right) 
to show DNA ladder and larger bands corresponding to poly(dT25) negative strands. 

 

Initially, sub-library sequences from round 6 of solution-SELEX were cloned, 

sequenced, and analysed as above (Section 3.1). A total of 96 plasmid DNA samples 

were submitted and 82 were returned complete. At this stage, nine sequences were 

observed more than once suggesting improvement from previous aptamer selection 

with direct-SELEX. However, with no obvious enrichment of particular sequences or 

motif (data not shown), two additional rounds of SELEX were implemented to include 

counter-selection steps with control molecules (Figure 3.4) and to improve enrichment 

of IAA-specific binders. As previously mentioned, relative frequency of certain 

aptamer sequence can be observed from round 5 to 8 (Blank, 2016). Therefore, eight 

rounds of solution-SELEX were initially performed and a deep sequencing analysis 
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using next generation sequencing (NGS) was used to analysed the sub-library profiles 

from round two to eight. The far greater numbers of sequences available from NGS 

should reveal any enrichment profiling of sequences across the selection rounds and 

support assessments on the selection efficiency (Mayer, 2016). AptaSUITE software 

was used to evaluate enrichment of sequences and clustering of motifs. Only 32 copies 

of the most enriched cluster were found after 8 rounds, with enrichment only emerging 

from round 7. This accounted to less than 0.0001% of this sub-library (data not 

shown). While the NGS data could confirm the necessity of the additional rounds of 

positive and counter selections, it was clear that the selection performed so far was 

insufficient and further selections with various stringency were needed. 

 

In an effort to improve the selection of auxin aptamers, three parallel solution-

SELEX processes were devised starting from three different SELEX sub-libraries 

(Figure 3.7). Seven additional rounds of solution-SELEX with increasing stringency 

were performed sequentially as a direct extension of the strategy from round eight 

(green branch). It was hoped that auxin-specific binders would be enriched with 15 

rounds of positive selection and four rounds of counter-selection. However, it was 

reasoned that the counter-selection steps may have overly stringent, and aptamers were 

lost before the positive elution step (Ruscito and DeRosa, 2016). Therefore, two 

branches of solution-SELEX were made from sub-libraries collected before counter-

selection steps were introduced. One parallel solution-SELEX started from sub-library 

of first SELEX round (Figure 3.7; yellow branch). Another parallel solution-SELEX 

was performed from SELEX round six (Figure 3.7; blue branch) before high selection 

stringency had been introduced.  
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Solution-SELEX rounds 

Figure 3.7. Schematic workflow of overall solution-SELEX process. Three parallel solution-
SELEX were branched from three sub-libraries obtained from the initial eight rounds of 
solution-SELEX (grey). The concentration of IAA and the incubation time used in positive 
selection steps are listed for each round. Solution-SELEX rounds performed with counter-
selection steps are noted with CS. The green branch was the continuation of the original 
solution-SELEX from sub-library round 8 while the B branch (yellow) started from the first 
SELEX product round to allow re-selection of highly diverse and low stringent sub-library. The 
C branch (blue) continued from SELEX product of round six where substantial selection was 
performed with no high stringent counter-selection introduced.  

 

The sub-libraries from each branch of solution-SELEX (8B, 15, and 10C) were 

amplified and prepared for sequence analysis through cloning and sequencing. 

Plasmid DNA was isolated from 64 positive colonies using a standard plasmid DNA 
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purification kit and the inserted DNA were sequenced using Sanger sequencing. The 

complete sequences were subject for further analysis. Unfortunately, no predominant 

enrichment of particular sequences was found from the initial sequencing analysis. A 

more detailed analysis was performed alongside sequencing data obtained from direct-

SELEX and initial solution-SELEX round six. 

 
3.3 Comparative sequencing analysis of direct- and solution-SELEX 
 

With the initial sequencing analysis of sub-libraries obtained from direct- and 

solution-SELEX showing no predominant enrichment of particular sequences, a 

further, more detailed sequencing analysis was performed across the sub-libraries in 

an attempt to identify more cryptic binding motifs or patterns and to evaluate the 

selection efficiency of the two SELEX techniques. A total of 384 plasmid samples 

were submitted for sequencing across direct- and four parallel-SELEX process (Table 

3.1) with more than 87.5% complete sequences returned available for further analysis. 

No sequences were found more than three times suggesting little enrichment of certain 

sequences were reached. Comparing the data across sub-libraries, more positive 

selection rounds did result in more sequence duplicates. However, it can also be 

correlated that the number of performed counter selection steps negatively impacted 

the numbers of repeated sequences. The prime example is R15s where a total of 15 

positive and four counter-selection rounds resulted in no identical sequences. On the 

other hand, three pairs of repeated sequences were observed from R10Cs with 10 

positive and no counter-selection rounds. This supports the earlier hypothesis that 

aptamer selection could be compromised by harsh counter-selection steps (Ruscito 

Table 3.1. Summary of SELEX products sent for sequencing. Complete sequences from 
sequencing were analysed for number of sequences found more than once. Total rounds of 
positive and counter selection steps performed are also shown here. For sub-libraries, d 
denotes sub-library from direct-SELEX while s represents ones from solution-SELEX. 

Sub-
libraries 

Plasmid 
sent 

Successful 
sequencing 

Total positive 
selection 

performed 

Total counter 
selection steps 

performed 

Number of 
sequences found 
more than once 

R10d 96 84 10 6 4 
R6s 96 82 6 0 9 
R15s 64 56 15 4 0 
R8Bs 64 63 8 2 2 
R10Cs 64 59 10 0 3 
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and DeRosa, 2016). One can argue with the result obtained from direct-SELEX where 

six counter selection rounds were included but repetitive sequences were obtained. 

One explanation to keep in mind is these aptamer candidates might have possessed 

binding recognition to the immobilisation linker necessary for biotinylated IAA and 

used for the positive selection (McKeague and DeRosa, 2012). 

 

Multiple sequence alignments and sequence motifs analysis were performed 

using Jalview 2.11.1.3 software. The conserved primer binding sites were omitted 

from the analysis as it was shown to have no major contribution to motif analysis (Pan 

and Clawson, 2009, Cowperthwaite and Ellington, 2008). The sequences were initially 

grouped into clusters using a neighbour joining phylogenetic tree function with 

percentage identity distance (PID) matrix (Appendix A). Orphan sequences that do 

not belong to any clusters were discarded from further analysis. Consensus sequences 

for each cluster were generated and further aligned using Clustal Web Service 

(ClustalWS) highlighting nucleotides with more than 50% identity (Figure 3.8). 

Patterns were observed from the alignment of each sub-library suggesting that certain 

bases or sequences might combine for IAA binding. While each sub-library 

demonstrated its own distinct pattern, there was no common sequences or motifs 

amongst them that could be chosen for the analysis. 

 

The secondary structures of all sequences were also predicted using 

ViennaRNA software (data not shown) with hope to reveal any shared structural 

folding of DNA that could suggest a dominant ligand binding site (Vu et al., 2016, 

Neves et al., 2010). Yet again, no consensus secondary folding was observed from the 

analysis. It is worth noting that these predictions do consider conditions including the 

temperature and presence of Na+ and Mg2+ ions. However, aptamers can undergo 

complete conformational change in response to ligand binding (Liu et al., 2016, Nutiu 

and Li, 2003), making these predictions troublesome. At this stage, no specific 

sequence patterns or secondary motifs could be identified that would be useful for 

further aptamer development strategy. Therefore, strategies were developed for further 

screens to search for IAA-sensitive aptamer candidates using the sub-libraries 

obtained. 
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3.4   ELONA for primary screening of aptamer sub-libraries 

 

With its simplicity and high throughput comparable to an ELISA, Enzyme-

linked oligonucleotides assay (ELONA) is a suitable primary screening assay to 

quantify IAA interactions of aptamer candidates (Figure 3.9; (Mayer, 2016, Le et al., 

2014, Kalra et al., 2018, Grozio et al., 2013). 

 

3.4.1 Assay optimisation 

 

ELONA must be optimised and validated before it could be used to screen and 

evaluate auxin aptamer candidates. Several experimental parameters were validated 

including an appropriate and sufficient immobilisation of biotinylated IAAs. Three 

distinctive IAA derivatives were investigated for use in ELONA. IAA-PEG and IAA-

C6, synthesized and gifted by Professor Ken-ichiro Hayashi, have biotin conjugated 

at C-position through different linkers while b-IAA was synthesized (Dr Andrew 

Marsh, Department of Chemistry, Warwick) with a biotin tag conjugated at C5-

position. These IAA conjugates and the ELONA format were investigated using three 

known anti-auxin antibodies, D44 (raised against indole N-conjugated IAA; 

(Manning, 1991), SAGE and PARSLEY  (antisera raised against C5 conjugates of 1-

naphthaylacetic acid; Napier, unpublished). 

 

 

Figure 3.9. General scheme of ELONA assay. Biotinylated IAAs were initially immobilised 
onto streptavidin-coated, clear polystyrene 96-well plates. By incubating with digoxigenin 
tagged aptamer candidates, IAA-binding sequences interact on the surface. After extensive 
washes, digoxigenin-specific antibodies conjugated to peroxidase were added. After 
incubation and washes, TMB was added as substrate and colour change stopped with acid. 
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(a) SAGE anti-IAA 

(b) PARSLEY anti-IAA 

(c) D44 anti-IAA 

Figure 3.10. ELONA positive immobilisation check using three different anti-IAA 
antibodies. Three biotinylated IAAs, namely IAA-PEG (blue), IAA-C6 (green), and b-IAA 
(orange) were tested against three anti-IAAs, SAGE (a), PARSLEY (b), and D44 (c). 
Absorbance at 450nm was measured and recorded in OD unit. Anti-IAAs were incubated 
in presence (solid dots) and absence (clear dots) of 100μM free labelled IAA. 

 

During the optimisation, one needed to consider the immobilisation efficiency 

and IAA availability once immobilised.  With the binding activity and specificity of 

the antibodies unknown, all combinations of anti-IAAs and biotinylated IAAs were 

tested (Figure 3.10). A significant decrease in absorbance in the presence of 100 μM 

free IAA suggested IAA-specific binding of the antibodies. Analysis of SAGE anti-

IAA incubation showed a significant binding affinity and specificity to b-IAA (Figure 

3.10a) confirming the complementarity of C5-conjugated auxin. On the other hand, 

D44 anti-IAA revealed moderate binding affinity and specificity to IAA-PEG (Figure 

3.10c). This implied that IAA-PEG and b-IAA and were available for binding by large 

molecules. No binding was observed on any anti-IAA with immobilised IAA-C6. 

Three possible scenarios could be that 1) none of anti-IAA antibodies have binding 

activity to IAA-C6, or 2) IAA-C6 was unsuccessfully immobilised onto the surface, 

or 3) the shorter biotin linker used for IAA-C6 might restrict the access of large 

molecules. From the data presented, IAA- PEG and b-IAA were chosen for ELONA. 
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(a) IAA-PEG (b) b-IAA 

Figure 3.11. ELONA immobilisation concentration check. SAGE (blue) and D44 (red) 
were tested on dilutions of IAA-PEG (a) and b-IAA (b) immobilised on the surface. 
Absorbance at 450nm was measured and recorded as OD. 

 

Another key parameter to consider is the appropriate immobilisation 

concentrations of biotinylated IAAs. Titrations of IAA-PEG and b-IAA were tested 

against a constant concentration of SAGE and D44 anti-IAAs (Figure 3.11). 

Absorbance readings confirmed interactions as previously discussed, D44 preferably 

binds IAA-PEG while SAGE to b-IAA. In both cases, no significant increases in 

absorbance were observed with increasing concentration of IAA conjugates 

suggesting that the surface had been saturated with 1 μg/mL biotinylated IAAs. The 

experimental conditions for auxin aptamers screening were set. 

 

3.4.2 ELONA assay 

 

A total of 288 aptamer candidates were screened through ELONA, 96 from 

direct-SELEX (R10d) and 64 from each parallel solution-SELEX (R15s, R8Bs and 

R10Cs). Each aptamer was tested against both IAA-PEG and b-IAA due to the 

difference in biotin conjugation of the two compounds. As any modifications on small 

molecules can potentially hinder aptamer interaction (Ruscito and DeRosa, 2016, 

McKeague and DeRosa, 2012), using two different biotinylated IAAs with different 

conjugation positions could help recognise any aptamers specific for the core features 

of IAA. A set of four negative controls was tested on every ELONA plate, two of 

blank streptavidin coated wells and two of biotinylated IAAs immobilised exposed to 

no aptamer. The absorbance measured from these negative control samples served as 

background that could be subtracted from tested DNA samples. A competition assay 

was performed by testing each DNA sample in the absence and presence of 10 M 

free IAA to evaluate the binding specificity of aptamer against the immobilised IAA. 
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IAA-sensitive aptamers would be released from binding on the ELONA surface 

resulting in a decrease in absorbance signal measured. 

 

All absorbance measurements were normalised by subtracting the  background 

absorbance. The absorbance values of samples assayed in the presence of free IAA 

were then subtracted from the ones measured in absence of IAA to obtain absorbance 

data generated purely from IAA-sensitive aptamer binding. Assays were performed in 

triplicate (Figure 3.12).  
(a) (e) 

(b) (f) 

(c) (g) 

(d) 
(h) 

Figure 3.12. ELONA was used to select IAA sensitive aptamers. Five aptamer 
candidates from R10d (a, e), R15s (b, f), R8Bs (c, g), and R10Cs (d, h) were tested against 
IAA-PEG (a-d) and b-IAA (e-h). Each candidate was incubated in absence (filled bars) 
and presence (patterned bars) of free-labelled IAA. Five aptamer candidates with greatest 
difference in response when challenged with IAA suggesting IAA-sensitive binding were 
chosen (red boxes) for further secondary screening. Error bars represent standard 
deviations of triplicates. 
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From the analysed data, it is interesting to see some aptamer candidates 

interacted with one biotinylated IAA but not to the other. This supports the hypothesis 

that conjugation and linkers could contribute to binding (McKeague and DeRosa, 

2012). However, the advantages of simplicity and high throughput screening with 

ELONA were counteracted by its low sensitivity (Kalra et al., 2018). The error bars 

indicate high variance between replicates and the screening should be performed with 

caution. Nevertheless, five aptamer candidates with IAA-sensitive binding were 

chosen for further secondary screening with MST (Table 3.2). Additionally, two 

aptamer candidates found more than once through the sequencing data were also 

selected to further screening using MST.  

 

Table 3.2. Names and sequences of aptamer candidates selected for MST secondary 
screening. From sequencing analysis, ST-57 and ST-49 were found more than once and were 
chosen for secondary screening. 

Names Sequences (5’-3’) bases 

ST-57 TAGGGAAGAGAAGGACATATGATCGGATCGGTGTGAGGCTCGATCTTTCAACACGGT
TTAGCTTCTACTAATCGGGGTCTTTGGCTTGACTAGTACATGACCACTTGA 108 

ST-49 TAGGGAAGAGAAGGACATATGATTCACAGGTCTTGAGGCTCGATCGGCTTTAAATGGT
CAACCTACTGCGCTCGGCTATGCACCATTGACTAGTACATGACCACTTGA 108 

ST-34d TAGGGAAGAGAAGGACATATGATACTGCCAGCAGCTCAATGATGATATCTAGGAAAA
CAGCCATTGACTAGTACATGACCACTTGA  86 

ST-54d 
 

TAGGGAAGAGAAGGACATATGATATCAGTTAAGCGAAAGATATGGCAGAAGTGCTGC
GTTCTATTGACTAGTACATGACCACTTGA 86 

ST-76d TAGGGAAGAGAAGGACATATGATCGAATCATGTAGTGTGACTAGGCATATCACGTAT
TTATGCTTGACTAGTACATGACCACTTGA 86 

ST-28 TAGGGAAGAGAAGGACATATGATCAACCGCAACTGAGGCTCGATCTACCCCCAGGCT
CTGGAGGCCGCATACCCTGTGTGGTGTATTGACTAGTACATGACCACTTGA 108 

ST-8 TAGGGAAGAGAAGGACATATGATGGTTACTGGATGAGGCTCGATCTGTTCCTCGGGG
GTACCATTGACTAGTACATGACCACTTGTTGACTAGTACATGACCACTTGA 108 
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3.5  MST for secondary screening of aptamer candidates 
 

Through SELEX and ELONA, a handful of aptamer candidates were chosen 

with IAA recognition properties. A secondary screening is still required to confirm the 

aptamer-IAA interactions and evaluate their IAA binding strengths. MST has 

successfully been used for the evaluation of binding affinity and specificity of small 

molecule aptamers such as ATP (Prante et al., 2019, Entzian and Schubert, 2016) and 

it was adopted for evaluating IAA binding affinity and specificity (Table 3.2). 

 

3.5.1 Assay validation using fluorescent aptamers against ATP and ABA. 

 

An in-house assay validation was performed using fluorescent aptamers 

against ATP and abscisic acid (ABA) (Figure 3.13; (Entzian and Schubert, 2016, 

Grozio et al., 2013). The KD estimated for the ATP aptamer (67.2 M) is comparable 

to the published value (Entzian and Schubert, 2016) and confirming that the technique 

is a suitable secondary screen for auxin aptamers. Other techniques do give 10-fold 

lower estimated KD values for this aptamer.  A similar situation was found for the 

ABA aptamer (Figure 3.13b) (Huizenga and Szostak, 1995, Grozio et al., 2013).  

(a) ATP aptamer  

(b) ABA aptamer  

Figure 3.13. MST technique was validated using aptamers against ATP (a) and ABA 
(b). Dose response curves (left) were generated from the MST traces (right) of aptamers 
binding affinity experiments. KD values were estimated at 67.2 μM and 11.9  μM for ATP 
and ABA aptamers, respectively. 
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3.5.2 Assay optimisations 

 

 A minor change in the buffer composition or a shift in pH value can greatly 

affect thermophoretic characteristics (Seidel et al., 2013). With the acidic nature of 

IAA, it must be ensured that the buffers used maintain the pH in presence of high 

concentration of IAA, and buffering agents can affect aptamer behaviour in MST and 

so a range of buffering agents was evaluated. Initially, PBS was tested against Tris 

buffer as recommended by the manufacturer’s manual (Figure 3.14, Table 3.3). 

Binding affinity data generated for two aptamers was compared along with the 

regularity of MST traces and data repeatability. Irregularity of MST traces is often a 

sign of aggregation and must be avoided (NanoTemper). While no significant 

difference was observed when testing ATP aptamer, the buffer composition had a clear 

effect on  ST-57. At pH 7.2, a negative thermophoresis was observed in PBS while a 

positive thermophoretic profile was obtained in Tris buffer (Figure 3.14b).  

 

Additional buffering agents were investigated when PBS and Tris buffer 

resulted in low repeatability. ST-57 was subsequently tested in MES and Bis-Tris 

(a)                     ATP aptamer in PBS buffer                 ATP aptamer in Tris buffer 

(b)                           ST-57 in PBS buffer 
 

                      ST-57 in Tris buffer 

Figure 3.14. Binding screening for MST experiments. ATP aptamer (a) and ST-57 (b) 
were initially tested against PBS (left) and Tris buffer (right). Generated MST traces were 
compared to show no significant difference observed with ATP aptamer while ST-57 was 
highly dependent on buffer compositions. 
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buffers (Table 3.3) with repeatable MST data under both buffer conditions. The 

response amplitude generated using MES buffer was considerably higher than using 

Bis-Tris buffer. Therefore, MES buffer was chosen for all experiments onwards with 

this aptamer. Further, it has been observed that thermophoretic data can fluctuate 

between different batches of ligand and buffers used across the experiments. 

Therefore, only data generated on the same day was used for comparisons and analyses 

to avoid any inter-day variations.  

 

Table 3.3. Buffer screening for MST experiments. Signal amplitudes (Amp) and signal-
to-noise ratios (S/N) obtained from measuring aptamers in different buffers were compared. 
ATP aptamer and ST-57 were initially tested in PBS and Tris buffers. ST-57 was further 
tested in MES and Bis-Tris buffer. Data obtained from ST-57 in PBS and Tris buffers were 
in grey due to low repeatability.  

Aptamers 
PBS buffer Tris buffer MES buffer Bis-Tris buffer 

Amp S/N Amp S/N Amp S/N Amp S/N 

ATP  9.1 16.1 9.0 13.9 - - - - 

ST-57 4.9 13.3 3.3 7.6 2.3 6.3 1.0 6.5 

 

3.5.3 Secondary screening of aptamer candidates against IAA dilution series 

 

 ST-57 and ST-49 were originally evaluated on the MST platform for their 

binding affinity to IAA. A constant concentration of each fluorescent aptamer 

candidate was incubated with an IAA dilution series from 8 nM to 250 μM final 

concentration in 5% DMSO and the dose response curves were plotted (Figure 3.15). 

The quality of binding signals was monitored for acceptable response amplitudes and 

S/N ratios and KD values were calculated (Table 3.4). While a good S/N ratio should 

exceed 5.0, the thresholds of acceptable response amplitudes vary depending on the 

MST power and MST-on time chosen in each experiment (NanoTemper, 2018), and 

results of dose-response experiments are plotted on the basis of the fraction of sites 

bound. 
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To calculate a KD from dose response curves with high accuracy, there should 

be a good distribution of data between the bound and unbound phase (Perelson and 

Deeks, 2011). An increasing bound fraction observed with higher IAA concentrations 

did indicate dose dependent binding. However, the saturation phase was never reached 

over the IAA concentration range used and higher concentrations were required for 

more precise KD calculation. The biggest challenge here was the solubility of IAA. 

Small organic molecules like IAA need to be dissolved in an organic solvent such as 

DMSO and its solubility in aqueous buffer limits the concentration range available for 

assays. Given that the KD calculated was high, it was more useful to put more effort 

into the improvement of the aptamers rather than extending the assay concentration 

range.  

 

Table 3.4. MST binding affinity data of ST-57 and ST-49. 

Aptamers Signal amplitudes S/N ratio Calculated KD 

ST-57 2.3 6.3 96.6 μM 

ST-49 2.6 16.4 96.9 μM 

 

 

 

Figure 3.15. Analysis of fitted dose response curves of ST-57 and ST-49 preliminarily 
showed IAA binding. MST binding affinity experiments were performed and estimated 
KD values were calculated using non-linear regression using a one-site binding model on 
GraphPad Prism. The estimated KD values were 96.6 M and 96.9 M for ST-57 and ST-
49, respectively (Table 3.4). 
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3.5.4 Fluorescent auxins as alternative MST screening 

 

As an alternative to titrating the auxin, a fluorescent auxin was tested as the 

MST reporter and aptamer candidates were titrated. Another major advantage of this 

approach is a potential improvement in binding signal quality due to a massive 

difference in size and surface charge between fluorescent IAA and IAA-aptamer 

complex. However, the modification of IAA remains the major drawback to be 

considered (Ruscito and DeRosa, 2016, McKeague and DeRosa, 2012). Binding 

interactions with aptamer candidates might be greatly affected or hindered with the 

fluorophores and/or linkers conjugated onto IAA even when negative controls were 

included to counter non-specific interactions of aptamers with the linkers. 

 

A set of fluorescent IAAs had been previously synthesized with NBD and 

BODIPY dyes (Figure 3.16; (Hayashi et al., 2014). Benzoic acid was previously used 

as one of the control molecules in SELEX. Consequently, NBD-Benzoic acid was 

used as a negative control for MST specificity tests. 

 

Optimising the fluorescence signal from each fluorescent ligand is very 

important for MST experiments. Different concentrations of fluorescent auxins and 

benzoic acid were evaluated on MST pre-test experiments to determine the appropriate 

C2-NBD-IAA C4-NBD-IAA 

  

6-Bodipy-C4-triazole-C1-IAA C2-NBD-benzoic acid 

 

 

Figure 3.16. Chemical structures of fluorescent auxins and benzoic acid used in MST 
secondary screening. 
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concentrations for further analysis (Table 3.5). Fluorescence counts between 200 – 

2000 units are optimal for MST experiments (Seidel et al., 2013). A very high laser 

power was needed for a sufficient fluorescence signal to be obtained from a high C4-

NBD-IAA. This can gravely impact the stability of the fluorophore and compound 

during binding measurements (NanoTemper).  

 

Table 3.5. Optimised concentrations of fluorescent auxins and benzoic acid. The 
fluorescent compounds were prepared to different concentrations in MES buffer and tested 
on the MST pre-test setting. Laser powers were adjusted to obtain fluorescence signals 
above threshold.  

Compounds 
Final 

concentrations 
Fluorescence 

signal Laser power 

C2-NBD-IAA 1 μM 366 ± 2.1% 80% 

C4-NBD-IAA 2 μM 247 ± 0.8% 100% 

6-Bodipy-C4-triazole-IAA 100 nM 267 ± 0.9% 20% 

C2-NBD-benzoic acid 1 μM 332 ± 0.7% 20% 

 

 Once the optimal concentration and conditions for each fluorescent auxin 

were established, a binding check experiment was used. Any ligand-induced 

fluorescence change or photobleaching would be recognised during this stage. Seven 

aptamer candidates chosen from ELONA were screened against all fluorescent 

compounds (Table 3.6). Two out of seven aptamer candidates displayed a positive 

binding with 6-Bodipy-C4-triazole-IAA. C4-NBD-IAA was discarded due to 

photobleaching and fluorescence change caused by aptamer candidates. Analysis of 

most aptamer candidates showed positive binding to both C2-NBD-IAA and C2-

NBD-benzoic acid. This proposes two possibilities; 1) aptamer candidates mainly 

interacted with the C2-NBD linkers or 2) aptamer candidates possessed binding 

affinities to both IAA and benzoic acid.  
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Table 3.6. Qualitative analysis of binding interactions between aptamer candidates and 
fluorescent auxins and benzoic acid. Positive bindings with signal amplitudes and S/N 
ratios passing thresholds were presented as YES while NO indicates no binding detected.   

Compounds 
Aptamers C2-NBD-IAA C4-NBD-IAA 

6-Bodipy-C4-
triazole-IAA 

C2-NBD-
benzoic acid 

ST-57 YES Ligand induced 
photobleaching 

NO NO 

ST-49 YES Ligand induced 
photobleaching 

NO YES 

ST-34d YES 
Ligand induced 
photobleaching 

NO NO 

ST-54d YES YES YES YES 

ST-76d YES 
Ligand induced 
photobleaching NO YES 

ST-28 YES NO NO YES 

ST-8 YES Ligand induced 
photobleaching 

NO YES 

 

Subsequent binding affinity experiments were performed to analyse 

interactions between aptamer candidates and the two fluorescent compounds. A 

constant concentration of fluorescent partners (1 μM final concentration) was 

incubated with an aptamer dilution series (800 pM to 25 μM), and thermophoretic 

profiles were generated. Dose response curves (Figure 3.17) revealed some binding, 

(a) (b)  

Figure 3.17. Analysis of fitted dose response curves of aptamer candidates against C2-
NBA-IAA (a) and C2-NBD-benzoic acid (b) demonstrated some IAA binidng. The 
concentrations of aptamer candidates were plotted against the normalised fluorescence 
signal (Fnorm). 
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but no binding saturation was reached making KD estimation impractical. Minimal 

dose dependent signals with C2-NBD-benzoic acid suggested that observed binding 

activity was IAA-sensitive, but of low affinity.  

 

3.6 Discussion 

 

 This chapter has outlined the work done to select aptamers with suitable IAA 

binding affinity and specificity. Two distinct SELEX methods, direct- and solution-

SELEX were performed. Through the sequencing analysis and evaluation of the 

aptamer selection techniques, it can be suggested that the SELEX methods used were 

not sufficiently effective to enrich for IAA-binding aptamers. Number of SELEX 

rounds implemented might not be sufficient for auxin aptamers enrichment. While the 

sequence enrichment was typically observed from round 6 onwards, the enriched 

sequence could remain less than 1% of the sub-library (Blank, 2016). Meanwhile, 

highly specific aptamers selected against trans-zeatin were obtained after 24 rounds of 

SELEX (Qi et al., 2013). It was suggested that the aptamer selection against small 

molecules might require more SELEX rounds of positive selection steps with less 

selection stringency (Ruscito and DeRosa, 2016). Inclusion of highly stringent steps 

like counter-selection, in attempt to remove non-specific binder, could adversely 

affect the enrichment of auxin specific binders. 

 

We should also consider the possible drawbacks of using conventional PCR 

for SELEX amplifications (Komarova and Kuznetsov, 2019). This is due to its low 

efficiency and the inevitable biased amplification of sequences with weaker secondary 

structures. A study showed lower amplifcations of aptamer sequences with high 

sequence interactions between the randomised region and the primer binding site(s) 

(Wang et al, 2019). Sequences with stronger secondary structures may not be 

amplified properly and eventually they get lost through rounds of selection (Musheev 

and Krylov, 2006). Furthermore, high numbers of by-products can result from primer 

and product hybridisations (Tolle et al., 2014). To rectify these issues, different 

amplification approaches could be used, such as emulsion-PCR allowing high 

amplification efficiency with low by-products (Shao et al., 2011).  
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With no specific sequence or secondary motifs patterns useful for further 

aptamer development, ELONA was used as a second screen for candidates with IAA-

sensitve binding. A handful of candidates were further analysed with MST to 

characterise and determine their binding affinities. While the results suggest that 

aptamer candidates were selected which did bind IAA, their affinities were low with 

KD values in the high micromolar range. It was reasoned that the IAA binding affinities 

of these aptamers would need to improve drastically to be suitable for downstream 

applications as a biosensor.  

 

Several techniques for affinity maturation have been reported, including 

hybridisation inhibition, sequence truncations, and mutagenesis; strategies which have 

been shown to greatly improve ligand binding affinity and specificity of DNA 

aptamers (Zheng et al., 2015, Zhang and Liu, 2018, Wang et al., 2019, Savory et al., 

2013, Qi et al., 2013, Pan and Clawson, 2009, Le et al., 2014). Therefore, the two most 

promising candidates, ST-57 and ST-34d, were chosen for affinity maturation which 

is explained in the next chapter. 
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Chapter 4 Affinity maturation of aptamer candidates to enhance 

binding affinity against IAA 
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This chapter focuses on affinity maturation of chosen auxin aptamer 

candidates, ST-57 and ST-34d, to improve IAA binding affinity for downstream 

application. Here, sequence optimisation techniques were implemented including 

hybridisation inhibition (HI), sequence truncation, and single guanine (G) mutation to 

determine minimal and specific IAA binding sequences. An aptamer against ABA 

(ABApt) was subjected to similar affinity maturation for comparison to observe how 

each technique affects ligand interactions. The established MST platform was used 

throughout to evaluate the sequence optimisations and calculate KD values. 

Subsequently, experimental conditions were also optimised to determine the optimal 

binding interaction between the improved aptamers and auxin.  

 

4.1 Hybridisation inhibition (HI) 

 

First step was to identify sequences not involved in ligand binding. 

Hybridisation inhibition is preferable as an initial experiment using short 

complementary oligonucleotides to restrict involvement of particular regions in 

binding (Le et al., 2014). As earlier studies have shown little influence of conserved 

primer binding sites (CPBS) to ligand interaction (Pan and Clawson, 2009), the CPBS 

were initially hybridised to determine their contributions to ligand interactions. 

 

HI probes (Table 4.1) were designed to be complementary to the CPBS of the 

aptamers. A 1.25x molar of HI probe was added to each fluorescent aptamer candidate 

in assay buffer. The mixture was denatured at 90°C for 5 min following a temperature 

decrease to 56°C for 10 min for probe annealing. The mixture was brought to room 

temperature for at least 20 min before binding affinity evaluation. 

Table 4.1. Oligonucleotide probes used for hybridisation inhibition (HI) experiments. 
HI probes were used to restrain forward (-5’) and reverse (-3’) primer binding sites of IAA 
aptamer candidates and ABA aptamer (ABApt). 

Names Sequences 

HI-5’ 5’- ATCATATGTCCTTCTCTTCCCTA -3’ 

HI-3’ 5’- TCAAGTGGTCATGTACTAGTCAA -3’ 

ABA-HI-5’ 5’- ACACCAGTCTTCATCCGC -3’ 

ABA-HI-3’ 5’- GTTGCTCGTATTTAGGGC -3’ 
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4.1.1 Hybridisation inhibition of ABApt 

 

HI of ABApt was performed to examine influence of CPBS (Figure 4.1). Good 

data quality and comparable dose response curves were generated from ABApt and 

ABApt-HI3’ samples suggesting restraining the reverse CPBS did not significantly 

affect ABA binding and could be removed from the aptamer sequence. On the other 

hand, error bars of ABApt-HI5’ indicated high variance between replicates. This 

suggested the significance of the hybridised region to aptamer stability, and therefore, 

should not be eliminated. This validated HI as an appropriate method for aptamer 

sequence optimisation, and therefore, HI was implemented on auxin aptamer 

candidates. 

 

  
Estimated KD values: 
ABApt           = 1.1  0.6 μM 
ABApt-HI3’ = 2.6  0.6 μM 
ABApt-HI5’ = 2.9  3.7 μM 
 

Figure 4.1. Analysis of the fitted dose response curves of ABApt HI experiment 
indicating potential use of HI for sequence optimisation. MST binding affinity 
experiments were performed and estimated KD values were calculated using non-linear 
regression using a one-site binding model on GraphPad Prism (n = 3). 
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4.1.2 Hybridisation inhibition of ST-57 

 

An HI experiment was performed on ST-57 and dose response curves were 

generated (Figure 4.2). Upon inhibition with HI-5’ probe, IAA binding affinity was 

slightly improved implying that the forward CPBS was not necessary. In contrast, a 

slight decrease in binding affinity (estimated KD values increased from 45.8  28 µM 

to 61.1  27 µM) was observed when inhibiting with HI-3’ probes, suggesting an 

influence on ligand binding and/or aptamer structural stability. Further investigation 

on sequence optimisation would confirm the importance of reverse CPBS in IAA 

binding. 

 

  
 
Estimated KD values: 
ST-57          = 45.8  28 μM 
ST-57-HI3’ = 61.1  27 μM 
ST-57-HI5’ = 35.7  20 μM 
 

Figure 4.2. Analysis of the fitted dose response curves of ST-57 HI experiments 
indicated improvements in IAA binding. Estimated KD values were calculated using non-
linear regression using a one-site binding model on GraphPad Prism (n = 3). 

 

 

4.1.3 Hybridisation inhibition of ST-34d 

 

Fluorescent IAA (section 3.5.4) was used for an HI experiment on ST-34d. 

Unmodified ST-34d was incubated with 1.25x excess of HI-3’ probe and the mixture 

was prepared and examined using MST as previously described (Figure 4.3). No 

significant difference was observed upon HI-3’ inhibition suggesting no involvement 

of the region in IAA binding. With no binding saturation and KD value likely to be in 

millimolar range, ST-34d was dropped from further sequence optimisation. 
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Figure 4.3. No optimisation was observed from the analysis of ST-34d HI experiments. 
Dose response curves were fitted by plotting the concentrations of  ST-34d and its HI-3’ 
variant against the normalised fluorescence signal (Fnorm). 

 

To conclude, the forward CPBS of ABApt was deemed important for ABA 

binding while the reverse CPBS was not. For ST-57, IAA binding affinity was slightly 

improved only when restricting the 5’-end conserved region. On the other hand, 

analysis of ST-34d did not show significant improvement in auxin binding and was 

discarded from further optimisations. Sequence truncations were further investigated 

to determine minimal ligand binding sequences. 

 

4.2 Sequence truncations 

 

Sequence truncations were performed to identify the minimal ligand binding 

sequences. Similar studies have used structural motif simulations as truncation 

guidance (Vu et al., 2016, Zheng et al., 2015), but an empirical approach was used 

here. The truncated variants were designed with one primer binding site removed 

followed by further 10 nucleotides removals (Table 4.2). Additionally, it has been 

hypothesized that small molecule ligands often intercalate within G-quadruplex 

structures (Roxo et al., 2019, Qi et al., 2013). Therefore, the QGRS Mapper webserver 

was implemented to identify any G-rich regions within the aptamer sequences that 

might form G-quadruplex.  
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4.2.1 Sequence truncation of ABApt 

 

ABApt were truncated following the HI experiment (Table 4.2) and the 

aptamer was only truncated from the 3’-end. The reverse CPBS was initially removed 

(STA-1) followed by further 10 base truncation increments to give STA-2 and STA-

3. All truncated variants were synthesized with fluorescein conjugation and were 

examined for ABA binding (Figure 4.4). Comparable ABA binding affinities were 

observed between ABApt and STA-1, complementing the HI data which showed that 

reverse CPBS was not involved in ABA interaction. The predicted G-quadruplex of 

STA-1 from QGRS analysis is consistent to ABApt (table 4.2), in line with the 

hypothesis that ABA interaction was within the predicted tertiary quadruplex structure 

(Grozio et al., 2013). In contrast, a 10-fold reduction in ABA binding affinity was 

observed with STA-2 while STA-3 completely disrupted ABA binding (Figure 4.4), 

highlighting the significance of the removed sequences to the aptamer structural 

integrity for ligand binding.  

 

  
 
Estimated KD values: 
ABApt = 1.1  0.7 μM 
STA-1 = 1.3  1.0 μM 
STA-2 = 11.4  8.1 μM 
STA-3 = undetermined 
 

Figure 4.4. Sequence truncation of ABApt enhanced ABA binding. Estimated KD values 
were calculated using non-linear regression using a one-site binding model on GraphPad 
Prism (n = 3).   

 

 

 A serial dilution of IAA was also tested against the fluorescent ABApt (Figure 

4.5). An IAA binding affinity (293  137  µM estimated KD) was observed with 

ABApt, 300-fold lower than of ABA (1.1 µM) making ABApt considerably ABA 

specific. Having found that the ABApt bound IAA, against expectations, its truncated 
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variants were also tested (Figure 4.5). IAA binding affinity was improved by five 

times in STA-1 and approximately 60 times in STA-3. A low S/N ratio and high 

variance suggesting low data quality was obtained from STA-2 deeming it unreliable 

and was discarded from further analysis.  

 

  
 
Estimated KD values: 
ABApt = 293  137 μM 
STA-1 = 62.8  28 μM 
STA-2 = 1.8  1.0 μM 
STA-3 = 4.5  2.0 μM 
 

Figure 4.5. Sequence truncation of ABApt revealed IAA binding affinity. ABApt and 
truncated sequences were examined and the estimated KD values were calculated using non-
linear regression using a one-site binding model on GraphPad Prism (n = 3). 

Truncating the ABApt sequence could have exposed an IAA binding area(s) 

and the alteration in predicted G-quadruplex structure of STA-3 could have promoted 

IAA intercalation within the aptamer. Further structural and biophysical analysis of 

STA-3 could confirm this hypothesis.  

 

In summary, sequence truncation was proved useful as a sequence optimisation 

technique. ABApt sequence truncation to STA-1 improved ABA binding affinity to 

an estimated KD of 1.3  1.0 µM. Whilst removing ABA binding activity, STA-3 

bound IAA (4.5  2.0 µM estimated KD) making it the most promising auxin aptamer 

candidate thus far. 

 

4.2.2 Sequence truncation of ST-57 

 

A total of ten truncated variants of ST-57 were synthesized and examined for 

improved IAA binding affinity (Table 4.2); five from 5’-end, four from 3’-end and 

one from both ends seeking minimal IAA binding sequences.  

10-9 10-8 10-7 10-6 10-5 10-4 10-3
-0.5

0.0

0.5

1.0

1.5

IAA concentration (M)

Fr
ac

tio
n 

bo
un

d

IAA dilutions

ABAapt

STA-1

STA-2

STA-3



78 
 

 

MST binding experiments were performed on ST-57 and its truncated variants 

and dose response curves were generated (Figure 4.6). At first glance, only ST-57-5 

(purple curve) demonstrated improved IAA binding in comparison to its full sequence 

(black curve). Analysis of some variants showed no significant difference in IAA 

binding while others lost ligand recognition. A non-linear regression using a one-site 

specific binding model was used to estimate KD values of each truncated aptamer with 

R-squared determining the goodness of fit (Table 4.3; (McKeague et al., 2015)). ST-

57-2, -3, and -4 were discarded from further analysis. 

 

 

Figure 4.6. Detailed sequence truncation of ST-57 slightly improved IAA binding 
affinity. The dose response curves of ST-57 (black) and ST-57-5 (purple) are in bold to 
highlight improved IAA binding through sequence truncation. The estimated KD values of 
all truncated variants were calculated using non-linear regression using a one-site binding 
model on GraphPad Prism (Table 4.3). 

 

 IAA binding of the aptamer was hypothesized to be within one of the predicted 

G-quadruplexes (Table 4.2; in green). All 3’-end truncated variants disrupted the 

quadruplex and demonstrated at least 10-fold reductions in IAA binding. On the other 

hand, truncation of ST-57 to ST-57-5 allowed the quadruplex to remain intact and 

resulted in improved IAA binding affinity (decreased estimated KD values from 38.1 

 16 µM to 13.6  11 µM). Again, structural and biophysical analysis would help 

elaborate this theory. 
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Table 4.3. Estimated KD values of ST-57 and its truncated variants from MST binding 
experiments.   The estimated KD values were calculated using non-linear regression using 
a one-site binding model on GraphPad Prism with R-squared indicating goodness of fit (n 
= 3). Truncated variants with R-squared below threshold (in grey) were deemed unreliable 
and discarded from further analysis. (N/A = not applicable R-squared from undetermined 
KD value). 

Aptamers Calculated KD (µM) R-squared 

ST-57 38.1  16 0.8853 

ST-57-1 567  1472 0.5856 

ST-57-2 41.5  63 0.3889 

ST-57-3 188  585 0.2418 

ST-57-4 197  373 0.4701 

ST-57-5 13.6  11 0.6471 

ST-57-2’ 206  175 0.9024 

ST-57-3’ 2869  7211 0.9561 

ST-57-4’ Undetermined N/A 

ST-57-5’ 498  717 0.7876 

ST-57-2,4’ 264 +162 0.9124 

  

The sequence truncation of ST-57 combined with QGRS mapper analysis 

suggested IAA binding site(s) of the aptamer to be within one of the predicted G-

quadruplexes of the aptamer (Table 4.2, marked green). The hypothesis was supported 

by the MST binding affinity experiment. Truncated variants without the expected 

predicted G-quadruplex (i.e. G-tetrads marked green in Table 4.2) demonstrated 

reduced IAA binding affinities (Table 4.3). 

 

To conclude, a 50-base truncation of ST-57 to ST-57-5 demonstrated 

improvement in IAA binding affinity with estimated KD value of 13.6  11 µM. 

 

4.3 Single G-mutations to improve IAA binding affinity 

 

To further investigate aptamer sequence optimisation, G-mutation was chosen 

as the subsequent technique. As ST-57 and STA-3 demonstrated good IAA binding 

affinity, single G-mutation was performed on both aptamers. Single guanine 

substitutions were designed given the known importance of G-quadruplex structures 
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for ligand intercalations (Zheng et al., 2015). For each single-site variant, a non-

guanine (G) base adjacent to an existing guanine (G) was substituted with G base to 

promote a G-tetrad and G-quadruplex formation.  

 

4.3.1 Single G-mutations on ST-57-5  

 

A total of 14 mutated variants were generated from ST-57-5 (Table 4.4). 

Predicted quadruplexes were identified using QGRS Mapper. Some mutations indeed 

influenced the predicted quadruplex and the QGRS Mapper analysis offered a scoring 

system to evaluate the tendency of forming stable G-quadruplexes; a higher G-score 

indicates higher structural stability (Kikin et al., 2006). All mutated variants were 

predicted with elevated G-scores suggesting more stable G-quadruplexes. 

Table 4.4. ST-57-5 and its mutated variants for sequence optimisation experiments. All 
substituted guanines are marked in red. From QGRS analysis, G-tetrads predicted to form 
G-quadruplex structures are underlined and in bold.  

Names Sequences (5’-3’) Predicted 

G-scores 

ST-57-5 ACACGGTTTAGCTTCTACTAATCGGGGTCTTTGGCTTGACTAGTACATGACCACTTGA 12 

ST-57-5-4 ACAGGGTTTAGCTTCTACTAATCGGGGTCTTTGGCTTGACTAGTACATGACCACTTGA 19 

ST-57-5-7 ACACGGGTTAGCTTCTACTAATCGGGGTCTTTGGCTTGACTAGTACATGACCACTTGA 20 

ST-57-5-10 ACACGGTTTGGCTTCTACTAATCGGGGTCTTTGGCTTGACTAGTACATGACCACTTGA 27 

ST-57-5-12 ACACGGTTTAGGTTCTACTAATCGGGGTCTTTGGCTTGACTAGTACATGACCACTTGA 29 

ST-57-5-23 ACACGGTTTAGCTTCTACTAATGGGGGTCTTTGGCTTGACTAGTACATGACCACTTGA 21 

ST-57-5-28 ACACGGTTTAGCTTCTACTAATCGGGGGCTTTGGCTTGACTAGTACATGACCACTTGA 20 

ST-57-5-32 ACACGGTTTAGCTTCTACTAATCGGGGTCTTGGGCTTGACTAGTACATGACCACTTGA 19 

ST-57-5-35 ACACGGTTTAGCTTCTACTAATCGGGGTCTTTGGGTTGACTAGTACATGACCACTTGA 19 

ST-57-5-37 ACACGGTTTAGCTTCTACTAATCGGGGTCTTTGGCTGGACTAGTACATGACCACTTGA 31 

ST-57-5-39 ACACGGTTTAGCTTCTACTAATCGGGGTCTTTGGCTTGGCTAGTACATGACCACTTGA 31 

ST-57-5-42 ACACGGTTTAGCTTCTACTAATCGGGGTCTTTGGCTTGACTGGTACATGACCACTTGA 29 

ST-57-5-44 ACACGGTTTAGCTTCTACTAATCGGGGTCTTTGGCTTGACTAGGACATGACCACTTGA 28 

ST-57-5-48 ACACGGTTTAGCTTCTACTAATCGGGGTCTTTGGCTTGACTAGTACAGGACCACTTGA 26 

ST-57-5-50 ACACGGTTTAGCTTCTACTAATCGGGGTCTTTGGCTTGACTAGTACATGGCCACTTGA 22 
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A binding check experiment was performed to qualitatively screen for IAA 

binders (Table 4.5). Good response amplitudes (>1.0) and S/N ratios (>5.0) indicated 

positive IAA binders. With this threshold, seven ST-57-5 mutated variants were 

selected and evaluated further with MST binding affinity experiments. 

 

Table 4.5. MST qualitative binding to determine positive IAA binding of ST-57-5 and 
its mutated variants. YES was used to denote positive IAA binding variants. The non-
binding variants are presented in grey. 

Aptamers Signal amplitudes S/N ratios Positive binding 

ST-57-5 1.6 5.2 YES 

ST-57-5-4 1.2 1.7 - 

ST-57-5-7 1.1 3.3 - 

ST-57-5-10 1.1 6.9 YES 

ST-57-5-12 1.6 7.4 YES 

ST-57-5-23 1.1 9.4 YES 

ST-57-5-28 1.2 4.4 - 

ST-57-5-32 0.6 1.3 - 

ST-57-5-35 0.7 1.3 - 

ST-57-5-37 1.1 5.5 YES 

ST-57-5-39 1.1 6.4 YES 

ST-57-5-42 1.2 5.7 YES 

ST-57-5-44 0.5 0.6 - 

ST-57-5-48 0.9 5.0 - 

ST-57-5-50 1.4 7.3 YES 

 

Positive binders were evaluated on the MST platform for enhanced IAA 

binding affinity (Figure 4.7). At a glance, G-mutations improved IAA recognition with 

exceptions of ST-57-5-42 and ST-57-5-50 (Table 4.6). The two mutants were 

discarded from further analysis. 
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Figure 4.7. G-mutation experiments on ST-57-5 improved IAA binding affinity by 50-
fold. Dose response curves of ST-57-5 (blue) and ST-57-5-37 (orange) are in bold to 
highlight improvement in IAA binding through single G mutation. The estimated KD values 
of all mutated variants were calculated using non-linear regression using a one-site binding 
model on GraphPad Prism (Table 4.6). 

 

Other mutants illustrated improved binding affinities; notably ST-57-5-12 and 

ST-5-37, two mutants with over 20-fold decrease in estimated KD values. Correlating 

the sequence and structural analyses (Table 4.4), both variants were predicted doubled 

G-scores suggesting a greater structural stability that could further facilitate ligand 

intercalations. Moreover, the quadruplexes of the two mutants were predicted to form 

with ‘bigger’ guanine tetrads and shorter, equal loops implying more stable tertiary 

structures (Kikin et al., 2006). This MST analysis confirmed using G-mutation was an 

appropriate approach for sequence optimisation. The effect of G-mutation to the IAA 

binding affinity was evaluated through the G-quadruplex prediction in conjunction 

Table 4.6. Estimated KD of ST-57-5 and its mutated variants from MST binding 
experiments.  KD was calculated using nonlinear regression one-site specific binding model 
on GraphPad Prism 8 with R-squared indicating goodness of fit (n = 3). 

Aptamers Calculated KD (µM) R-Square 

ST-57-5 3717  1883 0.8966 

ST-57-5-10 510.1  430 0.9203 

ST-57-5-12 197.4 116 0.8967 

ST-57-5-23 661.4  612 0.9321 

ST-57-5-37 77.1  25 0.9438 

ST-57-5-39 255.3 156 0.9096 

ST-57-5-42 Undetermined N/A 

ST-57-5-50 Undetermined N/A 
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with the MST binding affinity experiments. The increased G-scores of the mutated 

variants combined with improved binding affinities of mutated vairants suggested 

IAA binding likely to involve G-quadruplex intercalation. 

 

To conclude, ST-57-5-37 exhibited the optimal IAA binding sequence 

optimised from ST-57, the aptamer candidate selected through solution-SELEX, with 

an estimated KD value of 77.1  25  M. 

 

4.3.2 Single G-mutations on STA-3  

 

A total of 16 mutated variants were generated from STA-3 (Table 4.7). QGRS 

analysis of the mutants revealed a significant change in the predicted tertiary structures 

but not G-scores.  

 

 

Table 4.7. Mutated variants of STA-3 synthesized for sequence optimisation 
experiments. All substituted guanines were marked in red. From QGRS Mapper, G-tetrads 
predicted to form G-quadruplex structures are underlined and in bold. 

Names Sequences (5’-3’) Predicted 

G-scores 

STA-3 GCGGATGAAGACTGGTGTGAGGGGATGGGTTAGGTGGA 28 

STA-3-2 GGGGATGAAGACTGGTGTGAGGGGATGGGTTAGGTGGA 28 

STA-3-5 GCGGGTGAAGACTGGTGTGAGGGGATGGGTTAGGTGGA 28 

STA-3-6 GCGGAGGAAGACTGGTGTGAGGGGATGGGTTAGGTGGA 28 

STA-3-8 GCGGATGGAGACTGGTGTGAGGGGATGGGTTAGGTGGA 29 

STA-3-9 GCGGATGAGGACTGGTGTGAGGGGATGGGTTAGGTGGA 28 

STA-3-11 GCGGATGAAGGCTGGTGTGAGGGGATGGGTTAGGTGGA 28 

STA-3-13 GCGGATGAAGACGGGTGTGAGGGGATGGGTTAGGTGGA 29 

STA-3-16 GCGGATGAAGACTGGGGTGAGGGGATGGGTTAGGTGGA 29 

STA-3-18 GCGGATGAAGACTGGTGGGAGGGGATGGGTTAGGTGGA 29 

STA-3-20 GCGGATGAAGACTGGTGTGGGGGGATGGGTTAGGTGGA 28 

STA-3-25 GCGGATGAAGACTGGTGTGAGGGGGTGGGTTAGGTGGA 28 

STA-3-26 GCGGATGAAGACTGGTGTGAGGGGAGGGGTTAGGTGGA 28 

STA-3-30 GCGGATGAAGACTGGTGTGAGGGGATGGGGTAGGTGGA 28 

STA-3-32 GCGGATGAAGACTGGTGTGAGGGGATGGGTTGGGTGGA 28 

STA-3-35 GCGGATGAAGACTGGTGTGAGGGGATGGGTTAGGGGGA 29 

STA-3-38 GCGGATGAAGACTGGTGTGAGGGGATGGGTTAGGTGGG 28 
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The mutants were screened through an MST binding check experiment for 

IAA positive binders (Table 4.8). A total of seven mutated variants with good signal 

amplitudes and S/N ratios were chosen for further evaluation. Interestingly, binding 

checks on mutations towards the 3’-end of the sequence (STA-3-18 to STA-3-35) 

generated low signal amplitudes and/or S/N ratios. 

 

Table 4.8. MST qualitative binding to determine positive IAA binding of STA-3 and 
its mutated variants. Positive IAA binding variants are denoted YES.  The non-binding 
variants are presented in grey. 

Aptamers Signal amplitudes S/N ratios Positive binding 
STA-3 1.0 7.5 YES 

STA-3-2 2.2 7.3 YES 
STA-3-5 1.3 2.8 - 
STA-3-6 1.5 6.1 YES 
STA-3-8 2.4 3.3 - 
STA-3-9 1.4 11.6 YES 
STA-3-11 1.7 6.9 YES 
STA-3-13 1.7 10.8 YES 
STA-3-16 1.7 6.1 YES 
STA-3-18 1.0 2.3 - 
STA-3-20 0.7 1.9 - 
STA-3-25 (ligand induced photobleaching) 
STA-3-26 0.6 2.0 - 
STA-3-30 0.3 0.8 - 
STA-3-32 1.0 5.6 - 
STA-3-35 1.7 2.5 - 
STA-3-38 2.3 7.2 YES 
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Figure 4.8. Single G-mutation variants of STA-3 improved IAA binding. Dose response 
curves of STA-3 (blue) and STA-3-9 variant (purple) are in bold to highlight improvement 
in IAA binding through single G mutation.  

 

MST binding affinity experiments were performed on the positive binders and 

dose response curves were generated (Figure 4.8, Table 4.9). STA-3-2 could 

marginally enhance IAA binding and STA-3-9 demonstrated an improvement in IAA 

binding with the estimated KD value lowered by half. In contrast, no IAA interaction 

was found on STA-3-11, STA-3-13 and STA-3-38.  

 

  

With all the data considered, the single G-mutation technique was effective at 

improving IAA binding affinity, and STA-3-9 exhibited an estimated KD value of 75.9 

 32 M. 

 

Table 4.9. Estimated KD of STA-3 and its mutated variants from MST binding 
experiments. The estimated KD values of all mutated variants were calculated using non-
linear regression using a one-site binding model on GraphPad Prism (Table 4.10) with R-
squared indicating goodness of fit. 

Aptamers Calculated KD (µM) R-Square 

STA-3 146.7  84 0.8806 

STA-3-2 121.2  122 0.6793 

STA-3-6 310.5  228 0.8939 

STA-3-9 75.9  32 0.9076 

STA-3-11 Undetermined N/A 

STA-3-13 Undetermined N/A 

STA-3-38 Undetermined N/A 
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4.4 Optimisation of experimental conditions 

 

At this point, only modest IAA binding affinities could be reached after several 

sequence optimisation methods under current experimental conditions. Ligand 

binding interactions can vary greatly in different buffer and pH conditions (Baaske et 

al., 2010). Therefore, further optimisation on the buffer conditions was performed on 

MST to establish the optimal aptamer-IAA binding conditions. Different buffering 

agents, including MES and HEPES, were investigated. To evalute the aptamer-IAA 

binding under apoplastic pH of 5.5 – 6.0, additional MES buffer at pH 5.8 was 

investigated. A buffer screening was performed on the optimised STA-3-9 to compare 

signal amplitudes and S/N ratios (Table 4.10). 

 A good signal strength (i.e. high S/N ratio) was obtained from Tris and HEPES 

buffers better than PBS and MES buffer at both pH levels. As Tris buffer previously 

demonstrated low repeatability (Section 3.5.2), HEPES buffer was chosen for further 

investigation. During close examination, we recognised the failed S/N ratio from MES 

buffer at pH 5.8 (Table 4.10) was potentially due to the pH dependence of the 

fluorescein dye used. Fluorescein dye is highly pH dependent and exhibits a 

significant decrease in fluorescence intensity when diluted in acidic buffers 

(Slyusareva and Gerasimova, 2014). To overcome this, Cy-5 dye was chosen for its 

stability in different pH and salt conditions as an alternative fluorophore (Chen et al., 

2008). STA-3 and STA-3-9 were synthesized with Cy-5 conjugation on the 5’-end 

before re-screening in different buffer compositions (Table 4.11). 

 

 

 

Table 4.10. Buffer screening of 5’-FAM-STA-3-9. Signal amplitudes (Amp) and signal-
to-noise ratios (S/N) obtained from different buffers were compared. MES buffer was 
prepared to pH 5.8 while other buffers were prepared to pH 7.2.  

Aptamer 
PBS buffer Tris buffer MES buffer 

(pH 5.8) 
MES buffer 

(pH 7.2) 
HEPES 
buffer 

Amp S/N Amp S/N Amp S/N Amp S/N Amp S/N 

STA-3-9 1.7 5.3 5.4 18.4 5.3 1.6 2.3 6.3 7.4 11.1 
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Table 4.11.  Additional buffer screening of 5’-Cy5 aptamers. Signal amplitudes (Amp) 
and signal-to-noise ratios (S/N) obtained in different buffers were compared. MES/sap 
buffer (20 mM MES, 10 mM KCl, 0.4 mM CaCl2, 0.2 mM MgCl2, 0.05% Tween-20) was 
additionally tested as a reflection of apoplastic fluid salt compositions. All buffers were 
prepared in-house and 0.2 µm filtered prior to use. 

Aptamer Tris buffer HEPES buffer MES buffer 
(pH 5.8) 

MES/sap buffer 
(pH 5.8) 

Amp S/N Amp S/N Amp S/N Amp S/N 

STA-3 0.5 2.4 0.4 1.3 4.8 10.6 1.1 2.0 

STA-3-9 1.2 3.1 5.1 16.6 1.4 4.2 undetermined 

  

With high fluorescent stability, only 5 nM final concentration of Cy-5 

aptamers were sufficient to obtain good fluorescence signals. Analysis of STA-3-9 

demonstrated a strong binding strength in HEPES buffer but not in MES buffer at 

lower pH. Interestingly, significant IAA binding was observed upon evaluation of 

STA-3 under MES buffer at pH 5.8.  

 

MST binding affinity experiments were performed to evaluate IAA binding 

interactions of these two aptamers. Good signal amplitudes and acceptable S/N ratios 

were obtained from the experiments (Figure 4.9). STA-3-9 exhibited optimal IAA 

binding in HEPES buffer at pH 7.2 with an estimated KD value at 21.9  10.6 nM, 

more than a thousand-fold improvement from previous conditions. In contrast, the 

binding analysis of STA-3 demonstrated a very good binding with IAA (KD = 172.2  

64.3 nM) in MES buffer at pH 5.8. These high IAA binding affinities could support 

potential applications in planta, as an aptamer-based biosensor is expected to 

experience an apoplastic matrix with a pH range between 5.5 – 6.0 (Sattelmacher, 

2001). Further investigation on buffer and salt compositions would further benefit 

aptamer characterisation. 
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4.5 Discussion 

 

To conclude, this chapter has demonstrated that aptamers are amenable to 

engineering to enhance ligand binding affinity. Several sequence optimisation 

approaches were employed to establish the optimal ligand binding sequences. ABApt 

was initially used to validate the optimisation techniques. Hybridisation inhibition and 

sequence truncation were used to establish the minimal sequences required for optimal 

ligand binding affinity. Single G-mutation was subsequently performed to obtain the 

optimal IAA binding aptamer sequences. 

 

The non-binding regions within the aptamer sequences were identified using 

HI and further eliminated through sequence truncations. It was observed that, while 

the conserved primer binding sites (CPBS) contributed to the overall secondary 

structures of the aptamer (Yang et al., 2018), they usually did not involve in ligand-

specific interactions (Pan and Clawson, 2009, Komarova and Kuznetsov, 2019, 

Cowperthwaite and Ellington, 2008). While HI and sequence truncation of ABApt 

sequence did not drastically improve ABA binding affinity, the shorten aptamer 

sequences could be useful for downstream biosensor application (Pan and Clawson, 

2009). 

 

Figure 4.9. Analysis of fitted dose response curves of Cy-5 aptamers in different buffers 
showed optimal IAA binding. Cy5-STA-3 (red) were tested in MES buffer at pH 5.8 while 
Cy5-STA-3-9 (blue) was tested in HEPES buffer at pH 7.2. The estimated KD values were 
calculated using non-linear regression using a one-site binding model on GraphPad Prism 
to be 172.2  64.3  nM and 21.9  10.6 nM for STA-3 and STA-3-9, respectively. 
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Subsequently, single G-mutations were performed on ST-57-5 and STA-3 to 

achieve specific IAA binding sequences. Moderate IAA binding affinities were 

observed with estimated KD values of 77.1  25 M and 75.9  32 M for ST-57-5-

37 and STA-3-9, respectively. Notably, STA-3 originally optimised for ABA binding, 

but upon binding analysis with IAA, it showed excellent binding to IAA. The 

similarity in the chemical structures of ABA and IAA could explain this. The ligand 

binding site(s) of STA-3 could involve interactions with the carboxyl group and the 

aromatic ring, existing in both compounds. A comparable situation is cocaine-binding 

aptamers with more than 30-fold higher binding affinity against quinine (Slavkovic et 

al., 2015). An extensive study with isothermal titration calorimetry (ITC) and nuclear 

magnetic resonance (NMR) revealed that the aptamer interacted with both compounds 

at the same binding site (Reinstein et al., 2013). It was suggested that the overlap in 

the ligand bindings of these aptamers was due to the similarities in their chemical 

structures (Slavkovic et al., 2015, Reinstein et al., 2013). 

 

Experimental conditions were further optimised on STA-3 and STA-3-9 for 

additional affinity maturation. Ultimately, STA-3 was optimised for IAA binding in 

MES buffer at pH 5.8 with estimated KD at 172.2  64.3 nM while STA-3-9 was 

optimised under HEPES buffer at pH 7.2 with estimated KD at 21.9  10.6 nM.  

 

To fully understand the biophysics of aptamer-IAA interaction, further 

characterisations of aptamers STA-3 and STA-3-9 are explored in the next chapter. 

This would paint a clearer picture of the aptamer-IAA binding mechanism. This would 

be highly beneficial for further assay development for IAA quantification and in 

planta biosensor development. 
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Chapter 5 Binding and biophysical characterisation of auxin 

aptamers 
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This chapter focuses on further characterisation of the two optimised auxin 

aptamers, STA-3 and STA-3-9, to assess them for development of suitable 

quantification assays. As part of the developed biosensor, it is important that the 

aptamers used provide a specific and robust auxin measurement. Therefore, the 

aptamers were first characterised for their auxin specificity against other small plant 

analytes. The aptamer binding affinities were also characterised in different salt 

compositions to evaluate the effect sodium (Na+) and potassium (K+) salts have on 

aptamer binding quality. Subsequently, several techniques, including a fluorescence 

Thioflavin T (ThT) assay and surface plasmon resonance (SPR), were performed to 

characterise and develop suitable quantification assays using these aptamers. Finally, 

aptamer characterisation using isothermal titration calorimetry (ITC) and circular 

dichroism (CD) allowed first glimpse into aptamer tertiary structure and auxin binding 

mechanism. 

 

5.1 Auxin aptamer binding specificities 

 

A set of small molecule compounds were chosen to evaluate IAA binding 

specificity of STA-3 and STA-3-9 (Figure 5.1). L-tryptophan (Figure 5.1b) was 

chosen as auxin chemical precursor. To examine the possible binding site(s) within 

auxin chemical structures, indole derivatives with distinctive carboxyl side chains 

(Figure 5.1c-e) were tested against acetic acid with various aromatic rings (Figure 

5.1f-g). Three widely used auxin analogue herbicides (Figure 5.1h-j) were also chosen 

for specificity evaluation. Previously, the binding conditions of these two aptamers 

were evaluated (Section 4.5) for optimal auxin binding recognition and, therefore, 

STA-3 were tested on MES buffer at pH 5.8 while STA-3-9 were tested on HEPES 

buffer at pH 7.2. 
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a)  Acetic 
acid 

b) L-Tryptophan c) Indole-3-
carboxylic acid 
(ICA) 

d) Indole-3-
propionic acid 
(IPA) 

e) Indole -3-
butyric acid 
(IBA) 

     

f) 1-
Naphthyl 
acetic acid 
(NAA) 

g) Phenyl acetic 
acid (PAA) 

h) 2,4-
Dichlorophenox
y acetic acid 
(2,4-D) 

i) Picloram j) Quinclorac 

 

  

 
 

Figure 5.1. Chemical structures of compounds used for auxin aptamers specificity 

evaluations. 

 

5.1.1 Binding specificity of STA-3 

 

 Serial dilutions of IAA and small molecules were tested against fluorescent 

STA-3 in MES buffer at pH 5.8 and dose response curves were generated (Figure 5.2, 

left panel). At first glance, STA-3 demonstrated degrees of binding affinities with the 

   

Figure 5.2. Analysis of fitted dose response curves revealed moderate auxin binding 
specificity of STA-3. Dose response curves of all small molecules tested were compared 
(left) with only IAA, ICA, and 2,4-D showing significant binding affinities (right). Dose 
response curves of compounds with R-squared values below threshold (<0.5) are in dashed 
lines. The estimated KD values were calculated using non-linear regression using a one-site 
binding model on GraphPad Prism (Table 5.1). The error bars represent standard deviation 
of the measurements (n = 3). 
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compounds tested while no binding was observed with acetic acid, IPA and PAA. A 

non-linear regression using a one-site specific binding model was used to estimate KD 

values with R-squared determining the goodness of fit (Table 5.1). The low R-squared 

values (in grey) suggested poor KD fit correlating to the large error bars in dose 

response curves suggesting low binding data quality (Figure 5.2, left panel). Using the 

R-squared threshold, NAA and picloram binding data were deemed unreliable and 

discarded from further analysis.  

 

Table 5.1. Estimated KD values of STA-3 from auxin binding specificity evaluations.   
The estimated KD values were calculated using non-linear regression using a one-site 
binding model on GraphPad Prism with R-squared indicating goodness of fit (n = 3). 
Compounds with R-squared below threshold (in grey) were discarded from further analysis. 
(N/A = not applicable R-squared from undetermined KD value). 

Compounds Calculated KD (nM) R-squared 
IAA 645  290 0.8279 

Acetic acid Undetermined N/A 
L-Tryptophan 2303  1878 0.6394 

ICA 2333  869 0.8949 
IPA Undetermined N/A 
IBA 185  127 0.6310 
NAA 1460  2145 0.3447 
PAA Undetermined N/A 
2,4-D 262  96 0.8660 

Picloram 2236  3627 0.3524 
quinclorac 1923  1803 0.5696 

 

 

Dose response curves of positive binders with good R-squared values were 

extracted for further analysis (Figure 5.2, right panel). In comparison to IAA, 

approximately 3-fold decrease in binding affinities were observed upon binding with 

L-Tryptophan, ICA, and quinclorac. On the other hand, significantly enhanced 

binding affinities were observed with IBA and 2,4-D (Table 5.1). This binding data 

suggested that the ligand intercalation and complex structural stability depended on 

the specific length of the carboxyl side chains. Similar comparison was demonstrated 

with cocaine aptamers with enhanced binding affinity with quinine analogues 

(Slavkovic et al., 2015). It has been observed that 2,4-D can mimic auxin both 

structurally and functionally in plants and is believed to behave like IAA in the 
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molecular level (Song, 2014). Further structural analyses would help elaborate this 

theory. 

 

 To conclude, STA-3 demonstrated moderate binding specificity with binding 

interactions with IBA and 2,4-D but low affinities towards L-Tryptophan, ICA, and 

quinclorac. 

 

5.1.2 Binding specificity of STA-3-9 

 

 Fluorescent STA-3-9 was tested against serial dilutions of IAA and small 

molecules in HEPES buffer at pH 7.2 for binding specificity evaluation and dose 

response curves were generated (Figure 5.3, left panel). At first glance, STA-3-9 

demonstrated superior auxin binding specificity to STA-3 with no binding observed 

with acetic acid, ICA, IPA, PAA, and quinclorac. 

 

Figure 5.3. Enhanced binding specificity was observed with STA-3-9. Dose response 
curves of all small molecules tested were compared (left) with only IAA, L-Trp and 2,4-D 
showing significant binding affinities (right). Dose response curves of compounds with R-
squared values below threshold (<0.5) are in dashed lines. The estimated KD values were 
calculated using non-linear regression using a one-site binding model on GraphPad Prism 
(Table 5.2). The error bars represent standard deviation of the measurements (n = 3). 

 

A non-linear regression using a one-site specific binding model was used to 

estimate KD values with R-squared determining the goodness of fit (Table 5.2). Large 

error bars indicating high variance between triplicates supported by low R-squared 

values indicating unreliable binding data resulted in exclusion of IBA, NAA, and 

picloram from further analysis (Table 5.2, in grey). STA-3-9 demonstrated 
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interactions to L-Tryptophan and 2,4-D (Figure 5.3, right panel). However, the 

estimated KD values significantly decreased by 20- and 70-fold in L-Trp and 2,4-D, 

respectively, (Table 5.2). Notably, higher data variance resulting in lower R-squared 

demonstrated lower goodness of fit in STA-3-9 binding with L-Trp and 2,4-D in 

comparison to IAA. 

 

Table 5.2. Estimated KD values of STA-3-9 from auxin binding specificity evaluation.   
The estimated KD values were calculated using non-linear regression using a one-site 
binding model on GraphPad Prism with R-squared indicating goodness of fit (n = 3). 
Compounds with R-squared below threshold (in grey) were discarded from further analysis. 
(N/A = not applicable). 

Compounds Calculated KD (nM) R-squared 
IAA 29.0  15.4 0.8525 

Acetic acid Undetermined N/A 
L-Tryptophan 489.3  358.6 0.6499 

ICA Undetermined N/A 
IPA Undetermined N/A 
IBA 307.8  461.4 0.2904 
NAA 692.0  996.9 0.3342 
PAA Undetermined N/A 
2,4-D 2155  1187 0.7948 

Picloram 40.6 mM 0.1094 
quinclorac Undetermined N/A 

 

All in all, STA-3-9 demonstrated high auxin binding affinity and specificity. 

In addition, this could also suggest that the sequence optimisation of STA-3 to STA-

3-9 by single G-mutation can enhance both binding affinity (over 20-fold reduction in 

estimated KD value) and specificity (increase in IAA-specific binding of STA-3-9).  

 

5.2 Salt composition effects on aptamer-IAA binding quality 

 

Until now, the developed auxin aptamers have demonstrated excellent auxin 

binding affinities and specificities in assay buffers containing high monovalent cation 

concentrations (150 mM Na+ and 2 mM K+). Several studies have demonstrated the 

significant impact Na+ and K+ have on aptamer structural stability and ligand 

interactions (Zhou et al., 2011, Qi et al., 2013, Baaske et al., 2010). However, it is 

desirable to employ these aptamers for auxin binding in acidic apoplastic fluid which 

has low ionic strength (Sattelmacher, 2001). Therefore, these aptamers were evaluated 
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for their IAA binding affinities in different salt compositions ranging from 0 to 150 

mM NaCl and 0 to 10 mM KCl using MST.  

 

5.2.1 STA-3 auxin binding quality in different salt compositions 

 

An IAA binding check experiment was performed on STA-3 to qualitatively 

screen for positive binding conditions (Table 5.3). High signal amplitudes and some 

aggregations were observed with high salt combinations, but no clear correlations or 

pattern were determined at this point. The aggregation observed at higher 

concentration of sodium could be suggested to be due to the interaction of Na+ ions 

with the G-quadruplex structure of STA-3 forming weak complexes that could 

interfere with its structural stability (Hianik et al., 2007). Good response amplitudes 

(>1.0) and S/N ratios (>5.0) indicated positive IAA binders. With this threshold, three 

buffering conditions were selected and evaluated further with MST binding affinity 

experiments. 

 

Table 5.3. MES buffer salt concentration screenings with STA-3. Signal amplitudes 
(Amp) and signal-to-noise ratios (S/N) obtained in MES buffers prepared with different 
final concentration of NaCl and KCl at pH 5.8. Positive binders with good Amp and S/N 
are in bold. 

NaCl 
KCl 

0 mM 50 mM 100 mM 150 mM 

0 mM 
Amp = 2.0 

Aggregation 
Amp = 3.9 

Aggregation 
S/N = 0.9 S/N = 1.0 

1 mM 
Amp = 1.3 Amp = 1.9 Amp = 1.7 Amp = 1.4 
S/N = 5.3 S/N = 3.2 S/N = 1.2 S/N = 3.1 

2 mM 
Amp = 5.9 Amp = 1.8 Amp = 4.3 Amp = 4.8 
S/N = 3.3 S/N = 5.7 S/N = 1.1 S/N = 10.6 

5 mM 
Amp = 3.9 Amp = 1.1 Amp = 1.9 

Aggregation 
S/N = 2.6 S/N = 3.6 S/N = 2.2 

10 mM 
Amp = 14.7 

Aggregation 
Amp = 7.4 

Aggregation 
S/N = 1.4 S/N = 2.4 

 

MST binding affinity experiments were performed using conditions conducive 

to binding, dose response curves generated (Figure 5.4) and KD values estimated using 

a non-linear regression using a one-site specific binding model with R-squared 

determining the goodness of fit (Table 5.4). The IAA dose response curve at 50 mM 
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NaCl + 2 mM KCl demonstrated high variance between triplicates with low R-squared 

value and, therefore, was discarded from further analysis. 

 

 

Figure 5.4. Analysis of fitted dose response curves of STA-3 showed different IAA 
binding ability in different salt compositions. The estimated KD values were calculated 
using non-linear regression using a one-site binding model on GraphPad Prism (Table 5.4). 

 

In comparison to binding in 150 mM NaCl + 2 mM KCl, IAA binding affinity 

was reduced by three orders of magnitude in 0 mM NaCl + 1 mM KCl. It was clear 

that appropriate Na+ and K+ concentrations are essential for proper aptamer folding 

and ligand binding (Ponzo et al., 2019). With studies suggested that Na+ and K+ 

significant affect G-quadruplex structural stability, the absence of Na+ salt could affect 

the stability of STA-3 predicted G-quadruplex structure (Section 4.4.2) resulting in 

reduced IAA binding affinity. 

 

Table 5.4. Estimated KD values of STA-3 auxin binding affinities in different salt 
conditions. Estimated KD values were calculated using nonlinear regression one-site 
specific binding model on GraphPad Prism 8 with R-squared indicating goodness of fit (n 
= 3). IAA binding experiment with R-squared below threshold is in grey. 

Salt compositions Calculated KD 
(nM) 

R-squared 

150 mM NaCl + 2mM KCl 645  290 0.8279 
50 mM NaCl + 2 mM KCl 461  791 0.2496 
0 mM NaCl + 1 mM KCl (150000  175000) 0.6478 

 

To conclude, IAA binding properties of STA-3 in MES buffer was highly 

dependent on the salt composition. The optimal salt composition for STA-3 is 150 

mM NaCl + 2 mM KCl in MES buffer. 
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5.2.2 STA-3-9 auxin binding quality in different salt compositions 

 

Different salt conditions were evaluated on MST binding check experiment to 

identify STA-3-9 positive binding conditions (Table 5.5). Interestingly, low signal 

amplitudes were observed across all salt conditions with highest at 5.1 in 150 mM 

NaCl + 2 mM KCl. In this case, any salt conditions with S/N ratio above 5.0, regardless 

of the signal amplitudes, were further evaluated with MST binding affinity 

experiments. 

 

Table 5.5. HEPES buffer salt concentration screenings with STA-3-9. Signal amplitudes 
(Amp) and signal-to-noise ratios (S/N) obtained in HEPES buffers prepared with different 
final concentration of NaCl and KCl at pH 7.2. Positive binders with good S/N are in bold. 

NaCl 
KCl 0 mM 50 mM 100 mM 150 mM 

0 mM 
Amp = 0.7 Amp = 1.0 Amp = 1.4 Amp = 1.7 
S/N = 5.1 S/N = 1.1 S/N = 0.9 S/N = 2.5 

1 mM 
Amp = 0.4 Amp = 0.5 Amp = 0.5 Amp = 0.9 
S/N = 0.8 S/N = 6.5 S/N = 4.0 S/N = 4.0 

2 mM 
Amp = 0.1 Amp = 0.9 Amp = 0.4 Amp = 5.1 
S/N = 1.1 S/N = 12.7 S/N = 0.8 S/N = 16.6 

5 mM 
Amp = 0.6 Amp = 0.4 Amp = 3.3 Amp = 0.6 
S/N = 1.8 S/N = 2.3 S/N = 3.7 S/N = 2.7 

10 mM 
Amp = 0.4 Amp = 0.8 Amp = 0.7 Amp = 0.9 
S/N = 1.0 S/N = 4.8 S/N = 2.8 S/N = 1.9 

 

MST binding affinity experiments were performed on (a) 150 mM NaCl + 2 

mM KCl, (b) 0 mM NaCl + 0 mM KCl, (c) 50 mM NaCl + 2 mM KCl, and (d) 50 mM 

NaCl + 1 mM KCl. Dose response curves were generated (Figure 5.5) and estimated 

KD values were calculated using a non-linear regression using a one-site specific 

binding model with R-squared determining the goodness of fit (Table 5.6).  
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Lower but comparable IAA binding affinities were observed upon evaluation 

of STA-3-9 in (c) and (d) while a 30-fold decrease in IAA affinity was observed in 

(b). This reiterated the importance of Na+ and K+ in STA-3-9 IAA binding and/or G-

quadruplex structural stability (Qi et al., 2013, Ponzo et al., 2019). All in all, STA-3-

9 has an optimal IAA binding at 150 mM NaCl + 2 mM KCl. 

 

Table 5.6. Estimated KD values of STA-3-9 auxin binding affinities in various salt 
conditions. Estimated KD values were calculated using a non-linear regression using a one-
site binding model on GraphPad Prism with R-squared indicating goodness of fit (n = 3). 

Salt compositions Calculated KD (nM) R-squared 

(a) 150 mM NaCl + 2mM KCl 29.0  15.4 0.8525 
(b) 0 mM NaCl + 0 mM KCl 916  830 0.6635 
(c) 50 mM NaCl + 2 mM KCl 95.3  96.8 0.5483 
(d) 50 mM NaCl + 1 mM KCl 58.8  44.4 0.6938 

 

 

 Both STA-3 and STA-3-9 demonstrated optimal IAA binding affinities in 

buffers containing 150 mM NaCl and 2 mM KCl posing a potential challenge for in 

planta application due to their low IAA sensitivity at low ionic strength. Meanwhile, 

it has been observed with numerous developed aptamers that their binding properties 

can greatly vary between different analytical techniques and platforms (McKeague et 

al., 2015, Kalra et al., 2018). Therefore, while STA-3 and STA-3-9 did not 

demonstrate optimal binding for in planta application through MST, it was deemed 

worthwhile investigating their IAA binding characteristics under other biophysical 

 

Figure 5.5. Analysis of fitted dose response curves of STA-3-9 indicated salt 
composition effects on IAA binding. The estimated KD values were calculated using non-
linear regression using a one-site binding model on GraphPad Prism (Table 5.6). 
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techniques. Consequently, additional assays were developed and evaluated, including 

a fluorescence Thioflavin T (ThT) assay and surface plasmon resonance (SPR), to 

characterise and develop IAA quantification assays using the optimised aptamers. 

 

5.3 Thioflavin T assay as fluorescence IAA quantification assay 

 

 Thioflavin T (ThT) is one of benzothiazole fluorescent dyes widely used for 

biophysical studies of specific quadruplex probes including telomeric motifs (Zhao et 

al., 2019, Roxo et al., 2019). Enhanced fluorescence emission is observed upon 

specific ThT intercalation within G-quadruplex DNA structures (Renaud de la Faverie 

et al., 2014) and has been used as fluorescent ‘turn-off’ probe for small molecule in 

situ quantification (Wu et al., 2018). Therefore, taking advantage of the predicted G-

quadruplex structures of IAA aptamers (Section 4.4.2; Table 4.8), ThT assay was 

optimised for potential IAA quantification. 

 

5.3.1 Assay validation using an aptamer against ATP 

 

 An in-house assay validation was performed using unmodified ATP aptamer 

in synthetic sap buffer (10 mM KCl, 0.4 mM CaCl2, 0.2 mM MgCl2, 1.5 mM sucrose, 

0.05% Tween-20, pH 5.8). A constant concentration of ATP aptamer (100 nM final 

concentration) was incubated with an ATP dilution series from 4 μM to 250 μM final 

concentration for 10 mins before adding ThT (1 μM final concentration). After 10 

mins of incubation, fluorescence intensity was measured using 425 nm excitation and 

emission collected from 455 – 600 nm (Figure 5.6a). The fluorescence intensities at 

emission maximum (490 nm) were plotted against the ATP concentrations to generate 

dose response curves (Figure 5.6b). The KD estimated for ATP aptamer (65.6  39.3 

μM) is comparable to the KD previously estimated using MST (Section 3.5.1) 

suggesting the suitability of this assay for small molecule ligand in vitro 

quantification. 
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(a) Fluorescence emission spectra 
 

(b) ATP dose response curve 

Estimated KD value: 65.6  39.3 M 

Figure 5.6 ThT assay was validatedd with aptamer against ATP. (a) A mean 
fluorescence emission spectra of ATP aptamer incubated with ATP serial dilution (n = 3). 
(b) Fluorescence intensities at emission maxima (490 nm) was plotted against ATP 
concentrations to generate a dose response curve. The estimated KD value was calculated 
using non-linear regression using a one-site binding model on GraphPad Prism (n = 3). 

 

 

5.3.2 Auxin quantification using STA-3 and STA-3-9 on ThT assay 

 

 In absence of buffering agents in synthetic sap buffer, the addition of acidic 

IAA could greatly alter the pH of the solution affecting the fluorescence intensity. 

Therefore, STA-3 and STA-3-9 were evaluated on ThT assay using their respective 

optimal buffer conditions, MES buffer at pH 5.8 for STA-3 and HEPES buffer at pH 

7.2 for STA-3-9. A constant concentration (100 nM final concentration) of unmodified 

aptamers was incubated with IAA serial dilution ranging from 6.25 – 200 μM for 10 

mins before adding ThT. After 10 mins, fluorescence emission intensity was collected 

from 455 – 600 nm and dose response curves were generated from the fluorescence 

intensities at 490 nm (Figure 5.7). 
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No significant dose dependent fluorescence change was observed upon 

evaluation of STA-3 or STA-3-9 using ThT assay (Figure 5.7, bottom panel). While 

ThT intercalation is towards any G-quadruplex structure, the ThT intercalation might 

involve a stronger interaction than that of IAA resulting in no IAA dependent signal. 

 

In conclusion, while assay validation deemed ThT suitable for ligand 

measurement using aptamers with G-quadruplex structure, it could not be used with 

the developed IAA aptamers for auxin measurement in solution. 

 

5.4 SPR platform for IAA quantification assay 

 

Surface plasmon resonance (SPR) has been successfully used to evaluate the 

binding properties of aptamers and as a sensing platform to detect and quantify target 

small molecules in samples (McKeague et al., 2015, Chang et al., 2014). With a 

practical lower limit of detection for analyte around 100 Da molecular weight 

(Healthcare, 2012), it should be sufficiently sensitive for detection of small molecules 
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Figure 5.7. Analysis of ThT assay of STA-3 and STA-3-9 showed no dose dependent 
fluorescence change. The fluorescence emission spectra (top) of STA-3 incubated with 
IAA serial dilution was measured and intensity at emission maxima (490 nm) was collected 
to generate a dose response curve (bottom).  The estimated KD values were undetermined 
from the dose response curves generated.   
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such as IAA. Therefore, it was evaluated as a potential sensing platform for auxin 

quantification. 

 

5.4.1 Assay validation using an aptamer against trans-zeatin 

 

 An in-house validation of SPR was performed using an aptamer developed 

against the cytokinin trans-zeatin (tZ) (219.24 Dalton molecular weight; (Qi et al., 

2013). tZ aptamer was designed with 3’ poly (A) tail for hybridisation on the 

biotinylated poly dT probe immobilised on an SPR sensor chip. A serial dilution of tZ 

from 390 nM to 50 M was evaluated in Tris buffer. Binding sensorgrams were 

generated with a blank flow cell as reference (Figure 5.8a) and the relative binding 

responses (black arrow) were plotted against tZ concentrations to generate a dose 

response curve (Figure 5.8b). The estimated KD value for tZ aptamer (2.37  0.43 M) 

was comparable to the published value (Qi et al., 2013). 

 

(a) SPR adjusted sensorgram of tZ dilution series 
 

(b) tZ dose response curve 

 

Figure 5.8 SPR platform was validated using tZ aptamer against tZ dilution series. 
Dose dependent sensorgrams were generated (a) and the relative binding responses were 
plotted against tZ concentrations (b). The KD value was estimated at 2.37  0.43 M using 
non-linear regression using a one-site binding model on GraphPad Prism. 

 

To further evaluate the binding specificity of tZ aptamer, serial dilutions of 

several compounds were tested on SPR. Relative binding sensorgrams were generated 

(Figure 5.9a-g) and dose response curves were compared (Figure 5.9h). The estimated 

KD values of each compound were calculated using non-linear regression one-site 

binding model on GraphPad Prism to compare the aptamer binding affinities (Table 

5.7). Upon analysis, the saturation of the relative binding response along the lowest 

and highest concentrations (Figure 5.8b) indicated the bound and unbound phases 
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saturation of the dose response curve. This correlated to the lower and higher limit of 

quantification of tZ using SPR platform. In comparison to tZ, lower binding affinities 

were observed with dimethylallyladenine (15.6 M), benzylaminopurine (140 M), 

and trans-zeatin riboside (1998 M) while no binding was observed when testing IAA, 

ABA, or salicylic acid.  

 

(a) Trans-zeatin 
 

(b) dimethylallyladenine  (c) trans-zeatin riboside  

(d) benzylaminopurine  (e) IAA  (f) ABA  

(g) salicylic acid  (h) Dose response curves  

Figure 5.9. Binding specificity tZ aptamer could be evaluated through SPR platform. 
Relative binding sensorgrams (a-g) of tZ aptamer with several compounds (Table 5.7) were 
generated. Binding responses were plotted against compounds concentrations to compare 
binding affinities (h). 

 

 

The observed ‘square-pulse’ sensorgrams (Figure 5.9) resembled steady state 

responses common with rapid kinetics bindings (Liu and Wilson, 2010). While it is 

useful for binding affinity evaluation, binding kinetics could not be calculated. 
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All in all, tZ aptamer confirmed SPR as a promising sensing platform for 

aptamers binding small molecule ligands revealing a high binding affinity and 

specificity of the aptamer for tZ. 

 

5.4.2 Auxin quantification by STA-3 and STA-3-9 on SPR platform 

 

 STA-3 and STA-3-9 were initially evaluated on SPR in Tris buffer. A serial 

dilution of IAA from 1.56 to 200 M was evaluated against IAA aptamers with a blank 

flow cell as reference. Binding sensorgrams analysis did not show any IAA binding 

with the aptamers (data not shown). As previously mentioned, buffers can greatly 

affect the binding analysis (Baaske et al., 2010), and so MES and HEPES buffers were 

evaluated on SPR alongside PBS which is recommended for low molecular weight 

analyte evaluation (Figure 5.10; (GE Healthcare, 2012). 

 

(a) PBS 
 

(b) MES buffer 
 

(c) HEPES buffer 
 

Figure 5.10. SPR buffer screening analysis of STA-3-9 did not show positive IAA 
binding. No dose dependent response was observed from any buffer system. 

 

 A minimal square pulse binding sensorgram was observed from PBS and 

HEPES buffer indicating no auxin concentration dependent response. On the other 

Table 5.7. List of compounds evaluated for binding specificity of tZ aptamer using 
SPR platform and their estimated KD values. The estimated KD values were calculated 
using non-linear regression using a one-site binding model on GraphPad Prism with R-
squared indicating goodness of fit. 

Compounds Calculated KD (M) R-squared 
Trans-zeatin 3.38  0.28 0.9993 

Dimethylallyladenine 15.61  1.81 0.9996 
Trans-zeatin riboside 1998 0.9958 
Benzylaminopurine 140  1512 0.7473 

IAA Undetermined  N/A 
ABA Undetermined N/A 

Salicylic acid Undetermined N/A 
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hand, while slower binding kinetics were observed in MES buffer, no dose-dependent 

response could be determined (Figure 5.10b). As no dose dependent response could 

be observed in any buffer conditions, a potential pitfall could be the immobilisation of 

DNA aptamers on the sensor surface at the 5’-end. While the immobilisation did not 

involve the aptamer binding sequences, anchoring of aptamer close to the surface 

could hinder the formation of aptamer tertiary conformation (Urmann et al., 2017). 

Furthermore, higher immobilisation levels of DNA aptamers are required to clearly 

see the binding response from a low molecular weight analyte. The immobilisation 

level of tZ aptamer (35 bases long; ~2000 response unit) yielded a dose dependent 

binding response with maximum response (Rmax) less than 15 RU (Figure 5.8). 

Therefore, a higher immobilisation level STA-3-9 (58 bases long) would be necessary 

to detect any IAA binding. This, however, could crowd the sensor surface and, again, 

hinder the proper aptamer folding required for IAA intercalation (Oberhaus et al., 

2020). Therefore, the absence of dose-dependent binding sensorgrams of STA-3-9 

could correspond to the immobilisation STA-3-9 affecting IAA binding and/or the 

insufficient aptamer immobilisation for IAA-dependent refractive index change. 

 

 In conclusion, while SPR is a powerful sensing platform to characterise and 

detect binding interactions of aptamers and small molecule analytes, no IAA binding 

was detected using STA-3-9. 

 

5.5 Further IAA aptamer characterisation  

 

Whilst the optimised fluorescence ThT assay and SPR platforms were able to 

evaluate aptamers against ATP and tZ, they were unsuccessful for auxin. Therefore, 

further studies using isothermal titration calorimetry (ITC) and circular dichroism 

(CD) were set out in attempts to obtain a better understanding on the IAA binding 

mechanism of STA-3-9. 

 

5.5.1 Isothermal titration calorimetry (ITC) 

 

 ITC has been widely used to study the binding interactions between 

macromolecules (proteins or oligonucleotides) and a wide range of analytes. A major 

advantage of using ITC is no modifications or labelling of either binding partners are 
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required to evaluate the interaction (Slavkovic and Johnson, 2018, Reinstein et al., 

2013).  

 

5.5.1.1 Assay validation using an aptamer against trans-zeatin 

 

An in-house validation of ITC was performed using tZ aptamer. The 

experimental parameters were extensively optimised for appropriate thermodynamics 

evaluation of tZ – tZ aptamer interaction (Table 5.8). Various buffer conditions were 

evaluated to show no significant difference in enthalpic change (data not shown). 

Therefore, HEPES buffer was chosen to allow consistency with other characterisation 

techniques. The cell temperature was adjusted to 15°C to enhance any enthalpy signal 

(Slavkovic and Johnson, 2018) while the reference power was also adjusted to 4 

µCal/sec to allow good thermogram reading. 

 

Table 5.8 Optimisation of ITC experimental parameters. Each experimental parameter 
was adjusted on VPViewer software of the ITC instrument to improve ITC thermograms. 
The optimised parameters are in bold. 

Parameters  Optimisation variables 

Buffers 
Tris buffer at pH 7.2 
MES buffer at pH 5.8 
HEPES buffer at pH 7.2 

Cell temperature 25°C 
15°C 

Reference power 
10 µCal/sec 
4 µCal/sec 

 

Initially, buffer-to-buffer titration was used to confirm a stable baseline. An 

ITC thermogram of tZ-to-aptamer single injection was compared to one of tZ-to-

buffer (Figure 5.11a) and thermodynamic binding parameters were calculated using 

Origin software (Figure 5.11b). 

 



108 
 

(a) Single injection titration of tZ 
 

(b) ITC profile of tZ titration 

Figure 5.11. tZ binding of tZ aptamer could be evaluated using ITC. (a) ITC 
thermograms for the tZ-aptamer binding interaction (green) in comparison to heat of 
dilution of tZ in buffer (red) with buffer-to-buffer injection as reference baseline (blue). (b) 
The injection enthalpy was plotted against the tZ-aptamer molar ratio and Origin software 
was used to obtain an estimated KD value of 1.73 μM. 

 

 A large negative spike was observed upon injection of tZ into the sample cell 

(Figure 5.11a, green curve) suggesting exothermal interaction between tZ and the 

aptamer. This exothermal interaction corresponded to the previous studies on the 

complete conformational change of the aptamer upon tZ interaction (Liu et al., 2016). 

Origin software was used to plot the enthalpy against the molar ratio in the sample cell 

and thermodynamic binding parameters were calculated. The KD value estimated (1.73 

M) was comparable to the published value using the same technique (Qi et al., 2013). 

 

 This confirmed the suitability of ITC under optimised experimental parameters 

to evaluate the binding interaction of aptamer and small molecule ligand. 

 

5.5.1.2 STA-3-9 IAA binding characterisation using ITC 

 

 The ITC experimental parameters optimised with tZ aptamer were applied to 

the evaluation of IAA interaction with STA-3-9. A single injection of IAA (200 M) 

was titrated to 20 M of STA-3-9 in the ITC sample cell and the thermogram was 

monitored (Figure 5.12).  
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Figure 5.12 The analysis of ITC thermogram of IAA to STA-3-9 single injection 
showed no significant enthalpy change due to IAA binding interaction. No shift in 
differential power was observed upon IAA injection (black arrow). 

 

 

The upward shift in the baseline over very small differential power (0.06 

µCal/sec) was consistent. This shift was considered insignificant and could be ignored. 

However, no peak was detected in response to injection of IAA into STA-3-9 (Figure 

5.12, black arrow). While IAA interaction of this aptamer was consistent by MST, the 

IAA binding mechanism might not involve a significant conformational change of 

STA-3-9. Instead, if IAA were to intercalate into an already stable G-quadruplex, there 

would be no significant conformational change of STA-3-9 contributing to the new 

hydrogen bonds and major enthalpic change upon IAA injection. This could explain 

the absence of isothermal peak at the injection time. 

 

 In conclusion, ITC data analysis suggested the IAA binding mechanism as 

ligand intercalation of the existing G-quadruplex rather than large conformational 

change of the aptamer. 

 

 

 

 

 

 

 

 

 

0 1000 2000 3000
3.22

3.24

3.26

3.28

3.30

3.32

time (sec)

D
P 

(u
C

al
/se

c)
IAA-to-STA-3-9



110 
 

5.5.2 CD for G-quadruplex structure characterisation 

 
Circular dichroism has been extensively used to evaluate the tertiary structures 

of oligonucleotides including DNA aptamers and to distinguish different G-

quadruplex conformations (Wang et al., 2019, Qi et al., 2013, Grozio et al., 2013). 

Therefore, CD spectra of unmodified STA-3-9 (10 M final concentration) was 

monitored in different assay buffers (Figure 5.13). The CD spectra was analysis to 

show a positive elliptic maximum at 263 nm and negative elliptic minimum at 242 nm 

corresponding to those of a parallel G-quadruplex structure (Małgowska et al., 2012, 

Del Villar-Guerra et al., 2018). The high elliptic intensities at these wavelengths also 

suggested a uniformity of the parallel G-quadruplex structure in the sample. No 

significant difference in the spectra was observed upon evaluation in different buffers. 

For consistency with previous binding optimisation using MST, HEPES buffer was, 

therefore, chosen as assay buffer for further binding analysis. 

 

Next, CD spectra of STA-3-9 was measured both in absence (red) and presence 

(blue) of 250 µM IAA (Figure 5.14) to examine any effect IAA had on STA-3-9 

structural conformation. Identical CD spectra of STA-3-9 were observed in absence 

and presence of IAA suggesting no conformational change upon IAA binding of STA-

3-9. This supported previous hypothesis on IAA binding mechanism of STA-3-9 from 

 

Figure 5.13. No buffer effect was observed in the analysis of CD spectra of STA-3-9. 
CD spectra of STA-3-9 (10 µM) was collected at 25ºC in different buffers at pH 7.2. A 
positive elliptic maximum at 264 nm (blue arrow) and negative elliptic minimum at 240 nm 
(red arrow) was observed corresponding to a parallel G-quadruplex structure. 
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ITC data that IAA intercalates rather than triggers a large conformational change of 

the DNA aptamer.  

 

 

Figure 5.14. CD spectra analysis of STA-3-9 in absence (red) and presence (blue) of 
250 M IAA revealed no conformational change of aptamer upon IAA interaction.  
The CD spectra were collected at 25ºC in HEPES buffer at pH 7.2. There was no significant 
difference in the CD ellipticity observed. 

 

Further, to evaluate the stability effect of IAA on the tertiary structure of STA-

3-9, a thermal melt experiment was performed. The CD signal was monitored at the 

elliptic peaks (242 nm minimum and 263 nm maximum) between 20 – 85°C to 

establish the melting temperature (Figure 5.15). Upon rising the temperature, the CD 

ellipticities at the two wavelengths tended towards zero corresponding to the melting 

of the G-quadruplex structure. However, there was no significant shift in the melting 

curves observed in presence of IAA at both wavelengths. The melting temperature 

was observed between 30 – 50°C suggesting that the aptamer structure was not highly 

stable. However, a study showed a 13-mer oligonucleotide with melting temperature 

at 25°C could stabilise in final duplex state upon an enthalpic force (Vesnaver and 

Breslauer, 1991). The intercalation of IAA within the parallel G-quadruplex structure 

of STA-3-9 could slightly improve the structural stability resulting in an increase in 

the ellipticity at 263 nm between 20 – 30°C (Figure 5.15b). However, experimental 

replicates are required to confirm the hypothesis. 
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(a) CD melting curve at 242 nm (b) CD melting curve at 263 nm 

Figure 5.15.The analysis of CD thermal melt experiments of STA-3-9 in absence (red) 
and presence (blue) of 250 µM IAA did not show significant shift in melting 
temperature of the aptamer upon IAA binding. A slight increase in ellipticity was 
observed around 20 – 30°C at 263 nm (b). 

 

 
5.6 Discussion 
 

 This chapter has presented several techniques used to further characterise 

aptamers and assay formats which could be applied for ligand quantification. While 

the established aptamers for ATP and tZ were proven valuable for validating the 

suitability of ThT and SPR assays for ligand quantification, we were not able to 

employ the techniques to quantify IAA binding or concentrations using STA-3 and 

STA-3-9. Additional aptamer characterisation was, therefore, performed using ITC 

and CD to further investigate the IAA – STA-3-9 interaction. 

 

CD spectral evaluation suggested that STA-3-9 was parallel G-quadruplex, 

and this structure was inherent – present without and with IAA. This may explain why 

ThT assay failed to recognise IAA binding. ThT assay relies on the aptamer 

conformational change upon ligand binding and the competition with ligand to 

intercalate within the G-quadruplex structure (Zhao et al., 2019, Wu et al., 2018). On 

the other hand, the use of SPR platform was validated by tZ aptamer but was not able 

to detect an auxin dose dependent response. It becomes of a significant challenge to 

evaluate binding of small molecule analytes (~100Daltons) (GE Healthcare, 2012) and 

measuring auxin binding of STA-3-9 is hitting the limit of detection. 

 

ITC data suggested no large enthalpic change could be observed upon IAA 

titration to STA-3-9 indicating to conformational change upon IAA binding. Notably, 

the ITC experimental parameters were optimised based on the success of tZ aptamer. 
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However, studies have shown that this tZ aptamer undergoes major conformational 

change upon tZ binding (Wang et al., 2018, Qi et al., 2013, Liu et al., 2016). To allow 

proper thermodynamics evaluation of IAA intercalation within STA-3-9, further 

optimisation of ITC experimental parameters is necessary.  

 

Taking all the data into account, it was suggested that the ligand binding 

mechanism of STA-3-9 is through IAA intercalation within the existing G-quadruplex 

structure of the aptamer rather than inducing a conformational change. 

Controversially, the failure to quantify auxin binding using ThT assay and SPR and 

the insignificant enthalpic change from ITC could be interpreted as STA-3-9 

possessing a low auxin binding affinity, contradicting the MST data with IAA binding 

at nanomolar range. However, more advanced techniques, such as nuclear magnetic 

resonance (NMR) or crystallography, would be able to confirm this (Małgowska et 

al., 2012, McKeague and DeRosa, 2012, Pfeiffer and Mayer, 2016). As it stands, STA-

3-9 would not be suitable as biosensor recognition for in planta application as the 

binding was only detectable using MST platform.  

 

 Next step is to establish in planta application of STA-3-9 for IAA detection. 

To do so, stability and suitability of STA-3-9 in plants are evaluated in the next 

chapter. Furthermore, the delivery system of developed aptamer-based biosensor is 

assessed to explore the mechanism of which IAA can be quantify in plant system. 
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Chapter 6 Aptamers and biosensor delivery and signalling system 

evaluation in planta 
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In previous chapters, sequential processes were performed to select, optimise, 

and characterise aptamers with high IAA binding affinity and specificity. In this 

chapter, we explored and evaluated the applicability of the aptamers as sensing tools 

in planta. Many aptamer sensing platforms have been developed for measurements on 

extracted samples making aptamers amenable for rapid, facile diagnostic kits (Qi et 

al., 2020, Komorowska et al., 2017). However, for measurements in planta, a 

fluorescent optical biosensor coupled with confocal microscopy is desirable to give 

high spatial resolution and sensitivity (Walia et al., 2018, Sadanandom and Napier, 

2010, Herud-Sikimic et al., 2021, Brunoud et al., 2012). Both A. thaliana intact 

primary roots and isolated root protoplasts were studied for sensor evaluation. 

Aptamers were first evaluated for their stability in apoplastic fluid, and fluorescent 

STA-3-9 was evaluated for accumulation in isolated protoplasts. The protoplast 

system removed the cell wall barriers to allow evaluation of accumulation and 

penetrance of the aptamers and CPNs through cell’s plasma membrane. Novel CPNs 

were investigated as a plausible biosensor delivery and signalling system due to their 

small size and low cytotoxicity (Bhunia et al., 2013). The particles were evaluated for 

permeation within the apoplastic matrix and whether or not they remain outside the 

plasma membrane or are able to pass inside the cells.  

 

6.1 Aptamer stability evaluation in apoplastic fluid 

 

 For a robust and reliable intercellular measurement of IAA, aptasensors must 

be stable in acidic apoplastic fluid with low ionic strength and can withstand possible 

exposure to nucleases (Sattelmacher, 2001). It is also unclear how cells might respond 

to the introduction of aptasensors. While minimal nuclease is present in apoplast, it 

was shown that mechanical injuries or infiltration can induce nuclease secretion and 

activity in the apoplast (Mittler and Lam, 1997). Therefore, a set of unmodified and 

fluorescently labelled aptamers was examined for their stability in apoplast. Each 

aptamer (5 L) was denatured at 95C for 5 min followed by snap cooling on ice for 

10 min before adding to either 25 L extracted apoplastic fluid or distilled water. The 

mixtures were incubated for 30 min at room temperature before stability evaluation 

on 2% agarose gel electrophoresis (Figure 6.1). 
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A Typhoon FLA 9500 biomolecular imager was used to visualise the 2% 

agarose gel using 473 nm excitation laser and LPB filter. The image was adjusted for 

brightness and contrast using ImageJ software to enhance visualisation without 

affecting raw intensity values. ImageJ software was also used to evaluate the 

integrated density values of each aptamer band (Figure 6.2). While less than 10% 

decrease in integrated density was observed upon incubation in apoplastic fluid 

compared to those in water (Figure 6.2a), the bands appeared to be diffused possibly 

 

Figure 6.1. Stability of unmodified (a, left panel) and fluorescent (b, right panel) 
aptamers was reduced upon incubation in extracted apoplastic fluid from Nicotiana 
benthamiana leaves (Ap) in comparison to those incubated in distilled water (w). 2% 
agarose gel electrophoresis was performed with NEB low Mw DNA ladder (L) as size 
standard. A negative control of apoplastic fluid (-) confirmed no background bands. 
Brightness and contrast of unmodified aptamers was manually adjusted for improved 
visualisation using ImageJ software. 

(a) (b) 

Figure 6.2. Integrated density of unmodified (a) and fluorescent (b) aptamers 
suggested degradation in apoplastic fluid (pattern cyan) in comparison to those in 
water (solid blue). ImageJ software was used to analyse the integrated density of the 
aptamers from 2% agarose gel electrophoresis image (Figure 6.1). 

2858
2720

2173

2757
2565

1977

tZ STA-3 STA-3-9
0

1000

2000

3000

4000

aptamers

in
te

gr
at

ed
 d

en
sit

y 
(a

rb
itr

ar
y 

un
it)

Aptamer stability in apoplastic fluid

in apoplastic fluid
in water 8894

6516

5172

7810
7355

4668

3077

7239

5'-FAM-tZ 5'-FAM-STA-3 5'-FAM-STA-3-9 5'-Cy3-STA-3-9-FAM-3'
0

2000

4000

6000

8000

10000

Aptamer stability in apoplastic fluid

Aptamers

In
te

gr
at

ed
 d

en
sit

y 
(a

rb
itr

ar
y 

un
it)

in water
in apoplastic fluid



117 
 

corresponding to degradation or the lower pH or higher salt concentration. As 

aptasensor will be conjugated with signalling compounds, evaluation was focused on 

fluorescent aptamers. Conjugated fluorophore(s) allowed more reliable quantification 

under a fluorescence scanner (Figure 6.2b). All 5’-FAM aptamers demonstrated a 

significant reduction in integrated densities upon incubation in apoplastic fluid, with 

5’-FAM-STA-3-9 displaying more than 40% decrease. This suggested an insufficient 

protection of conjugated fluorophore against degradation. In contrast, around 7% 

reduction in the integrated density was observed for 5’-Cy5-STA-3-9-FAM-3’ 

incubated in apoplastic fluid. This implied conjugations on both ends of the aptamer 

could slow down DNA degradation (Odeh et al., 2019). While extensive base 

modifications could further provide protections against nucleases degradation (Odeh 

et al., 2019, Ni et al., 2017), it appeared that the overall structures of unmodified and 

fluorophore-conjugated aptamers were affected in presence of apoplastic fluid. Further 

investigations will be necessary once aptamers are conjugated to CPNs to ensure they 

are suitable as a sensing tool in planta.  

 

6.2 Aptamer evaluation in A. thaliana protoplasts 

 

Fluorescent STA-3-9 was evaluated in protoplasts for its penetrance and 

accumulation behaviour within plant cells. 5’-Cy5-STA-3-9-3’ aptamer (8 M final 

concentration) was denatured at 95C for 5 min followed by snap cooling on ice for 

10 min before mixing with protoplasts isolated from 5-days old A. thaliana roots 

(Section 2.13.2). The mixture was incubated at room temperature for one hour before 

visualisation by laser scanning microscopy using 633 nm excitation laser and emission 

Untreated Cy5-STA-3-9 
Maximum Z projection Merged Maximum Z projection Merged 

   

Figure 6.3. High accumulation of Cy5-STA-3-9 in cell debris while no penetration was 
observed in protoplasts. ImageJ software was used to generate maximum Z projections 
for optimal fluorescence visualisation and superimposition of brightfield images for 
structural reference. 
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collected from 638 – 759 nm, corresponding to magenta Cy5 emission. ZEN software 

was used to generate Z-stack images of the protoplasts before using ImageJ software 

to create corresponding maximum Z-projections for optimal visualisation. Brightfield 

images were superimposed for structural references (Figure 6.3, merged). An 

untreated protoplast solution was visualised under the same settings as a negative 

control to check for background autofluorescence (Figure 6.3, left panel). No 

fluorescence emission was observed in untreated protoplasts confirming no interfering 

background autofluorescence at Cy5 microscopy settings. 

 

After an hour incubation with Cy5-STA-3-9, fluorescence was only observed 

associated with cell debris and dying cells (Figure 6.3, right panel) which could 

account for an electrostatic interaction with cell components. However, no 

fluorescence was detected inside or around healthy (round and spherical) protoplasts 

implying that aptamers were not taken up by the cells and nor did they accumulate 

around the cell surface. A repulsive force between the DNA strand and the 

phospholipid headgroups of the plasma membrane could account for the aptamer 

failing to access the membrane surface (Nagata and Melchers, 1978). 

 

Taking all the data into account, ‘naked’ fluorescent aptamers were not found 

to be suitable as sensing tool in plants. It is proposed that novel CPNs could serve as 

a suitable delivery and signalling system for plant aptasensors. 

 

6.3 CPNs design and synthesis 

 

A series of CPNs with different hydrodynamic sizes and surface charges were 

investigated. In short, a reverse addition-fragmentation chain-transfer (RAFT) 

mediated polymerisation-induced self-assembly (PISA) approach was designed to 

synthesize thermodynamically stable co-polymer nanoparticles (Yildirim et al., 2016, 

Canning et al., 2016). Two monomers, dimethyl acrylamide (DMA) and diacetone 

acrylamide (DAA), were used to form neutral corona core co-polymers at different 

sizes . The developed synthetic pathway allowed refinements of CPNs with adjustable 

physicochemical properties. In the first instance, different surface charges were 

investigated by adding different compounds to the core corona. 
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Subsequent conjugation with a suitable dye was necessary for fluorescence 

visualisation. Chosen fluorophores must be fluorescently stable in various pH and ion 

concentration to allow robust measurements in acidic apoplastic matrix (Chen et al., 

2008). Moreover, excitation/emission spectra of chosen fluorophores should not 

overlap with plant compound autofluorescence (Billinton and Knight, 2001). BODIPY 

dye was chosen due to its pH independent properties and suitable excitation/emission 

spectra. BODIPY was covalently conjugated onto the core CPNs through a 

crosslinking chemistry. Synthesized CPNs were suspended in distilled water at 1 

mg/mL final concentration and were characterised under dynamic light scattering 

(DLS) to determine average sizes (Table 6.1). 

 

Table 6.1 CPN samples synthesized and evaluated for accumulation and permeation 
into plants. The average sizes of CPNs were determined using dynamic light scattering 
(DLS) and overall surface charges were evaluated from polymer chemistry. 

CPN 
samples 

Polymers Average sizes 
(number size 

distribution; nm) 

Overall 
surface 
charges 

CPN 
abbreviations 

SP-1-076 PDMAm-PDAAm50 20 Neutral N1(20 nm) 

SP-1-077 PDMAm-PDAAm100 32 Neutral N1(32 nm) 

SP-1-078 PDMAm-PDAAm200 71 Neutral N1(71 nm) 

SP-1-086 P(DMAm+DMAEA)-
PDAAm50 

19 Neutral N2(19 nm) 

SP-2-16B PDMAPS70-PDAAm30 19 Neutral 
(zwitterionic) 

NZ(19 nm) 

SP-1-082 P(DMAm+AA)-
PDAAm50 

25 Negative ⊖(25 nm) 

SP-1-083 P(DMAm+AA)-
PDAAm100 

45 Negative ⊖(45 nm) 

SP-1-084 P(DMAm+AA)-
PDAAm200 

78 Negative ⊖(78 nm) 

SP-2-007B PQDMAEMA-PDAAm100 20 Positive +(20 nm) 

SP-2-007A PQDMAEMA-PDAAm200 30 Positive +(30 nm) 

SP-2-001B P(DMAm+QDMAEMA)-
PDAAm100 

34 Positive +(34 nm) 

SP-2-001C P(DMAm+QDMAEMA)-
PDAAm200 

45 Positive +(45 nm) 

SP-2-29A PDMAm-PDAAm50 with 
5’-ATPapt-Cy3-3’ 

Data not available Neutral N1(ATPapt) 

SP-2-29B PQDMAEMA-PDAAm100 

with 5’-ATPapt-Cy3-3’ 
Data not available Positive +(ATPapt) 
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In total, 14 CPN samples with various surface charges, sizes and polymer 

composition were submitted for evaluation (Table 6.1, Figure 6.4). Most CPNs 

contained a (PDMAm-PDAAm) core with adjusted DAA monomer to fine-tune the 

particle sizes. Acrylic acid (AA) as CH2=CHCOO- form (Wisniewska et al., 2017) 

was co-polymerised to create CPNs with negatively charged surface while a cationic 

polymer, poly quaternised dimethyl aminoethyl methacrylate (PQDMAEMA; (Du and 

Zhao, 2004), was integrated as part of the corona core to generate permanently 

positively charged CPNs. These CPNs with different surface charges were synthesized 

to different sizes. To investigate the effect of polymer composition on cell penetration 

and accumulation in plants, an additional dimethyl aminoethyl acrylamide (DMAEA) 

monomer was used to create additional neutral CPN. Moreover, a poly-3-dimethyl 

(methacryloyloxyethyl) ammonium propane sulfonate (PDMAPS) was used to 

synthesize zwitterionic CPNs to investigate its influence in accumulation and 

penetrance into plant tissues (Tian et al., 2013).  

   

Dimethyl acrylamide (DMA) Diacetone acrylamide (DAA) Acrylic acid (AA) 

   

Quaternised dimethyl 

aminoethyl methacrylate 

(QDMAEMA) 

Dimethyl aminoethyl 

acrylamide (DMAEA) 

3-dimethyl (methacryloyloxyethyl) 

ammonium propane sulfonate (DMAPS) 

Figure 6.4. Chemical structures of monomers used for the synthesis of various CPNs 

(Table 6.1). 

 

To further evaluate the delivery system of aptamer-based biosensor in plants, 

two aptamer-conjugated CPNs were synthesized and assessed. The established 

aptamer against ATP (ATPapt) was chosen for CPN conjugation. A 5’-primary amine-

ATPapt-Cy3-3' were conjugated on N1(20nm) and +(20nm) through 1-ethyl-3-(3-

dimethyl aminopropyl)carbodiimide (EDC) coupling (Farokhzad et al., 2004) and the 

CPNs were evaluated for the root penetrance and cell uptake. As previously 

mentioned, a suitable optical aptasensor can be designed with fluorescence resonance 
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energy transfer (FRET) properties for auxin quantification. Therefore, ATPapt was 

synthesized with Cy3 dye at the 3’-end. The overlap of CPN’s BODIPY ‘donor’ 

fluorescence emission with the Cy3 ‘acceptor’ fluorescence excitation spectrum 

would allow FRET measurements by evaluating the shift in excitation energy or the 

ratio of the two wavelengths (Okumoto et al., 2008).  

 

Prior to evaluation under fluorescence confocal microscopy, CPNs were 

visualised using a UV light box (365nm excitation wavelength) to confirm and 

compare their fluorescence (Figure 6.5). All tested CPNs exhibited bright green 

fluorescence corresponding to the conjugated BODIPY dye, and no significant 

difference in brightness or transparency between different CPNs suspensions was 

observed. 

 
 
 
 
 
 
 
 

                               N1(20 nm) | N1(34 nm) | N1(71 nm)  | N2(19 nm) | NZ(19 nm) 

 
 
 
 
 
 
 

             ⊖(25 nm)  | ⊖(45 nm) | ⊖(78 nm)               +(20 nm) | +(30 nm)  | +(34 nm) | +(45 nm) 
Figure 6.5. Preliminary fluorescence evaluation of BODIPY-CPNs under UV light 
showed no visual difference in the fluorescence intensities between samples.  

 

 

6.4 Stability evaluation of CPNs samples in apoplastic fluid 

 

 CPNs were initially investigated for their stability in apoplastic fluid by mixing 

each CPN (5 L) with either 25 L extracted apoplastic fluid or distilled water. The 

mixtures were incubated for 30 min at room temperature prior to visualisation using 

2% agarose gel electrophoresis (Figure 6.6). Negatively charged CPNs migrated down 
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the gel towards the anode while no migration was observed for neutral CPNs (Figure 

6.6). It was impractical to run and analyse positively charged CPNs on the same gel 

as they would migrate in the opposite direction.  

 

 

Figure 6.6. Comparable stability of CPNs upon incubation in extracted apoplastic fluid 
from Nicotiana benthamiana leaves (Ap) in comparison to those incubated in distilled 
water (w). 2% agarose gel electrophoresis was performed with low Mw DNA ladder (L) as 
size standard. A negative control of apoplastic fluid (-) confirmed no background bands. 

 

 No significant difference in band thickness was observed between the samples 

incubated in apoplastic fluid (Ap) and in distilled water (w) indicating the integrity of 

CPNs in lower pH and higher ionic strength (Figure 6.6). ImageJ software was used 

to quantify the integrated densities of each band (Figure 6.7). Comparable integrated 

densities were observed between CPN samples incubated in water and in apoplastic 

fluid confirming their stability in apoplastic fluid with lower pH.  

 

 

Figure 6.7. Neutral and negatively charged CPNs were stable in apoplastic fluid 
(pattern cyan) and in water (solid blue). ImageJ software was used to analyse the 
integrated density of the bands corresponded to CPNs from the image of a 2% agarose gel 
after electrophoresis (Figure 6.6). 
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To summarise, neutral and negatively charged CPNs were stable upon 

incubation with apoplastic fluid allowing further investigations into their penetrance 

and accumulation in plant samples.  

 

6.5 CPN evaluation in intact roots of A. thaliana  

 
 CPN samples were first evaluated in intact roots for their penetrance and 

accumulation. Five-days old A. thaliana seedling roots were carefully transferred from 

½ MS plates into 1 mg/mL CPN suspensions. The roots were incubated at room 

temperature for at least one hour before fluorescence visualisation by laser scanning 

microscopy using 488 nm laser and emission collected from 493 – 577 nm, 

corresponding to green BODIPY emission. ZEN software was used to generate Z-

stack images of root tips and hair zones before using ImageJ software to create 

corresponding maximum Z-projections for optimal visualisation. Brightfield images 

were superimposed for root structural references (denoted in figures as merged). An 

untreated root was visualised under the same settings to check for the absence or 

influence of background autofluorescence (Figure 6.8). Only very minimal green 

emission was observed, confirming BODIPY as an appropriate dye choice for CPNs. 

Root tip Root hair zone 
Maximum Z projections Merged Maximum Z projections Merged 
   

Figure 6.8. No autofluorescence of plant compounds detected in untreated A. thaliana 
roots using BODIPY settings. ImageJ software was used to generate maximum Z 
projections and brightfield superimposed images (denoted as Merged). Scale bar, 20 m. 

 

6.5.1 CPN surface charge effects on root penetrance and accumulation 

 

In medical applications, several studies have shown charge-dependency on the 

cell uptake and cytotoxicity of nanoparticles in different cell types (Frohlich, 2012, 

Faisal et al., 2018, Choi and Frangioni, 2010, Mondini et al., 2015). It was considered 

essential that we evaluated each parameter for our novel CPNs. 
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The maximum Z projections revealed a significant accumulation of N1(20 nm) 

inside the lateral root cap, columella, and epidermal cells (Figure 6.9a & 6.10a) 

corresponding to a successful penetration through plant cell walls. A moderate 

fluorescence emission was also observed along the xylem files (Figure 6.10b, inset) 

suggesting a possible particle uptake in the plant system. On the other hand, it was 

shown from the analysis that ⊖(25 nm) could penetrate the cell walls but were not 

taken up by the root system. At root tip, the accumulation of ⊖(25 nm) was reduced 

 Root tips 

 Maximum Z projections Z-slices Merged 
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Figure 6.9. Surface charges of small CPNs significantly affected penetrance and 
accumulation in A. thaliana root tips. Penetrance and accumulation of (a-c) N1(20 nm), 
(d-f) ⊖(25 nm), and (g-i) +(20 nm) were evaluated using a  ZEISS 880 LSM. Maximum Z 
projections in 488 nm laser channel were analysed alongside the Z-slices and merged with 
brightfield images using ImageJ software. Scale bar, 20 m.  The images are representatives 
of experimental replicates (n=3). 
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to mostly in shedding lateral root cap cells (Figure 6.9d) in contrast to a significant 

fluorescence detected in the epidermal cells along the root hair zone (Figure 6.10d). 

However, no fluorescence was detected along the xylem files in the vascular system 

of roots (Figure 6.10e) indicating no particle uptake. Meanwhile, an interesting 

behaviour was observed with roots treated with +(20 nm) (Figure 6.9g & 10g). Whilst 

no penetrance detected, there was a significant sheet-like accumulation around the 

surface of the whole root. 

 

 Root hair zones 
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Figure 6.10. Surface charges of small CPNs significantly affected penetrance and 
accumulation in A. thaliana root hair zones. Penetrance  and accumulation of (a-c) N1(20 
nm), (d-f) ⊖(25 nm), and (g-i) +(20 nm) were evaluated under ZEISS 880 LSM. Maximum 
Z projections in 488 nm laser channel were analysed alongside the Z-slices and merged with 
brightfield images using ImageJ software. The image contrast was adjusted to enhance 
visualisation of N1(20nm) uptake in xylem files (b, inset with red arrow). Scale bar, 20 µm.  
The images are representatives of experimental replicates (n=3). 
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To assess the level of cell penetration and root uptake of the CPNs, an 

orthogonal view of the Z-images was constructed using ImageJ software (Figure 6.11). 

Propidium iodide (PI) cell staining was used to achieve a higher resolution of cellular 

structures (Herrera-Ubaldo and de Folter, 2018).  

 

(a) Untreated (b)  N1(20 nm) 
  

(c) ⊖(25 nm) (d) +(20 nm) 
  

Figure 6.11. Cross-section images of root hair zones revealed different level of the cell 
penetrance and uptake of small CPNs with different surface charges. Propidium iodide 
staining was used to outline the cellular structure of the root hair zone (red). ImageJ 
software was used to generate the orthogonal views of the Z-stack images of root treated 
with (b) N1(20 nm), (c) ⊖(25 nm), and (d) +(20 nm) in comparison to the untreated root 
(a). The image contrast was adjusted to enhance visualisation of N1(20nm) uptake in xylem 
files (b, inset with yellow arrow).  The images are representatives of experimental replicates 
(n=3). 

 

After an hour incubation with CPN samples, roots were stained with PI for 10 

min prior to fluorescence evaluation. An additional fluorescence channel for PI 
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visualisation was used with 561 nm excitation laser and emission collected from 580 

– 718 nm, corresponding to red PI emission. An untreated root was visualised as a 

reference showing a clear outline of cells in root hair zone with no background 

autofluorescence observed with the 561 nm laser (Figure 6.11a). The orthogonal view 

suggested possible uptake of N1(20 nm) in root vascular system with green emission 

observed along the xylem files (Figure 6.11b, inset with yellow arrow). It was also 

observed penetrating the cell walls and significantly accumulating inside the 

epidermal cells (Figure 6.11b). Corresponding with the previous observations, a 

reduced accumulation ⊖(25 nm) was observed inside the epidermal cells (Figure 

6.11c) and a sheet-like layer of +(20 nm) was detected covering the surface of the root 

hair zone (Figure 6.11d). 

 

 To conclude, there was a significant surface charge effect on the penetration 

and accumulation of CPN samples in A. thaliana roots with a neutral surface charge 

preferably taken up by the plant system but positively charge highly accumulated 

around the root surface. 

 
 
6.5.2 CPNs size effect on root penetrance and accumulation 

 

Cell penetration and uptake also have been reported to be highly influenced by the 

particle size (Faisal et al., 2018, Choi and Frangioni, 2010, Bhunia et al., 2013, 

Wisniewska et al., 2017, Shang et al., 2014, He et al., 2010). Therefore, neutral CPN 

samples with different hydrodynamic sizes were evaluated (Figure 6.12 & 6.13). In 

comparison to N1(20 nm), there was a marked reduction in penetrance and 

accumulation as the CPN size increases. A moderate fluorescence corresponding to 

N1(32 nm) and N1(71 nm) was detected in shedding lateral root cap (Figure 6.12d & 

g) and epidermal layer (Figure 6.13d & g). Further, larger CPNs were not detected 

within the xylem files indicating unsuccessful uptake into the plant system (Figure 

6.13). 
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Figure 6.12. Significant influence of CPN size on penetrance in A. thaliana root tips. 
Penetrance and accumulation of (a-c) N1(20 nm), (d-f) N1(32 nm), and (g-i) N1(71 nm) were 
evaluated under ZEISS 880 LSM. Maximum Z projections were analysed alongside the Z-
slices and merged with brightfield images using ImageJ software. Scale bar, 20 m. The 
images are representatives of experimental replicates (n=3). Same figure panels 
respresenting the penetration of N1(20 nm) are reused from Figure 6.9 (a-c). 

 

Negatively charged CPNs with different sizes were also evaluated to reveal a 

similar trend (Appendix B) with the penetration and accumulation inside the epidermal 

cells drastically decreased as the particle size increased. On the other hand, a sheet-

like accumulation was observed around the surface of the whole root treated with all 

positively charged CPNs regardless of their sizes (Appendix C) consistent with the 

previous observation (Section 6.5.1). 
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To conclude, particle sizes played a significant role in root penetration and 

accumulation with only small CPNs (20 nm ) demonstrated total root uptake. 
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Figure 6.13.  CPN size significantly affected penetration in A. thaliana root hair zones. 
Penetrance and accumulation of (a-c) N1(20 nm), (d-f) N1(32 nm), and (g-i) N1(71 nm) were 
evaluated under ZEISS 880 LSM. Maximum Z projections were analysed alongside the Z-
slices and merged with brightfield images using ImageJ software. The image contrast was 
adjusted to enhance visualisation of N1(20nm) uptake in xylem files (b, inset with red 
arrow). Scale bar, 20 m. The images are representatives of experimental replicates (n=3). 
Same figure panels respresenting the penetration of N1(20 nm) are reused from Figure 6.10 
(a-c). 
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6.5.3  CPNs polymer chemistry effect on root penetrance and accumulation 

 

Polymer chemistry of nanoparticles has shown significant effect in cell 

interaction and accumulation (Smith et al., 2004, Ou et al., 2018, Koo et al., 2015, 

Bhunia et al., 2013, Avellan et al., 2017). Therefore, small neutral CPNs (20 nm ) 

with different polymer compositions were investigated for cell penetration and root 

uptake (Figure 6.14 & 6.15). In comparison to N1(20 nm), the accumulation of N2(19 

nm) was only observed in the shedding lateral root cap (Figure 6.14d) and epidermal 

cells in the root hair zone (Figure 6.15d). No fluorescence was detected along the 

xylem files suggesting no particle uptake by the vascular system (Figure 6.15e). 
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Figure 6.14. Polymer compositions of neutral CPNs demonstrated an effect on 
penetration in different root tip cell types. Penetrance and accumulation of (a-c) N1(20 
nm), (d-f) N2(19 nm), and (g-i) NZ(19 nm) were evaluated. Maximum Z projections were 
analysed alongside Z-slicees and merged with brightfield images using ImageJ software.  
The images are representatives of experimental replicates (n=3).  Same figure panels 
respresenting the penetration of N1(20 nm) are reused from Figure 6.9 (a-c). 
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Figure 6.15. Polymer compositions of neutral CPNs revealed a cell-specific 
accumulation and penetrance in root hair zones. Penetrance and accumulation of (a-c) 
N1(20 nm), (d-f) N2(19 nm), and (g-i) NZ(19 nm) were evaluated. Maximum Z projections 
were analysed alongside Z-slices and merged with brightfield images using ImageJ 
software. Scale bar, 20 m. The image contrast was adjusted to enhance uptake visualisation 
in xylem files (b and h, inset with red arrows). The images are representatives of 
experimental replicates (n=3). Same figure panels respresenting the penetration of N1(20 
nm) are reused from Figure 6.10 (a-c). 

 

However, a moderate accumulation of NZ(19 nm) was observed in shedding 

lateral root cap and early epidermal cells (Figure 6.14g). While there was a minimal 

uptake in the epidermal cells along the root hair zone (Figure 6.15g), some 

fluorescence was observed along the xylem files (Figure 6.15h, inset red arrow). 
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 To compare the level of penetrance and uptake of NZ(19 nm) to that of N1(20 

nm), an orthogonal view of the Z-images was constructed using ImageJ software 

(Figure 6.16). The fluorescence corresponding to N1(20 nm) was observed both 

accumulating inside the epidermal cells and possibly along xylem files (Figure 6.16a, 

inset). 

 

(a) N1(20 nm)  (b) NZ(19 nm) 
  

Figure 6.16. Cross-section images of root hair zones revealed a cell-specific penetrance 
and uptake of N1(20 nm) and NZ(19 nm). Propidium iodide staining was used to outline 
the cellular structure of the root hair zone (red). The orthogonal views of the Z-stack images 
of root treated with (b) NZ(19 nm) was generated by ImageJ software and compared to those 
of (a) N1(20 nm). The image contrast was adjusted to enhance visualisation of CPNs uptake 
in xylem files (insets with yellow arrows). The images are representatives of experimental 
replicates (n=3). Same figure respresenting the penetration of N1(20 nm) is reused from 
Figure 6.11b. 

 

 To conclude, the polymer chemistry of CPNs was proven influence the cell-

specificity of the penetration and uptake level in root system.N1(20 nm) still 

demonstrated the highest level of cell accumulation and uptake level while Nz(19 nm) 

showed a degree of root uptake with no cell accumulation. Therefore, N1(20 nm) was 

chosen for further evaluation. 
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6.5.4 Aptamer conjugated CPNs on root penetrance and accumulation 
 
 

To assess the delivery of aptamer-based biosensor in the root system, A. 

thaliana roots were incubated in N1(ATPapt) and +(ATPapt) suspensions for one hour 

before fluorescence visualisation by laser scanning microscopy to generate Z-stack 

images of root tips and root hair zones for cell penetration and root uptake evaluation 

(Figure 6.17 & 6.18). In addition to the green BODIPY emission, an additional 

fluorescence channel was used to visualise Cy3 dye conjugated on ATPapt using 561 
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Figure 6.17. Aptamer conjugated CPNs demonstrated similar uptake and penetrance 
behaviours as their core CPNs in root tips. Penetrance and accumulation of (a-f) 
N1(ATPapt) and (g-l) +(ATPapt) were evaluated under ZEISS 880 LSM. Maximum Z 
projections at both channels were analysed alongside the Z-slices using ImageJ software. 
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nm laser and emission collected from 580 – 718 nm, corresponding to red Cy3 

emission. 

 

Upon evaluation of maximum Z-projections and Z-slice images, the 

penetrance and uptake level of aptamer conjugated CPNs reflected the behaviours of 

their core CPNs (Figure 6.17 & 6.18). In BODIPY channel, N1(ATPapt) was analysed 

to show a moderate accumulation in the lateral root cap cells (Figure 6.17a) and the 
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Figure 6.18. Aptamer conjugated CPNs demonstrated similar uptake and penetrance 
behaviours as their core CPNs in root hair zones. Penetrance and accumulation of (a-f) 
N1(ATPapt) and (g-l) +(ATPapt) were evaluated under ZEISS 880 LSM. Maximum Z 
projections at both channels were analysed alongside the Z-slices using ImageJ software. 
The image contrast was adjusted to enhance visualisation of N1(ATPapt) uptake in xylem 
files (f, inset). 
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epidermal cells along the root hair zones (Figure 6.18a) corresponding to the 

penetration of N1(20 nm) (Figure 6.9a & 6.10a). Some green fluorescence emission 

was also detected along the xylem files indicating a successful uptake of N1(ATPapt) 

into the vascular system (Figure 6.18f, inset). Moreover, fluorescence in Cy3 channel 

suggested that Cy3 is present in the lateral root cap cells (Figure 6.17b) and the 

epidermal cells in root hair zones (Figure 6.18b). This could indicate the penetrance 

of the intact 5’-Cy3-ATPapt within the cells and the successful delivery of aptamer-

based biosensor past epidermal cell wall. However, the Z-slice image of the xylem 

files revealed only green BODIPY emission in absence of Cy3 emission (Figure 6.18f, 

inset). This suggested that, whilst the neutral particles could enter the plant vascular 

system, the particles along the xylem files were either unconjugated N1(20 nm) or ones 

with degraded ATPapt. 

 

A green fluorescence emission corresponding to +(ATPapt) was observed as a 

sheet-like accumulation surrounding the surface of the whole root (Figure 6.17g & 

6.18g) resembling the sheet-like accumulation of +(20 nm) (Figure 6.9g & 6.10g). 

However, a minimal Cy3 fluorescence was detected at the root tip (Figure 6.17h) 

suggested low level of Cy3-ATPapt present. 

 

N1(ATPapt) was further evaluated for potential fluorescence energy transfer 

from BODIPY to Cy3 corresponding to the FRET properties (Figure 6.19). FRET was 

evaluated using fluorescence laser scanning microscopy with only 488 nm laser for 

excitation and collecting emission from 493 – 577 nm (BODIPY channel) and 580 – 

718 nm (Cy3 channel). Theoretically, any red Cy3 fluorescence observed would result 

from a fluorescence energy transfer through the fluorescence spectra overlap of 

BODIPY and Cy3 confirming FRET properties of N1(ATPapt) (Ishikawa-Ankerhold 

et al., 2012). 

 

No fluorescence was detected in the Cy3 channel when evaluating the 

accumulated N1(ATPapt) in root tip (Figure 6.19b) and root hair zone Figure 6.19e). 

This suggested that there was no significant fluorescence energy transfer from the 

BODIPY at the N1(20 nm) core to the Cy3 at the 3’-end of the ATPapt.  

 

 



136 
 

 N1(ATPapt) 

 BODIPY channel Cy3 channel Merged 

R
oo

t t
ip

s 
a b c 

R
oo

t h
ai

r z
on

es
 

d e f 

Figure 6.19. N1(ATPapt) did not demonstrate FRET. The accumulated N1(ATPapt) in 
(a-c) root tips and (d-f) root hair zones was evaluated for FRET properites under ZEISS 
880 LSM. The Z-slice images were analysed alongside the maximum Z projections (insets) 
at both channels using ImageJ software. No fluorescence was detected in Cy3 channel 
suggested that there was no energy transferred from BODIPY to Cy3. 

 

All in all, aptamer conjugated CPNs, N1(ATPapt) and +(ATPapt), 

demonstrated a similar cellular penetrance and root uptake pattern to the 

corresponding CPNs. In current experimental setup, N1(20 nm) successfully 

penetrated the epidermal cells but did not demonstrate FRET properties to be useful 

for ligand binding measurement. Further characterisation and optimisation of N1(20 

nm) could improve the application of aptamer-based biosensor in plants.  

  

6.6 CPN time dependent evaluation in intact roots of A. thaliana 

 

The penetration and accumulation of nanoparticles in different cell types has 

been shown to greatly depend on the incubation time (Koo et al., 2015, Avellan et al., 

2017). Therefore, five-days old A. thaliana seedling roots were incubated in CPN 

suspensions at room temperature for various times and fluorescence evaluation was 

performed as previously described (Section 6.5.1). ImageJ software was used to create 

the corresponding maximum Z projections and to enhance the contrast of Z-slice 

images for optimal visualisation of green BODIPY emission. Brightfield images was 
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superimposed on the Z-slice images with focal planes along the xylem files for 

structural references (denoted as merged).  

 

Figure 6.20. Cell penetrance and root uptake of ⊖(25 nm) was time dependent in 
contrast to the accumulation of N1(20 nm) and NZ(19 nm). Penetrance and 
accumulation of (a) N1(20 nm), (b) NZ(19 nm), and (c) ⊖(25 nm) were evaluated under 
ZEISS 880 LSM. Maximum Z projections were analysed. The contrast of Z-slice images 
was adjusted to enhance visualisation of green BODIPY emission along the xylem files 
(red arrows). 
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The time dependent experiment was initially performed with the smallest 

CPNs (20 nm ) at time point ranging from one hour to overnight (Figure 6.20). The 

cell penetration and root uptake of all CPNs except ⊖(25 nm) were independent of 

the incubation time. The fluorescence intensity corresponding to N1(20 nm) and NZ(19 

nm) did not significantly change over time suggesting the accumulation saturated at 

an hour incubation. The CPNs diffused to all layers but no specific accumulation was 

observed in any cell type. Additionally, a saturated sheet-like accumulation of +(20 

nm) around the roots was also observed at all time points (Appendix D). However, a 

significant increase in accumulation of ⊖(25 nm) was observed along the epidermal 

cells over time (Figure 6.20c). Green fluorescence emission was also detected along 

the xylem files from 2.5 hours incubation onwards. 

 

 N1(ATPapt) was also evaluated for time-dependent accumulation in root hair 

zones (Figure 6.21). Analysis of the maximum Z projections showed slight increase 

in the CPN accumulation inside the epidermal cell along the root hair zones. The 

enhanced Z-slice images also revealed both green and red fluorescence along the 

xylem files from 5 hours incubation onwards. This suggested successful uptake of 

N1(ATPapt) with intact Cy3-ATPapt into the vascular system over time. 
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Figure 6.21. N1(ATPapt) revealed time-independent accumulation in root hair zones. 
Penetrance and accumulation of N1(ATPapt) was evaluated under ZEISS 880 LSM. 
Maximum Z projections were analysed. The contrast of Z-slice images was adjusted to 
enhance visualisation of green BODIPY and red Cy3 emission along the xylem files (red 
arrows). 
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The cell accumulation and root uptake of ⊖(25 nm) and N1(ATPapt) 

significantly enhanced over time. Meanwhile, the smallest neutral CPNs, N1(20 nm) 

and NZ(19 nm), did not demonstrate a time-dependent accumulation. 

 

6.7 CPN evaluation in isolated protoplasts from A. thaliana 

 

In addition to penetrance and uptake evaluation in intact roots, the CPN 

samples were also evaluated for the cell uptake and cytotoxicity in protoplasts isolated 

from five-days old A. thaliana roots (Section 2.13.2). Each CPN sample (0.1 mg/mL 

final concentration)  was added to isolated protoplast solution and incubated for one 

(a) Untreated (b) N1(20 nm) 
Maximum Z projections Merged Maximum Z projections Merged 

   

(c) N2(19 nm) (d) NZ(19 nm) 
Maximum Z projections Merged Maximum Z projections Merged 
   

(e) ⊖(25 nm) (f) +(20 nm) 
Maximum Z projections Merged Maximum Z projections Merged 
  

Figure 6.22. Surface charges of small CPN samples (20 nm ) influenced  
accumulation and toxicity in protoplasts. ImageJ software was used to generate 
maximum Z projections for enhanced visualisation and brightfield superimposed images 
for cellular references.  The images are representatives of experimental replicates (n=3).  
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hour before fluorescence laser scanning microscopy evaluation as previously 

described (Section 6.5). ZEN software was used to generate Z-stack images of the 

protoplasts before using ImageJ software to create corresponding maximum Z-

projections for optimal visualisation. Brightfield images were superimposed for 

cellular references (denoted as merged). An untreated protoplast solution was 

visualised under the same settings as a negative control to check for background 

autofluorescence (Figure 6.22a). Minimal green fluorescence emission was observed 

in untreated protoplasts confirming no interfering background autofluorescence at the 

settings used. 

 

The small CPNs (20 nm ) with different polymer chemistries and surface 

charges were evaluated for effects on protoplasts penetrance and accumulation (Figure 

6.22). At a glance, green fluorescence  emission was observed in all cell debris 

regardless of the surface charge of CPNs suggesting a non-specific interaction of 

particles to cell components. Interestingly, only N1(20 nm) demonstrated a successful 

penetration inside the healthy (round and spherical) protoplasts (Figure 6.22b, yellow 

arrow). No fluorescence emission was observed inside the healthy protoplasts treated 

with N2(19 nm) or NZ(19 nm). Meanwhile, charged CPNs did not demonstrate any 

penetration through the plasma membrane of healthy protoplasts. Analysis of 

protoplast incubated with ⊖(25 nm) showed a reduced interaction with cell debris 

(Figure 6.22e) while +(20 nm) posed cytotoxic effect with more visible cell debris and 

rough, asymmetrical cells (Figure 6.22f, red arrows).  
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Further, different sizes of neutral CPNs were investigated for effects on cell 

penetration (Figure 6.23). A moderate green BOIDPY emission corresponding to 

N1(32 nm) was observed in all cell types while the analysis of protaplast incubated 

with N1(71 nm) showed no penetrance inside the protoplasts with a significant 

decrease in debris accumulation (Figure 6.23). This suggested a significant size effect 

on cell components interactions with only smaller CPNs (20 – 30 nm) readily passing 

through the plasma membrane. 
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Figure 6.23. Sizes of neutral CPNs influenced penetrance in protoplasts and 
accumulation in cell debris. ImageJ software was used to generate maximum Z 
projections, Z slice images and their brightfield superimposed images for penetration 
evaluation. The images are representatives of experimental replicates (n=3). Same 
figure panels respresenting the cell penetration of N1(20 nm) are reused from Figure 
6.22b. 

 

With +(20 nm) analysis showed a degree of toxicity towards protoplasts, 

different sizes of positively charged CPNs were evaluated for the size effect on 

cytotoxicity (Figure 6.24). There was no increase in cell debris or unhealthy 
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protoplasts visible in the solutions treated in bigger CPNs. This suggested no size 

effect on the cytotoxicity level observed. 
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Figure 6.24. Sizes of positively charged CPNs did not adversely affect the 
cytotoxicity level in protoplasts. ImageJ software was used to generate maximum Z 
projections for enhanced visualisation. Z slice images and their brightfield superimposed 
images were used for penetration evaluation. The images are representatives of 
experimental replicates (n=3).  Same figure panels respresenting the cell penetration of 
+(20 nm) are reused from Figure 6.22f. 

 

To conclude, surface charge, polymer composition, and size all had a 

significant effect on plasma membrane penetrance and accumulation in protoplasts. 

Meanwhile, negatively charged CPNs were cytotoxic regardless of their sizes. 
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6.8 Discussion 

 

This chapter has demonstrated an in-depth investigation into the development 

for aptamer-based biosensor suitable for in planta application. ‘Naked’ aptamers were 

evaluated and deemed unsuitable for in situ measurements. Therefore, a set of CPNs 

was introduced and investigated as the biosensor delivery and signalling system. CPNs 

varied in surface charge, size, and polymer chemistry were evaluated in both intact 

roots (Table 6.2) and isolated root protoplasts (Table 6.3). These physicochemical 

properties were assessed to all play significant roles in cell penetration and 

accumulation including root uptake.  

 

 

Table 6.2. A summary table of CPNs evaluation for cell penetration and accumulation 
and uptake of A. thaliana intact roots. 

 GOOD MODERATE POOR 
 

   

CPNs 
Surface 
charges 

Surface 
accumulation 

Cell 
penetration 

Cell 
accumulation 

Root uptake 
in xylem files 

N1(20 nm) Neutral      
N1(32 nm) Neutral     
N1(71 nm) Neutral     
N2(19 nm) Neutral     
NZ(19 nm) Zwitterionic     
⊖(25 nm) Negative     
⊖(45 nm) Negative     
⊖(78 nm) Negative     
+(20 nm) Positive     
+(30 nm) Positive     
+(34 nm) Positive     
+(45 nm) Positive     

N1(ATPapt) Neutral     
+(ATPapt) Positive     

 

 

Plant cell wall is mainly made up of polysaccharide cellulose crosslinked with 

pectin rich in galacturonic acid (Herrera-Ubaldo and de Folter, 2018) making plant 

cell wall net negatively charged. Nonetheless, some positively charged proteins are 

also present in cell walls (Shomer et al., 2003). While different types of nanoparticles 
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have been studied for their interactions and uptake in different cell types, little has 

been known on CPNs behaviour in plant. While the entering mechanism of CPNs is 

unclear, it has been proven that roots could passively uptake different types of 

nanoparticles into the system through osmotic pressure, endocytosis, and passive 

diffusion (Tripathi et al., 2017, Rico et al., 2011, Milewska-Hendel et al., 2019, 

Banerjee et al., 2019). 

 

The accumulation of CPNs was inversely proportional to the nanoparticle 

sizes. It has been shown  that small nanoparticles (20 nm ) could cross the cell wall 

barrier and taken up by the root hair cells (Tripathi et al., 2017). It is essential that 

CPNs chosen for the developed aptamer-based biosensor are small as there was a 

significant reduction in cell penetration and accumulation of neutral CPNs as size 

increased. 

 

The surface charge and polymer chemistry of CPNs also significantly affected 

the penetration and uptake into roots. Neutral CPNs do not have electrostatic 

interactions with plant components and could passively diffuse into the cell and travel 

through the vascular system (Frohlich, 2012). N1(20 nm) demonstrated the highest-

level cell penetration and accumulation with uptake by the vascular system. The 

addition of longer side chain of DMAEA monomer in N2(19 nm) increased the 

hydrophobicity of the CPNs affecting the surface chemistry of the CPNs and adversely 

defecting the ability to penetrate the meristem cells. This finding, however, 

contradicted previous studies showing higher hydrophobicity allowed higher cell 

uptake (He et al., 2010, Frohlich, 2012). On the other hand, the NZ(19 nm) 

demonstrated cell-specific penetration which could be due to the interaction between 

a zwitterionic polymer and cell components allowing uptake by the vascular system 

(Ou et al., 2018, Mondini et al., 2015). A study of zwitterionic polypeptide effect in 

BY-2 cell culture revealed interaction of the polypeptide to the cellulose nanocrystal 

resulting in a dissociation of cellulose microfibril network and the polysaccharide 

layers (Tsuchiya et al., 2020). This could suggest a mode of entry for zwitterionic 

CPN. However, a study showed a low cell uptake of zwitterionic-coated iron in 

comparison to other iron oxide nanoparticles (Mondini et al., 2015). This correlated 

to the low uptake of NZ(19 nm) in epidermal cells along the root hair zone. The 
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positive and negative charges on NZ(19 nm) could interact with various root 

components affecting the surface chemistry of NZ(19 nm) (Milewska-Hendel et al., 

2019). While the PDMAPS polymer used is considered permanently zwitterionic and 

unlikely to gain/lose charges (Tian et al., 2013), further investigation of NZ(19 nm) in 

different ionic environments would be beneficial. Additionally, a time-dependent 

analysis of neutral CPNs showed no significant difference in time-dependent cell 

accumulation. As neutral CPNs do not possess any electrostatic interaction with cell 

components, it was possible that N1(20 nm) could non-specifically diffuse in and out 

of the cells through time. 

 

In contrast, a moderate accumulation of ⊖(25 nm) was observed at an hour 

incubation. Negatively charged CPNs could exhibit a repulsive electrostatic 

interaction with acidic polysaccharides in the cell wall affecting the particle’s 

accumulation and uptake (Shomer et al., 2003, Milewska-Hendel et al., 2019). A 

further time-dependent experiment revealed a significant effect incubation time had 

on the cell accumulation and root uptake. An enhanced accumulation and positive root 

uptake of ⊖(25 nm) was observed over time could result from a slow ion exchange 

between ⊖(25 nm) and cell wall proteins and components that allowed passage into 

the plant system. As mentioned, there are some positively charged proteins present in 

cell walls. Interactions with these positively charged proteins over time would allow 

penetration and uptake of the CPN in the vascular system (Shomer et al., 2003, He et 

al., 2010, Zhu et al., 2012). 

 

Meanwhile, a sheet-like accumulation of positively charged CPNs was 

observed around the root surface. It was potentially due to the attractive electrostatic 

interaction between the plant call wall and +(20 nm) (Shomer et al., 2003, Cosgrove 

and Jarvis, 2012). While studies on mammalian cells demonstrated a successful 

penetrance of cationic nanoparticles through plasma membrane (Frohlich, 2012), the 

extra cell wall of plants could prohibit nanoparticle penetration. 

 

 Biosensor delivery and signalling system was further investigated by ATPapt 

conjugation onto the surfaces of CPNs. N1(20 nm) and +(20 nm) were chosen for 

aptamer conjugation according to the previous experimental observations. N1(20 nm) 
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demonstrated the highest level of cell penetration and accumulation with a successful 

root uptake and was chosen for aptamer conjugation. Meanwhile, a strategic plan was 

made to mimic the cell-specific accumulation of NZ (19 nm). Therefore, +(20 nm) was 

chosen to compensate the negatively charged DNA backbone and mimic the 

successful uptake of zwitterionic particles. 

 

 The aptamer conjugated CPNs demonstrated cell penetrance and root uptake 

behaviours comparable to their core CPNs counterpart. The fluorescence emission of 

both channels and the presence of Cy3 emission inside the roots suggested CPNs could 

shield aptamers against nuclease degradation whilst acting as an aptamer delivering 

mechanism into the root system (Odeh et al., 2019). The negatively charged DNA 

aptamer did not affect the interaction of CPNs with the cell wall components. The 

relative sizes of CPNs and ATPapt and percentage aptamer conjugation were the 

possible factors. The size of DNA aptamers is approximately 3 – 5 nm in length 

equating to approximately a quarter of the CPNs  (Zhou and Rossi, 2017). While the 

conjugated aptamer could introduce negative charges to the CPNs, the conjugation 

level might not be sufficient to significantly alter the CPN surface chemistry. Further 

characterisation of N1(ATPapt) could not determine the amount of ATPapt conjugated 

on the surface. The detected Cy3 emission (Figure 6.17b & 6.18b) confirmed the 

presence of ATPapt, although it was hypothesized that ATPapt was not covalently 

conjugated but rather interacted on the surface of +(20 nm) through a strong attractive 

electrostatic interaction. This was reflected by the minimal Cy3 emission detected on 

the surface of root tip (Figure 6.17h) and root hair zone (Figure 6.18h). The change in 

pH and ionic environment around the root surface could lead to ATPapt leaving from 

+(20 nm) surface. 

 

 N1(ATPapt) demonstrated an interesting accumulation and uptake behaviour 

over time. Following an hour incubation, the accumulation and uptake of this aptamer-

conjugated CPN corresponded to N1(20 nm). However, an increase in fluorescence 

was detected along the xylem files as the incubation time increased coinciding with 

⊖(25 nm) accumulation pattern. Only green BODIPY emission was detected along 

the xylem files in one- and 2.5-hours incubations corresponding to the unconjugated 

N1(20 nm) in the CPN suspension (Figure 6.21). However, significant green BODIPY 

and red Cy3 emissions were observed from five hours onwards. The negatively 
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charged DNA aptamers on N1(ATPapt) could interact with positively charged proteins 

over time, like ⊖(25 nm), allowing enhanced cell accumulation and root uptake. A 

low level of aptamer conjugation could explain the delay in accumulation and uptake 

of N1(ATPapt) at five hours in comparison to 2.5 hours of ⊖(25 nm). 

 

A signalling mechanism corresponding to ligand binding must be in place in 

order to measure the ligand-aptamer interaction. Many aptamer-based biosensors 

designed the signalling mechanism based on the conformational change of DNA 

aptamer upon ligand binding, including ‘turn-on’ fluorescence and FRET 

measurements (Zhang et al., 2013, Wang et al., 2019, Liu et al., 2016, Ben Aissa et 

al., 2020). FRET measurement can be very useful for intercellular auxin 

quantification. The ratio of the two wavelength intensities can be measured 

quantitatively in proportion to auxin concentration (Okumoto et al., 2008). A recently 

developed genetically encoded biosensor successfully used FRET for auxin 

distribution in planta (Herud-Sikimic et al., 2021). As BODIPY was already 

established as an appropriate dye for CPNs visualisation, it was chosen as FRET 

donor. Cy3 was chosen as FRET acceptor and conjugated on the other end of the 

aptamer. ATPapt has been reported to have a hairpin secondary structure (Zhang et 

al., 2017b) and this would position Cy3 in proximity to the CPN surface promoting 

the chance of FRET.  

 

Upon FRET evaluation of N1(ATPapt), the absence of Cy3 emission suggested 

an inefficient energy transfer between the FRET partners. Studies showed significant 

effects of the environment, including pH and ionic buffer strength, on the secondary 

structures of DNA aptamers (Smestad and Maher, 2013, Baaske et al., 2010). The 

structural stability of the ATPapt could be affected by the low ionic condition in the 

CPN suspension and root system. Additionally, one should also consider the distance 

between the 3’-Cy3 and the BODIPY conjugated on the CPN surface. FRET partners 

must be within 8 – 10 nm proximity for a successful energy transfer (Ishikawa-

Ankerhold et al., 2012, Karpova et al., 2003). The exact positions of BODIPY and 

Cy3-aptamer on the CPN surface is undetermined by current characterisation 

techniques. Further in-depth characterisation of N1(ATPapt) would help determine the 

amount of aptamer conjugation and the positions of the FRET dye partners.  
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 Additional studies on CPN uptake in isolated root protoplasts allowed further 

investigation into the CPNs behaviours in absence of the plant cell wall barrier Table 

6.3). As observed in intact roots, nanoparticles’ surface charge, polymer chemistry, 

and size all played a significant role in the penetration and accumulation in the isolated 

root protoplasts. Only N1(20 nm) demonstrated accumulation in intact cells. Minimal 

accumulation of zwitterionic NZ(19 nm) could correspond to its cell-specific 

behaviour observed in intact roots. Interestingly, +(20 nm) analysis showed level of 

toxicity evidenced by more visible broken cell debris. The studies with other types of 

nanoparticles, the cytotoxicity has been ranked as positively charged > negatively 

charged > neutral CPNs (Frohlich, 2012, Firme and Bandaru, 2010). It is believed that 

the cytotoxicity could result from the electrostatic adsorption of positively charged 

CPNs onto the negatively charged plasma membrane (Frohlich, 2012). This could 

explain the observed cytotoxicity of +(20 nm). 

 

Table 6.3. A summary table of CPNs evaluation for cell penetration and cytotoxicity level 
in A. thaliana isolated protoplasts. 

 GOOD MODERAT
E 

POOR 
    

CPNs 
Surface 
charges 

Cell debris 
accumulation 

Cell surface 
accumulation 

Healthy cell 
penetration 

Cytotoxicity 
level 

N1(20 nm) Neutral      
N1(32 nm) Neutral     
N1(71 nm) Neutral     
N2(19 nm) Neutral     
NZ(19 nm) Zwitterionic     
⊖(25 nm) Negative     
⊖(45 nm) Negative     
⊖(78 nm) Negative     
+(20 nm) Positive     
+(30 nm) Positive     
+(34 nm) Positive     
+(45 nm) Positive     

 

Taking all the data into account, small CPNs (20 nm ) with different surface 

charge and polymer chemistry demonstrated various degrees of cell penetration and 

root uptake. The designed aptamer-based biosensor should be positioned in the 

apoplastic matrix between cell walls for intercellular auxin quantification, one of the 
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original aims for the combined project. While some CPNs might not be fit-for-purpose 

for this project, they could be beneficial for different auxin measurement applications. 

The analysis of N1(20 nm) and N1(ATPapt) demonstrated the highest level of cell 

accumulation and a successful uptake in intact roots from an hour incubation while 

that of ⊖(25 nm) showed enhanced accumulation and uptake over time. This could 

be useful as a complementary tool to the genetically encoded biosensor for 

intracellular auxin quantification (Herud-Sikimic et al., 2021, Walia et al., 2018, 

Brunoud et al., 2012). On the other hand, +(20 nm) form a sheet-like accumulation 

around the surface of the root. While it might be deemed unsuitable for in planta 

measurement, it could be further developed to measure the flux of different analytes 

in and out of the root system (Ghestem et al., 2011).  

 

Undoubtedly, further studies on the development of aptamer conjugated CPNs, 

including the conjugation level, system characterisation and uptake mechanism of 

CPNs are required to achieve a better understanding on their behaviours in plants. 

Conventional techniques, like DLS and fluorometry, might not be sufficient for in-

depth characterisation. Fluorescence evaluation under the alternative fluorescence-

lifetime imaging microscopy (FLIM) can be applied for CPNs nanostructure,  

photostability in plants, and FRET evaluation for binding signal (Ishikawa-Ankerhold 

et al., 2012, Trautmann et al., 2013, Santra et al., 2006). The fluorescence lifetime of 

the fluorophores is greatly dependent on the local environment, including pH and ion 

concentration (Trautmann et al., 2013). It was used to successfully determine the 

nanostructure of the dye conjugated nanoparticles and its photostability in different 

environments (Santra et al., 2006). FRET can also be measured and quantified by 

using time-correlated single photon counting (Ishikawa-Ankerhold et al., 2012). This 

can be used to evaluate the fluorescence lifetime of the FRET partners and FRET 

efficiency (Zhang et al., 2017a, Ishikawa-Ankerhold et al., 2012). FLIM allows critical 

analysis of the stability and performances of aptamer conjugated CPNs as aptamer-

based biosensor in plants as well as allowing evaluation of the environment in which 

the sensor is deployed. 
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Chapter 7 Conclusion and future work 
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 This study has focused on the development of an aptamer-based biosensor as 

an alternative tool to map intercellular auxin gradients in planta with high spatial and 

temporal resolution. To do so, the scopes of this study have focused on addressing the 

following hypotheses: (1) SELEX processes can select auxin aptamers; (2) affinity 

maturation techniques can improve auxin binding affinities and specificities of the 

chosen aptamer candidates; (3) the developed auxin aptamers can be used as biosensor 

recognition component; (4) CPNs can be selected to target the apoplast and evaluated 

as a suitable biosensor delivery and signalling system; and (5) a novel nano-sensor 

may map auxin gradients in planta. Table 7.1 summarises the key achievements 

towards the research hypotheses. 

 

Table 7.1. A summary table of the achievements towards the project objectives.  

 COMPLETE PARTIAL NO 
  

 Achieved? Further works? 

1. SELEX processes can select for auxin aptamers.  - 

2. Affinity maturation techniques can improve 
auxin binding affinities and specificities of the 
chosen aptamer candidates. 

 - 

3. The developed auxin aptamers can be used as 
biosensor recognition components in A. thaliana 
seedlings 

 

Further aptamer 
characterisation 
and sequence 
modification is 
required. 

4. CPNs can be selected to target apoplast and 
evaluated as a suitable biosensor delivery and 
signalling system in A. thaliana seedlings 

 

Further CPNs 
characterisation 
using FLIM and 
FLIM-FRET 
system. 

5. A novel nano-sensor can be devised which may 
map auxin gradient in planta. 

 

Conjugation of 
optimised IAA 
aptamer to well 
characterised 
CPNs to create 
suitable auxin 
mapping tool. 
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7.1 SELEX processes can select for auxin aptamers 

 

 The study showed that while SELEX processes were successful in the selection 

of aptamers with auxin binding recognition, they were not sufficiently effective in 

enriching specific aptamer sequences. Two types of SELEX, direct- and solution-

SELEX, were performed to select suitable aptamer candidates with auxin binding 

affinities. Through an extensive comparative sequence analysis, basic patterns of 

nucleotides and repeated sequences were obtained from each sub-library (Figure 3.8). 

However, no pattern consensus was observed across sub-libraries restricting further 

aptamer selection. It was hypothesized that this ineffective aptamer enrichment was 

due to the insufficient number of SELEX rounds performed combined with some 

overly stringent counter-selection steps. Aptamer enrichment has often been observed 

after five rounds of SELEX (Blank, 2016). The repeated sequences observed in sub-

libraries from the tenth and sixth rounds of direct- and solution-SELEX, respectively, 

could indicate that this project successfully achieve some degrees of sequence 

enrichment (Table 3.1), but it was insufficient to advance in the aptamer selection 

process.  It is noted that a study of an aptamer developed against trans-zeatin required 

a total of 24 rounds of SELEX to obtain highly specific aptamer sequences (Qi et al., 

2013). It can also be correlated that the number of performed counter selection steps 

negatively impacted the numbers of repeated sequences (Table 3.1). Potential auxin 

aptamers could have been lost through successive rounds of harsh counter-selection 

steps (Ruscito and DeRosa, 2016, McKeague and DeRosa, 2012, McKeague et al., 

2015).  

 

To advance in the auxin aptamer selection process, ELONA was adopted as a 

high-throughput screen to select for auxin positive binders across the sub-libraries (Le 

et al., 2014, Chumphukam et al., 2014). While it was not the most sensitive technique, 

it allowed a quick screen for sequences with auxin recognition (Figure 3.12, Table 

3.2). MST was subsequently used to characterise the chosen aptamer candidates which 

gave us access to auxin binding affinity data. Ultimately, ST-57 and ST-34d, aptamer 

candidates from SELEX processes, were selected for auxin binding affinity with KD 

values in the high micromolar range.  
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7.2 Affinity maturation techniques can improve auxin binding affinities and 

specificities of the chosen aptamer candidates 

 

To be suitable for downstream in planta application, sequence optimisation 

was necessary to enhance the auxin binding affinity and specificity of the aptamers. It 

is common for aptamer sequences obtained from SELEX processes to go through 

various modifications to improve their target sensitivities and specificities and 

facilitate downstream biosensor synthesis (Zhang et al., 2017b, Zhang and Liu, 2018, 

Wang et al., 2019, Reinemann et al., 2016, Le et al., 2014, He et al., 2017, Hasegawa 

et al., 2016). For example, the aptamer with high ATP binding affinity was selected 

after 8 rounds of SELEX, and affinity maturation was performed for the optimal ATP 

binding sequence in the micromolar range (Zhang et al., 2017b, Zhang and Liu, 2018). 

It was confirmed in this study, that the affinity maturation techniques, including 

hybridisation inhibition (HI), sequence truncation, and single G-mutations, can 

improve auxin binding affinities and specificities of the chosen aptamer candidates.  

 

HI and sequence truncation were used to identify the minimal ligand binding 

sequences of the aptamers while single G-mutations were used to optimise binding 

sequences. Studies showed the conserved primer binding sites (CPBS) of aptamer 

sequences do not participate in ligand-specific interactions (Pan and Clawson, 2009, 

Cowperthwaite and Ellington, 2008). The removal of the 3’- end CPBS of ABApt did 

not affect its ABA binding affinity (Figure 4.1) while truncation of ST-57 from 5’-end 

CBPS improved IAA binding affinity (Figure 4.2). Interestingly, further truncation of 

ABApt to STA-3 demonstrated decreased ABA affinity but an excellent binding to 

IAA (Figure 4.5). The similarity in the chemical structures between these compounds 

could be accounted for the overlap in the ligand bindings (Slavkovic et al., 2015, 

Reinstein et al., 2013).  

 

Further single G-mutation of STA-3 to STA-3-9 demonstrated enhanced IAA 

binding affinity (Figure 4.8, Table 4.9). Additional optimisation of the experimental 

conditions and characterisation confirmed STA-3 and STA-3-9 as two optimal auxin 

aptamer candidates, having high binding affinities and specificities against IAA with 

estimated KD values of 172.2  64.3 nM and 21.9  10.6 nM, respectively (Figure 4.9). 



154 
 

 

7.3 The developed auxin aptamers can be used as biosensor recognition 

components in A. thaliana seedlings 

 

 The two developed aptamers, STA-3 and STA-3-9 demonstrated high IAA 

binding affinities and specificities in the nanomolar range using MST. While MST is 

a powerful tool to determine KD associated with the auxin binding of aptamers, the 

nature of MST experimental set up does not allow for in vitro nor in planta auxin 

quantification. Therefore, several techniques were developed to further characterise 

these aptamers and assay formats which could be used for IAA quantification. 

However, these techniques suggested that the developed aptamers would not be 

suitable as the recognition component of an aptasensor for in planta application.  

 

Neither of the aptamers could recognise auxin at low ionic strength, conditions 

reflecting the apoplastic environment. Indeed, auxin binding analysis to STA-3-9 was 

shown to greatly depend on the environment. Its optimal auxin binding was observed 

in HEPES buffer with 150 mM NaCl and 2 mM KCl at pH 7.2 (Figure 5.5, Table 5.6). 

While STA-3 demonstrated good auxin binding at pH 5.8, high Na+ and K+ ions were 

required for this ligand interaction (Figure 5.4, Table 5.4). No auxin interaction could 

be detected upon evaluation of these aptamers at lower salt and pH conditions 

reflecting the apoplastic environment (Sattelmacher, 2001). This will be a challenge 

to adapt these aptamers for auxin recognition in a low ionic, acidic apoplastic matrix. 

Further sequence modifications, such as chemical conjugations and/or modifications 

to the nucleotides including alterations to the ribose ring, phosphodiester linkage or 

the bases themselves, could increase aptamer stability in apoplastic-like environment 

(Odeh et al., 2019, Ni et al., 2017, Elskens et al., 2020). A ribose modification has 

shown to improve aptamer stability in serum (Odeh et al., 2019) while polyethylene 

glycol (PEG) conjugation has been suggested to enhance aptamer stability for both in 

vitro and in vivo examinations (Elskens et al., 2020). 

 

Techniques, including the Thioflavin (ThT) assay, surface plasmon resonance 

(SPR), isothermal titration calorimetry (ITC), and circular dichroism (CD), were 

evaluated to further characterise STA-3-9 as assay formats for a potential auxin 

quantification method. However, these techniques failed to detect auxin binding to the 
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aptamer. A CD structural study of STA-3-9 revealed no significant auxin-induced 

conformational change of the aptamer (Figure 5.14). This suggested the binding 

mechanism of auxin with STA-3-9 as ligand intercalation within the aptamer’s stable 

G-quadruplex structure rather than a ligand-induced conformational change. This 

revelation may help explain the failure of the ThT assay (Figure 5.7) to recognise 

auxin binding because the assay relies on conformational change and ThT 

intercalation in competition with the ligand (Wu et al., 2018, Renaud de la Faverie et 

al., 2014).  

 

Furthermore, while SPR was able to recognise specific trans-zeatin binding to 

tZ aptamer (Figure 5.9), no auxin response was observed for STA-3-9 (Figure 5.10). 

The latest generation of SPR was developed as a highly sensitive technique with the 

limit of detection of small analytes around 100 Dalton in size (Healthcare, 2012). The 

molecular weight (Mw) of trans-zeatin is 219.24 g/mol which is considerably larger 

than IAA with 175.18 g/mol Mw. The lack of auxin binding detection could be due to 

analysis close to the limit of detection resulting in no observed auxin dose-dependent 

response. The square-pulse sensorgram observed is common with fast kinetics binding 

(Liu and Wilson, 2010). This would suggest low auxin binding affinity, but this would 

then contradict the previous MST data. To resolve this, more advanced techniques, 

including nuclear magnetic resonance (NMR) or crystallography, could be developed 

to confirm the auxin intercalation with STA-3-9 structure (Neves et al., 2017, 

Sakamoto, 2017, Ruigrok et al., 2012). 

 

 The trans-zeatin aptamer was also used to optimise and validate ITC as a 

method to evaluate the KD and other thermodynamic parameters corresponding to 

small molecule aptamer bindings, including aptamers against adenosine (507.18 g/mol 

Mw) and cocaine (303.353 g/mol Mw) (Zhang et al., 2017b, Slavkovic et al., 2015, 

Reinstein et al., 2013). However, these aptamers underwent major conformational 

changes in the presence of their ligands and large enthalpic changes were observed. 

STA-3-9, on the other hand, did not demonstrate any measurable change upon IAA 

injection. This suggested two possibilities: (1) the auxin intercalation of STA-3-9 was 

at low affinity resulting no detectable binding; or (2) the ITC experimental conditions 

were not optimal for measuring auxin intercalation of STA-3-9. 
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 Taking all the evidence into account, the mechanism of STA-3-9 is suggested 

to be intercalation of auxin within the already stable G-quadruplex of the aptamer. 

This is consistent with the failure to quantify auxin binding using ThT assay and SPR 

and the insignificant changes in the CD spectra and ITC enthalpy upon IAA injection. 

Consequently, the aptamer was deemed not suitable as a biosensor recognition 

element for auxin measurements in planta as it stands. 

 

 

7.4 CPNs can be selected to target apoplast and evaluated as a suitable 

biosensor delivery and signalling system in A. Thaliana seedlings 

 

 The physicochemical properties of different CPNs have been extensively 

evaluated for their effects on the uptake and penetration into plants. While no CPNs 

have yet been observed specifically in the apoplast, several of the CPNs studied could 

be used as biosensor delivery and signalling vehicles for in planta application. As the 

biosensor delivery system, various CPNs demonstrated degrees of penetration and 

uptake in intact roots. N1(20nm) (Figure 6.9 and 6.10) and N1(ATPapt) (Figure 6.17 

and 6.18), the smallest neutral CPN and its aptamer-conjugated form, demonstrated 

the highest penetration and accumulation in both A. thaliana intact roots and isolated 

protoplasts while ⊖(25 nm) demonstrated enhanced root uptake over time (Figure 

6.20). These may allow successful measurement of analytes throughout the vascular 

system. On the other hand, +(20 nm) (Figure 6.8 and 6.9) and +(ATPapt) (Figure 6.17 

and 6.18) formed a sheet-like accumulation around the root surface  and suggesting a 

potential application for flux measurement of analytes across the root tip surface 

(McLamore et al., 2010). Regarding CPNs as signalling system, a bright fluorescence 

emission was observed upon confocal microscopic evaluation with no interference 

from autofluorescence in plants (Figure 6.8). This is highly suitable for in planta 

visualisation. Preliminary evaluation of CPNs conjugated to ATPapt-Cy3 to quantify 

auxin recorded no FRET (Figure 6.19). However, this is most likely a limitation of the 

current aptamer.  
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7.5 A novel nano-sensor can be devised which may map auxin gradient in 

planta. 

 

 By evaluating N1(ATPapt), a neutral CPNs with conjugated ATPapt-Cy3, the 

data suggested that there is potential for this aptamer conjugated CPNs to measure 

ATP in planta (Figure 6.17). Microscopy evaluation revealed successful uptake of 

intact N1(ATPapt) inside A. thaliana vascular system. Upon time-dependence 

evaluation of N1(ATPapt), presence of Cy3 emission corresponding to intact ATPapt 

suggested CPN successfully shielded aptamer from degradation by nucleases (Figure 

6.21). However, FRET was not observed within the N1(ATPapt) system (Figure 6.19). 

Further evaluation with added exogenous ligand might allow optimisation of FRET in 

this system (Isoda et al., 2021). Nevertheless, the nano-sensor system is the first step 

towards a mapping tool for intercellular auxin gradients. 

 

 

7.6 Future work 

 

 Undoubtedly, all the works established within this study have demonstrated 

potential for a successful nano-sensor to map auxin gradient in planta. STA-3-9 was 

developed with high auxin binding affinity and specificity as demonstrated using MST 

while 20 nm  CPNs with different surface charges allowed delivery of such a 

biosensor to different compartments of A. thaliana seedlings. Nonetheless, both 

components of this novel biosensor require further optimisation to be fully functional 

and applicable for intercellular auxin gradient mapping. 

 

7.6.1 Further development of auxin aptamer as biosensor recognition component 

 

To be suitable as biosensor recognition component and for in planta auxin 

measurements, further characterisation and sequence modification is necessary. 

Determination of auxin binding site(s) within STA-3-9 will allow structure-led 

modification of the sequence for suitable auxin binding. This can be done 

computationally and/or experimentally. Molecular dynamics (MD) simulations will 

allow tertiary structure predictions of the aptamers in presence and absence of ligand. 



158 
 

To date, well established simulation algorithms allowed tertiary structure predictions 

only of RNA sequences. Most studies on DNA aptamers provide only secondary 

structure predictions (Zhou et al., 2011, Vu et al., 2016, Qi et al., 2013, Grozio et al., 

2013, Zhang et al., 2017b). The simulation of DNA aptamer tertiary structure would 

involve sequence conversion to RNA analogue, simulate the tertiary structure of the 

RNA analogue, followed by manually converting uracil bases to thymine bases (Ben 

Aissa et al., 2020). Some MD simulations using in-house developed algorithms have 

been done (Song et al., 2020, Gao et al., 2016).  

 

Further CD analysis and additional techniques like nuclear magnetic resonance 

(NMR) and crystallography will experimentally allow an in-depth understanding of 

the auxin binding mechanism and identify the ligand binding site(s) of STA-3-9. CD 

spectra of an aptamer and its mutated variants in the presence and absence of ligand 

ochratoxin A (OTA) allowed in-depth evaluation of the variants and illustrated a 

ligand-induced conformational change (Wang et al., 2019). The G-quadruplex 

structures of oligonucleotides with modified guanine bases have been successfully 

evaluated using CD coupled with NMR (Esposito et al., 2004).  

 

Once the auxin binding site(s) of STA-3-9 is established, a more direct 

optimisation can take place. Further sequence truncation to the minimal binding 

sequence could improve binding affinity (Gao et al., 2016). Alternatively, sequence 

modification can be performed with MD simulation as guidelines to ‘force’ the 

sequence undergoes conformational change upon auxin binding. This will also 

facilitate downstream FRET application of the nano-sensor. 

 

An interesting application might be an electrochemical biosensor for auxin 

quantification using STA-3-9 as probe. An electrochemical biosensor was previously 

developed for cytokinin measurement using cytokinin oxidase as probe (Tian et al., 

2014). Aptamer-based electrochemical biosensors have been successfully developed 

for detection of both proteins and small molecules such as ATP (Li et al., 2009, Han 

et al., 2016, Deng et al., 2009). In these cases, major conformational changes are not 

necessary and the ligand intercalation within the immobilised DNA strand can restrict 

the aptamer mobility sufficiently to allow a ligand-dependent redox measurement 

(Prante et al., 2020).  
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7.6.2 Further development of CPNs as biosensor delivery and signalling system 

 

Further characterisation and studies on the uptake mechanism of CPNs are 

required to achieve a better understanding on their behaviours in plants. Fluorescence-

lifetime imaging microscopy (FLIM) can provide a more in-depth fluorescence 

analysis of the CPN’s nanostructure and their stability in plants, the environment in 

which they sit (Trautmann et al., 2013). The intrinsic fluorescence of the control CPN 

samples can be measured and set as baseline. The fluorescence decay constants of 

CPN samples can indicate any adverse effects the acidic apoplast has on CPNs 

stability (Santra et al., 2006). 

 

Moreover, signalling system can utilise the combination of fluorescence 

resonance energy transfer (FRET) and FLIM to evaluate auxin binding (Orthaus et al., 

2009, Berezin and Achilefu, 2010). The fluorescence lifetime of FRET donor and 

acceptor will be monitored. In principle, auxin binding would alter the proximity of 

the FRET partners leading to significant change in the fluorescence lifetime of the 

FRET donor (Orthaus et al., 2009). This change can be monitored and correlate 

directly to the auxin bound to aptasensor. FLIM-FRET system will analyse CPNs as 

suitable and stable biosensor delivery and signalling system (Zhang et al., 2017a, 

Orthaus et al., 2009, Ishikawa-Ankerhold et al., 2012). An appropriate experimental 

set up will need to be established for high temporal and spatial measurement of auxin 

gradient in A. thaliana roots. 
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Once the optimised auxin aptamer is established, it will be conjugated on the 

well characterised CPN surface to create the novel aptasensor as a suitable tool to map 

auxin gradient in planta using fluorescence microscopy such as FLIM-FRET system 

(Figure 7.1). 

 

 

  

 

 

Figure 7.1. Schematic illustration of the optimal aptasensor deployed in apoplastic 
matrix as suitable tool to map intercellular auxin gradient in planta. Scheme created 
with BioRender.com 
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Appendix A: Phylogenetic trees of SELEX sub-libraries 
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Figure A.1 Phylogenetic tree of R10d sub-library generated by Jalview 2.11.1.3 

software using a neighbour joining algorithm. The threshold for sequence 

clustering is indicated by the red vertical line and each group is colour-coded. 
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Figure A.2 Phylogenetic tree of R6s sub-library generated by Jalview 2.11.1.3 

software using a neighbour joining algorithm. The threshold for sequence 

clustering is indicated by the red vertical line and each group is colour-coded. 
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Figure A.3 Phylogenetic tree of R15s sub-library generated by Jalview 2.11.1.3 

software using a neighbour joining algorithm. The threshold for sequence 

clustering is indicated by the red vertical line and each group is colour-coded. 
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Figure A.4 Phylogenetic tree of R8Bs sub-library generated by Jalview 2.11.1.3 

software using a neighbour joining algorithm. The threshold for sequence 

clustering is indicated by the red vertical line and each group is colour-coded. 
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Figure A.5 Phylogenetic tree of R10Cs sub-library generated by Jalview 2.11.1.3 

software using a neighbour joining algorithm. The threshold for sequence 

clustering is indicated by the red vertical line and each group is colour-coded. 
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Appendix B: Penetration level of negatively charged CPNs with 

different sizes followed the same trend as those of neutral CPNs. 
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Figure B.1 Significant influence of CPN size on penetrance in A. thaliana root tips. 
Penetrance and accumulation of (a-c) ⊖(25 nm), (d-f) ⊖(45 nm), and (g-i) ⊖(78 nm) were 
evaluated under ZEISS 880 LSM. Maximum Z projections were analysed alongside the Z-
slices and merged with brightfield images using ImageJ software. Scale bar, 20 m. The 
images are representatives of experimental replicates (n=3). 
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 Root hair zones 
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Figure B.2 Significant influence of CPN size on penetrance in A. thaliana root tips. 
Penetrance and accumulation of (a-c) ⊖(25 nm), (d-f) ⊖(45 nm), and (g-i) ⊖(78 nm) were 
evaluated under ZEISS 880 LSM. Maximum Z projections were analysed alongside the Z-
slices and merged with brightfield images using ImageJ software. Scale bar, 20 m. The 
images are representatives of experimental replicates (n=3). 
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Appendix C: A sheet-like accumulation of positively charged CPNs 

was observed regardless of the particle sizes 
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Figure C.1 Sheet-like accumulation of positively charged CPNs regardless of the 
particle sizes was observed in A. thaliana root tips. Penetrance and accumulation of (a-
c) +(20 nm), (d-f) +(34 nm), and (g-i) +(45 nm) were evaluated under ZEISS 880 LSM. 
Maximum Z projections were analysed alongside the Z-slices and merged with brightfield 
images using ImageJ software. Scale bar, 20 m. The images are representatives of 
experimental replicates (n=3). 
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Figure C.2 Sheet-like accumulation of positively charged CPNs regardless of the 
particle sizes was observed in A. thaliana root hair zones. Penetrance and accumulation 
of (a-c) +(20 nm), (d-f) +(34 nm), and (g-i) +(45 nm) were evaluated under ZEISS 880 
LSM. Maximum Z projections were analysed alongside the Z-slices and merged with 
brightfield images using ImageJ software. Scale bar, 20 m. The images are representatives 
of experimental replicates (n=3). 
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Appendix D: Sheet-like accumulation of +(20 nm) around A. 

thaliana intact roots over time 

 

  



187 
 

  1 hour 2.5 hours 4 hours 5 hours 6 hours Overnight 

+(
20

 n
m

) 

M
ax

im
um

 Z
 

pr
oj

ec
tio

ns
  

 

    

Z-
sl

ic
es

 

 

   

 

 
M

er
ge

d 

      

Figure D.1 A saturated sheet-like accumulation of +(20 nm) in root hair zones over 
time. Penetrance and accumulation of +(20 nm) was evaluated under ZEISS 880 LSM. 
Maximum Z projections were analysed alongside the Z-slice images along the xylem files 
and merged with brightfield images. 

 

 


