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Abstract

Aptasensors are biosensors that rely on an aptamer’s ability to selectively bind targets.
To produce a signal indicative of successful binding, aptamers are frequently modified
with reporter agents. However, modification of aptamers with specific reporter agents
affects subsequent aptamer-target binding, resulting in time-consuming screening assays
to identify suitable aptamers capable of binding, once modified. To address this, this
study proposes a SELEX approach that amplifies an enriched aptamer pool using a 5'-
biotin-C6-phosphoramidite modification and using that for subsequent selection of suitable
sequences capable of binding when modified. For this study, fractions from an existing
enriched aptamer pool from a previous SELEX for hCG aptamers were separately am-
plified utilising biotinylated and non-biotinylated (unmodified) primers and sequenced
via nanopore next-generation sequencing. While several enriched sequences were repre-
sented within the pools, bioinformatic analysis of the pools indicated subtle clustering of
sequences between pools. However, the disparity in the number of sequences between
both pools may indicate a possible amplification or sequencing-based bias caused by the
biotinylation. This approach has merit to support aptamer SELEX strategies but may
require further validation.

Keywords: aptamers; biosensors; aptasensors; SELEX; next-generation sequencing (NGS);
biotin; reporter agents; modification

1. Introduction

Aptamers are short, single-stranded nucleic acid sequences selected in vitro via the
process of the Systematic Evolution of Ligands by Exponential Enrichment (SELEX) to
bind to specified targets [1]. They present a substantial opportunity for the development
of diagnostic sensors, serving to either “capture” targets or report on successful aptamer-
target binding. For their latter application in sensors, aptamers are frequently modified
by conjugation to different reporting agents [2—6]. Conventional SELEX generates a pool
of candidate aptamer sequences capable of binding to the desired target under the exper-
imental conditions employed in the SELEX approach followed. However, this does not
always result in aptamers capable of binding the same target with high affinities. Once
sequences are modified for use in biosensors, conjugation of specific reporting agents to
aptamers results in decreased binding affinities to their targets [4,5], requiring laborious
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screening of individual sequences for their compatibility with selected reporting agents
when conjugated to different molecules.

The Polymerase Chain Reaction (PCR) is readily used to introduce modifications into
aptamer pools, with forward primers conjugated with specific reporter agent groups at
their 5 sites, e.g., [7]. For this study, a 5'-biotin modification commonly used for aptamer
sensor generation [4-6] was selected. However, the PCR is not free of biases, preventing
specific sequences from amplifying with high fidelity [8], which may further be influenced
by the presence of labels such as 5'-biotin, as has been reported for other moieties [9]. This
may also affect downstream sequencing and ligation reactions, where the 5'-phosphate
group found in unmodified DNA sequences is required to be accessible.

Here, we propose an amended SELEX process to source potential aptamers that can
simultaneously bind to the target and report on its presence effectively. This study proposes
revisiting pools of aptamer candidates that had already been enriched for a specific target
and adding in a new step in which the desired reporting agent is included as a modification
at the 5" end of the aptamer, via PCR. Modified aptamers would then be re-selected for
suitable binding to the target. Ultimately, this study will test whether alterations in the
enrichment of specific sequences in the aptamer pool occur due to the presence of the
modification, creating a new pool of aptamer candidates that are compatible with the
modification used for subsequent reporting.

As the first stage in this amendment, we present a study that seeks to address a
fundamental concern: whether integration of reporting agents via PCR during amplification
of the aptamer candidates affects the composition of the aptamer pool that will subsequently
undergo re-selection and enrichment towards the target. We report on the results of
PCR-amplification using unmodified and 5'-biotin-Cé-phosphoramidite modified forward
primers on the same pool and the subsequent bioinformatic analysis of the sequenced pools.

2. Materials and Methods

A detailed list of materials, apparatus and methodology can be found in S1 of the
Supplementary Material.

Briefly, the aptamer pool used in this study (5-TCGCACATTCCGCTTCTACC(N49)CGT
AAGTCCGTGTGTGCGAA-3') was prepared in a previous study, where 9 rounds of selec-
tion were conducted against human chorionic gonadotropin (hCG), via a novel-selection
SELEX strategy [10]. Two fractions of the 9th round of selection were used as samples.
PCR was carried out using unmodified and biotinylated (i.e., containing a biotin-(CHj)e)-
phosphoramidite modification at the 5’ end) forward primers, using GoTaq Hotstart Poly-
merase, and the cycling parameters followed as in Table S1. Following PCR, the amplified
pools were separately purified (NucleoSpin® Gel and PCR clean-up kit; MACHEREY-
NAGEL GmbH & Co. KG, Diiren, Germany) and concentrated (ethanol-precipitated). A
commercial NGS sequencing kit (Oxford Nanopore Technologies (ONT); Oxford, United
Kingdom) was used to generate the NGS library, and sequencing using the ONT MinKNOW
software v24.02.8 was performed. Bioinformatic and statistical analyses using various types
of software were conducted using the retrieved and processed data. Initial filtering of
data was conducted using AptaSUITE v0.9.8. Distance computing and tree analyses were
conducted using UGENE Unipro v50. Other statistical analyses were conducted using
BlueSky Statistics v10.4.3.

3. Results and Discussion

To investigate whether primer modification affected the sequences amplified in the en-
riched aptamer pools, the raw sequencing data obtained from two aptamer pools (presence
and absence of modified (5'-biotin-(CH;)s) forward primers) was analysed using Apta-
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SUITE, including a cluster analysis conducted using the AptaCluster built-in tool [11,12].
Supplementary results are detailed in S2 of the Supplementary Material.

3.1. AptaSUITE Analysis

Tabulated results from AptaSUITE analysis, detailed in Supplementary Material S2;
Table S2(a), shows the sequencing output results obtained from the ONT MinKNOW
software, with the total number of reads generated and base called.

A similar number of raw reads were generated for both pools, with similar mean
quality score and average read lengths (Table S2(b), Supplementary S2), indicating a
broadly similar sequencing behaviour from both pools. However, following quality control
and filtering, differences between the two pools were evident. A significant proportion
of sequence reads were removed from the original. FASTQ input file retrieved from
sequencing, largely due to filtering due to primer mismatches, i.e., the presence of expected
5" and 3’ primers is checked, and the subsequent sequence is removed as a result of
primer mismatches (dependent on the set primer tolerance). Thus, a primer tolerance of
5 resulted in 98.3% of sequences being removed from the biotinylated pool, while 90.9% of
the unmodified pool was subsequently removed. This was mainly attributed to sequences
containing a 5 primer error, which were significant in both pools, but were higher in the
biotinylated pool. This may indicate possible primer-dependent bias, mismatches during
amplification, or sequencing errors.

After filtering, 563 suitable sequences were present in the biotinylated pool and 2842 in
the unmodified pool. While a slightly lower amount of the biotinylated pool was inputted
for sequencing compared to the unmodified pool (9.8 ng vs. 12.8 ng, Supplementary S1),
this input difference should not result in a nearly four-fold difference in filtered reads
between these two pools. A potential reason for this disparity may be attributed more to
the presence of the 5'-phosphoamaridite biotin group which may inhibit the T4 DNA ligase
(used in conjunction with the sourced NGS kit) from accessing the phosphate group of
the double-stranded DNA (dsDNA) for adapter and barcode ligation during the library
preparation step of NGS. A similar occurrence during enzymatic reactions has been reported
with a 5-DMT group conjugated onto dsDNA [9]. The 5'-phosphoamaridite biotin group
used in this study may cause steric hindrance, preventing the transfer of the adenylyl group
and thus the formation of phosphodiester bonds between the relevant adapter and/or
barcode and the dsDNA of interest [13]. Thus, this AptaSUITE-filtered data was subjected
to further analysis.

The nucleotide distribution for each of the four bases (A,C,G,T) in the variable regions
of both aptamer pools (Table S2(b), Supplementary S2) showed no significant difference
in overall abundance: x2(3) = 0.09; p = 0.993), indicating that the sequences within each
filtered pool had largely similar abundances.

3.2. Cluster Sequence Analysis

AptaCluster resolved the two pools into a total of 306 clusters for the biotinylated
pool and 1559 individual clusters for the unmodified pool. This is reasonable, given
the small edit distance used for clustering (d = 2), used to identify very closely related
sequences. Subsequent cluster data was subjected to analysis of nucleotide prevalence,
phylogenetic relationships, as well as a principal component analysis (PCA) to identify if
primer modification introduced any bias to the sequences enriched within the pool.

Of the clusters resolved for these two pools, only 24 cluster sequences co-occurred
in both pools, possibly due to the stringent clustering parameters used. Co-occurrent
sequences accounted for ~4.6% of the sequences read within the unmodified pool and
~9.5% of the biotinylated pool. Enriched clusters (i.e., with multiple sequences within each
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pool) comprise ~9.3% of the unmodified pool’s reads (contained within 60 clusters) and
~8.6% of the biotinylated pool (16 clusters). The disparity in enriched clusters is likely due
to the significantly smaller number of filtered reads present in the biotinylated pools.
Co-occurrence within the two pools themselves represents evidence of enrichment
of these sequences, as separate fractions of the same aptamer pool were used to create
the unmodified and biotinylated sequence pools in this study. Enriched sequences that
co-occur comprise a large proportion of the enriched clusters of both pools: approximately
39% of the unmodified pool’s enriched sequences and 56% of the biotin pools. However, the
indication of large numbers of significantly enriched sequences that do not co-occur may
indicate that selective enrichment caused by amplification with the two different forward
primers might have occurred. Table S2(c) (Supplementary S2) presents the AptaCluster-
calculated diversity and counts per million (CPM) values for the top 10 most-abundant
clusters common and enriched in both pools, and Table S2(d) (Supplementary S2) compares
these parameters between pools, using Spearman coefficient correlations for the diversity
and prevalence (CPM) values of both pools’ top 10 most-common cluster sequences. A
moderate correlation can be observed between the pools’ prevalence (R? = 0.502), whilst a
weak correlation exists between the diversities (R? = 0.129). This indicates a difference in
the enrichment of clusters within each pool, which may be largely owing to the disparity in
the number of filtered reads between the biotinylated and unmodified pools. This provides
evidence of the effect of the 5’ modification employed during PCR described above.

3.2.1. Nucleotide Prevalence

Figure 1 shows the nucleotide prevalence for each base (A,C,G,T) in the variable region
of the total sequence clusters generated for both pools.
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Figure 1. Nucleotide incidence for both the biotinylated and unmodified pools based on the total
sequence cluster data. Graphs (a) adenine, (b) cytosine, (c) guanine, and (d) thymine represent the
nucleotide prevalence generated from each position within the cluster sequences.

Figure 1 compares the nucleotide prevalence from each position of the variable region,
between the pools. An overall correlation of the nucleotides’ positional prevalence between
the pools is evident, consistent with the overall nucleotide compositional similarities
(Section 3.1, (Table S2(b), Supplementary S2)). Overall, there appears to be a general
nucleotide consensus within the variable region sequences between the two pools, with all
Figure la—d producing an R? value of ~0.99.
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3.2.2. Phylogenetic Distance Between Sequences in Both Pools

Two different segments of the phylogenetic tree generated from the total sequence
cluster data for both pools can be seen in Figure 2.
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Figure 2. Excerpts of the phylogenetic tree based on the total cluster sequences. A phylogram was
generated based on the sequence cluster data to differentiate between the two pools (number of cluster
sequences for the unmodified and biotinylated pools represents 1559 and 306, respectively), and
where (a,b) represent different segments belonging to the same generated tree. The blue highlighted
boxes indicate an unmodified pool sequence while the red indicates a biotinylated pool sequence.
The distance scale bar of 0.05 is also depicted.

Figure 2 represents two different segments belonging to the same generated phylo-
gram, generated with a distance scale of 0.05. Figure 2a illustrates a set of diverging clades
predominantly belonging to unmodified pool sequences, whilst Figure 2b illustrates a
mixture of biotinylated and unmodified pool sequences. While there appears to be some
formation of diverging clades among the overall sequences (indicating the presence of
genetically diverse sequences within the group, especially observed with the unmodified
sequences), there is no distinct clustering based on the modifications of the pools: the above
example (Figure 2b) of the expanded phylogram shows that (given the difference in the
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numbers of sequences generated by the two pools), a proportionate mixture of unmodi-
fied and biotinylated sequences is generally obtained. For a more detailed investigation
into the extent of sequence diversity within each sequenced pool, Principal Component
Analysis (PCA) was conducted, based on the Hamming distances between each cluster’s
main sequence.

3.2.3. Principal Component Analysis (PCA)

Figure 3 exhibits the principal component analysis plots comparing the top 3 compo-
nents based on the sequence cluster data for both pools. For the unmodified pool, the top
500 clusters were used, due to computational limitations.
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Figure 3. Principal Component Analysis (PCA) based on the top selected cluster sequences for
the biotinylated and unmodified pools. For the PCA, the top 500 cluster sequences belonging to
the unmodified pool were selected, whilst for the biotinylated, all 306 sequences were selected.
A variance of 8.9% was found within the top 3 principal components, which were selected for
subsequent analysis. PCA plots were displayed based on the following: (a) Component 1 vs. 2
and (b) Component 2 vs. 3. Red and blue circles represent biotinylated and unmodified clusters,
respectively, whilst larger circles indicate enrichment of clusters.

Figure 3 exhibits the PCA conducted to further analyse the clustering discussed in
Figure 2. Very few individual clusters appear to resolve by PCA, with the majority of
the sequences forming a large central group, when viewed on either Component 1 vs.
2 (Figure 3a) or Component 2 vs. 3 (Figure 3b): the distant cluster in the top-right of
each PCA potentially indicates a disparate grouping of sequences. However, enriched
clusters (discussed in Section 3.2) found in both groups tended to co-occur; these are
visible as the numerous darker large circles (indicating co-occurrence) appearing in both
of the plots. Despite the co-occurrence, numerous enriched sequences in the unmodified
pools do not appear to have a closely related biotinylated counterpart, and many of the
non-enriched sequences show no co-occurrence, indicating that subtle differences in the
clustered sequences occur between these two different pools. Due to the differences in the
number of cluster sequences, further studies are required to validate this.

4. Conclusions

This study was conducted to determine the effect of a 5’ primer biotin modification on
an aptamer pool that was previously enriched towards hCG via 9 rounds of SELEX. Overall,
the findings from this work indicate that there does not appear to be a significant difference
in the sequence profiles, clustering patterns or phylogenetics between the two primer pools.
However, PCA suggested subtle cluster formation that differed due to pool modifications.
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Given the disparity in the number of sequences filtered through AptaSUITE, which followed
through to cluster analysis, there may be an amplification or sequencing bias based on the
biotin primer modification which may interfere with subsequent sequencing and analysis
and thus requires further evaluation.

Future research objectives include refining the aptamer selection based on prior SELEX
pools and assessing the effect of primer modification upon binding to hCG. Aptamer
candidates that meet the requirements of the refined selection process will be considered
for their end application in the development of commercialisable diagnostics.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390/engproc2025109007 /s1, Table S1 Cycling parameters used in
PCR, Table S2(a): Sequencing output results from the Oxford Nanopore Technologies MinKNOW
software, Table S2(b): General statistics of initial reads compared to AptaSUITE analysis, Table S2(c):
Prevalence statistics of the top 10 most-abundant cluster sequences common to both pools (biotiny-
lated and unmodified), Table S2(d): Spearman’s rank correlation coefficients correlating diversity or
CPM measurements of the prevalent clusters and comparing them between both biotinylated and
unmodified pools. References [10,14-16] are cited in the supplementary materials.
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