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ARTICLE INFO ABSTRACT

Handling Editor: J.-M. Kauffmann Nucleic acid aptamers are of great potentials in diagnostic and therapeutic applications because of their unique

molecular recognition capabilities. However, satisfactory aptamers with high affinity and specificity are still in

Keywords: short supply. Herein, we have developed new selection methods allowing the free interactions between the

In vitro selection targets and potential aptamers in solution. In our selection system, the protein targets (biotinylated randomly or

f\E];EX site-specifically) were first incubated with the random DNA library, followed by the pull-down with the strep-
ptamer

tavidin magnetic beads or biolayer-interferometry (BLI) sensors. By comparing the two biotinylation strategies
(random or site-specific) and two states of the targets (free or immobilized), we have found that the combination
of the site-specific biotinylation and free-target strategies was most successful. Based on these highly-efficient
selection strategies, HPV L1 aptamers were obtained. By designing the sandwich aptasensor assisted with RCA
and CRISPR/Cas12a, we have diagnosed various HPV subtypes in clinical samples, such as easily-collected urine
samples. In summary, our new strategy can allow efficient selection of aptamers with high affinity and specificity

HPV detection
Clinical sample diagnosis

for clinical applications.

1. Introduction

The first aptamers were found via molecular selection [1,2], and they
are DNA or RNA oligonucleotides with defined 3D structures [3].
Generally, aptamers are selected via the in vitro selection [1] or Sys-
tematic Evolution of Ligands by Exponential enrichment (SELEX) [2].
The selected aptamers have demonstrated great potentials in exploring
the innovative therapeutics, diagnostics, drug delivery, and bio-sensing
[4-7]. Aptamers can specifically recognize the targets (including pro-
teins, nucleotides, metal ions, small molecules, and cells) with high af-
finity and specificity [8-13]. Over the past three decades, many
strategies, such as the selections based on beads [14-16], microfluidics
[17], target-capture [18], capillary electrophoresis [19,20], in silico
selection [21] and cell SELEX [12], have been developed. However,
efficiencies of most strategies are low, thereby the satisfactory aptamers
with high affinity and specificity are in short supply for clinical appli-
cations. The identified aptamers usually suffer in the poor chemical and
biological stability, structural flexibility, and nonspecific interactions,
which limit their applications. The poor selection efficiency is attributed
to the inefficient enrichment, monotonous selection environment, mild

selection conditions, complex selection operation, equipment de-
pendency, and library limitation [22-26]. In order to identify
high-quality aptamers, more efficient selection strategies need to be
developed.

The free- or immobilized-binding mode between targets and poten-
tial aptamers, which directly affects their interactions and outcomes, is
one of the critical factors for the selection efficiency. Unfortunately,
most strategies don’t pay attention to the binding modes. Immobiliza-
tion of the targets or aptamer libraries can jeopardize the selection ef-
ficiency. As we know, the traditional SELEX methods depend on target
immobilization on the certain surfaces and solid supports [e.g., magnetic
beads [16], microfluidic chips [27], surface plasmon resonance (SPR)
sensors [28] and biolayer-interferometry (BLI) sensors [29]], thereby
limiting the target freedom and binding areas, and increasing the target
polymorphism. Further, some efforts to immobilize libraries have been
attempted, which keeps the targets free to ensure their integrity and
thorough interactions with the libraries, such as aptamer particles
(AP)-based selection [24,30] and capture SELEX [18]. In AP-based
SELEX, multiple copies of an identical sequence were displayed on the
surface of one particle, forming the AP library. In capture SELEX, the
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Fig. 1. Overview of the FRARI selection.

aptamer library was anchored to solid supports by duplex formation,
and the free targets, binding to the library and disrupting the duplex,
release the aptamer molecules from the supports. Inappropriate immo-
bilizations increase the non-specific interaction, enrich low-affinity se-
quences, and decrease the selection efficiency of high-affinity aptamers
[31]. Furthermore, the strategies with both free targets and libraries
have been explored, such as capillary electrophoresis (CE)-SELEX [19,
20,32] and magnetic cross-linking precipitation (MCP)-SELEX [22]. The
CE method allows the target interaction with libraries in a free-binding
mode, and the formed target-aptamer complexes are separated by CE. In
MCP-SELEX, the formed target-aptamer complexes were separated
based on the cross-linking reaction of the target amino groups with the
carboxylic acid groups on magnetic particles. Although more efforts
have focused on both free targets and library strategies in recent years
[33-35], these strategies are not compatible with the complex envi-
ronments (such as serum).

To face the selection challenges, we have developed a new method,
namely free aptamer-ligand interaction (FRARI) selection (Fig. 1). HPV
L1 protein, as the major capsid proteins, is a critical target for HPV
detection. In our study, L1 protein was chosen as a testing target for
selection, and the selection has taken advantage of the free interaction
between the biotinylated targets and potential aptamers, followed by
the pull-down with the streptavidin-magnetic beads (SA-MBs) or BLI SA-
sensors; the isolated DNAs are amplified and used for the next round of
selection. The biotinylated targets are prepared by random cross-linking
[36] or the site-specific modification on the avi tag by biotin protein
ligase (BPL) [37]. By comparing these two biotinylation strategies and
two binding modes, we have found that the combination of the
site-specific biotinylation and free-target strategies are most efficient. By
conducting the selection in the complex environments (such as serum),
our strategy has offered the highly-efficient aptamers for diagnosing
simultaneously several HPV virus subtypes in clinical samples via its L1

protein detection, as their L1 proteins have the high sequence homology
and similar structures. Using the selected aptamers and their sandwich
structures, we have constructed a FRARI detection (FRARI-selected
aptamer-sandwich detection assisted with RCA and CRISPR/Casl2a)
method for HPV detection. Many HPV subtypes in clinical samples (such
as urine samples collected easily and patient-friendly) have been suc-
cessfully detected, indicating the effectiveness and practicability of
FRARI selection in identifying aptamers for clinical applications.

2. Experimental section

Parts of the experimental sections were described in the supple-
mentary material.

2.1. Target-immobilized SELEX for HPV L1

HPV L1 biotinylated with random or site-specific strategy was
immobilized on SA-MBs. Briefly, the biotinylated L1 was immobilized on
SA-MBs using the mole ratio (L1:SA = 10:1), and the mixture was
incubated at room temperature for 2 h, followed by the blocking for 1 h
with 1% (w/v) BSA solution.

Initial library (10 pL, 100 pM; Table S1) or enriched ssDNA was
diluted in PBS (490 pL) and incubated at 95 °C for 10 min, followed by
quick placement on ice for 10 min, and subsequently placed at room
temperature for 10 min. The L1-modified MBs (25 pg) were subse-
quently added into the library, followed by incubating the mixture at
room temperature for 1 h. Then the formed complexes were collected by
an external magnetic field, washed for 4 times with PBS, and resus-
pended with PBS (100 pL). Subsequently, proteinase K (1.8 pL, 20 mg/
mL) was added, and the mixture was incubated in 52 °C for 2 h. After
removal of the MBs with a magnetic field, the supernatant was incubated
in 95 °C for 20 min to release DNA as templates for PCR. Then, the PCR
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amplification was performed in the reaction (50 pL) with DNA templates
(5 pL), two primers (each 5 pL, 10 pM), 2 x Taq Mix (25 pL) and ddH,0
(10 pL). The PCR conditions were 95 °C for 10 min, followed by 20
cycles of 94 °C for 30 s, 61 °C for 30 s, and 72 °C for 30 s. The PCR
products were purified using the TaKaRa MiniBest DNA Fragment Pu-
rification Kit (TaKaRa Biotech Co. Ltd., Dalian, China) using the man-
ufacturer’s protocol. A exonuclease was applied to digest the
phosphorylated strand to generate the ssDNA. The ethanol precipitation
was performed, and the ssDNA was collected. The purified ssDNA was
used for the next round of the target-immobilized SELEX. In performing
the later selections, we gradually strengthened the conditions: 1)
reducing the ssDNA amount (to 0.2 nmol after round 4), 2) applying the
negative selection using the SA-MBs without immobilized L1 (after
round 7), 3) reducing the incubation time between the protein and the
ssDNA (20 min after round 8), and 4) adding serum (20% at the final
concentration after round 10) to increase environmental complexity. To
study the effectiveness of the selection, the PCR-amplification products
from round 3, 6, 9 and 15 were sequenced at Sangon Biotech Co. Ltd.
(Shanghai, China), and the sequencing results were analyzed by
FASTAptamer.

2.2. SA-MB-based FRARI selection for HPV L1

HPV L1 biotinylated with random or site-specific strategy was
applied in SA-MB-based FRARI selection. Initial library (10 pL, 100 puM,
Table S1) or enriched ssDNA was prepared as described above.
Randomly-biotinylated L1 (0.50 pg) or site-specifically-biotinylated L1
(0.30 pg) was added into the library or ssDNA, followed by incubating
the mixture at room temperature for 1 h. Subsequently, SA-MBs were
added into the mixture, followed by incubating at room temperature.
Then, the MB-captured complexes were collected by an external mag-
netic field, washed for 4 times with PBS, and resuspended with PBS (100
pL). The other steps to obtain ssDNA for next round selection were as
same as the described above. In performing the later selections, we
gradually strengthened the conditions: 1) reducing the ssDNA amount
(to 0.2 nmol after round 3), 2) applying the negative selection using the
SA-MBs without immobilized L1 (after round 4), 3) reducing the incu-
bation time between the protein and the ssDNA (20 min after round 4),
and 4) adding serum (20% at the final concentration after round 6) to
increase environmental complexity. To study the effectiveness of the
selection, the PCR-amplification products from round 3, 6 and 9 were
sequenced at Sangon Biotech Co. Ltd. (Shanghai, China), and the
sequencing results were analyzed by FASTAptamer.

2.3. BLI-based FRARI selection for HPV L1

Initial library (10 pL, 100 pM, Table S1) or enriched ssDNA was
diluted in PBS (190 pL) and prepared as described above. Randomly-
biotinylated L1 (0.625 pg) or site-specifically-biotinylated L1 (0.3 pg)
was added into the library or ssDNA, followed by incubating the mixture
at room temperature for 1 h. The BLI SA-sensor was used to capture the
formed complexes by incubating the sensor with the mixture for 50 min.
After washing twice with PBS (once for 600 s and once for 120 s), the
captured complexes were digested in PBS (100 pL) with proteinase K
(1.8 pL, 20 mg/mL) in 52 °C for 2 h. The other steps to obtain ssDNA for
next round selection were as same as the described above.

2.4. Binding-affinity measurements with BLI assay

The affinities of selected aptamers of HPV L1 were measured by BLI
instrument (Octet K2 system, Molecular Devices LLC, San Jose, CA,
USA). We loaded the biotinylated L1 protein (or aptamers, 100 nM) on
the SA-sensors, followed by flowing the aptamers (or L1 protein, 200
nM) through the aptamer-immobilized sensor, then the sensor was
washed with PBST to allow the aptamers (or protein) disassociation. The
aptamers with the highest affinity were chosen for the detailed BLI-
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kinetic analysis by loading aptamers (100 nM) and flowing the protein
at various concentrations to determine the average K4 value.

2.5. Molecular docking

The secondary structures of aptamers were predicted by UNAfold
web server (http://www.unafold.org/mfold/applications/dna-folding
-form.php) and ImGQfinder web server (http://imgqfinder.niifhm.ru).
The tertiary structure of G-quadraplex was predicted by 3D-NuS web
server (https://iith.ac.in/3dnus/Quadruplex.html), for example the G-
quadraplex of S4-29 aptamer. Other tertiary structures (e.g., R3-30 and
R5-36) were predicted with RNAComposer server (https://rnacompos
er.cs.put.poznan.pl). As the RNAComposer was developed for RNA
structure prediction, we first predicted the RNA structures based on the
DNA sequences, and the RNA structures offered approximate DNA
foldings, followed by converting RNA to DNA with the Biovia Discovery
Studio software. The converted structures were finally optimized by the
automated QRNAS software to minimize the energy of base pairs,
hydrogen bonds, backbone irregularities and custom restraints [38,39].
The tertiary structure of HPV16 L1 was determined in literature (RCSB
PDB ID: 1DZL), followed by the water removal with PyMOL software.
Subsequently, the HDOCK web service (http://hdock.phys.hust.edu.cn)
was applied for docking simulation [40]. Finally, the interacting resi-
dues between HPV16 L1 and the aptamers in docking models were
identified by the PLIP web server (https://plip-tool.biotec.tu-dresden.
de/plip-web/plip/index).

2.6. Clinical detection of HPV subtypes with aptamers

HPV L1 protein was gradiently diluted with PBST (0.02% Tween 20)
or cell lysis buffer to a range of 10! to 10* ng/mL. The MBs immobilized
with L1 aptamer R3-30 (50 pg; as aptamerl in Fig. S13) were added to
each L1 protein dilution (50 pL), followed by incubating at room tem-
perature for 1 h to form the aptamer1-L1 complexes and washing twice
with PBST to remove non-bound L1. The RCA products (4 pL; containing
aptamer2) were added to the complexes, followed by incubating at room
temperature for 1 h to form the aptamer1-L1-aptamer2 complexes, and
washing twice with PBST to remove the unbound RCA products. The
beads were resuspended with 1 x NEB 3.1 buffer (50 pL), followed by
addition of the Cas12a-crRNA complex [4 pL; pre-assembled by mixing
and incubating Cas12a (400 nM, final concentration) and crRNA (500
nM,, final concentration) for 30 min at 37 °C] and FQ-probe (4 pL, 10 pM)
for releasing fluorescent signals. The mixture was incubated at 37 °C for
2 h to allow the strong fluorescent signal for the detection and mea-
surement (Aex = 494 nm; Aey, = 522 nm). The measured fluorescent
signal was deducted with the background signal (NS, generated in the
absence of RCA products), thereby offering the normalized fluorescent
intensity (AFI) for the quantitative analysis. Further, the limit of
detection (LOD) was defined as NS + 3SD, where SD was the standard
deviation. The specificity of the FRARI detection was determined by
investigating different protein samples (10 pg/mL), including HPV L1,
HPV E6, SARS-CoV-2 N protein, SARS-CoV-2 RBD, BSA, HSA and 10%
serum.

Though urine samples are desired (as their collections are easy and
patient-friendly), urine samples are normally used for the HPV research
only, while cervical tissue samples are the most frequent sample types
for HPV diagnosis. Therefore, the FRARI detection method has been
developed and evaluated with spiked urine and cervical tissue samples.
Briefly, urine and cervical tissue lysate samples were spiked with L1
protein on a gradient of 107! to 10* ng/mL followed by the detection
with our established method.

For clinical samples, the routine treatments were necessary before
detection. For urine samples, urines (1 mL) were centrifuged at 3000
rpm for 5 min to collect the precipitates, which were resuspended in the
cell lysis buffer (50 pL), followed by incubating the mixture for 15 min
on ice. For cervical tissue samples, cervical swab specimens were
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Fig. 2. Efficiency comparison between conventional and FRARI selections based on SA-MBs. The pools represented the unclustered sequences. (A) Target-
immobilized SELEX with randomly-biotinylated L1; (B) Target-immobilized SELEX with site-specifically-biotinylated L1; (C) FRARI selection with randomly bio-
tinylated L1; (D) FRARI selection with site-specifically biotinylated L1. (E) The most abundant aptamer sequences in each family classified on the bases of many

sequencies isolated after 9 rounds of the FRARI selections.

washed thoroughly by PBST (1 mL, 0.02% Tween 20), followed by
centrifuging the suspensions at 3000 rpm for 5 min to collect the pre-
cipitates. Then the precipitates were resuspended in cell lysis buffer
(500 pL), followed by incubating for 15 min on ice. These cell lysates
were analyzed with our established method. The sample was positive
when its AFI was larger than LOD, while it was negative when its AFI
was smaller than LOD.

3. Results and discussion
3.1. FRARI selection based on SA-MB pull-down

We have established a new strategy allowing the free interaction

between the biotinylated targets and potential aptamers for aptamer
selection, namely FRARI selection, and its principle was shown in Fig. 1.
Briefly, a negative selection was performed with SA-MBs or BLI SA-
sensors on the initial ssDNA library to remove the non-specific binders
and generate the optimized ssDNA library, and the biotinylated targets
were incubated with the library in a free mode to form their complexes,
followed by the complex pulling-down with the SA-MBs or BLI SA-
sensors. After the washing, elution, amplification and single-strand
preparation, the obtained sequences were used as the library for the
next round of FRARI selection.

The efficient enrichment of target-aptamer complexes is desired for
the FRARI selection. As Biotin-Avidin System (BAS) is one of the most
specific and stable systems (Kq = 10714 M) in various environments (e.
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g., pH and serum) and denaturing reagents (e.g., urea and guanidine
hydrochloride) [41], it was chosen to pull-down the aptamer-ligand
complexes. To achieve the highly-efficient selection, we used two bio-
tinylation strategies: the random cross-linking (Fig. S1A) and the
site-specific modification (Fig. S1B; on the avi tag with BPL [42]).
Further, experimentally, we assessed the efficiency of capturing ligands
by BAS. We found that using both biotinylation strategies, over 90%
capturing efficiency was achieved, when the weight ratio between the
protein and the SA-MBs was proximately 1:80; this ratio was determined
by varying quantities of proteins or SA-MBs while keeping the other one
constant (Figs. S2A-D).

Furthermore, the incubation time between the targets and beads was
optimized as well (Fig. S2E). In addition, we found that in complex
environments (such as serum), the pull-down with BAS was efficient
(Fig. S2F), indicating that our FRARI selection system for aptamers can
be applied under challenging conditions. As L1 proteins have the high
sequence homology and similar structures, to illustrate our strategy and
detect HPV subtypes, we selected effective HPV L1 protein aptamers,
thereby demonstrating a new selection strategy with high efficiency.

3.2. Efficiency of FRARI selection

Firstly, we selected HPV L1 aptamers via the traditional target-
immobilized SELEX, where the target proteins were immobilized on
the surface of the SA-MBs. By applying the two biotinylation strategies
(random or site-specific biotinylation), we parallelly performed 15
rounds of selections with stringent treatments, including the bead-
target-library

negative screening, short incubation time for
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interaction, and serum adding environmental complexity. To monitor
the selection progress, the enriched pools were analyzed after each se-
lection cycle (Figs. S3A-B); Ry represented the binding of the initial
ssDNA library to the SA-MBs. We classified the selected sequences with
FASTAptamer software clustering sequences into families [43]. Our re-
sults (Fig. 2A-B) indicated that using the site-specific strategy, some L1
aptamers were enriched after 9 rounds of selection (the normalized total
family size: 8%; 15-round selection enriched 44%), while using the
random one, they were generated after 15 rounds (the total size: 65%),
indicating that the former strategy is better than the later one. Using the
traditional strategy, we found that 15-round selections were necessary
to achieve the significant enrichments, and the target-efficiently-binding
aptamers were present in Fig. S4.

To further shorten the selection cycle and enhance the selection ef-
ficiency, we explored the FRARI selection by taking advantage of free
target interaction with the library, in the selection solution. Using the
random biotinylation, the aptamers with significant binding were
enriched after 9 rounds of selection (the normalized size of total fam-
ilies: 15%; Fig. 2C), while using the site-specific one, they were gener-
ated after just 6 rounds (the size of total families: 29%; Fig. 2D). These
selection results indicated that the site-specific biotinylation strategy is
better than the random one. The 9-round selection sequences were
clustered and analyzed (Figs. S3C-D), and the target-efficiently-binding
aptamers were present in Fig. 2E. Our results demonstrated that our
FRARI strategy is more efficient than the tradition SELEX.

Our results indicated that the combination of the site-specific bio-
tinylation and free-target strategies offered the efficient aptamers in
only 6 rounds of selection, significantly improving the selection
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efficiency. The high efficiency can be attributed to the two major rea-
sons. Firstly, to avoid the conformational changes and losses of binding
sites caused by the target or library immobilizations on solid surfaces,
the free mode of target-aptamer interaction provided the structural
integrity of the targets and the ssDNA library for their convenient
binding. The non-specific interactions caused by the inappropriate im-
mobilizations were no longer hindrances for selecting aptamers effi-
ciently. Secondly, to avoid the random modification influence on protein
conformations, causing the interaction verification between the targets
and aptamers in each selection cycle, the site-specific biotinylation
strategy was explored and found to be more efficient than the random
one.

In addition, we explored the FRARI selection under the challenging
conditions, such as complex environmental interference (by adding
serum, which can help obtaining stable aptamers that tolerate diverse
application environments). We found that our FRARI strategy was
tolerant of challenging conditions and allowed efficient selection of
aptamers, such as the L1 aptamers.

3.3. FRARI selection based on BLI binding

To further explore the ability of the FRARI strategy to be used on

different sensors, by taking advantage of the BLI sensor (for highly-
sensitive dynamic binding), we directly explored the FRARI selection.
The sensor immobilized with SA was used to capture the biotinylated
target-aptamer complexes, where two biotinylation strategies (random
or site-specific biotinylation) were investigated. Using both strategies,
when the BLI signal is not saturated (Figs. SSA-C, i.e., the amount of
randomly-biotinylated L1 and site-specifically-biotinylated L1 was less
than 0.625 g and 0.3 g, respectively), the capture efficiency could reach
up to 90%. And we performed 9 rounds of the aptamer selection
(Figs. S6A-B), followed by sequencing and FASTAptamer clustering
(Fig. S7). We found that the random strategy required 9 rounds to offer
the aptamer clustering (Fig. S7A), while the site-specific strategy only
needed 6 rounds (Fig. S7B). After 9 rounds of selection, the site-specific
strategy allowed the 50% clustering of total family size. Notably, Family
1 from the site-specific strategy dominated 43% of the family size
(Fig. S7B), where the most abundant sequence was consistent with S4 in
MB-based FRARI strategy. The results indicated that the FRARI selection
was also applicable to the BLI sensor, and many low-affinity families
were excluded by the selection, which could be attributed to the fact that
BLI sensor has a smaller specific surface area and less non-specific
binding. Similarly, as well as the MB-based FRARI strategy, the BLI-
based method with the site-specific biotinylation offers high efficiency
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for aptamer selection. Further, the MB-based strategy doesn’t rely on
expensive instruments and is easy to operate, making it more convenient
for universal applicability.

3.4. Affinity studies on HPV L1 aptamers

The selected sequences of L1 aptamers, clustered for a total of 16
families (Table S2), were used for affinity analysis (Figs. S8 and S9).
Among them, R3, R5 and S4 aptamers offered high affinities (25.9 x ,
7.33 x and 4.93 x 10~8 M, respectively; Fig. S10). By generating the
secondary structures of these aptamers with NUPACK (http://www.
nupack.org; Fig. S10), we analyzed and truncated the original aptamer
sequences, and obtained the shorter sequences (Table S3), including R3-
30 (30 nt), R5-36 (36 nt) and S4-29 (29 nt). After analyzing them with
UNAFold and ImGQfinder softwares, we found that R5-36 formed a
stem-loop structure, while the structures of S4-29 and R3-30 were pre-
dicted to be a G-quadraplex or stem-loop structure. To test whether they
contained G-quadruplex structures, we designed the G-quadraplex
confirmation experiments, such as the thioflavin (THT) fluorescence and
Circular dichroism (CD) analysis. In our experiments, we found that S4-
29 formed a G-quadruplex, while R3-30 didn’t (Figs. S11A-B). CD
analysis further confirmed S4-29 forming an antiparallel G-quadruplex,
as it generated the CD signals at approximately 260 and 290 nm

(Fig. S11C) [44], while R3-30 didn’t but probably formed a stem-loop
structure. Further, we proposed the secondary structures of these three
aptamers, followed by molecular docking between L1 protein and the
aptamer 3D structures simulated with RNAComposer and Biovia Dis-
covery Studio softwares (Fig. 3), implying the three aptamers binding to
L1 protein at different sites. Furthermore, we performed the affinity
measurements of these aptamers with BLI, and found that the K4 values
of R3-30, R5-36 and S4-29 were 5.63 x , 2.45 x and 3.75 x 1078 M,
respectively (Fig. 3), indicating that the FRARI selection can offer
aptamers with high affinity. Moreover, we performed the specificity
measurements of these aptamers with BLI and different non-specific
proteins (BSA, HSA and E6 proteins), and we found that these aptam-
ers only interacted with L1 protein, but didn’t with other proteins,
indicating the high specificity of these aptamers (Fig. S12).

3.5. Designing aptamer-detection sandwich

We developed a rapid HPV detection method (FRARI detection assay;
Fig. 4A), by immobilizing the biotinylated L1 aptamers on SA-MBs,
followed by capturing L1 protein in the samples. Further, the captured
protein was used as the target for the binding of the second aptamer,
which was rolling-circle amplified (RCA) [45] and separated by a spacer.
Furthermore, the spacer was recognized and bound by Casl2a-crRNA
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[46,47] for cleaving the substrates, generating the fluorescent signal for
the detection.

In the aptamer-based target detection, a stable and specific sandwich
structure is critical. In order to identify the aptamers for the sandwich
construction, firstly, we evaluated the aptamers for the aptamer1-target-
aptamer?2 structure (Fig. S13). We found that the combination of R3-30
or R5-36 (as aptamerl) and S4-29 (as aptamer2) was most successful
(Fig. 4B), thereby offering R3-30 and S4-29 as aptamer] and 2 for the
sandwich structure, respectively. Finally, the sandwich design and the
FRARI detection were confirmed experimentally by positive and nega-
tive tests (Fig. 4C).

3.6. Clinical detection of HPV subtypes with aptamers

Based on the established FRARI detection method, the sensitivity for
HPV L1 detection was explored. We found that the limit of detection
(LOD) in PBST and cell-lysis buffer were similar (LOD: 0.1 ng/mL;
Fig. 5A). Further, we explored the specificity of the FRARI detection in
the presence of various interferants, including HPV E6, SARS-Covid-2 N
protein, SARS-Covid-2 RBD, BSA, HSA and 10% serum. We found that
the FRARI detection was specific, as these interferants didn’t generate
significant signals (Fig. S14). Furthermore, to study the applicability of
FRARI detection with clinical samples, the samples of urines and cer-
vical tissue lysates spiked with L1 protein were studied. We found that
the LODs for the urine and lysate samples were similar (LOD: 0.1 ng/mL;
Fig. 5B) to the LOD in just buffers, indicating that the complex envi-
ronments didn’t significantly disrupt our FRARI detection. Finally, we
investigated our FRARI detection method with the clinically-negative or
-positive HPV samples confirmed with the standard strategy [48]. In
details, 10 cervical tissue samples (including 4 negative ones and 6
positive ones) and 14 urine samples (including 4 negative ones and 10
positive ones) were analyzed with our strategy. As the L1 proteins from
HPV subtypes have the high sequence homology (Fig. S15) and similar
structures, our results have shown that the FRARI detection strategy was
able to detect several HPV subtypes in clinical samples (Fig. 5C),
including urine and cervical tissue samples. Particularly, the ability to
detect HPV in urine samples was of great value for developing conve-
nient HPV detection methods, due to the ease and friendliness of the
sample collection. Our results demonstrated that the FRARI detection
was sensitive, accurate and robust for L1 protein detection, suggesting
that the aptamers selected with our FRARI strategies could tolerate the
complex samples and environments.

4. Conclusion

In summary, we have established the FRARI selection method on the
SA-MBs and BLI sensors by combining the free target and site-specific
biotinylation strategies, which is highly-efficient and convenient. By
using our new strategy, clinically-useful aptamers can be isolated in the
complex environments (such as serum) and under strict conditions.
Further, with our new strategy, we have successfully selected the HPV
L1 aptamers for simultaneously detecting various HPV subtypes, thereby
offering a convenient method for HPV screening. Furthermore, various
HPV subtypes in clinical samples (such as urines collected easily and
patient-friendly) have been detected, indicating the effectiveness and
practicability of FRARI in selecting aptamers for clinical applications.
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