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ABSTRACT: Fibroblast activation protein (FAP) is an important antigen in the
tumor microenvironment, which plays a crucial role in promoting extracellular
matrix remodeling and tumor cell metastasis. A circulating form of soluble FAP has
also been identified in the serum, becoming a biomarker for pan-cancer diagnosis
and prognosis. However, the current peptide substrate-based enzymatic activity
detection or antibody-dependent detection methods have been hindered by
insufficient selectivity and complex operations, so it is valuable to develop effective
nucleic acid aptamers as FAP affinity ligands. In order to deeply explore the
biomimetic recognition technology, this study proposed an elaborate aptamer
screening strategy for targeting the protein characteristic structure. Taking the
glycosylation of the FAP protein as a target, four FAP-specific aptamers with high performance were successfully generated. Further,
using the champion aptamer as a recognition tool and combining it with ultrasensitive detection technology-surface enhanced
Raman scattering (SERS), a novel dual aptamer-based sandwich sensor was constructed for the rapid determination of FAP. Due to
the dual-specific recognition of the orthogonal aptamer pair, the sandwich method obviously improved the selectivity to FAP
protein, with a maximum cross-reactivity of less than 8% and a quantitation limit of 100 pg/mL. It was conveniently applied in high-
sensitive and high-selective detection of serum FAP in cancer patient samples. Therefore, the research of this study not only opens
new access for the selection of antiglycan aptamers but also boosts the application of the FAP aptamer as a recognition tool in cancer
diagnostics.

Malignant tumors are the main cause of global morbidity and
mortality and have become a major public health issue
threatening human life.1 In addition to the uncontrolled
proliferation of malignant cells, the occurrence and progression
of tumors are closely related to the complex components in the
tumor microenvironment. As a result, strategies focused on
biomarkers of tumor cells sometimes are inadequate for
significant patient outcomes, even leading to delayed diagnosis,
incomplete treatment, and poor prognosis.2−4 Fibroblast
activation protein (FAP) has been proven to be a unique
marker in the tumor microenvironment because of its
overexpression on the reactive cancer-associated fibroblasts
but absent from quiescent fibroblasts. As a transmembrane
serine protease, FAP facilitates remodeling of the extracellular
matrix and thereby promotes tumor growth, invasion,
metastasis, and angiogenesis.5 Thus, it has drawn emerging
interest in clinical translation, such as pan-tumoral imaging,
cancer diagnostics, and therapeutics.

Despite numerous studies investigating FAP as a putative
biomarker for several types of cancer and their corresponding
prognosis, effective methodologies for FAP quantification are
still in great demand. FAP is mostly present as a homodimeric
transmembrane glycoprotein, and the extracellular region
contains the entire catalytic domain and N-glycosylation

modification.6,7 Also, a soluble form of FAP, which shed
from the plasma membrane, has been found in the tissue fluid
and blood.8 Due to a similar structure to the family member
dipeptidase IV (DPP4), FAP processes identical dipeptidyl
peptidase activity, while it has an extra endopeptidase activity.9

Hence, endopeptidase activity is the main distinguishing
feature for FAP-specific detection methods via colorimetric
or fluorescent peptide substrates.10,11 Besides, there are some
other strategies to quantify FAP levels, including genotypic
tests through reverse transcription-polymerase chain reaction
in the mRNA expression level12 and protein measurement by
antibody-based immunohistochemistry,13 Western blotting,14

and liquid chromatography/mass spectroscopy (LC/MS).15

Nevertheless, those genotypic and protein detection methods
are of high cost and time-consuming and require highly skilled
personnel for credible results, which immensely limit diverse
applicability in actual samples. Although enzymatic activity
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detection methods based on optical analysis demonstrate fast
response and economical cost, they are always hindered by
insufficient selectivity and poor immunity to interference.16

Therefore, it is of crucial importance to establish a new
analytical method with high sensitivity and selectivity for
accurate FAP detection.

Nucleic acid aptamers are one of the most representative
synthetic affinity ligands, with a highly favorable recognition
performance comparable to artificial antibodies. They are
short, single-stranded (ss) DNA or RNA oligonucleotides that
specifically bind various species from metal ions, small
molecules, carbohydrates, proteins, and cells to viruses.17,18

Aptamers are usually obtained through the process of
systematic evolution of ligands by exponential enrichment
(SELEX)19−22 and exhibit important applications in sensing,
imaging, and as a therapeutic drug.23,24 Due to their
characteristics of small size, easy chemical modification, and
cost effectivity, they provide a useful tool to construct aptamer-
based sandwich assays for the determination of trace proteins
in biological samples.25,26 Through the combination with the
sensitive analytical method or techniques such as fluorescence,
electrochemical detection, and chemiluminescence, the
detection performance has achieved apparent improve-
ment.27−29 Particularly, surface-enhanced Raman scattering
(SERS) is attracting increasing attention because of its
additional strengths over conventional detection schemes.30,31

As an ultrasensitive detection technique, SERS offers high
sensitivity, rapid readout speed, and good anti-interference
ability and allows for direct testing without complex pretreat-
ment. By virtue of the plasmonic coupling effect between a
gold-coated substrate and silver-cored SERS labeling nanotags,
an appealing approach termed as the plasmonic immunosand-
wich assay (PISA) has demonstrated additional signal
enhancement in real-world determination.32−36 Although
orthogonal dual molecularly imprinted polymer-based PISA
could greatly ensure the detection specificity toward
glycoprotein disease biomarkers,32 it often requires character-
istic preparation of polymers. Hence, the exploration of a
possible fashion for dual aptamer-based PISA is a kind of viable
strategy in sensitive FAP detection.

Notably, a special challenge to construct an ideal dual
aptamer-based sandwich assay is the appropriate aptamer pairs
that bind the target at two different sites. Even though some
attempts, such as target immobilization-free SELEX, machine
prediction, and secondary aptamer confirmation, have been
made to obtain aptamer pairs,37−39 it has still remained a
significant lack of convenient approaches. Delightingly,
aptamers targeting protein-specific glycosylation are becoming
attractive ligands owing to their promise in the improvement of
clinical practice for tumor biomarkers.40−44 Different from the
large number of protein-binding aptamers, glycan-binding
aptamers possess unique specificity toward glycan domains of
glycoproteins but random orientations or uncertain sites. This
would greatly facilitate the choice of orthogonal aptamer pairs
for the construction of sandwich assays. However, since the
limited options regarding noncovalent binding interactions
between sugars and oligonucleotides,45 a wider development
potential has been stuck in the dilemma of inadequate
aptamers against glycans.

Herein, we report a new approach for feasibly constructing
an orthogonal dual aptamer (odA)-based PISA for accurately
determining FAP in complex samples. Aiming at the
characteristic structure of FAP protein, glycosylation, we first

proposed an elaborate SELEX strategy for the efficient
selection of glycan-binding aptamers. Via implementing strict
glycan-guided screening processes, which alternately introduce
glycoprotein FAP and artificial deglycosylated FAP in steps,
four aptamers with satisfactory performances were successfully
obtained. Further, a high-performance odA-based biosensor
was established for rapid and sensitive detection of FAP by
utilizing a glycan-targeting aptamer along with a protein-
binding aptamer in PISA. We also demonstrated the facile FAP
determination in serum samples, which allowed for differ-
entiation of the cancer patient from the healthy individual.
Compared with antibody-based immunoassays, this method
has a fast and sensitive response, as well as a wide detection
range, thus obviating tedious sample pretests. Therefore, this
study provides a new FAP-specific quantitative method with
high sensitivity and selectivity, and it holds strong practical
applications for clinical diagnosis.

■ EXPERIMENTAL SECTION
SELEX Procedure. One nmol of the initial ssDNA library

was dissolved in 100 μL of binding buffer and then heated at
95 °C for 10 min before being cooled on ice for 10 min. Two
mg of FAP-immobilized magnetic nanoparticles (MNPs) were
added and incubated at room temperature for 2 h on a rotary
shaker. Through magnetic separation, the supernatant solution
was discarded, and then the MNPs-FAP-ssDNA complexes
were washed with washing buffer twice. The bound ssDNA
was eluted by heating at 95 °C for 15 min with 100 μL of
binding buffer. After magnetic separation, the elution was
collected and was used as a template for polymerase chain
reaction (PCR) amplification. After isolation by streptavidin-
coated beads, the ssDNA pool was collected and used later for
the next round of selection. Three rounds of positive selection
later, negative and counter selection steps were respectively
introduced to improve the selectivity of aptamers. Specifically,
the evolved pool was incubated with the negative target (BSA-
immobilized MNPs) or counter target (deglycosylated FAP-
immobilized MNPs), prior to incubating with FAP-immobi-
lized MNPs. The incubation time and washing strength were
gradually varied, and the detailed selection conditions are listed
in Table S2.
Preparation of the Aptamer-Modified Array and

Raman Nanotags. The process of the aptamer-modified
array was composed of two steps: the preparation of (1) Au-
coated glass slides and (2) a Seq2T aptamer-modified array.
Aptamer-modified Raman nanotags were also prepared with
two steps, including (1) synthesis of silver nanoparticles
(AgNPs) and (2) preparation of A1 aptamer-modified Raman
nanotags as the route in Figure S13A. The experimental details
are given in the Supporting Information.
Plasmonic Immunosandwich Assay. The procedure of

the PISA included three steps: (1) target capturing, (2)
labeling with Raman nanotags, and (3) detection. For the
capturing, 5 μL aliquots of FAP standard solutions or serum
samples were added onto each spot of the Seq2T aptamer-
modified arrays, allowed to incubate for 20 min in a humidity
chamber, and then washed with 10 mM PBS buffer (pH 7.4)
three times to remove unwanted species. For the labeling, the
arrays were incubated with 5 μL of A1 aptamer-modified
Raman nanotags for 5 min and washed with 10 mM PBS buffer
(pH 7.4) three times to remove excess nanotags. After being
dried at room temperature, the arrays were subjected to a
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Raman spectrograph for the signal readout in the detection
step.

■ RESULTS AND DISCUSSION
Aptamer Selection Strategy. A magnetic-bead-based

selection approach was used in this work. The synthesis
route and morphology of MNPs are shown in Figure S1A−D,
giving an average diameter of about 100−150 nm. A
photograph also demonstrated their dispersion and magnetic
separation (Figure S1E). Fourier transform infrared character-
ization confirmed the successful modification process of MNPs
(Figure S1F). Due to the advantages of small diameter, large
surface area, good stability, and less sedimentation, these
MNPs were excellent immobilized carriers for other molecules.
Protein targets were immobilized by cross-linking with
glutaraldehyde onto MNPs. As shown in Figure S1G, the
amounts of FAP protein in solution were significantly reduced
after incubation, and little was found in the buffer after
washing, demonstrating the proteins were successfully
immobilized on the surface of MNPs. The DNA nonspecific
adsorption ratios on different MNPs were also observed in
Figure S2, indicating that glutaraldehyde-functionalized MNPs
were beneficial for later aptamer selection.

Our SELEX process is illustrated in Scheme 1; FAP-
immobilized MNPs were introduced in positive selection, and

unreacted functional groups on the surface of beads were
blocked with bovine serum albumin (BSA). After a sufficient
amount of ssDNA was obtained by three rounds of positive
selection, negative selection with BSA-immobilized MNPs was
introduced to remove aptamers that recognize the solid
support, while counterselection with deglycosylated FAP (de-
FAP)-immobilized MNPs allowed for glycan-oriented screen-
ing. Through the combination of the positive target of FAP
glycoprotein and the counter target of deglycosylated FAP,
aptamers against the glycan moiety of FAP could be directly
enriched during the selection process. Although a few works
attempted to incorporate similar counter-selection with the
recombinant deglycosylated protein for glycan-guided aptamer
selection,40,41 the deglycosylated form by the enzymatic
reaction is obviously a more general protocol to get this type
of receptor against N-glycoproteins. The sequence of the initial
library for the selection is given in Table S1, while the detailed

selection conditions are specified in Table S2. At each round of
selection, the pressure was gradually enhanced by varying the
incubation time and washing strength.

The enrichment level of specific ssDNA in SELEX rounds
was monitored. The eluate of each round was amplified by
symmetry PCR using a FAM-forward primer and biotin-
reverse primer, and the FAM-ssDNA pool was generated by
magnetic separation with streptavidin-coated beads. The
quality of the ssDNA obtained from PCR products was
checked by agarose gel electrophoresis (Figure S3A). There is
a clear and well-defined band that corresponds to ssDNA,
indicating the successful separation of ssDNA sequences. The
binding affinity of each round ssDNA pool toward a positive
target was evaluated by a fluorescence method. As shown in
Figure 1A, the bound fraction of ssDNA toward the positive

target moderately rose as the screening round grew, and a
significant increase appeared with the addition of negative and
counter steps after three rounds, suggesting improved selection
pressure and efficiency. The binding ratio to the positive target
reached a plateau at the eighth round; subsequently, the
specificities of the last two ssDNA pools from the eighth-ninth
round were confirmed in Figure S3B. These pools showed
similarly high affinity to the positive selection target (FAP)
with limited binding to the counter and negative targets (de-
FAP and BSA). All the results suggest successful enrichment of
specific sequences, and the selection reached saturation at the
eighth round. The final aptamer pool products from round 8
(R8) and the previous two rounds (R6 and R7) were sent for
next-generation sequencing.
Characterization of the Selected Aptamers. The 25

most predominant sequences in the final aptamer pool (R8)
were analyzed by sequence alignment, and their evolutionary
relationships also were evaluated through the phylogenetic tree
analysis (Figure S4). Considering the abundance ranking and
family distribution of the sequences, eight representative
aptamer sequences, Seq1, 2, 6, 10, 17, 18, 20, and 25 from

Scheme 1. Schematic of the SELEX Process of FAP Glycan-
Targeted Aptamers

Figure 1. (A) Evolution progress of specific ssDNA. (B) Visualization
of the most prevalent motifs represented in the selected aptamer
candidates. All motifs were found within central core sequences
without involvement of constant prime sequences. (C) Enrichment of
candidate aptamer sequences between rounds of selection. Fold
enrichment is calculated by dividing the percentage of the sequence
from round 7 (R7) or round 8 (R8) by the percentage of the
sequence from round 6 (R6). (D) Binding affinity of candidate
aptamers (equal aptamer concentrations at 200 nM). Error bars
represent standard deviations for three parallel measurements.
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three clusters, were selected as candidates for functional
validation. The possible functional structural domains (motifs)
on the aptamers were predicted by the Multiple Em for the
Motif Elicitation (MEME) suite (https://meme-suite.org/). It
was found that the eight candidate aptamers all contained a
conserved motif consisting of 15 bases (motif 1, Figure 1B and
Table S3), while motif 2 (seqs 1 and 10) and motif 3 (seqs 6
and 17) only appeared in several sequences. The predicted
secondary structures corresponding to these aptamers showed
similar features (Figure S5), and their minimum free energy
(dG) values are listed in Table S4. The enrichment progression
from SELEX rounds 6 to 8 (R6 to R8) was also calculated
(Figure 1C). The aptamer of Seq2 exhibited the strongest fold
enrichment (R8/R6 = 32.11 and R7/R6 = 8.37), and Seq17
was the weakest (R8/R6 = 2.66), with Seq1, 6, 10, 18, 20, and
25 between them. For functional validation, candidate
aptamers were synthesized and labeled with a FAM fluorescent
reporter at the 5′ end. The affinities of these aptamers toward
FAP protein were preliminarily evaluated in Figure 1D. Among
them, aptamers of Seq1, 2, 6, 17, and 18, showed a much larger
binding fractions and were chosen for further analysis. Given
the distinct stem-loop structural form of Seq20 in Figure S5,
this aptamer was also selected for functional assessment. To
confirm the binding abilities of the selected aptamers, the
apparent dissociation constants (KD) were assessed by a
fluorescence assay. The binding curves for the six aptamers
(seqs 1, 2, 6, 17, 18, and 20) are shown in Figures 2A and S6,
and the KD values of them were found to be at the nM level.
The results demonstrate that all of these selected aptamers
showed good binding abilities. Particularly, the four aptamers,
Seq1, 2, 6, and 18 exhibited the relatively better affinity with

KD values of (20.4 ± 3.35), (18.2 ± 9.67), (27.1 ± 1.73), and
(16.5 ± 5.97) nM, respectively.

Further, truncating strategies were used for the sequence
optimization of the selected aptamers, with the consideration
of the unnecessary nucleotides and increased synthesis cost for
long sequences. We trimmed off external unessential residues
of Seq1 at two ends that were not involved in the formation of
the stem-loop structure, yielding a 54 nt aptamer, Seq1T.
Besides, Seq2T, Seq6T, and Seq18T were generated by using
the above truncating strategies. The predicted stem-loop
structures of truncated aptamers exhibited almost the same
major structure, as shown in Figure S7. This suggests that the
middle stem-loop region could be well maintained after
truncations. The truncated sequences were chemically
synthesized for subsequent characterization. As seen in Figures
2B and S8A−C, all the truncated aptamers displayed lower KD
values as compared with intact sequences, which suggested that
they possessed an improved binding performance toward the
FAP protein after removing the unnecessary nucleotides.
Relevant parameters of biolayer interferometry (BLI) measure-
ments are shown in Figure S9 and Table S5. The results are
considered reliable, with mutual authentication by the two
methods. The specificities of these aptamers at the protein
level are also investigated in Figures 2C and S8D−F. In
contrast to target protein FAP, limited binding fractions were
observed toward the competing proteins, including glyco-
proteins [DPP4, ovalbumin (OVA), and transferrin (TRF)]
and nonglycoproteins (de-FAP, BSA, and catalase). The three
glycoproteins are all N-glycosylated proteins,46−48 and DPP4 is
also a serine protease similar to FAP. These results indicate
that the selected aptamers provide specific binders for the

Figure 2. Property characterization of champion aptamers. The binding curves and dissociation constant determination of the candidate aptamers
(A) Seq2 and (B) Seq2T. (C) Specificity test of Seq2T. (D) Competitive binding assays for Seq2T and FAP alone or with free sialic acid (SA),
Man, sialyl lewis X (sLeX), A2G2S2 glycan from TRF, high mannose glycans from RNase B, glycans from FAP, and FAP. The y-axis shows relative
fluorescence normalized to the FAP-only control. The error bars represent the standard deviation for three parallel experiments.
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recognition of the glycosylated FAP protein. Overall, the
recognition performances of the four truncated aptamers are
satisfactory based on the two aspects of binding ability and
selectivity. Among these aptamers, Seq2T was the champion
aptamer because of the best property, giving the lowest KD
value of (9.74 ± 1.86) nM by the fluorescence method or
(5.69 ± 0.12) nM by the BLI method and satisfying maximum
cross-reactivity less than 17%. The cross-activity was estimated
by the ratio of the signals of the interfering proteins to that of
the target protein.

To determine the preferential recognition of the Seq2T
aptamer, we expanded the competition assays. Three common
saccharide standards [SA, mannose (Man), and sLeX] were
used to assess whether free saccharides could inhibit binding
between aptamer and FAP. We found that each of these
standards demonstrated little inhibition of binding, indicating
that the aptamer does not interact exclusively with these
terminal sugar residues. We also confirmed that the aptamer
had only weak interaction with A2G2S2 glycan and high
mannose glycans, which were obtained through digestion from
the glycoprotein TRF and RNase B,46,47 while a large decrease
was observed when using glycans from FAP in the competition
assay. This result suggests that the aptamer does not simply
bind any polysaccharide but rather recognizes glycans from
FAP. We were unable to determine the exact nature of
aptamer-FAP recognition due to the many different types of N-
glycans present on FAP. It is possible that the aptamer does
not recognize a single glycan but rather forms simultaneous
contacts with multiple glycans present on FAP. In addition, the
inhibition level (∼54% reduction) by glycans from FAP is
obviously lower than free FAP, demonstrating that the aptamer
has stronger affinity toward glycosylated FAP protein. There
could be many reasons for this. For example, the aptamer may
form some interactions with protein epitopes, or it is probably
due to the different conformational states of solution-phase
and protein-linked N-glycans.

We also checked the sequences using the Quadruplex-
forming G Rich Sequences (QGRS) Mapper website (Table
S6). The higher G-Score that evaluates a QGRS for its
likelihood to form a stable G-quadruplex indicated these
aptamers were better candidates for G-quadruplexes. By
incorporating G-quadruplex formation into the structure
prediction algorithm, the minimum free energy (dG) values
of truncated aptamers demonstrated a significant reduction,
indicating the better stability in the G-quadruplex form (Figure
3A−C). To test whether they contained G-quadruplex
structures, we carried out the thioflavin (THT) fluorescence
experiment, which is known about the enhancement of the G-
quadruplex on the fluorescence of THT.49 PW-17 was a 17-
mer G-rich oligomer for positive control, whereas the
randomized sequence (Ran, 54-mer) was negative control.
As shown in Figure S10, the four truncated aptamers (Seq1T,
2T, 6T, and Seq18T) dramatically enhanced the fluorescence
intensity of THT, and the enhancement coefficient is
approximately 35−50 times that of the THT. Circular
dichroism (CD) analysis further confirmed these truncated
aptamers forming the parallel G-quadruplexs as it generated
the CD signals at approximately 240 and 260 nm.50

Molecular Docking. To reveal the possible binding region
between the aptamer and FAP, we performed molecular
docking analysis. The tertiary structure of the aptamer was
simulated (see Supporting Information for the procedures),
and the structure of FAP was retrieved from the RCSB PDB

data bank (ID: 1Z68). Molecular docking simulations were
performed using the HDOCK web service, and the optimal
docking model was selected based on the docking score. After
the docking analysis, the interactions between the aptamer and
the FAP protein in complexes were observed, which indicated
possible binding regions. As shown in Figure 3D, LYS96,
ASN99, LYS120, LEU121, VAL282, SER288, ARG324, and
THR329 of FAP and G22, G23, G27, C28, C43, G44, A45,
and G46 of Seq2T mainly participate in the interactions. These
residues are close to the glycosylation sites of FAP (ASN92 site
and ASN314 site) according to the UniProt database that FAP
has five potential N-linked glycosylation sites on asparagine
residues: 49, 92, 227, 314, and 679. The docking analysis of
other truncated sequences also demonstrated similar residue
regions closing the glycosylation sites (Figure S11). Due to
unknown structures of the glycans and the difficulty in glycan-
involved simulations, the simulations did not consider the
involvement of the glycans so that the real situation may be
different from the simulations. Even so, the results of binding
residue regions around FAP glycosylation sites indicate that
the in vitro aptamer screening was successful.
Development of the FAP Sensor Based on odA-PISA.

By integrating the champion glycan-binding aptamer Seq2T
and ultrasensitive SERS detection technology, we developed a
rapid FAP detection strategy by constructing an orthogonal
dual aptamer (odA)-based PISA. The principle of this strategy
and the procedure of the odA-PISA approach are illustrated in
Figure 4A. The champion aptamer Seq2T was immobilized
onto a gold thinlayer-coated substrate through the formation
of the S−Au bond, followed by capturing FAP protein in the
samples. Further, the captured protein was labeled with A1
aptamer-modified silver-based Raman-active nanotags, forming
sandwich-like complexes on the substrates. The A1 aptamer
was a FAP whole protein-binding aptamer, and it has been
described in the recent literature,51 giving a KD value of about
500 nM. Upon being shined with a laser beam, the gold-based
substrate generated surface plasmon, which excited the silver-
based Raman nanotags to generate the plasmon-enhanced
Raman scattering signal.

Figure 3. Predicted secondary structures of (A) Seq2 and (B) Seq2T.
(C) Predicted secondary structures of Seq2T incorporating G-
quadruplex formation into the structure prediction algorithm. (D)
Molecular docking model of Seq2T with FAP proteins and details of
the binding sites.
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In this study, a gold thinlayer-coated glass slide (25 × 10
mm) with three-spot (1 × 3) arrays was employed as the
substrate (Figure S12), which can be facilely fabricated into
any desired format with larger numbers of spots for high-
throughput assays. A1 aptamer-modified silver-based Raman-
active nanotags were prepared as a previous work35 with slight
modifications using the synthetic route described in Figure
S13A. The average diameters of bare AgNPs and aptamer-
modified silver-based Raman nanotags were about 60 and 80
nm, respectively (Figure S13B−D). The UV−vis absorption
spectra and Raman spectra of related NPs in the preparation
process of A1 aptamer-modified Ag/PATP@SiO2 NPs nano-
tags are shown in Figure S13E,F. The appearance of Raman
peaks indicates that p-amino-thiophenol (PATP) was success-
fully modified, and the characteristic peak at 1435 cm−1 was
employed in later odA-PISA assays for quantitative detection.

To verify the successful modification of the aptamer on Ag/
PATP@SiO2 NPs or gold thinlayer-coated glass slide array, the

Raman spectra for odA-PISA of FAP on different combination
modes were compared in Figure S13G. The result suggests that
a strong Raman signal could be generated only when both
aptamers were successfully modified. In addition, we observed
that the detection signal of the odA-PISA sensor was
apparently reduced if we reversed the order of the A1 aptamer
and Seq2T (Figure S14), suggesting that Seq2T is more
suitable as a capture receptor due to its satisfied affinity
property. Therefore, the mode of A1 aptamer-modified
nanotags combined with the Seq2T aptamer-modified array
generated a much stronger signal effect.
Linear Response Range and Selectivity of odA-PISA.

The target-concentration-dependent response of odA-PISA
was examined by plotting the Raman intensities at 1435 cm−1

against the logarithm of the FAP concentration. As shown in
Figure 4B, the signal gradually increased with an increasing
target concentration. Via fitting the data by the logistical
function, the overall KD value was estimated to be 1.08 nM (R2

Figure 4. (A) Illustration of the principle of the FAP sensor based on odA-PISA. (B) Dependence of the Raman intensity of odA-PISA on the
different concentration of FAP. Linear relationship: y = −1197.20 + 930.67x, R2 = 0.997. (C) Selectivity of odA-PISA toward different proteins.
(D) Raman spectra for gallbladder cancer patient serum samples spiked with known concentrations of FAP (the spiked concentration for c1 to c4
were 200, 500, 1000, and 1500 ng/mL, respectively) and (E) linear relationship between the Raman intensity and the logarithm of the total
concentration of FAP (c0 + ci) in serum samples of the gallbladder cancer patient (y = −1250.96 + 941.16x, R2 = 0.995). The error bars represent
the standard deviation for three parallel experiments.
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= 0.998). The dependence of intensity on the logarithm of
concentration was linear within the range of 100 pg/mL−10
μg/mL (y = −1197.20 + 930.67x, R2 = 0.997), and the linear
relationship was used as a calibration curve for further serum
sample quantitative analysis. The limit of detection and limit of
quantitation (LOQ) of the approach were 10 and 100 pg/mL
(S/N = 10), which is obviously superior to the level of
previous literatures,52,53 suggesting that odA-PISA exhibited
ultrahigh sensitivity. In order to investigate the selectivity of
the developed odA-PISA approach, FAP and five interfering
proteins were used as test proteins. Human serum albumin is
chosen because it is a high-abundance interfering protein in the
blood. As shown in Figures 4C and S15, the interfering
proteins exhibited much lower Raman signal intensity as
compared with FAP, even presenting at much more stringent
conditions (10-fold higher) than that for the target. The cross-
activity was within 3.3−7.4%, which had a significant selectivity
improvement by comparison with that of individual aptamer
Seq2T (Figure 2C). This result indicates that odA-PISA had
an excellent specificity toward the target protein, and it can be
attributed to the dual selectivity of the aptamer pair.
Detection of FAP in Human Serum Samples. A soluble

form of FAP as a minimally invasive serology marker of disease
is highly attractive, and distinct FAP expressions have been
defined in different biological processes.54−56 Herein, the
serum FAP levels of healthy individuals and cancer patients
were measured with the developed odA-PISA approach.
According to the linear calibration curve (Figure 4B), the
serum FAP concentration (c0) of a gallbladder cancer patient
(P1) was calculated to be 273.81 ± 22.62 ng/mL. These
results were verified through the standard addition method
with the assumption that the matrix effect could be effectively
eliminated in our assays. The serum samples were spiked with
the FAP standard solution with known concentrations (ci), and
then, they were measured by the odA-PISA approach. The
Raman spectra for the spiked serum samples from the
gallbladder cancer patient are shown in Figure 4D. We further
plotted the Raman intensities at 1435 cm−1 against the
logarithm of total FAP concentrations (c0 + ci), and we
conducted the linear fitting (Figure 4E). The obtained plot
obeyed a good linear relationship, which was very close to the
calibration curve. So, the assumption was verified to be
reasonable, and the initially calculated concentration for the
unspiked sample can be considered as the test results.
Similarly, the serum FAP level of a healthy individual (H1)
was measured to be 98.29 ± 9.59 ng/mL and verified through
the standard addition method (Figure S16). Reproducibility
assays were also conducted with serum sample H1 using five
different stocks of arrays and Raman nanotags (Table S7),
indicating good reproducibility of the method. For compar-
ison, enzyme-linked immunosorbent assays (ELISA) of the
same serum samples were also carried out using a commercial
kit, and the linear calibration curve for the ELISA is shown in
Figure S17A. The concentrations of FAP in serum samples of
three healthy individuals (H1−H3) and eight cancer patients
(P1−P8) by ELISA and the current method were detected in
Figure S17B and Table S8. The results by the two methods
were found to be consistent with each other, indicating the
reliability and feasibility of the current method for real sample
application. Given the fast and sensitive response as well as a
wide detection range, our method is more cost-efficient and
obviates tedious sample pretests.

■ CONCLUSIONS
In summary, we have successfully developed FAP glycan-
targeted aptamers through a rigid glycan-guided screening
process. After structural optimization and comprehensive
evaluation, four truncated aptamers demonstrated a satisfied
affinity and specificity. The champion aptamer seq2T gave the
lowest apparent dissociation constant value at 9.74 nM and
maximum cross-reactivity of less than 17%. The aptamer
developed in this study rivals the binding affinity of the
commonly used anti-FAP antibodies (sibrotuzumab, ESC11,
and ESC14), which typically exhibit a few nanomolar levels
(1−5 nM reported by Renner and co-workers57). Regarding
the relatively weak noncovalent binding interactions between
sugars and oligonucleotides, the generated aptamer seq2T
demonstrated a generally acceptable result.

Further, integrating with ultrasensitive SERS detection
technology, we established a high-performance dual aptamer-
based sandwich sensor. The combined use of the selected
glycan-targeting aptamer and protein-binding aptamer appa-
rently improved the detectability of FAP with an LOQ at 100
pg/mL and a maximum cross-reactivity less than 8%. By
comparison with a commercial kit, this method demonstrated
consistent and reliable applications in serum samples. The
generation of the glycosylation-targeted aptamer played
essential roles in this approach, (i) considering the significant
biological functions of glycosylation in FAP structural stability
and endopeptidase activity, the FAP glycan-targeted aptamers
can serve not only as available recognition tools in detection
devices but also as potential inhibitors in the therapeutic field.
(ii) The glycan-binding aptamers could greatly lessen the labor
of picking orthogonal aptamer pairs in sandwich assays because
of the certain binding sites at the glycan region. Thus, this
method is advantageous and opens an exciting avenue to the
construction of specific and sensitive FAP detection assays for
pan-tumoral diagnosis.

■ ASSOCIATED CONTENT
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.analchem.4c03770.

Experimental details, including reagents and chemicals,
instruments, preparation of amino-functionalized MNPs,
immobilization of target, PCR amplification, ssDNA
production and next-generation sequencing, monitoring
the selection process, characterization of the candidate
aptamers, G-quadraplex structure confirmation, molec-
ular docking, preparation of aptamer-modified array,
preparation of Raman nanotags, absorption isotherm
and binding constant measurement, cross-reactivity test
for PISA, quantitative detection of serum FAP in healthy
people and cancer patient, and commercial kit-based
ELISA (PDF)
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