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a b s t r a c t

Glial fibrillary acidic protein (GFAP) can serve as a promising early blood biomarker for Alzheimer’s dis-

ease (AD). Existing assays mostly rely on antibody-based detection technologies, the preparation of anti-

bodies is relatively complex, costly, and requires high storage conditions. In this study, we screened an

aptamer specifically targeting GFAP (KD =0.621μmol/L) through systematic evolution of ligands by expo-

nential enrichment (SELEX) technique for the first time and then applied which to develop a simple but

sensitive fluorescent sensor by combining isothermal exponential amplification reaction (EXPAR) with

hybridization chain reaction (HCR). The platform achieved a broad linear detection range (10 pg/mL to

10μg/mL) and a low detection limit (0.24 pg/mL). The results detected by the proposed sensor were

highly correlated with that detected by ELISA method (R=0.9989, P<0.0001). The work overcomes the

limitations of antibody-based technologies and provides a promising solution for early diagnosis of AD.

© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Alzheimer’s disease (AD) is a progressive neurodegenerative

disorder and the most prevalent form of dementia, characterized

by a gradual decline in cognitive function and memory [1,2]. With

aging populations driving increased AD prevalence, it has placed

an increasing burden on individuals, families, and healthcare sys-

tems [3]. Early diagnosis and timely intervention are crucial for

delaying cognitive deterioration and improving patient outcomes

[4,5]. Existing diagnostic methods such as cerebrospinal fluid anal-

ysis and positron emission tomography are available. However,

these approaches are costly and invasive [6,7]. In contrast, periph-

eral blood biomarker testing offers significant advantages, includ-

ing cost-effectiveness, patient compliance, and minimal invasive-

ness [8]. Among these emerging blood biomarkers, glial fibrillary

acidic protein (GFAP), a key structural protein in astrocytes, has
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garnered increasing attention [9,10]. Notably, plasma levels of GFAP

begin to rise during the asymptomatic stage of AD, preceding ele-

vations in phosphorylated tau (p-tau181) and neurofilament light

chain (NfL) by approximately 5–8 years. In a multicenter study,

serum GFAP levels in AD patients were found to have a median

concentration of 375 pg/mL, with an interquartile range (IQR) of

276–505 pg/mL, which was significantly higher compared to con-

trols (167 pg/mL, IQR 108–234 pg/mL). Furthermore, GFAP levels

were already elevated in the early stages of the disease, specifically

in MCI-AD patients, with a median of 300 pg/mL (IQR 232–433

pg/mL, P<0.001) [11]. This early and aberrant increase provides a

crucial time-window advantage for the preclinical detection of AD

[12,13].

Current quantification techniques for GFAP predominantly rely

on antibodies as recognition elements, including single molecule

array (SiMoA) [14], mass spectrometry (MS) [15], enzyme-linked

immunosorbent assay (ELISA), and electrochemiluminescence (ECL)

[16]. These techniques can be applied to detect GFAP with high

sensitivity, but mostly are associated with high costs, complex pro-
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Fig. 1. Monitoring the screening process. (a) Affinity analysis of library by flow cy-

tometry. (b) ssDNA pool recovery after each round of SELEX.

cedures, and antibody-related challenges such as instability and in-

consistent quality control. So, further exploring the novel detection

method for GFAP with enhanced sensitivity and stability is desir-

able in AD diagnosis.

Aptamers are short single-stranded oligonucleotides selected

through the systematic evolution of ligands by exponential en-

richment (SELEX) technique, capable of binding target molecules

with high affinity and specificity [17–19]. As novel recognition el-

ements, aptamers not only exhibit high affinity and specificity to-

ward targets but also offer several advantages over traditional anti-

bodies, including simplified synthesis, high chemical stability, low

cost [20,21]. These features render aptamers particularly advanta-

geous for biosensor development and underscore their potential as

robust recognition elements for sensitive GFAP detection.

However, no GFAP-specific aptamers have been reported till

now. In this study, magnetic bead-based SELEX (MB-SELEX) tech-

nology has been adopted to isolate high-affinity aptamers against

GFAP. Through 11 rounds of screening, aptamers with specificity

for GFAP were successfully identified. To ensure both high affin-

ity and specificity, negative selection was introduced from the sec-

ond round to remove non-specific ssDNA sequences. Furthermore,

starting from round 7, selection pressure was progressively inten-

sified by lowering the concentration of the target protein and the

library input amount (Table S2 in Supporting information).

Flow cytometry and real-time quantitative fluorescent PCR

(qPCR) were employed to monitor the selection process and ensure

the enrichment of aptamers with optimal binding affinity. Flow cy-

tometry analysis revealed a progressive increase in fluorescence in-

tensity of the 6-carboxyfluorescein (FAM) labeled single-stranded

DNA (ssDNA) pool from round 3 to round 9, after which no fur-

ther increase was observed, indicating saturation of ssDNA enrich-

ment (Fig. 1a). Furthermore, to quantify ssDNA enrichment from

each selection round, the initial library was diluted in a 10-fold di-

lution series from 10nmol/L to 1pmol/L to obtain the correspond-

ing standard fluorescence curve, the equation was obtained as

Cq=−3.217X+20.14 with a correlation coefficient of R2 =0.9875,

where X denotes the logarithmic concentration of initial library

(Fig. S2 in Supporting information). Subsequently, qPCR was uti-

lized to quantify the eluate after each round of screening to ob-

tain the corresponding Cq value, and substituted into the standard

curve equation to calculate the concentration. The elution volume

for each round was 200μL, the amount of elution was obtained

by the product of concentration and volume. The actual amount

of library input in each round of screening was detailed in Table

S2, and the retention rate was obtained by calculating the ratio of

the elution amount to the input amount. As illustrated in Fig. 1b,

the retention of the ssDNA library plateaued after the 9th round,

with minimal variation observed in subsequent rounds, suggest-

ing that additional rounds would not significantly improve enrich-

ment. Therefore, the selection process was terminated at round 11,

as binding saturation had been achieved and further rounds would

not contribute to the selection of higher-affinity aptamers.

At the final stage of screening, 10% polyacrylamide gel elec-

trophoresis (PAGE) analysis was performed on each library round

to assess the integrity of ssDNA. As shown in Fig. S3a (Support-

ing information), a single band in the range of 75–80bp was ob-

served, corresponding to the expected length of the ssDNA library,

confirming that its integrity was maintained throughout the selec-

tion process. The libraries were subsequently purified and high-

throughput sequenced. A total of 1048,576 unique DNA sequences

were identified, with Apt1 exhibiting the highest copy number,

indicating its predominance. Fig. S3b (Supporting information) il-

lustrates that the frequency of the top 10, 100, and 1000 se-

quences increased with each selection round, indicating that the

library became progressively enriched with specific sequences, re-

ducing randomness. The top 38 sequences, each appearing more

than 7000 times in round 11, were selected for homology analy-

sis using MEGA software. As shown in Fig. S3c (Supporting infor-

mation), these sequences were clustered into seven distinct fami-

lies based on sequence similarity. Dominant sequences from each

family were selected according to their frequency, resulting in the

identification of nine candidate aptamers (Apt1, Apt2, Apt4, Apt7,

Apt9, Apt10, Apt12, Apt16, and Apt19). Their binding responses to

GFAP were evaluated by surface plasma resonance spectroscopy

(SPR), with Apt1 exhibiting the highest response value (RU), in-

dicating its strongest binding affinity (Fig. S3d in Supporting in-

formation). In addition, mfold software was used to predict the

secondary structures and Gibbs free energies of the candidate ap-

tamers, providing insights into their structural stability and bind-

ing potential (Table S3 in Supporting information). The secondary

structures of the candidate aptamers predominantly feature stem-

loop motifs, which facilitate binding to GFAP, while the stem re-

gions contribute to structural stabilization (Fig. S4 in Supporting

information for their structures).

As shown in Fig. S5a (Supporting information), the equilib-

rium dissociation constant (KD) value of Apt1 was determined to

be 0.621 μmol/L using SPR analysis. To further investigate the

interaction mechanism, molecular docking simulations were per-

formed using AutoDock 4.0 (Fig. S5b in Supporting information).

The results revealed that Apt1 formed 15 hydrogen bonds with

amino acid residues of GFAP. Nucleotides A23, A50, A52, T35,

T45, T51, G33, G34, G36, G54, and C37 of the Apt1 sequence

were involved in specific molecular recognition. The average hy-

drogen bond length between these bases and the GFAP residues

was 2.65±0.5 Å, suggesting a strong affinity and stable binding in-

teraction (Fig. S5c in Supporting information). Furthermore, sec-

ondary structure prediction using mfold revealed that the bind-

ing sites were predominantly located within two stem-loop regions

(Fig. S5d in Supporting information), indicating that the stem-loop

motifs play a critical role in target recognition. To further confirm

this conclusion, we assessed the binding affinity of different se-

quences to GFAP using flow cytometry. Apt1–1 retained the full

stem-loop structure, while Apt1–2 and Apt1–3 retained the left

and right stem-loops, respectively, and Apt1–4 lacked both stem-

loops (sequence details in Table S4 in Supporting information). As

shown in Fig. S5e (Supporting information), the binding displace-

ment of Apt1–4 was consistent with that of the blank group, in-

dicating no binding to GFAP. In contrast, Apt1–2 and Apt1–3 ex-

hibited significant rightward displacement, indicating partial bind-

ing to GFAP, while Apt1–1 showed an even greater displacement,

suggesting a stronger binding affinity. Notably, Apt1 demonstrated

the most significant displacement, indicating a more stable confor-

mation. These results further support that the aptamer-GFAP bind-

ing sites are primarily located within the stem loops and provide a

theoretical basis for the rational design of aptamer-based strategies

for GFAP.
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Fig. 2. Principle of GFAP fluorescent sensor based on target-induced cDNA dissociation triggering EXPAR and HCR.

Then the selected aptamer had been applied to design a fluo-

rescence biosensor for GFAP in blood. Since the concentration of

GFAP in the blood is very low. Signal amplification technology is

needed to achieve detection of low concentration targets. Isother-

mal exponential amplification reaction (EXPAR) enables rapid and

efficient nucleic acid amplification at constant temperature, sim-

plifying the process and reducing equipment requirements [22,23].

This process is driven by a specially designed template contain-

ing terminal repeat regions complementary to the trigger se-

quence and a central site recognized by a restriction endonuclease.

Through repeated cycles of polymerase extension and endonucle-

ase cleavage, numerous short nucleotide fragments are ultimately

released, amplifying the detection signal [24]. Simultaneously, hy-

bridization chain reaction (HCR) provides enzyme-free signal am-

plification by utilizing a specific trigger sequence that initiates cas-

cade hybridization of two complementary DNA hairpins, resulting

in long nicked double-stranded DNA polymers [25,26]. This dual

approach has proven to be a valuable tool for highly sensitive and

quantitative detection of trace biomarkers.

Here, the selected aptamer had been combined with EXPAR

and HCR to develop a fluorescent sensor for quantitative detec-

tion GFAP. The principle was illustrated in Fig. 2. Initially, biotin-

modified Apt1 is hybridized with complementary DNA (cDNA) and

immobilized onto streptavidin-functionalized magnetic nanoparti-

cles (SMB). Upon the introduction of GFAP, the aptamer prefer-

entially binds to GFAP due to competitive binding, forming the

SMB-Apt1-GFAP complex. This interaction leads to the release of

cDNA into the supernatant following magnetic separation. The col-

lected supernatant is then transferred to EXPAR reaction system for

further amplification. In the EXPAR system, cDNA hybridizes with

template DNA (T-DNA), initiating polymerization by Vent (exo-)

DNA polymerase in the presence of dNTPs, forming a double-

stranded structure. Nt.BstNBI nicking enzyme subsequently rec-

ognizes a specific site and introduces a nick, facilitating the re-

lease of free cDNA. This liberated cDNA binds to additional T-

DNA molecules, initiating a catalytic cycle that generates a high

abundance of cDNA sequences. After amplification, the generated

cDNA functions as the initiator for the subsequent HCR reaction.

H1 is labeled at the stem region with a fluorophore (FAM) and

a quencher (BHQ-1). Initially, H1 maintains a stable hairpin con-

formation, keeping FAM and BHQ-1 in proximity, which results in

fluorescence quenching. Upon the introduction of cDNA, triggering

the unfolding of hairpin H1, this structural change leading to the

spatial separation of FAM from BHQ-1, thereby restoring the fluo-

rescence signal. In the absence of GFAP, the Apt1 binding sites re-

main unoccupied, allowing cDNA hybridized with Apt1 and immo-

bilized on the surface of SMB, preventing significant cDNA release

into the supernatant. Consequently, downstream EXPAR and HCR

reactions are not initiated, the H1 remains in the closed confor-

mation and fluorescence remains quenched. The fluorescence in-

tensity is positively correlated with the concentration of GFAP and

can be quantitatively detected.

The EXPAR products were characterized by PAGE, confirming

that the reaction was successfully initiated in the presence of

cDNA, yielding a considerable amount of short DNA fragments

the same length as the cDNA. In contrast, no significant ampli-

fication products were observed when cDNA, T-DNA, or enzymes

were omitted from the reaction system (Fig. S6a in Supporting

information). The feasibility of the method was further validated

through fluorescence experiments (Fig. S6b in Supporting informa-

tion). H1 and H2 hairpin probes were incorporated into the EX-

PAR product. In the absence of cDNA, fluorescence intensity was

low, indicating no non-specific amplification. When cDNA alone

was present, fluorescence intensity was negligible due to the insuf-

ficient cDNA concentration required to trigger HCR. However, after

EXPAR amplification, the elevated cDNA concentration resulted in a

ten-fold increase in fluorescence intensity. Subsequently, the feasi-

bility of target presence or absence was verified. As shown in Fig.

S6c (Supporting information), when the GFAP concentration was

1μg/mL, the fluorescence intensity increased by 2.5-fold with the

HCR system, and further enhanced to 5.5-fold upon the addition

of the dual amplification system. Based on the observed fluores-

cence changes, it can be concluded that GFAP is capable of restor-

ing fluorescence, while the combination of EXAPR and HCR effec-

tively amplifies the fluorescence signal, demonstrating its potential

for high-sensitivity detection.

Key reaction parameters were systematically optimized to

achieve the maximum fluorescence response in the amplification

reaction. These parameters included the concentrations of Vent

(exo-) DNA polymerase, Nt.BstNBI nicking enzyme, T-DNA, and

the amplification duration. Insufficient enzyme levels would re-

duce amplification efficiency and sensitivity, whereas excessive en-

zyme levels led to unnecessary reagent consumption due to post-

reaction deactivation. As shown in Figs. S7a and b (Supporting

information), as the concentrations of polymerase and endonu-

clease increased, the fluorescence intensity also progressively in-

creased. When the concentrations of Vent (exo-) DNA polymerase

and Nt.BstNBI nicking enzyme were 0.04U/μL and 0.2U/μL, the flu-

orescence signal plateaued, and further increases in enzyme con-

centration resulted in stable fluorescence intensity. This suggests

3
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Fig. 3. Performance of the proposed fluorescence sensor. (a) Fluorescence response

upon the addition of varying concentrations of GFAP. (b) The linear correlation be-

tween �F and the logarithmic concentration of GFAP. Error bars represent ± SD of

three independent experiments. (c) Five replicate fluorescence intensity measure-

ments obtained from 100ng/mL GFAP. (d) Selectivity of the assay (the concentration

of BSA, Hcy, Aβ , Tau, NRGN, NfL, S100β were 1μg/mL, the concentration of GFAP

was 100ng/mL). Error bars represent ± SD of three independent experiments.

that 0.04U/μL of polymerase and 0.2U/μL of endonuclease are suf-

ficient to support the enzymatic amplification process. These con-

centrations were therefore identified as optimal and were em-

ployed in subsequent experiments. Next, the concentration of T-

DNA was optimized. As illustrated in Fig. S7c (Supporting infor-

mation), fluorescence intensity increased progressively with higher

template DNA concentrations, reaching a peak at 1 μmol/L. Further

increases beyond this concentration would trigger nonspecific am-

plification. So 1 μmol/L was selected as the optimal T-DNA concen-

tration. Finally, the amplification time was optimized. As depicted

in Fig. S7d (Supporting information), fluorescence intensity exhib-

ited a time-dependent increase, stabilizing at 60min with no sig-

nificant further enhancement beyond this point. Therefore, 60min

was chosen as the optimal amplification duration.

First, we assessed the stability of our aptamer in serum ma-

trix. We incubated Apt1 (10μL, 500nmol/L) in 50% human serum

at 37 °C for durations ranging from 0.5 to 8h. The stability of

Apt1 was evaluated using 10% PAGE, and the results showed that

the aptamer remained stable for up to 8h (Fig. S8a in Support-

ing information). Then, various concentrations of GFAP were in-

troduced into the serum samples under optimized experimental

conditions and the fluorescence of the system had been recorded.

The HCR assay, showed a good linear relationship between GFAP

concentration and fluorescence intensity in the range of 16ng/mL

to 10μg/mL, but could not satisfy the detection demand. The

linear equation was fitted as follows: �F=153.4 lgCGFAP +346.9,

R2 =0.9802. Where �F denotes the difference of the fluorescence

signal detected with and without the presence of GFAP, CGFAP
denotes the concentration of GFAP (μg/mL), and R2 is the cor-

relation coefficient. The limit of detection (LOD) for this assay

was 3.10ng/mL, calculated based on a signal-to-noise ratio of 3

(S/N=3), where S represents the standard deviation of the blank

measurements and N denotes the slope of the calibration curve

(Fig. S8c in Supporting information).

As illustrated in Fig. 3b, the HCR-EXPAR assay demonstrated

that �F increased with the logarithm of GFAP concentration in the

range of 10 pg/mL to 10μg/mL. The fitted linear equation is as fol-

Fig. 4. Determination of GFAP concentration in serum from CN individuals and AD

patients. (a) Quantification of GFAP concentration based on the ELISA method and

(c) EXPAR-HCR method. (b) Statistical analysis of serum GFAP levels in AD and CN

patients based on the ELISA method and (d) EXPAR-HCR method. Each serum sam-

ple was tested in three independent replicates (∗∗∗∗P<0.0001). Error bars represent

± SD of three independent experiments.

lows: �F=174.5 lgCGFAP +878.1, R2 =0.9925. The LOD for this as-

say was 0.24 pg/mL. Compared to other reported methods for de-

tecting GFAP, our method offers both a lower detection limit and

a broader detection range (Table S6 in Supporting information).

To assess the reproducibility of the established assay, a 100ng/mL

GFAP was selected, and five parallel experiments were performed.

As shown in Fig. 3c, the result demonstrated the relative stan-

dard deviation (RSD) is only 2.3 %, indicating the excellent repro-

ducibility of the developed sensor. Additionally, the influence of

various AD-related biomarkers and protein may present in the

serums on the assay was evaluated. The substances tested included

bovine serum albumin (BSA), homocysteine (Hcy), Aβ , Tau, neu-

rogranin (NRGN), NfL, and central nervous system specific protein

β (S100β). The concentrations of GFAP and the other biomarkers

were set at 100ng/mL and 1μg/mL, respectively. As illustrated in

Fig. 3d, the �F values for the other markers were notably lower

compared to those in the presence of GFAP alone or the GFAP-

containing mixture. This distinct signal difference demonstrates

the excellent specificity of the assay for GFAP, effectively minimiz-

ing potential interference from other AD-related markers in the

system and ensuring the accuracy of the test results.

To validate the clinical utility and reliability of the sensor for

detecting GFAP in serum samples from AD patients. Twelve clini-

cal serum samples, comprising six from AD patients and six cogni-

tively normal (CN) control samples, were analyzed with the pro-

posed sensor. As shown in Fig. 4, the GFAP concentrations in

serum were significantly elevated in the AD group compared to the

CN group. Detailed assay results (Table S7 in Supporting informa-

tion) revealed the GFAP concentrations ranged from 88 pg/mL to

127 pg/mL in CN samples and from 235 pg/mL to 358 pg/mL in AD

samples. These findings align with previous reports in the litera-

ture [11], which indicate that serum GFAP levels are significantly

elevated in AD patients. Furthermore, a pearson’s correlation anal-

ysis (Fig. S9 in Supporting information) demonstrated a strong cor-

relation (R=0.9989, P<0.0001) between the results obtained with

our method and those obtained using a commercial GFAP ELISA kit.

In conclusion, the aptamer against target GFAP was identified

for the first time through 11 rounds of selection by MB-SELEX
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technology. The selected aptamer Apt1 exhibited excellent bind-

ing affinity and specificity toward GFAP, with a dissociation con-

stant of 0.621 μmol/L. Molecular dynamics simulations revealed

that Apt1 possesses multiple interaction sites distributed along the

GFAP polypeptide chain, supporting its potential as a robust recog-

nition element for the sensor development.

Combined with dual isothermal amplification (EXPAR and HCR),

the selected aptamer had been adopted to develop fluorescence

sensor for highly sensitive GFAP detection. Under optimized ex-

perimental conditions, the sensor demonstrated a wide linear de-

tection range spanning from 10 pg/mL to 10μg/mL, along with an

exceptionally low detection limit of 0.24 pg/mL. The quantifica-

tion of GFAP in serum samples demonstrated a strong correlation

with the results obtained using a commercially available ELISA kit

(R=0.9989, P<0.0001), confirming the accuracy and reliability of

the method for GFAP analysis in serum.

This study not only represents the first successful identifica-

tion of a GFAP-specific aptamer but also introduces a fluorescence-

based approach for quantitative GFAP detection. Of note, there are

some limitations in this study. First, the EXPAR-HCR system re-

quires a controlled enzymatic reaction, which not only increases

the cost but also limits its applicability in large-scale screening.

Additionally, this study lacks sample validation across different

stages of AD, and further validation of our results would neces-

sitate an expanded sample size. As a proof-of-concept study, we

were unable to address all the challenges encountered in this pre-

liminary work. However, our study aims to present a promising

perspective by using aptamer technology to detect GFAP and de-

veloping an economical, high sensitivity and stability platform for

the early diagnosis of AD.
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