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A B S T R A C T   

Glaucoma is a leading cause of irreversible blindness worldwide. Early discovery and prioritized intervention 
significantly impact its prognosis. Precise monitoring of the biomarker GDF15 contributes towards effective 
diagnosis and assessment of glaucoma. In this study, we demonstrate that GDF15 monitoring can also aid 
screening for glaucoma risk and early diagnosis. We obtained an aptamer (APT2TM) with high affinity, high 
specificity, and high stability for binding to both human-derived and rat-derived GDF15. Simulation results 
showed that the binding capabilities of APT2TM are mainly affected by the interplay between van der Waals 
forces and polar solvation energy, and that salt bridges and hydrogen bonds play critical roles. We then inte-
grated an enzyme-linked aptamer sandwich assay (ELASA) into a biolayer interferometry (BLI) system to develop 
an automated, high-throughput, real-time monitoring BLI-ELASA biosensing platform. This platform exhibited a 
wide linear detection window (10–810 pg/mL range) and high sensitivity for GDF15 (detection limit of 5–6 pg/ 
mL). Moreover, we confirmed its excellent performance when applied to GDF15 quantification in real samples 
from glaucomatous rats and clinical patients. We believe that this technology represents a robust, convenient, 
and cost-effective approach for risk screening, early diagnosis, and animal modeling evaluation of glaucoma in 
the near future.   

1. Introduction 

Glaucoma is a progressive and slowly developing ocular neurode-
generative disease, which is considered the leading cause of irreversible 
blindness in the world [1–3]. It is conservatively estimated that it has 
caused moderate-to-severe visual impairment in 4.5 million people 
worldwide, and blindness in 3.2 million people [4]. A key goal of 
glaucoma research over the past few years has been to identify those at 
risk of rapid progression and blindness as early as possible [5–7]. This 
effort involves a variety of examination methods, including rapidly 
evolving structural technologies (such as optical coherence tomogra-
phy) and functional assessments (for example using non-invasive 

electrophysiological measurements) [8–10]. However, it is recognized 
that these approaches can only detect obvious alterations caused by 
advanced depletion of retinal ganglion cells (RGCs) in glaucoma. They 
are therefore suitable for diagnosis during the middle and late, but not 
early, stages of the disease. As a result, the need for early detection of 
glaucoma has remained unmet. 

Accurate monitoring of glaucoma-specific biomarkers is desirable for 
achieving early diagnosis, progression assessment, and prognostic 
management [11–14]. Growth differentiation factor-15 (GDF15) is a 
divergent member of the transforming growth factor-beta superfamily. 
Dysregulated levels of this factor are associated with various patholog-
ical conditions such as inflammation, cardiovascular disease, cancer, 
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obesity, and glaucoma [15–17]. Previous studies have reported 
increased concentration of GDF15 within the aqueous humor (AH) and 
serum of patients suffering from primary-open angle glaucoma (POAG), 
with a positive correlation between the level of increase and disease 
severity [18–20]. Maddala et al. have recently confirmed that AH levels 
of GDF15 were robustly elevated in a relatively large cohort of POAG 
patients when compared with age- and gender-matched non-glaucoma 
cataract patients [21]. Therefore, identification of this biomarker may 
represent a convenient, time-saving, and cost-effective approach for the 
diagnosis, screening, and assessment of glaucoma. Current research is 
investing substantial resources towards the exploration of advanced 
diagnostic technologies for disease-specific biomarkers [22–25]. Among 
the different approaches, biosensing technology based on biolayer 
interferometry (BLI) has become increasingly popular [26–28]. This 
technology is attractive because it uses inexpensive, disposable fiber tips 
to automatically monitor, in real-time, targets that are directly bound to 
bio-recognition molecules (BRMs) immobilized on the sensor surface 
[29–31]. An important consideration in the design of BLI-based bio-
sensors is therefore represented by the BRM that generates the signal to 
be transduced. Among BRMs utilized for affinity principle-based inter-
facial biosensors, antibodies are most commonly used because of their 
high sensitivity and selectivity towards specific targets. However, the 
large size and structural rigidity of antibodies impose some limitations 
on their assembly density and response kinetics, greatly reducing their 
potential for applications involving low-abundance biomarkers. 

Aptamers are easily chemically synthesized, versatile oligonucleo-
tide molecules, which can be obtained using the in vitro selection SELEX 

technique [32–35]. They are generally less affected by environmental 
factors (such as pH and temperature) than antibodies, and they are 
inherently flexible, which allows for pronounced conformational 
changes during binding [36–39]. Furthermore, their small size allows 
for denser immobilization of molecules at the interface, which is bene-
ficial for improving sensitivity and generalizability of biosensors 
[40–43]. However, in cases where the analyte is present at low con-
centrations, as is typically found for the glaucoma-specific biomarker 
GDF15, the interference signal is often near or below the detection limit 
of the BLI system. To overcome this problem, we constructed a highly 
sensitive 3D aptasensor for capturing GDF15, and further enhanced its 
performance via horseradish peroxidase (HRP)-labeled aptamers. These 
compounds induce precipitation of insoluble crystals directly onto the 
biosensor, thereby greatly amplifying the detection signal. 

In this study, through screening and optimization, we first obtained 
an aptamer, named APT2TM, that demonstrates high affinity, high 
specificity, and high stability when binding to both human-derived and 
rat-derived GDF15 proteins. We then exploited molecular dynamics 
(MD) simulations to explore the underlying molecular recognition 
mechanism and its key driving forces. Finally, APT2TM was used as 
BRMs, and we combined the advantages of BLI sensing (automated, 
high-throughput, and real-time online monitoring) with an enzyme- 
linked aptamer sandwich assay (ELASA). The resulting platform, 
termed BLI-ELASA, delivers rapid, sensitive and specific biosensing for 
GDF15 detection. This platform was further validated using real sam-
ples, including AH from rats and clinically confirmed patients, demon-
strating its feasibility for application in the examination of glaucoma 

Fig. 1. GDF15-specific aptamer screening and determination. (A) Schematic diagram of the MB-SELEX procedure. (B) Melting curve analysis of the enriched aptamer 
pools by the QuantStudio™ Real-Time PCR System. (C) ssDNA recovery monitoring of the enriched aptamer pools by Qubit® 2.0 fluorometry. (D) Bonding strength 
analysis of the enriched aptamer pools by BLI. (E, F) BLI-based analysis of binding affinity and specificity of the aptamers APT1 and APT2 for GDF15. 
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patients and assessment of animal models. Based on this evidence, we 
believe that the developed BLI-ELASA biosensing platform will provide a 
valuable solution for early screening and diagnosis of glaucoma, and 
may reduce the risk of blindness in visually impaired people. 

2. Results and discussion 

2.1. Selection, optimization, and identification of GDF15-specific 
aptamers 

GDF15-targeting aptamers were obtained using the MB-SELEX 
technique (Fig. 1A; see Methods for details on the selection protocol). 
To improve screening efficiency, a counter selection step was introduced 
in the fifth round to eliminate ssDNA that nonspecifically bound to the 
bead carrier. To obtain aptamers with high recognition activity, we 

gradually added the following free competitive counter-targets to the 
positive incubation system: bovine serum albumin (BSA), human serum 
albumin (HSA), gliotoxin (GTX), adenosine triphosphate (ATP), lip-
ocalin 1 (LCN 1), and brain-derived neurotrophic factor (BDNF). How-
ever, because the enrichment of non-specific ssDNA was unavoidable, 
efficient monitoring of SELEX progression was critical for successful 
aptamer acquisition. We relied on a comprehensive analysis strategy 
including melting curve, ssDNA recovery, and pool binding strength, to 
monitor the convergence of aptamers during the screening process. As 
shown in Fig. 1B, the melting peak shifted from its initial value of 
70.4 ◦C to 72.9 ◦C, and reached a plateau in the tenth round, indicating 
that the diversity of the library was reduced significantly. Recovery of 
ssDNA also gradually increased with continued application of the SELEX 
procedure (Fig. 1C), demonstrating a significant increase in the 
enrichment of the screened library. Furthermore, compared with the 

Fig. 2. GDF15-specific aptamer optimization and identification. (A) GDF15-specific aptamer sequences, their scores when folded into G-quadruplex configuration, 
and their binding affinity. (B, C) BLI analysis of binding affinity and specificity of the APT2T and APT2TM aptamers for GDF15. (D) Thermal stability analysis of the 
aptamers. Melting profiles were normalized by the absorbance at 15 ◦C and 100 ◦C. The first derivatives of the absorbance are shown. (E) Nuclease resistance analysis 
of the aptamers in 95% human serum at 37 ◦C for up to 72 h. (F, G) Conformation analysis of the aptamers by CD. (H) Schematic diagram of optimized trans-
formation of G-quadruplex structure. (I) Binding affinity determination of the APT2TM aptamer to rat GDF15 using BLI. 
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initial ssDNA library (Pool 0), the last library (Pool 10) showed signif-
icant signal strength for binding to the target GDF15 molecule (Fig. 1D). 
Based on the above-detailed satisfactory results, we interrupted the se-
lection procedure after ten cycles, and amplified the enriched ssDNA for 
high-throughput sequencing (HTS). We then selected the representative 
candidate aptamers APT1 and APT2, which were among the top 50 most 
frequently identified sequences via HTS (Fig. S1). The two aptamers 
displayed good affinity and specificity for GDF15, with binding affinity 
constants of 28 nM and 9.2 nM (Fig. 1E and F), respectively. 

We further improved the performance of aptamers via combinatorial 

optimization techniques involving truncation and mutation strategies. 
Based on QGRS Mapper predictions [44], we found that APT2 was able 
to fold into G-quadruplex structures (Fig. 2A, G-Score = 20). Truncation 
of the redundant sequences at both ends of the aptamer yielded the core 
sequence APT2T, which increased its binding affinity to 1.07 nM 
(Fig. 2B) while retaining high specificity. After site-directed mutation, 
the APT2TM aptamer sequence with TA, TAT, and AT connection 
fragments forms a G-quadruplex containing three G-quartets structural 
units. Encouragingly, APT2TM not only maintained high binding af-
finity and target specificity (Fig. 2C), but also increased its predicted 

Fig. 3. Molecular modeling and optimization. (A) RMSD of APT2TM and associated complexes during 100 ns of simulation time. (B) 3D structural model of APT2TM, 
where the formed QGRS is rendered in purple. (C) 3D structure of GDF15-Human and GDF15-Rat. (D) Ramachandran plot of the structure of GDF15-Rat protein. Red 
dot within the white region represents residues within irrational regions. Dots within dark or light green regions represent residues within favored regions or allowed 
regions. (E) The 3D structure and (F) sequence overlay of GDF15-Rat with GDF15-Human. The green chain in (E) shows chain A of GDF15-Human, the cyan chain 
shows chain B of GDF15-Human, the magenta chain shows chain A of GDF15-Rat, and the yellow chain shows chain B of GDF15-Rat. (For interpretation of the 
references to color in this figure legend, the reader is referred to the Web version of this article.) 
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Fig. 4. Dynamics simulation and analysis. Complex structures of (A) APT2TM-GDF15 (Human) and (B) APT2TM-GDF15 (Rat) at different simulation times. Chain A 
of GDF15 is labeled by cyan color, Chain B by purple. Bases of the G-quadruplex are shown as different colors: red for A, green for G, yellow for T, blue for C. (C) 
APT2TM-GDF15 (Human) and (D) APT2TM-GDF15 (Rat) binding models. The red dashed lines represent hydrogen bonding interactions, and the blue dashed lines 
represent salt bridges. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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G-Score from the initial 20 to 41, indicating the formation of a more 
stable structure. Indeed, the APT2TM aptamer showed higher thermal 
stability (Tm = 82.17 ◦C), and its Tm value increased by 7 ◦C compared 
with APT2T (Tm = 75.12 ◦C, Fig. 2D). The higher Tm value indicated 
that the aptamer was more effective in maintaining its structure at high 
temperature. We further examined the resistance of the aptamers to 
nuclease digestion in 95% human serum at 37 ◦C for up to 72 h (Fig. 2E). 
The APT2TM aptamer, in addition to higher thermal stability, also 
showed stronger nuclease resistance with 38.32% residual amount at 72 
h, against the corresponding 29.71% retention for APT2T. These results 
indicated that the APT2TM aptamer was characterized by improved 
binding affinity, targeting specificity, and structural stability. 

To better understand the mechanism of this optimization and 
improvement, we investigated the intrinsic conformational changes of 
the aptamers via circular dichroism (CD) analysis. As shown in Fig. 2F, 
the APT2 aptamer mainly presents a parallel G-quadruplex structure 
with a positive peak at ~265 nm and a negative peak at ~242 nm. 
However, the truncated APT2T aptamer formed an antiparallel G- 
quadruplex structure characterized by a positive peak at ~295 nm and a 
negative peak at ~265 nm (Fig. 2G). Therefore, we speculate that the 
significant increase in binding affinity (8–9 folds) may be attributed to 
greater exposure of the binding site associated with reconfiguration of 
the folded structure assumed by the aptamer. In addition, compared 
with the CD spectrum of the APT2T aptamer, the characteristic negative 
absorption peak of the APT2TM aptamer displayed a blue shift (Fig. 2G). 
This effect may result from the APT2TM aptamer folding into an anti-
parallel G-quadruplex structure containing three G-quartets (Fig. 2H), 
which confers higher structural rigidity, thermal stability, and nuclease 
resistance. Therefore, the APT2TM aptamer not only shows high affinity, 
high specificity, and high stability for targeting human-derived GDF15, 
but it also retains a degree of binding ability to rat-derived GDF15 that is 
comparable to that achieved by its unmodified APT2 aptamer (Fig. 2I). 

2.2. Binding mode and recognition mechanism of the APT2TM aptamer to 
GDF15 

We utilized MD simulations to further explore the molecular recog-
nition mechanism of the APT2TM aptamer for targeting human-derived 
and rat-derived GDF15. First, we constructed the initial 3D structure of 
APT2TM and performed MD optimization. As shown in Fig. 3A, the root 
mean square deviation (RMSD) of the backbone atomic displacement of 
APT2TM is less than 2.5 Å within 100 ns, indicating that the system 
reaches equilibrium within the allocated simulation time. Fig. 3B shows 
the final stable 3D structural model of the APT2TM. It mainly forms four 
G-rich sequence (QGRS) regions (G1–3, 6–8, 12–14, 17–19) folded into 
an antiparallel G-quadruplex containing three G-quartets structural 
units, consistent with our experimental results. Fig. 3C shows the 3D 
structure of rat GDF15, which was obtained by homology modeling 
based on the 5VZ3 crystal structure of human GDF15 [45]. Ramachan-
dran analysis showed that 99% of rat GDF15 residues were within the 
allowed region, indicating that the constructed 3D structure was 
reasonable (Fig. 3D). When we superimposed the three-dimensional 
structure and amino acid sequence of rat GDF15 onto the template 
structure of human GDF15 (Fig. 3E and F), we found that their structures 
showed high similarity with the same α-helix and β-strand regions. We 
then used molecular docking to obtain two initial complex structures of 
APT2TM-GDF15 (Human) and APT2TM-GDF15 (Rat), and we optimized 
the binding modes of these complexes via all-atom, explicit water MD 
simulations. As shown in Fig. 3A, RMSD values for the two complex 
systems were less than 4.0 Å and reached equilibrium over 100 ns of 
simulation time, indicating the formation of stable binding complexes. 
We then extracted their conformations at five time points of 0, 25, 50, 
75, and 100 ns. The simulation results in Fig. 4A and B shows no sig-
nificant change of structural conformation for either the G-quadruplex 
complex or the target protein. 

To further elucidate the key recognition sites and main driving forces 

underlying the operation of the APT2TM aptamer, we analyzed the final 
stable binding pattern of APT2TM to GDF15-Human. As shown in 
Fig. 4C, MD simulations suggest that bases G1, G2, G13, G14, T16, and 
G17 within APT2TM may bind to residues R249, A250, P276, A277, 
Y279, Y297, D298, and H306 within GDF15-Human through salt bridges 
and hydrogen bonds. Specifically (Table 1), the oxygen atom of the G17 
phosphate group from APT2TM forms salt bridges with the two nitrogen 
atoms associated with the guanidine group of R249 from GDF15- 
Human-A. The oxygen atom of T16 from APT2TM acts as a hydrogen 
bond acceptor, and forms a hydrogen bond with the nitrogen atom 
associated with the backbone of A250 from GDF15-Human-A. The ox-
ygen atom of G1 from APT2TM acts as a hydrogen bond donor, and 
forms a hydrogen bond with the oxygen atom associated with the 
backbone of P276 from GDF15-Human-A. The nitrogen atom of G2 from 
APT2TM acts as a hydrogen bond donor and forms a hydrogen bond 
with the oxygen atom associated with the backbone of A277 from 
GDF15-Human-A. The oxygen atom of G1 from APT2TM acts as a 
hydrogen bond acceptor, and forms a hydrogen bond with the oxygen 
atom of the phenolic hydroxyl group from Y279 within GDF15-Human- 
A. The oxygen atom of G1 from APT2TM acts as a hydrogen bond 
acceptor, and forms a hydrogen bond with the nitrogen atom of imid-
azole from H306 within GDF15-Human-A. The oxygen atom of G14 from 
APT2TM acts as a hydrogen bond acceptor, and forms a hydrogen bond 
with the oxygen atom of the phenolic hydroxyl group from Y297 within 
GDF15-Human-B. The nitrogen atom of G13 from APT2TM acts as a 
hydrogen bond donor and forms a hydrogen bond with the oxygen atom 
of carboxyl from D298 within GDF15-Human-B. Fig. 4D shows the final 
stable binding model of APT2TM and GDF15-Rat. To be more specific 
(Table 1), the oxygen atom of the phosphate group from G6 within 
APT2TM forms salt bridges with the two nitrogen atoms of the guanidine 
group from R244 within GDF15-Rat-A. The oxygen atom of the phos-
phate group from G7 within APT2TM forms a salt bridge with the ni-
trogen atom of the guanidine group from R244 within GDF15-Rat-A. The 
nitrogen atom of T9 from APT2TM acts as a hydrogen bond donor with 
the oxygen atom from the backbone of Arg282 within GDF15-Rat-B. The 
oxygen atom of T16 from APT2TM acts as a hydrogen bond acceptor, 
and forms a hydrogen bond with the nitrogen atom of the amide group 
from Q290 within GDF15-Rat-B. Therefore, the G6, G7, T9, and T16 
bases associated with APT2TM may bind to the R244, R282, and Q290 
residues from GDF15-Rat via salt bridge and hydrogen bonding in-
teractions. In addition, we further constructed the structures of 

Table 1 
Bases and residues participate in the interaction between APT2TM and GDF15.  

Chain 1 Base Chain 2 Residue Interaction type 

APT2TM G17. 
OP1 

GDF15- 
Human-A 

Arg249.NE/ 
NH2 

Salt bridge 

T16. 
OP2 

GDF15- 
Human-A 

Ala250.N Hydrogen bond 
interaction 

G1.O5′ GDF15- 
Human-A 

Pro276.O Hydrogen bond 
interaction 

G2.N2 GDF15- 
Human-A 

Ala277.O Hydrogen bond 
interaction 

G1.O5′ GDF15- 
Human-A 

Tyr279.OH Hydrogen bond 
interaction 

G1.O6 GDF15- 
Human-A 

His306.ND1 Hydrogen bond 
interaction 

G14. 
OP1 

GDF15- 
Human-B 

Tyr297.OH Hydrogen bond 
interaction 

G13.N2 GDF15- 
Human-B 

Asp298.OD1 Hydrogen bond 
interaction 

G6. 
OP2 

GDF15-Rat-A Arg244.NH1/ 
NH2 

Salt bridge 

G7. 
OP2 

GDF15-Rat-A Arg244.NE Salt bridge 

T9.N3 GDF15-Rat-B Arg282.O Hydrogen bond 
interaction 

T16.O4 GDF15-Rat-B Gln290.NE2 Hydrogen bond 
interaction  
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APT2TM-GDF15 (Human)-APT2TM and APT2TM-GDF15 (Rat)- 
APT2TM ternary complexes. The final stable binding pattern of two 
APT2TM chains (chain C and chain D) to GDF15-Human is shown in 
Fig. S2A. The bases G1, G2, G13, G14, T16 and G17 within chain C may 
bind to residues R249, A250, P276, A277, Y279, Y297, D298 and H306 
within GDF15-Human through salt bridges and hydrogen bonds. The 
bases A10, G18, T16, G17 and G19 within chain D may bind to D289, 
Q247, Q256 and D304 within GDF15-Human through hydrogen bonds 
(Table S1). The final stable two APT2TM chains with GDF15-Rat binding 
model is shown in Fig. S2B. The bases G6, G7, T9 and T16 within chain C 
may bind to residues R244, R282 and Q290 within GDF15-Rat via salt 
bridges and hydrogen bonds. The bases A10, T5, G7 and G18 within 
chain D may bind to Q290, D196, S245, S272 and C300 within GDF15- 
Rat through hydrogen bonds (Table S2). Therefore, the second APT2TM 
molecule had little interference with the binding site and binding force 

of the initial complex APT2TM-GDF15. 
Finally, we performed further calculations of the binding energy 

associated with these complexes using the molecular mechanics with 
generalized Born and surface area solvation method. As shown in 
Table S3, the binding of APT2TM to both GDF15-Human and GDF15-Rat 
is mainly influenced by van der Waals forces and polar solvation energy 
interaction forces. The binding free energies of chain C binding to 
GDF15-Human and GDF15-Rat were − 19.45 kcal/mol and − 15.79 kcal/ 
mol, respectively. It is worth noting that the binding free energies of 
chain D binding to GDF15-Human and GDF15-Rat were − 14.02 kcal/ 
mol and − 14.38 kcal/mol, which indicates the almost the same binding 
affinity of chain D binding to GDF15-Human and GDF15-Rat after the 
binding of chain C. Therefore, these results demonstrate that APT2TM or 
2 molecules of APT2TM are indeed able to bind GDF15-Human and 
GDF15-Rat with high stability and strength, respectively, and that these 

Fig. 5. Construction and setup of detection platform. (A) Schematic representation of the BLI-ELASA biosensing platform. (B) GDF15 detection setting and generated 
response curve profile. (C) Specific principle of GDF15 detection. 
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effects are primarily mediated by salt bridge and hydrogen bonding 
interactions. 

2.3. BLI-ELASA biosensing platform for GDF15 detection 

To enable rapid and effective monitoring of GDF15 at low concen-
trations, we used APT2TM as BRM, and developed a novel biosensing 
platform based on BLI and ELASA. As shown in Fig. 5A, our novel BLI- 
ELASA biosensing platform enables automated, high-throughput, and 
real-time online monitoring of the biomarker GDF15 in real samples 
using an 8-channel biosensor. More specifically (Fig. 5B and C), the 
APT2TM-assembled sensor was equilibrated in binding buffer for 1 min, 
followed by 6 min of incubation with the analysis samples to capture 
free GDF15. After a quick 1 min wash step, the biosensor was then 
incubated for another 6 min in a well containing the HRP-labeled 
APT2TM aptamer (HRP-APT2TM) to form a sandwich complex con-
sisting of aptamer-GDF15-aptamer. Following another short wash for 1 
min, the biosensor was submerged in HRP substrate DAB solution, 
thereby forming insoluble crystals that precipitate on the biosensor 
surface (Fig. S3). This caused a large change in the optical thickness of 
the biosensor layer and induced a significant spectral shift (Δλ), which 
amplified the sensing signal [46]. 

To maximize detection efficiency of the biosensors, we first investi-
gated the assembly density and time of the APT2TM aptamer on the 
sensor surface. In general, compared with 2D sensors that form a single 

monolayer, the 3D matrix (or super streptavidin) sensors not only 
assemble more BRMs, but also allow for greater spatial extent and 
numerosity of the binding complexes, thus leading to a significant 
improvement in capture sensitivity. Fig. 6A shows that the measured 
response increased with increasing APT2TM concentration up to 1.28 
μM, after which the response gradually decreased. If fabricated at lower 
concentrations, 3D aptasensors may present limited sensitivity caused 
by insufficient BRMs, while those fabricated at higher concentrations 
may inhibit assembly efficiency because of steric hindrance, which re-
sults in reduced response. Fig. 6B shows the response change associated 
with the 3D sensors after incubation with 1.28 μM biotin-labeled 
APT2TM at different time points. We observed steady response 
enhancement until 360 s of assembly time, when saturation was 
reached. Therefore, the 3D aptasensor achieves optimal efficiency in 
capturing the target protein (Fig. 6C). Subsequent to the above steps, we 
optimized signal level for the last step of the assay, namely the formation 
of the insoluble crystal precipitate on the 3D sensor surface caused by 
HRP activity, which induced a significant shift in interference wave-
length. Fig. 6D shows a clear dose-response effect between HRP- 
APT2TM concentration and response level. We obtained excellent 
signal-to-noise ratio with 10 nM of HRP-APT2TM. Higher concentra-
tions may cause wavelength shifts beyond the limits of the sensing 
platform. It is important that the enzymatic reaction time is such that it 
allows signal amplification of the biosensor in the DAB solution. Theo-
retically, a longer reaction time can generate larger sensing signals and 

Fig. 6. Optimization and application of detection platform. (A) Aptamer APT2TM assembly density and (B) assembly time. (C) Amount of GDF15 captured on the 3D 
biosensors. (D) Optimization of HRP-aptamer concentration (* refers to p < 0.05) and (E) signal amplification time of the detection system. (F) Signal curve plots for 
the BLI-ELASA biosensing platform after addition of GDF15 at various concentrations. (G) Calibration curve for GDF15 and (H) rat GDF15, plotting response signal 
versus concentration. (I) Selectivity of the BLI-ELASA biosensing platform (*** refers to p < 0.001 for comparison against signal induced by GDF15, and ### refers to 
p < 0.001 for comparison against signal induced by rat GDF15). 
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yield higher sensitivity, but this will also compromise the efficiency of 
the biosensor in practical applications. Fig. 6E shows that the response 
increased significantly with signal amplification time up to 10 min, after 
which a plateau was reached. 

Next, under the optimized experimental conditions detailed above, 
we recorded dose-dependent changes in the sensing signal for GDF15 at 
different concentrations within the 10–7290 pg/mL range. Fig. 6F shows 
that the signal delivered by the BLI-ELASA platform progressively 
decreased with decreasing GDF15 concentration. We fitted a sigmoidal 
logistic four-parameter curve to the signal values plotted against GDF15 
concentration (Fig. 6G). Data points in the calibration curve represented 
three independent measurements and were satisfactorily fitted by the 
equation y = (Rmax – Rmin)/[1 + (x/EC50)b] + Rmin, where Rmax and Rmin 
are maximum and minimum response values, b is the slope of the curve, 
and EC50 is the GDF15 concentration leading to 50% of the maximum 
signal value. After fitting to the experimental data, we obtained the 
equation y = (17.447 – 0.676)/[1 + (x/774.54) − 1.246 ] + 0.676, which 
produced an R2 value of 0.996. We further characterized a linear 

detection range between 10 and 810 pg/mL of GDF15, which can be 
represented by the linear regression equation y = 0.0108x + 0.794, with 
a correlation coefficient of R2 = 0.995. In addition, the biosensing 
platform exhibited good linear detection for the rat GDF15 protein 
(Fig. 6H), which was captured by the equation y = 0.0114x + 1.486 with 
a correlation of R2 = 0.986. The associated limit of detection (LOD) is 
approximately 5–6 pg/mL of GDF15 concentration (S/N = 3), where 
noise level is defined by the standard deviation of multiple measure-
ments from blank samples. The above sensitivity is comparable to that 
delivered by ELISA, which is the most commonly used method for dis-
ease biomarker detection. Notably, GDF15 analysis by means of ELISA 
takes 4–5 h, while the BLI-ELASA biosensing platform implements an 
automated rapid analysis procedure that can complete the assay within 
30 min. 

We additionally performed cross-reactivity experiments with BDNF, 
TNF-α, VEGF165, LCN 1, ATP, GTX, HSA, and BSA. As shown in Fig. 6I, 
after adding equal concentrations of interfering substances, we observed 
low sensing responses that contrasted sharply with the high signal 

Fig. 7. COH rat model and its assessment. (A) Mean IOP before (control) and after (≥1 day) surgery, showing that the IOP of glaucomatous eyes increased 
significantly at all time points compared with that of the control eyes and sham-operated eyes (n = 16–37). *** refers to p < 0.001 for comparison against sham- 
operated treatment at the same time point, and ### refers to p < 0.001 for comparison against control. (B) SD-OCT images from COH rat models. Thickness of the 
retinal GCC layer decreased sharply at 2w. (C) Quantification of retinal GCC thickness for different conditions (n = 12, 7, 6, 7, 26, 6, respectively). ** refers to p <
0.01 for comparison against sham-operated treatment. (D) Representative PhNR from retina after establishment of the COH model. PhNR amplitude declined at 5 d, 
1w, and 2w after establishment of the model. (E) Data analysis of PhNR amplitudes for different conditions (n = 12, 11, 22, 18, 18, 10, respectively). *** refers to p <
0.001 for comparison against sham-operated treatment. (F) Elevated levels of GDF15 in AH samples from rat COH model. AH samples started to show significantly 
increased levels of GDF15 at 3 d after surgery (n = 6, 7, 8, 5, 6, respectively; * refers to p < 0.05 and ** to p < 0.01 for comparison against sham-operated treatment). 
(G) GDF15 within AH samples from rat COH model detected by ELISA and by the BLI-ELASA biosensing platform, with comparison of the normalized detec-
tion results. 
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induced by GDF15. In addition, we spiked free target proteins into serum 
samples previously diluted ten times using binding buffer and analyzed 
them using the preset calibration curve. We obtained high recovery rates 
of 93.68–109.31% and low coefficients of variation between 4.45 and 
11.29%, indicating good sensing capability of the system in complex 
matrices. Therefore, these results demonstrate the excellent analytical 
performance of the BLI-ELASA biosensing platform for GDF15, including 
high sensitivity, wide detection window, good specificity, accuracy, and 
repeatability, which are crucial for disease screening and diagnostic 
technologies. 

2.4. GDF15 assessment and application for glaucoma diagnosis 

To further validate GDF15 as an effective indicator for early diag-
nosis of glaucoma, we established a rat model with chronic ocular hy-
pertension (COH). As shown in Fig. 7A, COH rats exhibited significantly 
higher mean intraocular pressure (IOP) in glaucomatous eyes between 
day 1 and week 2 (G1d to G2w, COH; 16.78 ± 2.68 to 20.11 ± 5.19 
mmHg, n = 18–37), compared with sham-operated eyes (9.50 ± 0.82 to 
10.13 ± 0.24 mmHg, n = 16) and unoperated eyes (control; 10.3 ± 1.42 
mmHg, n = 30; all p < 0.001). Subsequently, we identified the associ-
ated structural and functional changes via spectral-domain optical 
coherence tomography (SD-OCT) and electroretinography (ERG), which 
have been shown to accurately diagnose glaucoma. The SD-OCT results 
(Fig. 7B and C) showed that the mean thickness of the sham-operated 
ganglion cell complex (GCC) layer was 80.56 ± 1.67 μm (n = 12). The 
thickness of the GCC layer did not change significantly relative to the 
sham group at 1 d, 3 d, 5 d, and 1w (n = 7, 6, 7, 26, respectively; all p >
0.05). At 2w, mean thickness changed significantly and decreased to 
70.5 ± 4.35 μm (n = 6, p = 0.004 against sham). The ERG results 
(Fig. 7D and E) showed that the mean amplitude of the photopic nega-
tive response (PhNR) from the sham-operated group was − 26.25 ± 1.91 

μV (n = 12). The amplitude of the PhNR did not change significantly 
compared with the sham group at 1 d and 3 d (n = 11, 22, respectively; 
all p > 0.05). However, PhNR amplitudes for the COH group showed a 
statistically significant decline at 5 d (− 15.86 ± 1.62 μV, n = 18, p <
0.001 against sham), and continued to decline at 7 days (− 14.15 ± 1.30 
μV, n = 18, p < 0.001 against sham) and 2w (− 14.76 ± 2.23 μV, n = 10, 
p < 0.001 against sham). We therefore detected abnormal visual func-
tion in the COH rat model on day 14 and day 5 using SD-OCT and ERG 
examination techniques, respectively. 

Next, we studied the level of GDF15 in AH of COH rats over time 
using a rat ELISA kit. As shown in Fig. 7F, we observed an overall 
increasing trend of GDF15. In particular, the GDF15 level increased by a 
factor of 2.2 compared with the sham-operated group at 3 d (n = 8, p =
0.021 against sham). It steadily increased by factors of 2.4 and 2.7 at 5 
d and 7 d (5 d: n = 5, p = 0.013 against sham; 7 d: n = 6, p = 0.0016 
against sham). It is clear from these results that GDF15 may serve as an 
effective early diagnostic indicator for glaucoma, with abnormal AH 
levels that can be detected significantly earlier than corresponding 
detectable changes using conventional visual examination methods. In 
addition, we further analyzed rat AH samples using the BLI-ELASA 
biosensing platform. Fig. 7G shows that detection results from the two 
methods were highly consistent, further validating the potential of our 
biosensing platform for application to practical sample detection and 
glaucoma evaluation through animal modeling. 

Finally, we evaluated the practical effectiveness of the BLI-ELASA 
biosensing platform in detecting GDF15 from clinical samples. In this 
trial, six glaucoma patients and five cataract controls were recruited. 
The AH samples were collected with the informed consent of the 
participating subjects and following approval by the Ethics Committee 
of the Eye and ENT Hospital of Fudan University. As shown in Fig. 8A, 
the AH samples were processed and analyzed using both a human ELISA 
kit and our newly developed biosensing platform. Consistent with 

Fig. 8. GDF15 sample detection. (A) Schematic representation of GDF15 analysis using ELISA and BLI-ELASA biosensing platforms. (B) GDF15 concentration in AH 
samples from cataract controls and glaucoma patients detected by ELISA. (C, D) Correlation between detection results from ELISA and those from the BLI-ELASA 
biosensing platform when applied to cataract controls and glaucoma patients. When using ELISA as a reference, the proposed platform presents a high degree of 
accuracy for the analysis of GDF15. 
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previous reports, the GDF15 concentration within AH from glaucoma 
patients (292.85 ± 52.84 pg/mL) was significantly higher than 
measured from the control group (120.61 ± 31.42 pg/mL, Fig. 8B). It is 
worth noting that the correlation reached as high as 0.965 in the patients 
with glaucoma (Figs. 8D) and 0.931 in the cataract controls (Fig. 8C), 
indicating that the concentration values detected using our biosensing 
platform were comparable with those detected using commercial ELISA. 
Although further clinical tests will be necessary to confirm our results 
with larger databases, our technique provides a promising solution for 
overcoming current limitations in early discovery of glaucoma. We 
anticipate that, with additional clinical follow-up research, the proposed 
BLI-ELASA biosensing platform may serve as a widespread tool for 
practical applications involving risk screening and early diagnosis of 
glaucoma in the near future. 

3. Conclusions 

We have demonstrated the application of a BLI-ELASA biosensing 
platform for rapid, automated, and real-time online monitoring of the 
glaucoma-specific GDF15 biomarker. The sensing platform consists of an 
8-channel biosensor that uses aptamers as BRMs. It incorporates an 
enzyme-linked aptamer sandwich assay (ELASA) with the associated 
advantages of high throughput, high sensitivity, and high specificity. 
The MD simulation results showed that the APT2TM aptamer was able to 
bind both human and rat GDF15, primarily through the interaction of 
van der Waals forces and polar solvation energy. Salt bridges and 
hydrogen bonds within the aptamer and GDF15 complexes played 
critical roles in mediating the binding process. Furthermore, we 
exploited the BLI-ELASA biosensing platform to analyze real samples, 
and showed excellent performance for diagnosis of glaucoma patients 
and detection in animal models. Therefore, we believe that the devel-
oped BLI-ELASA biosensing platform will become a robust, convenient, 
and cost-effective approach for practical application in early screening 
and diagnosis of glaucoma in the near future. 

4. Materials and methods 

All materials, reagents, experimental methods, and instrumentations 
used throughout this study are detailed in the Supporting information. 
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