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A B S T R A C T

Exosomes (30–150 nm) are phospholipid nanovesicles that carry molecular cargo reflecting their cellular origin, 
making them promising non-invasive biomarkers for cancer detection. Herein, we report the first 3D DNA 
walker-powered graphene field-effect transistor (GFET) biosensing platform for ultrasensitive detection of HER2- 
positive breast cancer exosomes. The assay integrates a two-stage, cascade amplification strategy. First, specific 
recognition of HER2-positive exosomes induces aptamer displacement, thereby activating DNAzyme‑powered 3D 
DNA walkers that catalytically cleave substrate strands in the presence of Zn2 + , continuously releasing single- 
stranded DNA (ssDNA) reporters. Second, the released ssDNA is captured by hairpin probes at the GFET gate 
interface, increasing the local negative charge within the Debye screening length and producing a shift in the 
charge neutrality point voltage (Vcnp). By measuring the signal change, the platform enables quantitative 
detection within ~1.5 h and achieves a limit of detection (LOD) of 1.57 particles µL− 1. Furthermore, this DNA 
walker-powered GFET platform was validated using clinical plasma samples and successfully distinguished 
HER2-positive from HER2-negative breast cancer patients.

1. Introduction

Exosomes are nanoscale extracellular vesicles found in body fluids, 
rich in nucleic acids and proteins reflecting their origin cells. Due to 
their stability and abundance, exosomes have become promising non- 
invasive biomarkers for cancer detection [1]. In breast cancer, human 
epidermal growth factor receptor 2 (HER2) is an important clinical 
biomarker used to define molecular subtypes and to guide targeted 
therapy [2]. Therefore, HER2 enrichment on tumor-derived exosomes 
offers the possibility of assessing HER2 status via liquid biopsy [3]. 
However, traditional exosome analysis methods, such as Western blot
ting (WB) and enzyme‑linked immunosorbent assay (ELISA), are 
labor-intensive, time-consuming, and often have limited sensitivity, thus 

restricting their clinical application [4–6]. To overcome these limita
tions, a variety of biosensing strategies have been developed for cancer 
exosome detection, including electrochemical [7,8], fluorescence-based 
[9,10], and surface-enhanced Raman scattering (SERS)-based [11] bio
sensors. Among these methods, biological field-effect transistors (Bio
FETs) are particularly attractive because they directly convert 
biomolecular binding events on the sensor surface into electrical signals 
by modulating the local electrostatic potential of the semiconductor 
channel [12,13]. For example, label-free exosome detection has been 
demonstrated using CD63 antibody-functionalized silicon nanowire 
FETs [14] and graphene FETs [15]. In particular, graphene FETs are 
attractive for liquid-biopsy analysis because graphene is highly sensitive 
to interfacial charge changes and enables direct electrical readout of 
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biomolecular recognition events [16,17]. However, many reported 
FET‑based exosome sensors require highly diluted systems to increase 
the Debye screening length, thereby deviating from physiological ionic 
conditions and compromising practical sensitivity. This challenge stems 
from the Debye screening effect in physiological solutions, where the 
short Debye length (< 0.7 nm) severely attenuates electrical signals from 
targets located away from the sensor surface [18]. Additionally, 
nonspecific adsorption and limited intrinsic signal amplification 
severely restrict sensitivity for low-abundance targets [19]. Therefore, 
effective signal‑amplification strategies are essential to enhance FET 
performance for clinically relevant exosome detection.

DNA walkers are autonomous nucleic acid nanomachines capable of 
cyclic signal amplification. By continuously walking along nucleic acid 
orbitals, a single target recognition event can be translated into the 
generation of multiple nucleic acid outputs, thereby boosting detectable 
signal levels [20]. Compared with PCR-based or enzyme-dependent 
approaches that require thermal cycling or complex reagent handling, 
DNA walkers provide programmable operation under mild conditions, 
improving analytical sensitivity while maintaining operational 
simplicity [21–23]. Notably, DNA walker systems that release multiple 
short, highly charged ssDNA products are particularly attractive for FET 
sensing, because these reporters can be captured directly on the tran
sistor surface to (i) increase the number of charge-modulation events 
and (ii) position the charge close to the sensing interface, thereby alle
viating Debye screening. These features make DNA walker-based 
amplification highly suitable for integration with bioelectronic bio
sensing formats for liquid biopsy applications [24]. To date, DNA 
walker-based biosensors have been mainly integrated with electro
chemical, fluorescence, or colorimetric readouts [25–28]. However, to 
the best of our knowledge, integrating DNA walker-driven signal 
amplification with FET-based electrical signal conversion has not been 
reported.

Herein, we developed a graphene field-effect transistor (GFET) bio
sensing platform integrating 3D DNA walkers for ultrasensitive detec
tion of exosomes derived from HER2-positive breast cancer cells. In this 

system, gold nanoparticles (AuNPs) functionalized with substrate 
strands served as high-density 3D walking tracks. A Zn2+ specific 
DNAzyme, acting as the walking strands, was initially hybridized and 
locked by a HER2-specific aptamer, and subsequently immobilized onto 
the AuNPs surface. Upon recognition of HER2-positive exosomes, 
aptamer binding triggers the unlocking of DNAzyme walking strands, 
initiating a Zn2+-driven cyclic walking process that cleaves substrate 
strands at the rA site and releases numerous short ssDNA fragments. 
These ssDNA products are subsequently captured by complementary 
hairpin (Hp) probes immobilized on the GFET surface, positioning the 
charged hybrids near the sensing interface to generate a measurable 
electrical response. By monitoring shifts in the charge neutrality point 
(Vcnp), the DNA walker-powered GFET platform achieved rapid, 
label‑free, and ultrasensitive detection of exosomes with a limit of 1.57 
particles µL− 1, and successfully distinguished HER2‑positive from 
HER2‑negative exosomes in clinical plasma samples.

2. Materials and methods

The full experimental procedure, chemicals, and instrumentation 
used in the study were provided in the Supporting Information.

3. Results and discussion

3.1. Working principle of 3D DNA walker-powered BioFETs for cancer 
exosomes detection

The working principle of the 3D DNA walker‑powered GFET plat
form is illustrated in Scheme 1. In this design, AuNPs serve as 3D scaf
folds and are co-functionalized with substrate strands and 
Zn2+‑dependent DNAzyme walking strands [29] at an optimized ratio. 
Each DNAzyme walking strand is partially hybridized at its 3′ terminus 
with a HER2-specific aptamer [3,30,31], which serves as a locking 
element to keep the walker inactive while providing target specificity. 
Upon exposure to HER2-positive exosomes, the aptamer binds to HER2 

Scheme 1. Working principle of 3D DNA walker-powered BioFETs for ultrasensitive cancer exosomes detection.
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proteins on the exosome surface and dissociates from the walking 
strand, thereby activating the DNAzyme. In the presence of Zn2+, the 
activated walker cyclically cleaves the substrate strands anchored on the 
AuNP surface, producing abundant ssDNA fragments. This constitutes 
the first amplification step, converting a single exosome-recognition 
event into multiple ssDNA outputs.

The ssDNA products are subsequently introduced to the GFET gate 
region, where complementary Hp probes are thermally annealed into a 
stable hairpin structure and immobilized on the AuNP-GFET surface 
through Au− S bonds. A micro-PDMS well was positioned over the GFET 
gate region as a confined reaction chamber to avoid electrode contam
ination and suppress environmental noise. The released ssDNA hybrid
izes with the Hp probes and opens the hairpin structure, bringing 
additional negative charges into close proximity to the graphene sur
face. This process changes the local electrostatic environment on the 
graphene channel within the Debye shield length and shifts the GFET 

transfer curve. The electrical response is quantified by the correspond
ing shift in Vcnp, where Vcnp denotes the charge neutrality point of 
graphene. In this way, the GFET acts as an inherent signal amplifier by 
converting subtle interfacial charge changes into a measurable electrical 
response. In contrast, in the absence of HER2-positive exosomes, the 
DNA walker remains locked, substrate cleavage is suppressed, and the 
hairpin probes remain closed, resulting in only a weak electrical 
response. Therefore, this cascade design enables rapid, highly specific, 
and ultrasensitive detection of HER2-positive exosomes.

3.2. Exosomes characterization and feasibility verification of 3D DNA 
walkers

As shown in Fig. 1a, transmission electron microscopy (TEM) 
revealed that SKBR3 exosomes have a characteristic bowl-shaped 
morphology with an average diameter of 100 nm. Nanoparticle 

Fig. 1. Exosome characterization and feasibility verification of DNA walkers. (a) TEM image of isolated exosomes derived from SKBR3 cell lines. (b) Western blot 
analysis of HER2, CD63, and GAPDH in SKBR3 cells and their isolated exosomes. (c) Size distribution of exosomes obtained by NTA. (d) Schematic illustration of the 
target-triggered autonomous DNA walkers process with fluorescent readout. (e) Fluorescence spectra of the DNA walkers obtained in the presence of different re
agents. Cexosomes = 104 particles/μL, incubation conditions: 3 h, 37 ◦C. (f) Corresponding quantitative analysis of fluorescence intensity across different reaction 
conditions. (g) PAGE images of DNA ladder, (1) substrate strands, (2) DNAzyme walking strands, (3) HER2 aptamer, (4) DNAzyme walking strands/substrate strands, 
(5) DNAzyme walking strands/HER2 aptamer, (6) DNAzyme walking strands/HER2 aptamer/substrate strands, (7) DNAzyme walking strands/HER2 aptamer/ 
substrate strands/HER2-positive exosomes.
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tracking analysis (NTA) revealed a unimodal size distribution with a 
mean particle diameter of 139 nm (Fig. 1c). The slightly larger size than 
TEM was expected because NTA measured the hydrodynamic diameter 
in solution. Western blot analysis confirmed the exosomal protein pro
file (Fig. 1b). CD63 was enriched in the isolated vesicles, indicating 
successful exosome isolation. HER2 was highly expressed in both SKBR3 
cells and the derived exosomes, suggesting that the released exosomes 
retained the HER2 membrane protein characteristics of the parental 
cancer cells [32].

To verify the feasibility of the 3D DNA walker, we performed a 
fluorescence assay (Fig. 1d). FAM-labeled substrate strands and 
aptamer-locked DNAzyme walking strands were co-immobilized on 
AuNPs, resulting in an initial “off” signal due to Au-induced fluorescence 
quenching. Upon addition of target exosomes, the high-affinity binding 
interaction between the HER2 aptamer and HER2 exosomes unlocked 
the DNAzyme walking strands. In the presence of Zn2+, the activated 
walker cleaved the substrate at the rA site and released FAM-labeled 
ssDNA fragments, restoring fluorescence (“on”). This cyclic walking- 
and-cleavage process continuously generated fluorescent signals, 
thereby amplifying the signal. As shown in Fig. 1e, a strong fluorescence 
increase at 520 nm was observed only when both HER2-positive exo
somes and Zn2+ were present, whereas all control groups showed 
negligible signals. The corresponding quantitative fluorescence analysis 
further confirmed this observation (Fig. 1f). To confirm the DNA 
walking mechanism, polyacrylamide gel electrophoresis (PAGE) was 
performed (Fig. 1g). Substrate strands, DNAzyme walking strands, and 
HER2 aptamer appeared as distinct single bands in lanes 1, 2, and 3, 
respectively. Additional bands corresponding to the DNAzyme walking 
strands–substrate strands complex and the DNAzyme walking 
strands–HER2 aptamer complex were observed in lanes 4 and 5, 
respectively. In the presence of target exosomes (lane 7), the DNAzyme 
walking strands–substrate strands band was evident, consistent with 
exosome-triggered aptamer dissociation and subsequent binding of the 
released DNAzyme walking strand to the substrate strand.

We optimized the operating conditions of the 3D DNA walker. First, 
we screened the DNAzyme-to-substrate molar ratio and observed the 
highest fluorescence enhancement (F1/F0 < 18) at 1:17 (Fig. S1a). This 
optimized ratio was therefore used for subsequent AuNP conjugation. To 
estimate the strand loading, substrate coverage per AuNP was quantified 
by a fluorescence displacement assay using FAM-labeled substrate 
strands as tracers. Briefly, the AuNP-DNA conjugates were incubated 
overnight with 2-ME in Tris-HCl buffer to displace the surface-bound 
thiolated DNA, and the released FAM strands in the supernatant were 
quantified using a calibration curve (Fig. S2). The average number of 
substrate strands was ~127 per AuNP, which corresponds to ~7 DNA
zyme walking strands per AuNP based on the optimized 17:1 substrate: 
DNAzyme feeding ratio. Second, kinetic studies (10–180 min) showed 
the signal reached ~80% of maximum by 60 min and plateaued by 
90 min, so 60 min was selected as the optimal reaction time (Fig. S1b). 
The DNA walker exhibited the best activity at 37 ◦C and pH 7.4 (Fig. S1c- 
d). To evaluate robustness against nonspecific protein effects, we tested 
the assay in the presence of BSA (1 mg/mL). The fluorescence response 
remained > 95% of the protein-free control (Fig. S1e). Finally, the ef
fects of different metal ions on DNA walker activity were investigated, 
and Zn2+ was selected as the cofactor for the 8–17E DNAzyme because it 
produced the highest fluorescence intensity among the tested ions, along 
with its good biocompatibility and tight physiological regulation [33]. 
The inset further shows that the fluorescence intensity reached a 
maximum at 1.0 mM Zn2+ (Fig. S1f). Because endogenous Zn2+ levels in 
serum are much lower, Zn2+ is supplemented as an assay reagent. We 
further performed Dynamic Light Scattering (DLS) to evaluate exosome 
stability in the presence of Zn2+ at different incubation times (5–60 min) 
(Fig. S3). The hydrodynamic diameter showed negligible change across 
the tested times, indicating no apparent Zn2+-induced vesicle aggrega
tion or gross membrane disruption within 60 min. Although a moderate 
increase in PDI was observed, this did not result in a measurable 

decrease in the detection readings during the sensing response time. 
Therefore, the optimal operating conditions for the 3D DNA walker were 
determined to be a DNAzyme-to-substrate feeding ratio of 1:17, a re
action time of 60 min, and an incubation environment of 37 ◦C at pH 7.4 
with 1.0 mM Zn2+ as the cofactor, which were used for all subsequent 
experiments.

3.3. Establishment and functionalization of the GFETs platform

AuNPs-GFETs were used as a substrate to immobilize Hp probes to 
capture ssDNA fragments released after the 3D DNA walking reaction 
(Fig. 2a). Initially, thiolated-Hp probes were covalently linked to the 
AuNP surface through Au-S bonds, and MCH was used as a filler to 
improve probe orientation and reduce nonspecific adsorption. Subse
quently, ssDNA fragments released from the DNA walker were incubated 
with the Hp-functionalized AuNPs-GFET for 30 min, triggering the 
opening and hybridization of the hairpin structure, thereby altering the 
local charge distribution near the graphene channel and generating 
measurable Dirac point shifts for exosome quantitative analysis. Device 
morphology was characterized by SEM, which showed well-defined 
source-drain electrodes and a continuous sensing channel (Fig. 2b). 
EDS elemental analysis detected Si, O, C, and Au, consistent with the Si/ 
SiO2 substrate, graphene channel, and AuNP decoration (Fig. S4-5). 
DNA modification and target hybridization were further verified by XPS. 
After Hp probes immobilization, characteristic peaks emerged at 
162.25 eV (S2p), 133.41 eV (P2p), and 400.08 eV (N1s), confirming 
successful DNA attachment on AuNPs and the presence of the DNA 
backbone and nucleobases (Fig. 2e-g). Upon hybridization with the 
complementary ssDNA, increased P2p and N1s intensities indicate addi
tional nucleic acid bound on the surface (Fig. 2f-g). Atomic force mi
croscopy (AFM) analysis showed increased surface roughness after Hp 
functionalization (Rq from 1.144 nm to 2.209 nm, Ra from 0.814 nm to 
1.478 nm, and Rz from 13.875 nm to 38.399 nm), indicating the suc
cessful Hp modification (Fig. 2c-d). The pristine GFET surface before 
modification is shown in Fig. S6. To assess surface uniformity, Kelvin 
probe force microscopy (KPFM) was used to map the surface potential of 
AuNPs-GFET after Hp modification. The KPFM images displayed a 
spatially uniform potential distribution, indicating uniform Hp coverage 
(Fig. S7a). The average KPFM surface potential decreased from 134.847 
to 52.394 mV, consistent with the introduction of negatively charged 
DNA probes, while reduced lateral potential dispersion (Sq: 
12.592–3.289 mV; calculated CV: 9.29–6.27%) suggests a more homo
geneous Hp distribution across the AuNPs–GFET surface (Fig. S7b).

3.4. The reliability of 3D DNA walker-powered GFET platform

The charge-neutrality point voltage (Vcnp), also known as the Dirac 
point voltage, was determined from the transfer characteristics of gra
phene FETs to evaluate device performance. Vcnp was identified as the 
gate voltage corresponding to the minimum drain current in the Ids-Vgs 
transfer curve, where the electron and hole carrier concentrations are 
equal at the graphene channel. The reproducibility of GFETs was 
assessed by measuring transfer curves of eight sensing channels at a 
constant drain-source bias of 50 mV (Fig. 3a). All channels exhibited 
nearly superimposable Ids–Vgs curves with Vcnp converging around 
180 mV. Device stability was then confirmed by monitoring transfer 
curves of a single GFET over 120 min with PBS buffer (Fig. 3b). The Vcnp 
remained stable (ΔVcnp < 2 mV) with on- and off-state currents varying 
by less than 3%, indicating stable graphene channel and electrode in
terfaces in the assay buffer. Quantitative analysis further showed that 
Vcnp for all eight channels clustered tightly between 176.5 and 180.5 mV 
(mean = 178.5 mV, σ = 1.2 mV, variability < 1%), confirming the ho
mogeneous doping state of the graphene channel across all devices 
(Fig. 3c). After the Hp modification, the Vcnp maintained within a nar
row range between 345 and 360 mV with a RSD of 1.47% across all 
sensing channels, when the devices were stored at 4◦C in a humid 
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environment between measurements. These narrow distributions indi
cate that subsequent biosensing shifts arise from target-induced charge 
transfer rather than inherent device fluctuations. The stability of GFETs 
after Hp modification was further verified by measuring the transfer 
characteristics at multiple time intervals, showing that Vcnp remained 
stable over 7 h (Fig. 3d-e). These results confirm that the Hp-modified 
GFET maintains negligible electrical drift during the probe immobili
zation phase, validating its suitability for subsequent DNA walker- 
mediated amplification and subsequent detection.

To confirm detection capability, we recorded the transfer charac
teristics at three sequential stages: (i) baseline (AuNPs-GFET), Vcnp 
= 178.5 mV, (ii) after immobilization of Hp onto AuNP-GFET surface 
(Hp-AuNP-GFET), Vcnp = 350 mV, and (iii) after exposure to the DNA- 
walker reaction products (ssDNA) generated in the presence of 104 

particles/μL HER2-positive exosomes, Vcnp = 445 mV (Fig. 3f). The 
positive shift from 178.5 mV to 350 mV after Hp immobilization is 
attributed to the formation of a negatively charged DNA layer near 
graphene. The Hp probes immobilized on AuNPs through Au-S bonds 
present a constrained double-helix stem structure with partially 
confined phosphate backbone, resulting in an initial p-doping effect 

with a modest Vcnp rightward shift. The further shift from 350 mV to 
445 mV after sample addition arises from the accumulation of DNA 
walker-generated ssDNA reporters on the surface via hybridization with 
Hp. These ssDNA present all phosphate groups in an extended confor
mation that maximizes exposure to the graphene electrostatic environ
ment, producing a substantially stronger p-doping effect. The further 
shift is attributed to accumulated negatively charged ssDNA, which 
dominates the overall signal via DNA walker amplification, thereby 
explaining the robust signal amplification. This ssDNA-induced signal 
(ΔVcnp = 95 mV) dramatically exceeded the minimal baseline noise (<
2 mV), demonstrating high signal-to-noise detection.

3.5. The performance of 3D DNA walker-powered GFET platform for 
HER2-positive exosomes detection

The DNA walker-powered GFET platform enabled the quantitative 
detection of exosomes across a wide concentration range (0.1–104 par
ticles/μL), as evidenced by a monotonic increase in Vcnp shift with 
HER2-positive exosomes concentrations, as shown in Fig. 4a. This 
concentration-dependent behavior reflects the direct proportionality 

Fig. 2. Establishment and functionalization of GFETs. (a) Schematic illustration of Hp and MCH modification on AuNPs-GFET. (b) SEM images of AuNPs-GFET 
sensing channel structure and the graphene layer surface. 2D and 3D AFM profile of the GFET surface after AuNPs decoration (c) and Hp functionalization (d). 
(e-g) XPS analysis of AuNPs-GFET surface: S2p (e), N1s (f), and P2p (g) peaks at different modification stages (before/after Hp functionalization and during detection).
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between the number of target exosomes binding events and the accu
mulation of negatively charged ssDNA-Hp complexes at the GFET 
interface. Linear regression analysis of the calibration curve yielded Y 
= 15.42*lg(X) + 28.59 (R2 = 0.9804), indicating excellent linearity 
across five orders of magnitude. The LOD was calculated to be 1.57 
particles/μL based on the blank signal plus 3 times the standard devia
tion (Fig. 4b). This ultrahigh sensitivity exceeds that of most reported 
exosome detection methods (Table S2), highlighting the advantages of 

integrating DNA walker-mediated signal amplification with FET con
version. Specifically, this design (i) provides molecular amplification, in 
which a single exosome-binding event generates multiple DNA reporter 
products; (ii) improves electrostatic coupling under ionic screening 
because the short ssDNA reporters hybridize close to the graphene sur
face, whereas intact exosomes (30–150 nm) place most charges farther 
from the sensing interface [34]; and (iii) allows the signal amplification 
step to be optimized independently of GFET readout conditions, thereby 

Fig. 3. The reliability of GFETs for the detection. (a) Reproducibility: transfer curves of 8 sensing channels measured at Vds = 50 mV. (b) Stability: transfer curve of 
the GFET measured with respect to time. (c) Vcnp distribution of 8 GFETs measured at Vds = 50 mV before and after the Hp modification. Transfer curves (d) and 
corresponding quantitative analysis (e) of GFETs after Hp modification during incubation. (f) Transfer curves of the AuNPs-GFET after each step of functionalization.

Fig. 4. The performance of the 3D DNA walker-powered GFET platform for exosomes detection. Sensitivity: Transfer curve (a) and corresponding calibration curves 
(b, n = 6) conducted with HER2-positive exosomes ranging from 0.1 particle/μL to 104 particles/μL at Vds = 50 mV, S/N = 3. (c) Selectivity: ΔVcnp response upon 
MCF-10A, PBS, MCF-7, MDA-MB-231, SKBR3 exosomes (HER2-positive exosomes) and mixture containing the above exosomes, Vds = 50 mV. Error bars are obtained 
from three devices. (d) Reproducibility: Transfer curves recorded with 20 consecutive cycles and corresponding Vcnp distribution (e) conducted with 104 particles/μL 
of HER2-positive exosomes. (f) Reusability of the GFET using TCEP to detain the Hp probe conducted with 104 particles/μL of HER2-positive exosomes.
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improving measurement robustness and reproducibility. To further 
verify the signal transduction mechanism, the relationship between 
ssDNA concentration and GFET response was examined. The linear 
regression analysis exhibited a good linear correlation between ssDNA 
concentration and ΔVcnp (Y = 2.088*(X) + 8.264, R2 = 0.9874), which 
confirms that the released ssDNA serves as the direct mediator of the 
electrical response (Fig. S8). To evaluate the selectivity of the platform, 
exosomes derived from HER2-positive SKBR3 cells, HER2-negative 
breast cancer cell lines (MCF‑7 and MDA‑MB‑231), a normal breast 
epithelial cell line (MCF‑10 A), and mixed samples were tested under 
the optimized assay conditions (Fig. 4c). SKBR3 exosomes induced a 

pronounced Vcnp shift of 95 mV, whereas MCF‑10 A, MCF‑7, and 
MDA‑MB‑231 exosomes produced negligible shifts comparable to the 
PBS blank, indicating low nonspecific response. In mixed samples, 
SKBR3 exosomes spiked into two HER2-negative and normal exosomes 
retained 92% of the SKBR3 group signal, confirming high specificity 
under complex conditions. The transfer curves in Fig. S9 further 
demonstrated these results.

To evaluate the reproducibility and leakage current behavior of the 
device, 20 consecutive measurements were performed using HER2- 
positive exosomes, with PBS buffer as the blank. As shown in Fig. 4d, 
the Vcnp shifts remained tightly clustered across all cycles (RSD < 5%), 

Fig. 5. Clinical sample analysis. (a) Schematic illustration of the 3D DNA walker-powered GFET platform for detecting HER2‑positive exosomes using clinical plasma 
samples from breast cancer patients. (b) Transfer curves of the GFETs in the presence of exosomes extracted from healthy donors, HER2-positive, and HER2-negative 
patients. (c) Analysis of Vcnp shift collected from HER2-negative patients (n = 8) and HER2-positive patients (n = 10). (d) Significant expression difference of HER2- 
positive exosomes levels between HER2-positive and HER2-negative patients (***: p < 0.001). (e) PCA of transfer curves. The data were classified using 95% 
confidence ellipses. The differences in the data were analyzed by PC1 and PC2 (accounting for 97.0% and 1.9% of the variance, respectively), accounting for 98.9% of 
the total variance.
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demonstrating excellent signal reproducibility. However, a gradual 
decrease in off-state current was observed in both exosomes and PBS 
samples, indicating baseline drift under continuous gate stress. Criti
cally, this leakage current behavior was independent of the exosomes- 
induced signal and appeared identically in PBS blanks, confirming 
that the drift is intrinsic to the GFET device rather than assay failure 
(Fig. 4e). This phenomenon, consistent with previously reported 
behavior in FET devices, reflects charge trapping and dielectric polari
zation at the gate oxide interface under prolonged electrical stress [35]. 
Finally, device reusability was evaluated over three consecutive detec
tion cycles with TCEP-mediated surface regeneration (Fig. 4f). Between 
cycles, TCEP treatment reduced disulfide bonds and released bound 
Hp-ssDNA complexes, which were then rinsed with deionized water and 
dried with nitrogen. Signal amplitude fully recovered in the first test but 
decreased to approximately 80% in the second and third cycles, likely 
due to the partial loss of Hp probes from incomplete dissociation of 
Hp-ssDNA complexes during TCEP treatment or minor surface fouling. 
Despite this decline, the retention of ~80% signal in cycles 2–3 dem
onstrates that the platform maintains good reusability and detection 
capability across multiple reuse cycles.

3.6. Clinical sample analysis

We further evaluated the performance of the DNA walker‑powered 
GFET platform for detecting HER2‑positive exosomes using clinical 
plasma samples from breast cancer patients (Fig. 5a). As shown in 
Fig. 5b, the Vcnp shift of HER2‑positive breast cancer patients was 
significantly larger than that of HER2‑negative breast cancer patients 
and healthy subjects, supporting the applicability of the platform in 
clinically relevant matrices. To assess the reliability of differentiating 
HER2‑positive from HER2‑negative cases, 18 plasma samples were 
randomly collected from the Third Affiliated Hospital of Sun Yat‑sen 
University (Guangzhou, China), including 10 HER2‑positive breast 
cancer patients (n = 10) and 8 HER2‑negative breast cancer patients (n 
= 8). Analysis of individual patient data revealed that the ΔVcnp re
sponses in HER2‑positive patients were markedly higher than those in 
HER2‑negative patients (p < 0.001), consistent with clinical HER2 
diagnostic results (Fig. 5c-d). Principal component analysis (PCA) 
further demonstrated group separation, with HER2‑positive and 
HER2‑negative samples forming distinct clusters along PC1 and PC2, 
indicating that the DNA walker‑powered GFET platform can reliably 
distinguish HER2 status in clinical plasma samples (Fig. 5e).

The above results demonstrated the significant value of the proposed 
platform in clinical scenarios requiring accurate HER2 status determi
nation. HER2 assessment is a routine and crucial component of breast 
cancer diagnosis, as it directly guides a patient's suitability for HER2- 
targeted therapy, such as trastuzumab [2,36]. Beyond distinguishing 
HER2-positive from HER2-negative patients, the DNA walker-driven 
GFET platform provides rapid, highly repeatable electrical signal read
ings, supports longitudinal monitoring, and enables continuous mea
surements to track therapy-associated changes in HER2-positive 
exosomal signals. In the post-treatment setting, the platform’s ultra
sensitive performance may also facilitate minimal residual disease sur
veillance and allow early detection of recurrence. Finally, the compact, 
label-free electrical transduction is well-suited to point-of-care or 
near-patient testing.

4. Conclusions

We established the first 3D DNA walker-powered GFET platform for 
ultrasensitive detection of HER2-positive breast cancer exosomes. In this 
system, AuNP-based DNA walkers are activated by target exosome 
recognition and catalytically generate abundant ssDNA reporters, which 
subsequently hybridize with hairpin probes immobilized on the GFET 
surface to convert molecular amplification into a strongly enhanced 
electrical response. The platform achieved rapid and quantitative 

detection within 1.5 h, with an ultralow limit of detection of 1.57 par
ticles/µL. The assay exhibits high selectivity toward HER2-positive 
exosomes, robust analytical performance with excellent reproduc
ibility (RSD < 5%), and practical reusability (~80% signal retention 
after regeneration). In addition, the platform has been successfully 
applied to test HER2 status in clinical samples, effectively distinguishing 
HER2-positive from HER2-negative breast cancer patients. Although the 
current workflow still involves multiple manual steps and the clinical 
dataset remains limited, this study establishes a generalizable frame
work that integrates programmable DNA nanomachines with GFET 
bioelectronics to enable sensitive, scalable, and electronics-ready exo
some diagnostics. Future efforts will prioritize validation in larger, 
clinically diverse cohorts and system-level integration with on-chip 
microfluidics to deliver automated, sample-to-answer operation suit
able for point-of-care deployment.
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