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Abstract

Cardiac troponin I (cTnI) is the gold-standard biomarker for acute myocardial infarction, 

yet current laboratory-based high-sensitivity assays require centralized infrastructure, trained 

personnel, and serial testing, limiting their suitability for real-time or continuous monitoring 

in resource-limited settings. Point-of-care electrochemical sensors have shown promise for 

rapid cTnI detection, but their reliance on antibodies as biorecognition elements and redox 

mediator solutions, and single-use operation restricts practical translation. Here, we report an 

ultrasound-enabled refreshable electrochemical biosensor for sensitive, stable, and repeatable cTnI 

monitoring. The device employs a cTnI-specific peptide as the biorecognition element, providing 

enhanced stability during storage, transport, and operation. Label-free electrochemical impedance 

spectroscopy quantifies impedance changes upon cTnI binding in body fluids, including serum 

and saliva, enabling rapid analysis and high sensitivity with electroosmotic enhancement. The 

sensor achieves a wide dynamic range from 0.031 pg/mL to 1.5 ng/mL for cTnI detection 

and quantification in 15 minutes. Compared to previously reported electrochemical platforms 

and conventional laboratory-based high-sensitivity assays, the proposed sensor offers improved 

analytical performance, as defined by limit of detection, dynamic range, and assay time. 

Importantly, low-power ultrasound effectively refreshes the sensor by removing bound targets 

without damaging the peptide, enabling sustained measurements and prolonging sensor lifetime. 

The demonstrated sensitivity enhancement and refreshability establish a foundation for extending 

this approach to diverse biomarkers, paving the way for frequent molecular monitoring and early 

clinical intervention.
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Introduction

Cardiovascular disease (CVD) is the leading cause of death globally, accounting for an 

estimated 20 million deaths annually. Among its manifestations, acute myocardial infarction 

(AMI) is particularly life-threatening, and its clinical management critically depends on 

rapid and reliable diagnosis(Thygesen et al. 2018). Cardiac troponins, especially cardiac 

troponin I (cTnI), are recognized as gold-standard biomarkers due to their high specificity 

and sensitivity for myocardial injury(Apple et al. 2017; Garg et al. 2017; Wang et al. 2020; 

Welsh et al. 2019). AMI involves a characteristic rise and/or fall of the troponin level over 

hours and days.(Thygesen et al. 2018) Even small elevations in circulating cTnI levels can 

serve as early indicators of cardiac injury, underscoring the need for timely and accurate 

quantification to guide clinical decision-making and improve patient outcomes. Elevated 

levels of cardiac troponins might not be detected in the serum for up to 4 hours after AMI 

onset and require serial tests of troponins after the patient’s admission(Apple et al. 2017; 

Keller and Hamm 2019; Keller et al. 2011). Although numerous clinical care advancements 

in AMI have been enabled by laboratory-based high-sensitivity cTnI assays, these methods 

still suffer from long turnaround times, reliance on centralized infrastructure, and the need 

for trained personnel(Westermann et al. 2017). These limitations hinder their deployment 

in decentralized or resource-limited settings and restrict their applicability for real-time, 

frequent, or continuous monitoring.

Point-of-care (POC) biosensing platforms have recently emerged as promising tools for 

early AMI diagnosis via sensitive cTnI detection(Szunerits et al. 2019; Thulin et al. 

2023; Tu et al. 2022). Such platforms offer portability, rapid detection, and reduced 

sample requirements, making them attractive for bedside monitoring and emergency care 

in hospitals. Numerous electrochemical sensors have been reported for cTnI detection, 

demonstrating improved sensitivity and reduced assay time. Many of these sensors rely 

on antibodies as biorecognition elements to provide high sensitivity and specificity(Cen 

et al. 2021; Das et al. 2021; Feng et al. 2021; Li et al. 2024). Antibodies are prone to 

degradation during long-term storage, transport, and repeated use(Guo et al. 2022; Li et 

al. 2021b; Tadepalli et al. 2015; Yin et al. 2020), which poses significant challenges for 

translating antibody-based biosensors into practical clinical tools in resource-limited settings 

and wearable applications. This instability undermines assay reproducibility and shelf and 

operational life for in vitro and in vivo cTnI quantification. To address this challenge, 

stable biorecognition elements, including aptamer(Chekin et al. 2018; Eshlaghi et al. 2023; 

Li et al. 2021a; Negahdary et al. 2017), molecularly imprinted polymer(Ma et al. 2017; 

Mokhtari et al. 2020), and peptide(Wang et al. 2016), have been employed to improve the 

sensor stability. However, these electrochemical sensors typically rely on measurements in 

redox mediator solutions, such as ferro/ferricyanide, to quantify cTnI, which restricts their 

applicability for real-time, in situ sensing. In addition, refreshing electrochemical sensors 

after cTnI binding remains a significant challenge, hindering their use in frequent and 

continuous monitoring.

In this work, we present an ultrasound-enabled refreshable electrochemical sensor to detect 

and quantify cTnI with high sensitivity, specificity, and stability. The sensor utilizes a cTnI-

specific peptide as a stable biorecognition element to ensure sensor stability during storage, 
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transport, and operation. We employ label-free electrochemical impedance spectroscopy 

(EIS) to quantify impedance changes in response to various cTnI concentrations in body 

fluids, including human serum and saliva. The alternating current electroosmosis (ACEO) 

activated by two interdigitated electrodes in situ enhances sensitivity and expands the 

dynamic range, enabling quantification of cTnI concentrations from 0.031 pg/mL to 1.5 

ng/mL in 15 minutes. This represents an improvement in analytical performance relative 

to previously reported cTnI electrochemical sensors, in terms of detection limit and assay 

speed. Low-power ultrasound is able to refresh the sensor without damaging the peptide 

or reducing sensitivity. Additionally, we demonstrate that the sensor can be fabricated on a 

flexible substrate, facilitating its integration with the curved surface of the human body.

Materials and Methods

Materials

Human Cardiac Troponin I (cTnI) (Recombinant) was purchased from Life Diagnostics, 

Inc. Anti-cardiac troponin peptides with sequence FYSHSFHENWPSC were procured 

from GenScript USA Inc. Bovine serum albumin was purchased from Sigma-Aldrich. 

Interleukin-6 and tumor necrosis factor-α were obtained from R&D Systems. C-reactive 

protein was procured from Invitrogen. 10X PBS was purchased from Gibco. Silver 

nitrate, sodium citrate, hydrochloric acid, and sodium hydroxide were purchased from 

Fisher Scientific. Iron chloride was purchased from Thermo Scientific. Human serum was 

obtained from Jackson ImmunoResearch Inc. Artificial Human Saliva was obtained from 

Biochemazone. Type 1 deionized water (18.2 mΩ·cm) used for preparing solutions and 

washing was produced by the Sartorius Arium Pro Ultrapure water system.

Fabrication of cTnI sensor

We prepared the four terminal devices with microfabrication involving photolithography. 

E-beam evaporation deposited thin films of 100 nm gold and 5 nm chromium on glass 

and polyimide substrates. A photoresist (AZ5412E) was spin-coated on the gold-coated 

glass substrate or gold-coated polymide substrate, followed by baking at 105 °C for 60 sec. 

After UV exposure in the presence of a mask, the pattern was developed using a developer 

(AZ726MIF). Gold and chromium etchants defined the pattern of the electrodes. After the 

photoresist was removed using a stripping agent, the device was thoroughly cleaned with 

acetone, isopropanol, and distilled water, and blow-dried with N2 gas. This device was 

then attached to an anisotropic conductive film (ACF), which was subsequently bonded to 

a printed circuit board for convenient connection with a potentiostat (Gamry Instruments 

Reference 620+). The Ag/AgCl reference electrode was prepared by the electrodeposition of 

silver on the gold surface by immersing the device into a mixture of 2 mM silver nitrate and 

100 mM sodium citrate dihydrate aqueous solution, followed by cyclic voltammetry (−0.9 

to 0.9 V, 100 mV/sec scan rate) using the potentiostat. After Ag electrodeposition, 0.1 M 

iron chloride aqueous solution was drop-casted on the silver-coated electrode for 30 sec to 

convert Ag to Ag/AgCl. The electrodes were thoroughly rinsed with deionized water again 

and then blown dry. The interdigitated region of the working electrodes was incubated with 

100 μg/mL of peptide aqueous solution for 1 hour, followed by rinsing with deionized water 

and blown dry. To minimize nonspecific binding, the entire device surface was blocked with 
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3wt% BSA prepared in 1X PBS for 1 hour, followed by rinsing with deionized water and 

blown dry.

Characterization and sensing performance

Electrochemical impedance spectroscopy (EIS) was performed to characterize the 

impedance changes after the sensor was functionalized by peptides and blocked with BSA, 

and after exposure to the cTnI and interfering molecules. The EIS was recorded in the range 

of 0.1 to 10 kHz at an AC root mean square (RMS) voltage of 10 mV using Reference 620+ 

Potentiostat, following a previous protocol(Garg et al. 2024). The impedance after each 

step of functionalization was recorded in 1X PBS (pH 7.4). The cTnI sensor was exposed 

to various cTnI concentrations (0.02 pg/mL to 1.5 ng/mL) prepared in 10% human serum 

(human serum diluted in 1X PBS), followed by recording their impedance spectra. The 

impedance of the blank (10% human serum without cTnI) was also recorded as baseline.

The selectivity of the sensor was evaluated by exposing it to various physiologically relevant 

interfering molecules, including IL-6 (7 pg/mL), TNF-α (25 pg/mL), and CRP (3 μg/mL). 

The corresponding impedance change was measured and compared to that induced by 0.5 

pg/mL cTnI. The effect of pH on sensor stability was evaluated by first exposing the sensor 

to different pH conditions (pH 3, 7.4, and 11), and then exposing it to 0.5 pg/mL cTnI. 

The impedimetric change against the blank was measured and compared. To evaluate the 

sensor stability, the cTnI sensor was stored in 1X PBS at 37 °C for 1–4 days. The sensor 

was exposed to 0.5 pg/mL of cTnI concentration to record the impedimetric change against 

the blank. To test the refreshability of a sensor, the cTnI sensor was exposed to cTnI at a 

concentration of 0.5 pg/mL, and the change in impedance against the blank was recorded. 

Following this, the sensor was immersed in 1X PBS and subjected to ultrasound for 10 

seconds. Subsequently, the impedance of the cTnI sensor exposed to blank and 0.50 pg/mL 

cTnI was recorded, and the impedance change was calculated.

Effect of ACEO on sensing performance

AC voltage was applied to two working electrodes with a function waveform generator (HP 

33120A) to enhance the sensitivity of the cTnI sensor. This process involves the application 

of an alternating electric field to drive the movement of biofluids. The dependence of the 

applied AC voltage and duration on the binding of the cTnI on the sensor surface was 

investigated by exposing the sensor to cTnI at a concentration of 0.1 pg/mL and subjecting 

the electrodes to various voltages from 0 to 1.5 Vp-p at a frequency of 1 kHz for varying 

durations from 5 to 15 minutes. Subsequently, the impedance spectra were recorded, and the 

impedance change against the blank was calculated. Using an optimized applied voltage, the 

sensor was subjected to the blank repeatedly to evaluate the fluctuation in the impedance 

change due to ACEO. The cTnI sensors were exposed to different cTnI concentrations 

from 0.02 pg/mL to 1.5 ng/mL, prepared in 10% human serum with ACEO applied. 

The corresponding impedance spectra were recorded to obtain the impedance changes to 

quantify the sensitivity of the cTnI sensor enhanced by ACEO.
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Sensing performance of the flexible cTnI sensor

We characterized the effect of bending on the baseline impedance magnitude of the cTnI 

sensor by measuring the impedance at 0.1 Hz in 1× PBS while the device was conformed 

to cylinders with radii ranging from 4.5 mm to 1.25 mm. The flexible sensors were exposed 

to varying concentrations of cTnI from 0.02 pg/mL to 1.5 ng/mL in artificial saliva. The 

corresponding impedance spectra were recorded to obtain impedance changes using the 

impedance in saliva without cTnI as a baseline. We applied the optimized AECO condition 

to the flexible cTnI sensor and evaluated the sensitivity enhancement due to AECO.

Results and Discussion

Design of the peptide-based electrochemical sensor

The electrochemical sensor comprises four electrodes, including two interdigitated working 

electrodes, one counter, and one reference electrode (Figure 1a). The four-electrode 

device was prepared with a standard microfabrication protocol, including gold thin film 

deposition and patterning with photolithography (see details in the experimental section). 

The gold surface of the reference electrode was coated with silver using electrochemical 

deposition and then treated with iron chloride to convert Ag to Ag/AgCl (Figure S1). 

The interdigitated electrodes are 20 μm in width and 20 μm in spacing. Figure 1b 

highlights the electrode functionalization, target detection, and sensor refreshing process. 

The interdigitated electrodes were functionalized with cTnI-specific peptide (sequence 

FYSHSFHENWPSC) through thiol-gold bonds. The human cTnI-binding peptide was 

originally identified via polyvalent phage display library screening(Park et al. 2010). This 

peptide has been validated in multiple biosensing studies for cTnI recognition, including 

electrochemical and plasmonic platforms(Tadepalli et al. 2015; Wu et al. 2010). The peptide 

is chosen as a biorecognition element because of its stability under diverse conditions, 

including elevated temperatures and harsh chemical environments(Tadepalli et al. 2015). All 

electrode surfaces were blocked with bovine serum albumin (BSA) to minimize nonspecific 

binding of interfering molecules onto the sensor surface. Electrochemical impedance 

measurements quantify the concentration of cTnI in biofluids. Subsequently, the captured 

cTnI can be removed from the sensor surface by ultrasonic cleaning at 40 kHz.

To achieve highly sensitive detection and quantification of cTnI, the interdigitated electrodes 

are designed to enhance the cTnI binding to the sensor surface through electroosmosis. 

This process involves the application of an alternating electric field to drive the movement 

of biofluids, including serum and saliva (Figure 1c). The electroosmotic flow enhances 

diffusion-limited analyte transport and concentrates target analytes near the sensor surface, 

leading to increased binding events. Previous work shows that electroosmosis can 

significantly enhance the binding of low-abundant molecular targets, therefore improving 

the sensor sensitivity (Ondevilla et al. 2022; Song et al. 2017).

cTnI sensor functionalization and characterization

We employed electrochemical impedance spectroscopy to characterize the sensor 

functionalization and quantify cTnI concentrations owing to its high sensitivity to surface 

molecular changes(Lazanas and Prodromidis 2023). EIS enables label-free and mediator-
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free detection by directly probing changes in interfacial capacitance and dielectric properties 

induced by peptide-protein binding. For non-electroactive protein biomarkers such as cTnI, 

voltammetric techniques typically rely on redox mediators or electroactive labels to generate 

measurable Faradaic currents, which can complicate in situ operation and limit sensor 

refreshability. In contrast, EIS allows quantitative sensing directly in physiological buffers 

without additional reagents, making it well-suited for this refreshable, ACEO-enhanced 

sensing platform. The electrochemical impedance spectra of electrodes at frequencies 

from 0.1 to 10 kHz were recorded following surface modification and cTnI binding in 

phosphate-buffered saline (PBS). Figure 2a and 2b show the impedance magnitudes and 

phase angles following the peptide functionalization and cTnI binding. The electrode 

impedance magnitude decreases with increasing frequency from 0.1 Hz to 10 kHz. The 

impedance increased after the electrode was functionalized with cTnI-specific peptides and 

blocked with 3wt% BSA. The impedance increase is more significant at lower frequencies, 

consistent with impedance changes dominated by interfacial capacitive effects following 

biomolecular binding at the electrode surface(Katz and Willner 2003; Lisdat and Schäfer 

2008). The Nyquist plot reveals the changes in the resistance (Zreal) and reactance (Zimag) 

of electrodes after each step (Figure 2c). Peptides and BSA created a barrier to electron 

transfer and increased charge transfer resistance, as shown in the Nyquist plot. In addition, 

biomolecules have a lower dielectric constant than PBS and increase the dielectric layer 

thickness at the electrolyte-electrode, resulting in a decreased double-layer capacitance and 

an increased capacitive reactance.(Li et al. 2013) After exposing the cTnI peptide-modified 

sensor to 1.5 ng/mL cTnI, the impedance increased, arising from concurrent changes in 

resistance and capacitance, with the reduction in interfacial capacitance dominating the 

low-frequency impedance response (Figure 2c). Fitting the impedance spectra with an 

equivalent-circuit model indicates that the impedance response to cTnI binding is dominated 

by changes in interfacial capacitive behavior, as reflected by a decrease in Y0 and an 

increase in the CPE exponent α (Figure S2, Table S1). Although the fitted polarization 

resistance Rp increases, the real component of impedance at the readout frequency (0.1 Hz) 

decreases, indicating reduced effective interfacial resistance in the frequency regime relevant 

for sensing. Prior molecular dynamics simulations suggest that cTnI binding induces 

extension of the peptide from the gold surface into the solution(Tadepalli et al. 2015). 

The observed decrease in interfacial resistance may be associated with binding-induced 

interfacial reorganization, such as ion redistribution and rearrangement of the peptide layer, 

which can facilitate ionic transport at the electrode-electrolyte interface in non-Faradaic EIS 

systems.

We characterized the sensitivity, specificity, stability, and refreshability of the cTnI sensors 

to demonstrate their reliable performance. High sensitivity is important for accurate 

detection and quantification of cTnI at a low pg/mL concentration in complex body fluids, 

such as serum and saliva. We measured the electrochemical impedance at low frequency 

from 0.1 to 10 Hz after exposing the peptide functionalized sensor to varying concentrations 

of cTnI from 0 pg/mL to 1.5 ng/mL in 10% human serum after 5-minute incubation 

(Figure 2d). The tested cTnI concentrations span both physiological and pathological 

ranges(Antman Elliott et al. 1996; Thulin et al. 2023). The lower limit of detection 

(LOD) of high-sensitivity troponin I (hs-cTnI) assays typically falls between 0.7 and 3 

Garg et al. Page 6

Biosens Bioelectron. Author manuscript; available in PMC 2026 July 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



pg/mL(Thulin et al. 2023). Clinical studies have demonstrated that patients with cTnI 

levels ≥ 0.4 ng/mL exhibit a significantly higher mortality rate compared with those 

having cTnI levels < 0.4 ng/mL(Antman Elliott et al. 1996). The impedance increased with 

increasing the cTnI concentration, following the formation of the target-peptide complex. 

The Nyquist plot shows the increased reactance and decreased resistance with increasing 

the cTnI concentration, highlighting the dominant effect of capacitance change due to the 

binding event. The impedance changes (Zi-ZBL) at 0.1 Hz yield a calibration curve to 

quantify the cTnI at concentrations from 0.02 pg/mL to 1.5 ng/mL (Figure 2e). We selected 

0.1 Hz as the impedance readout frequency to ensure high sensitivity while maintaining 

reasonable measurement time and signal stability for point-of-care use. Zi refers to the 

impedance magnitude for specific cTnI concentrations from 0.02 pg/mL to 1.5 ng/mL, and 

ZBL refers to the impedance magnitude for the blank without cTnI. The impedance change 

increased following the increasing cTnI concentrations (Figure 2f). The LOD and limit of 

quantification (LOQ) were calculated to be 0.14 pg/mL and 3.7 pg/mL, respectively, lower 

than previous reports. The LOD was defined as the mean signal of the blank plus three times 

the standard deviation of the blank, and the LOQ was defined as the mean signal of the 

blank plus ten times the standard deviation of the blank. However, impedance change started 

to plateau at a concentration higher than 10 pg/mL, possibly due to the target depletion zone 

near the peptide.

Effect of AC electroosmosis (ACEO) on sensing performance

To expand the dynamic range and enhance the sensitivity, we employed AC electroosmosis 

to increase diffusion-limited cTnI transport and concentrate the target molecules near the 

sensor surface, thereby enhancing binding events. Electroosmotic flow was achieved by 

applying an alternating electric field to drive the movement of biofluids, effectively directing 

the target molecules toward the sensor surface. A controlled alternating electric field was 

produced by applying varying AC voltages at 1 kHz through two working electrodes. The 

selected frequency is based on previous work that reported the use of ACEO at 1 kHz 

as the optimal frequency for ultra-sensitive detection of cytokines in diluted serum(Song 

et al. 2017). We investigated the effect of the voltage amplitude and duration on the 

binding efficiency. The impedance change increased from 0.63 MΩ to 1.32 MΩ following 

the application of AC peak-to-peak voltages from 0.5 V to 1 V in the presence of 0.1 

pg/mL cTnI for 10 minutes (Figure 3a). Further increasing the voltage to 1.5 V decreased 

the impedance change, possibly due to electrode degradation. The electrode surface could 

degrade when high voltage induces water electrolysis. To test the effect of time duration, we 

applied 1 V to induce ACEO for varying time durations from 5 to 15 minutes and measured 

the impedance change in response to 0.1 pg/mL cTnI. The impedance change increased with 

increasing ACEO time from 5 to 10 minutes, but did not further increase with 15 minutes 

(Figure 3b). Therefore, we chose 1 V for 10 minutes to induce ACEO to investigate the 

enhanced sensor sensitivity and dynamic range.

We exposed the sensor to various cTnI concentrations (0 pg/mL to 1.5 ng/mL) prepared 

in 10% human serum, followed by ACEO of 1 V for 10 minutes. Figure 3c shows the 

increased impedance with increasing cTnI concentrations in the frequency range from 0.1 

to 10 Hz. Figure 3d shows the corresponding Nyquist plot, indicating that the dominant 
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change arises from the capacitance increase due to cTnI binding. The overall trend in the 

impedance changes is consistent with those without the application of ACEO, shown in 

Figure 2e. However, the impedance changes were much more enhanced in comparison with 

those without ACEO (Figure 3e). The impedance change increased by 5.2 times in response 

to 1.56 ng/mL cTnI, while it increased by 2.8 times in response to 0.1 pg/mL cTnI. It is 

important to confirm that the ACEO does not induce additional impedance change from 

nonspecific binding of molecules, considering enhanced molecular transport in complex 

biofluids. We exposed the sensor to 10% human serum without cTnI (blank) and measured 

the impedance change following an ACEO cycle 8 times (Figure 3f). The impedance change 

due to nonspecific binding and desorption is less than the change induced by 0.02 pg/mL 

cTnI. In addition, the device without peptide functionalization showed a similar level of 

nonspecific binding with ACEO, indicating these nonspecific changes were not associated 

with the presence of peptides (Figure S3). The low limit of detection (LOD) and low limit 

of quantification (LOQ) were calculated to be 0.031 pg/mL and 0.29 pg/mL, respectively, 

lower than previously reported electrochemical sensors and laboratory-based high-sensitivity 

assays. The lower LOD and LOQ compared to those without ACEO confirm that ACEO can 

effectively enhance the target binding and analytical sensitivity of the sensor.

We evaluated the specificity of the cTnI sensor by exposing it to common interfering 

molecules in circulating body fluids. We measured the impedance change induced by these 

molecules at physiologically relevant concentrations, including interleukin-6 (IL-6) of 7 

pg/mL, tumor necrosis factor-α (TNF-α) of 25 pg/mL, and C-reactive protein (CRP) of 3 

μg/mL (Figure 4a). The resultant impedance changes were below 150 kΩ, which is ~5-fold 

lower than that for 0.5 pg/mL cTnI, confirming the specificity of the cTnI sensor.

The sensor stability is important for reliable performance in resource-limited settings and 

wearable applications. We assessed the sensor’s stability after incubation in 1X PBS at 

37°C for varied time durations to simulate the in vivo body environment. The impedance 

change in response to 0.5 pg/mL cTnI remained consistent after storage from 1 to 4 days 

(Figure 4b). These results confirm the thermal stability of the peptide and sensor. We further 

challenged sensors with varying pH conditions from pH 3 to pH 11 to evaluate the pH 

stability. After exposing the sensor to different pH environments for 5 minutes, we measured 

the impedance change in response to 0.5 pg/mL cTnI (Figure 4c). The impedance change 

showed a negligible difference across the tested pH range, confirming the peptide’s stability 

against highly acidic or alkaline conditions.

In addition to stability, the refreshability is important for achieving sensor reusability and 

enabling frequent monitoring of cTnI in situ. We tested the feasibility of dissociating the 

cTnI-peptide complexes with ultrasound to refresh the sensor. After the cTnIs were captured 

by the peptides, we exposed the sensor to ultrasound with acoustic power of ~250 mW/cm2 

at a frequency of 40 kHz for 10 seconds to refresh the sensor and recorded impedance 

in the blank. Figure 4d shows the impedance changes following exposure to 0.5 pg/mL 

cTnI, refreshing with ultrasound, and then exposure to the cTnI again for five cycles. 

After ultrasound refreshing, the impedance decreased to the blank baseline, fluctuating 

between 9.5 MΩ and 9.8 MΩ. After removing the baseline shift, the impedance change 

induced by 0.5 pg/mL cTnI binding remained 660 kΩ ± 42 kΩ after each refreshing 
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cycle (Figure 4e). In a control experiment, we fabricated the sensor without peptides, 

which showed an impedance change in response to 0.5 pg/mL cTnI, less than 90 kΩ 
(Figure S4). The small impedance change likely results from nonspecific binding of 

interfering molecules in serum. In comparison, the consistent impedance change of the 

cTnI sensor is much higher than that of the control, confirming that the cTnI-binding 

peptides remained stable on the sensor surface during ultrasound treatment. Figure 4f 

shows the average impedimetric response from 3 different sensors subjected to 5 cycles 

of ultrasonic cleaning. The consistent impedance changes validate the reproducible sensor 

response and refreshability. All experiments in Figure 4 were performed without ACEO to 

evaluate intrinsic sensor specificity, stability, and refreshability under baseline conditions. 

These results demonstrate that low-power ultrasound can regenerate the sensor by selectively 

disrupting noncovalent peptide-cTnI interactions without degrading the sensing interface. At 

the acoustic frequency and power used here (40 kHz, ~250 mW/cm2), ultrasound primarily 

induces acoustic pressure oscillations and acoustic microstreaming in the surrounding liquid. 

These effects generate localized, transient interfacial agitation and fluid motion near the 

electrode-electrolyte interface, which are sufficient to accelerate dissociation of the weak 

noncovalent interactions while preserving chemisorbed Au-S bonds at the interface. While 

substantially extended regeneration cycling or higher acoustic power could eventually 

impact surface stability, systematic exploration of these operating limits will be pursued 

in future work.

Flexible sensor for saliva cTnI

Flexible, wearable sensors have strong potential for early diagnosis and continuous health 

monitoring in ambulatory or point-of-care settings(Heikenfeld et al. 2018; Mogera et al. 

2022; Namkoong et al. 2022; Namkoong et al. 2024; Ray et al. 2019; Roy et al. 2024; 

Tian et al. 2019). Evidence from prior studies suggests that salivary cTnI holds promise as 

a noninvasive biomarker for the early diagnosis of acute myocardial infarction(Domenico 

et al. 2023). Accordingly, a flexible saliva sensor could enable seamless integration on a 

dental guard or along the internal surface of the mouth for real-time analysis of salivary 

cTnI. We fabricated the cTnI sensor on a 75 μm thin polyimide substrate following the 

same fabrication protocol of the cTnI sensor on the glass slides above (see details in the 

experimental section). Figure 5a illustrates the fabricated device wrapped around a glass rod, 

demonstrating its flexibility. The sensor has the same design and includes four well-defined 

electrodes, including a counter electrode, a reference electrode, and two interdigitated 

working electrodes (Figure 5b). The interdigitated working electrodes also have a width 

of 20 μm with 20 μm spacing between them. We characterized the effect of bending on the 

baseline impedance magnitude of the cTnI sensor by measuring the impedance at 0.1 Hz in 

1X PBS while the device conformed to the cylinders with varying radii from 4.5 mm to 1.25 

mm. As shown in Figure 5c, when the device was wrapped around cylinders with radii of 

4.5 mm and 3 mm, the change in impedance is less than 5% compared to the impedance of 

the flat sensor. With further bending against cylinders with smaller radii of 2 mm and 1.25 

mm, the impedance decreased by 20%. These results demonstrate that the impedance change 

is negligible when applying the sensor to the surface of a dental guard and the hard palate 

region, where the radius curvature is on a centimeter scale.
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We tested the flexible sensor’s performance by exposing the sensor to varying 

concentrations of cTnI, ranging from 0.02 pg/mL to 1.5 ng/mL, prepared in artificial 

saliva. Impedance spectra were recorded in the presence of the cTnI with and without 

ACEO. Figure 5d illustrates the impedance changes as the sensor was exposed to increasing 

concentrations of cTnI with ACEO for 10 minutes. As expected, the impedance increased 

with increasing cTnI concentrations. The ACEO effect on the sensitivity is highlighted in 

Figure 5e, which compares impedance change with and without ACEO. The results suggest 

that ACEO can effectively enhance the analytical sensitivity of the cTnI saliva sensor by 

~3-fold. The LOD and LOQ of the sensor with ACEO enhancement were calculated to be 27 

fg/mL and 60 fg/mL, showing the high sensitivity of this electrochemical biosensor. Figure 

5f compares the LOD and sample incubation time of our sensor with previously reported 

electrochemical cTnI sensors. Notably, achieving an LOD below 1 pg/mL typically requires 

incubation times exceeding 10 minutes, which delays sensor response and hinders rapid 

cTnI quantification. In contrast, our sensor attains the lowest reported LOD with only a 

10-minute sampling time, enabled by the implementation of ACEO.

Collectively, we demonstrated sensing in diluted human serum and artificial saliva to 

validate performance in complex biological matrices. However, we have not yet evaluated 

the sensor in undiluted serum, plasma, or whole blood. In these matrices, elevated ionic 

conductivity, nonspecific adsorption, and the presence of blood cells may influence low-

frequency impedance measurements and ACEO-driven transport. Future work will address 

these challenges by incorporating size-selective or cell-excluding membranes, optimizing 

EIS excitation frequency and ACEO conditions, and implementing antifouling surface 

chemistries. These established strategies provide a clear pathway toward extending the 

platform to undiluted clinical samples.

Conclusions

In summary, we developed an electrochemical sensor employing a cTnI-binding peptide 

as the biorecognition element for sensitive, label-free, and mediator-free detection of cTnI. 

The sensor remains stable after exposure to extreme pH and physiological temperatures 

for several days. Integration of ACEO enhanced cTnI binding and analytical sensitivity, 

enabling detection down to 31 fg/mL in diluted serum and 27 fg/mL in artificial saliva. 

Importantly, the sensor can be reset using ultrasound, which removes bound targets without 

compromising the biorecognition element, thereby enabling reliable repeated quantification 

and prolonging sensor lifetime. The demonstrated sensitivity enhancement and refreshability 

can be broadly applied to other biosensing platforms with stable biorecognition elements, 

supporting the frequent detection of diverse biomarkers in body fluids and advancing early 

diagnosis and timely clinical intervention.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Electrochemical cTnI sensor design. (a) Optical image of an electrochemical sensor 

consisting of interdigitated working electrodes (W.E.), counter (C.E.), and reference 

electrodes (R.E.). (b) Schematic illustration of electrode functionalization for cTnI 

quantification and ultrasound refreshing for removing the bound cTnI. (c) Schematic 

illustration of AC electroosmosis (ACEO)-enhanced cTnI binding on the sensor surface 

in serum and saliva.
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Figure 2. 
Electrochemical sensor characterization. (a) Impedance response as a function of frequency 

for the bare electrode, peptide/BSA-modified electrode, and electrode after cTnI binding, 

and (b) corresponding phase angle plots. (c) Nyquist plots of bare electrode, peptide/BSA-

modified electrode, and electrode after cTnI binding. (d) Impedimetric response to varying 

cTnI concentrations from 0 pg/mL to 1.5 ng/mL prepared in 10% human serum, and (e) 

corresponding Nyquist plots for different cTnI concentrations. (f) Increased impedance with 

increasing cTnI concentrations. Error bars in (f) represent the standard deviation of the 

measured values (n = 3).
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Figure 3. 
ACEO-enhanced sensitivity. (a) Effect of different AC voltages during 10-minute ACEO 

treatment on the impedimetric change in response to 0.1 pg/mL cTnI. (b) Effect of ACEO 

duration at 1 V input on the impedimetric change in response to 0.1 pg/mL cTnI. (c) 

Impedimetric responses to varying cTnI concentrations (0 pg/mL to 1.5 ng/mL) with 

ACEO enhancement, and (d) the corresponding Nyquist plots. (e) Comparison of impedance 

changes with increasing cTnI concentrations in the presence and absence of ACEO. (f) 

Impedance fluctuations of the sensor in response to repeated ACEO treatment when exposed 

to the blank control (10% human serum without cTnI). Error bars in (a, b, e, f) represent the 

standard deviation of the measured values (n = 3).
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Figure 4. 
Sensor selectivity, stability, and refreshability. (a) Impedance changes upon sensor exposure 

to interfering molecules compared to cTnI. (b) Impedance response to 0.5 pg/mL cTnI after 

exposure to varying pH conditions. (c) Impedance response to 0.5 pg/mL cTnI after storage 

in 1× PBS at 37 °C. (d) Impedance response after repeated exposure to 0.5 pg/mL cTnI 

followed by 10-second ultrasound refreshing, and (e) the corresponding impedance changes. 

(f) Averaged impedimetric responses over five ultrasound refreshing cycles for three sensors. 

Error bars in (a, b, c, d, e, f) represent the standard deviation of the measured values (n = 3).
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Figure 5. 
Flexible electrochemical sensor. (a) Image demonstrating the bendability of the flexible 

electrochemical sensor. (b) Optical image of the sensor fabricated on a flexible polyimide 

substrate. (c) Impedimetric response of the flexible sensor as a function of radius of 

curvature. (d) Impedimetric responses to varying cTnI concentrations (0 pg/mL to 1.5 

ng/mL) in artificial human saliva with ACEO treatment. (e) Comparison of sensor sensitivity 

with and without ACEO. (f) Comparison of the limit of detection (LOD) and sample 

incubation time from this work with literature reports on electrochemical detection of cTnI. 

Error bars in (c, e) represent the standard deviation of the measured values (n = 3).
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