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Abstract 

The ability to sense biological inputs using self-contained devices unreliant on external reagents 

or reporters would open countless opportunities to collect information about our health and 

environment.  Currently, a very limited set of molecular inputs can be detected using this type of 

sensor format.  The development of versatile reagentless sensors that could track molecular 

analytes in biological fluids remains an unmet need. Here, we describe a new universal sensing 

mechanism that is compatible with the analysis of proteins that are important physiological 

markers of stress, allergy, cardiovascular health, inflammation and cancer.  The sensing 

mechanism we developed is based on the measurement of field-induced directional diffusion of 

a nanoscale molecular pendulum tethered to an electrode surface and the sensitivity of electron-

transfer reaction kinetics to molecular size.  Using time-resolved electrochemical measurements 

of diffusional motion, the presence of an analyte bound to a sensor complex can be continuously 

tracked in real time.  We show that this sensing approach is compatible with making 

measurements in blood, saliva, urine, tears and sweat and that the sensors can collect data in 

situ in living animals.  The sensor platform described enables a broad range of applications in 

personalized health monitoring. 
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Introduction   

Self-regenerating sensors that can dynamically and continuously detect biomolecular species in 

physiological systems remain an unmet need1,2.  The ability to monitor protein biomarkers in vivo 

would provide a powerful tool for disease monitoring and treatment response3–5.  A key 

requirement for this type of sensing application is a reagentless assay format where all required 

elements are incorporated into a self-contained sensor to allow for autonomous function.    

 

The most robust sensors for reagentless, dynamic physiological monitoring at the molecular level 

rely on intrinsically redox-active chemistry or pathways that can be monitored at an electrode 

surface5–12.  Indeed, electrochemical sensors for glucose and lactate are the dominant sensors 

used for the development of dynamic detection systems for monitoring in physiological systems 

because redox-active enzymes can be used to report on the presence of the target analytes in 

the absence of added reporters.  Reagentless electrochemical sensors that are instead affinity-

based and compatible with in vivo monitoring applications have been generated based on DNA 

aptamers that serve as recognition elements13–18.  While powerful for the collection of 

pharmacokinetic data in living systems where analyte concentrations are high, aptamer-based 

sensors typically have low binding affinities that render them incompatible with many sensing 

applications.   

 

We posited that by monitoring the kinetics of diffusion at the nanoscale it would be possible to 

monitor binding events using simple electrochemical measurements.  With a tethered sensor 

displaying a target-specific antibody, we hypothesized that we could leverage dynamic 

phenomena to observe events that are affected by subtle changes in molecular composition, with 

the measurement of small changes in diffusional behavior used as a signature of specific 

biomolecular complexation events.  To develop this capability we first investigated whether it 

would be possible to extract diffusional profiles of molecular complexes using a simple theoretical 

analysis exploring the motion of a tethered nanoscale sensor complex – modeled as a molecular 

pendulum - and then pursued experimental studies to identify specific binding interactions using 

current-based readout. 

 
Results and Discussion 

To explore the diffusional behavior of biomolecular species tethered to an electrode surface, we 

first modeled the behavior of a nanoscale molecular pendulum (NMP) under the influence of an 

applied electric field to determine the time (t) that would be required to bring a complex to the 
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surface  (Figure 1 and Supplementary Material, Figures S1-S6).  The NMP is subject to a 

hydrodynamic drag force (Fd) as well as to forces caused by Coulombic interactions (Fc) with 

neighboring NMPs.  The diffusion of large biomolecules is predicted to be slow (> 10-6 cm2/s) even 

in the presence of a tether that restricts the diffusional directionality19, thus we introduced a 

negatively-charged, rigid linker that would respond to a positive field generated with an applied 

potential.  This electrostatic interaction introduces a force opposing the hydrodynamic drag that 

reflects the interaction with the electric field (Fe).   

 
We explored (Figure 1b - f) the role of linker length, electric field strength, changes in molecular 

charge, as well as variations in cargo size and diffusion coefficient, and observed that all of these 

parameters modulated the t values observed.  With short linkers and weaker applied potentials, 

t values approached 100 microseconds, whereas longer linkers that provide higher levels of 

charge in stronger fields exhibited smaller t values approaching 20 microseconds. Small 

variations in molecular charge produced changes in t, and these charge changes could be 

mapped on to variations in diffusional rates and coefficients to produce predictions for how t would 

be affected by modification of the properties of the “bob” of the NMP.   We then used the model 

to simulate electrochemical current transients as a function of a molecular size change of 20 

nanometers.  Significant changes to the current profiles were observed, indicating that changes 

in t could be correlated to experimentally observable electrochemical currents with microampere 

resolution (Figure 1e). 

 
We explored these phenomena experimentally by attaching a protein-binding antibody to a rigid 

DNA spacer (Figure 2, Figures S7-S10).  Potential-dependent modulation of DNA orientation on 

electrode surfaces has been observed in previous studies20–22 and therefore this material 

appeared appropriate for the potential-responsive linker of the NMP.  In order to obtain a redox 

reporter signal that could provide a means to monitor the dynamics of the NMP, ferrocene was 

attached to the DNA linker, which is oxidized at ~ +400 mV versus Ag/AgCl.  We therefore chose 

a potential of +500 mV to trigger the facilitated diffusion of the complex and the electrochemical 

reaction.  As a modulator of the overall molecular weight and diffusional coefficient of the NMP, 

we selected the protein troponin I, which possesses a molecular weight of 24 kD.  Attachment of 

a troponin-specific antibody to the DNA linker provided the needed specificity for the NMP. 

 
Using chronoamperometry, we applied a potential and measured the faradaic current from the 

redox marker.  For the NMP in its unbound state, a t value of ~100 microseconds was measured, 
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whereas in the presence of added protein, the NMP in its bound state exhibited a t value of ~300 

microseconds (Figure 2b).  As a measured current difference at t, the bound state exhibits 

upwards of 10 microamperes higher raw current compared to the unbound state.  The 

experimental current transients also include contributions from capacitive charging, but the fast 

timescale of these events are not resolvable by our measurements which sampled current values 

every 20 microseconds. 

 
To explore the variation in diffusional behavior of the tethered NMP, we varied the drag force on 

the tethered complex by altering the solution viscosity with added glycerol (Figure 2c).  Calculation 

of the t values as a function of the drag force investigated experimentally indicated good 

agreement with the model (Figure 2d), suggesting that we can calibrate our model across differing 

fluid matrices. We also observed increased t values and resultant changes in current for the 

bound state of the NMP complex as a function of analyte (troponin) concentration (Figure 2e).  At 

concentrations of troponin as low as 1 pg/ml (~40 fM), statistically significant changes in current 

were observed.  The increasing current differences as a function of protein concentration reflect 

the increasing levels of binding over the fM-pM concentration range.  To explore the time 

dependence of the binding-modulated changes in diffusional behavior for the NMP, we collected 

current transients as a function of incubation time and determined that changes in the current 

could be observed within 10 minutes (Figure 2f).  In the presence of non-target proteins or a 

sensor where the antibody was replaced by BSA, significant current modulations were not 

observed.   

 
In order to challenge the specificity of the NMP for the target protein troponin I, we tested whether 

the concentration-dependent current changes would be retained in biological fluids including 

saliva, urine, tear fluid, blood and sweat (Figure 3a).  Small fluctuations in the current transients, 

tabulated as DI values, were observed as a function of the type of fluid present; and statistically 

significant changes in current were observed with 1 pg/ml of troponin I for all sample types tested.  

Small variations in the magnitude of the effect were observed with the different sample types, 

likely due to changes in ionic strength or viscosity caused by the composition of the different fluids.   

The retention of performance in these different fluids is a key feature of this system that reflects 

the dynamic measurements that are the foundation of the approach.  

 
A panel of proteins was tested to explore whether the binding-induced modulation of the NMP 

was a general effect (Figure 3c and S11).  We tested a panel of 10 different proteins with varying 

charges, sizes, and molecular weights, using NMPs that featured antibodies specific for each 
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protein.  Chronoamperometry was used to monitor the change in t values in the presence of two 

different concentrations of each protein, and each factor could be reproducibly monitored.  

Smaller proteins (e.g. IL-6) produced more subtle changes to the current transients for the 

corresponding NMPs, but still elicited statistically significant signal changes with t variation down 

to ~20 µs. These results demonstrate that diffusional behavior, when resolved using kinetic 

measurements, provides a universal reporter on biomolecular complexation status. 

 
We then turned to exploring whether these constructs could be used for dynamic, continuous 

monitoring in living systems (Figure 4 and S12-14).  We first tested the reversibility of the signals 

observed for troponin I-specific NMPs: here we observed that the current changes triggered by 

the presence of the protein disappeared within one hour when the protein was no longer present 

(Figure 4a).  Multiple cycles of protein and blank incubation indicated that the NMPs were stable 

on the time scale of hours, and longer incubations between cycles showed that the system was 

stable over days (Figure 4a).  NMPs could also be stored in biological fluids like saliva for multiple 

weeks and remained stable (Figure 4b). 

 
We pursued the measurement of troponin I in living animals by testing two models.  The first 

model was one that uses drug-induced cardiotoxicity to induce cardiac failure in mice23, which is 

known to induce the release of troponin into the blood stream and saliva (Figure 4c).  Mice were 

treated for four days with doxorubicin, and on the fifth day the animals were tested in situ using 

NMP-functionalized electrodes (Figure S15 and S16).  Elevated current levels were measured for 

a treated cohort of mice relative to untreated mice.  Mice were also tested with control NMPs that 

did not possess a specific antibody and baseline levels of current were detected.  The second 

model tested involved direct injection of troponin I into mice and continuous monitoring using a 

troponin I or control NMP implanted into the oral cavity of a mouse (Figure 4d).  Within one hour 

after injection of the protein, significant increases in the differential currents were measured for 

the troponin I sensors, while the control sensor current levels remained at baseline. 

 
These results indicate that sensors based on NMPs provide a general approach for the 

development of implantable sensors that can be used to monitor physiologically relevant proteins 

directly in biofluids.   Given recent advances in the development of wearable monitoring devices24–

26, this protein sensing concept may find broad applicability.  Furthermore, the simple design of 

NMP sensors and compatibility with a wide range of targets including nucleic acids, antibodies 

and microorganisms the approach may also find utility in the development of clinical diagnostics. 
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The development of versatile sensors that can track molecular analytes in biological fluids 

remains an unmet need now fulfilled by the performance exhibited by the NMP approach. 
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Figure 1. Modeling the dynamics of a nanoscale molecular pendulum (NMP) tethered to an electrode 
surface.  a) Model parameters.  The dynamics of the NMP were modelled by considering the drag force 
(Fd), the force exerted by the applied field (Fe), and electrostatic interactions between neighboring NMPs 
(Fc).  The length of the linker (L) separating the “bob” of the pendulum from the surface, the distance 
between neighboring NMPs (d), the average angle of the NMPs relative to the surface (θ), molecular charge 
(q), diffusion coefficient (D), and the applied electric field (Eapp) were all varied to explore NMP dynamics.  
Under an applied positive potential, a negatively charged NMP is attracted to the sensor surface.  The 

transit time of the NMP is reflected in the modulation of t.  b) Dependence of t on the length of a 
negatively charged linker.  Linkers of at least 10 nm appear optimal for faster diffusional kinetics, with 

faster transit in higher fields.  c) Dependence of t on the magnitude of the applied electric field.  As the 

average applied electric field increases, t decreases as the NMP is attracted towards the electrode surface.  
This is expected for a negatively charged NMP accelerating through the field gradient of a positively applied 

potential.  d) Dependence of t on added molecular charge.  Added molecular charge modulates the 

negative charge of the NMP and reduces or increases Fe to modulate t.  e) Dependence of t on diffusion 
coefficient.  As the diffusion coefficient of the analyte is increased with decreasing molecular weight and 

size, t decreases as the effect of Fd is reduced.  The addition of negative charges decreases t further.  f) 
Modeled current decay expected if the dynamics of the NMP could be monitored using an 
electrochemically-active label in the absence and presence of a molecular cargo 20 nm in size.  
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Figure 2. Modulation of NMP dynamics by protein binding.  a) A protein-binding NMP was constructed 
using a DNA linker and an antibody specific for troponin I.  A redox reporter, ferrocene, was incorporated 
into the DNA linker that would be oxidized at an electrode potential compatible with the electric field required 
to transport the NMP to the surface.  b) Observation of binding-induced modulation of NMP transport 
using chronoamperometry in the presence (solid lines) and absence (dotted lines) of troponin I.  The inset 

shows the full chronoamperometry traces collected with a potential step of +500 mV.  Both t and DI can be 
used to monitor the response of the system.  c) Dependence of NMP dynamics in bound and unbound 
states by modifying the fluid matrix.  By changing the viscosity of the medium to mimic different fluid 
conditions using increasingly higher glycerol concentrations, the NMP encounters higher drag force during 

transit and t increases.  The bound sensor exhibits a larger t value and thus slower current response.  d) 
Comparison of observed and calculated t values for NMPs in varied drag-modulated fluid matrices.  
The theoretical approach (line plots) matches the decay characteristics of the experimental NMP time 
response (data points) for the bound and unbound states, allowing the characterization of NMP dynamics 
in varied fluid matrices.  e) Concentration-dependent signal change for cardiac troponin I in buffered 
solution suggests that the bound state DI is distinguishable down to 1 pg/ml.  Data from a control sensor 
has been subtracted.  f) Time-dependent current modulation for NMPs in the presence of troponin I 
demonstrates the significant change in measurable current and equilibration within ~ 20 minutes.  The 
troponin I was injected into solution at t = 7 minutes. 
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Figure 3. Panel of proteins and biofluids that can be monitored using NMPs.  a) Detection of cardiac 
troponin I in different biofluids including saliva, sweat, tears, urine, and blood.  Dotted lines represent 
cut-off values for limit-of-detection, including three standard deviations of values collected when NMPs are 
incubated with blank samples containing only the biofluid.  b) Testing of a panel of NMPs specific for 
cardiac, inflammation, stress, and cancer markers.  Changes in the current response curves are 
distinguishable between unbound and bound NMPs for each sensor tested.  c) Concentration-dependent 
responses for each protein tested.  Changes in the current response curves are distinguishable between 
unbound and bound NMPs.   
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Figure 4. NMP-based monitoring of a cardiac marker in living animals.  a) Short-term cycling of NMP 
signals.  Black dots indicate signal change of the NMP when it is incubated with target protein (10 ng/mL) 
for 50 minutes and the gray dots represent signal change when the IMP is incubated with a buffered solution 
of a non-target protein (10 ng/mL) for at least 50 minutes.  b) Long-term incubation and response of 
NMP in saliva.  NMPs were stored in saliva for 3 weeks.  After 3 weeks of incubation, NMP signals were 
obtained in saliva and saliva-spiked with troponin I (1 ng/mL) with 50 minute incubation cycles.  c) 
Measurement of troponin I in saliva both ex situ and in situ using the NMP.  To induce cardiac 
dysfunction, mice were treated with doxorubicin for four days and saliva samples were collected at day 5 
for ex situ/in vitro measurements, or single point measurements were collected in situ within the mouth.  d) 
In situ continuous monitoring of cardiac troponin I in a murine model.  Mice were injected with cardiac 
troponin I 45 minutes before data acquisition and the NMP signal change was monitored continuously after 
10 minutes of sensor equilibration with NMP featuring a troponin I antibody or BSA (ctrl).  
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