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C H E M I C A L  P H Y S I C S

Measuring conductance switching in single proteins 
using quantum tunneling
Longhua Tang1,2*, Long Yi3, Tao Jiang1, Ren Ren3, Binoy Paulose Nadappuram3,4, Bintian Zhang5, 
Jian Wu2, Xu Liu1, Stuart Lindsay5, Joshua B. Edel3*, Aleksandar P. Ivanov3*

Interpreting the electrical signatures of single proteins in electronic junctions has facilitated a better understand-
ing of the intrinsic properties of proteins that are fundamental to chemical and biological processes. Often, this 
information is not accessible using ensemble and even single-molecule approaches. In addition, the fabrication of 
nanoscale single-protein junctions remains challenging as they often require sophisticated methods. We report 
on the fabrication of tunneling probes, direct measurement, and active control (switching) of single-protein con-
ductance with an external field in solution. The probes allowed us to bridge a single streptavidin molecule to two 
independently addressable, biotin-terminated electrodes and measure single-protein tunneling response over 
long periods. We show that charge transport through the protein has multiple conductive pathways that depend 
on the magnitude of the applied bias. These findings open the door for the reliable fabrication of protein-based 
junctions and can enable their use in future protein-embedded bioelectronics applications.

INTRODUCTION
The goal of molecular bioelectronics is to design nanoscale platforms 
that allow electronic signal transduction through/within biological 
molecules. Proteins are the key building blocks in biology and have 
remarkably versatile molecular recognition capability. The integra-
tion of proteins into bioelectronic devices has been a long-sought-
after goal with a plethora of bioelectronic and biosensing applications 
(1–6). Especially, understanding and manipulation of protein- 
mediated electronic charge transport are of fundamental importance 
in electrochemical processes, in tunneling detection, and ultimately 
in the rational design of the next generation of bioelectronic devices 
(1, 2, 7–11).

Typically, protein-mediated tunneling electrical junctions rely 
on capturing proteins between a pair of closely spaced electrodes with 
a sub-5-nm gap. In such a configuration, it is possible to measure the 
tunneling current passing through the junction and the molecule as 
a function of the applied voltage bias (2, 5, 9). The characteristics of 
electronic charge transport are influenced by the protein structure, 
electrode-protein interface, and alignment of the energy levels, all of 
which affect the junction performance. Earlier studies demonstrated 
the feasibility of redox-active proteins to work as active components 
in micro/nanoscale molecular electronic circuits, providing the 
capability to control the charge transport through the protein enti-
ties and to induce electronic functions (1–6). In particular, the 
metalloproteins, such as Cu-azurin and cytochrome c, have been 
studied at the single-protein level, as they offer tunable redox proper-
ties and distinctive electrical response (9, 12–14), whereas nonredox 

proteins are expected to be insulators (1, 2). Recently, pioneering 
work has demonstrated that several nonredox proteins can also be 
conductive so long as charges could be injected into their interior via 
ligands or other physiochemical contacts (1, 10, 15, 16). These findings 
suggest that nonredox proteins could also be potential candidates 
for biomolecular tunneling electronics, although the exact transport 
mechanism remains unclear.

Single-protein–coupled quantum mechanical tunneling (QMT) 
probes that allow the capture and analysis of individual proteins 
in a fixed tunneling gap could provide a powerful way to measure 
protein conformation in real time, enabling new types of single- 
molecule sensors and even sequencing platforms (5, 12–15, 17–21). 
In recent years, much effort has been expended on the development 
of methods for the fabrication of stable QMT probes, with the most 
commonly used methods deploying proximal probe technology, such 
as scanning probe microscopy (1, 16, 22), mechanically formed break 
junctions (23), and lithographically formed nanogaps (10, 14, 24). 
Each method has its advantages, with scanning tunneling microscopy 
break junctions (STM-BJ) offering high spatial control and variable 
gap distance, while lithography-based methods, such as mechani-
cally controllable break junctions, allow fabrication on a larger scale 
(23, 25–27). However, it is often difficult to embed proteins in a 
fixed gap using state-of-the-art methods (1, 16, 28). For instance, 
the reproducibility and stability of single-protein junctions remain 
challenging; as a result, most of the methods used predominantly 
rely on using a monolayer of redox-active proteins in an essentially 
dry state, and few have been investigated in solution (1, 2, 4). Hence, 
effective methods to study the electronic/electrochemical character-
istics of individual proteins over long periods are essential to fur-
ther develop the field of protein-embedded tunneling bioelectronics.

We recently reported on the fabrication and validation of stand-
alone QMT probes consisting of a controllable and stable gap that 
can be used directly in solution (29). Here, we demonstrate protein- 
coupled QMT of single nonredox active proteins in solution. We used 
the nonredox active tetrameric streptavidin, which offered four 
binding sites to biotin. The tunneling electrode surface was func-
tionalized with thiolated biotin, and the biotin on each QMT nano-
electrode could be used as an anchor to bind to the streptavidin 
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(Fig. 1). Using this configuration, it was possible to record stable 
conductance time traces over a long duration (up to 2 hours). The 
probe stability is remarkable and allows the direct observation and 
active control (switching) of single-protein conductance with an ex-
ternal field.

RESULTS
Tunneling probe fabrication and functionalization
Figure  1 illustrates the probe design and architecture. The QMT 
probe consists of two individually addressable nanoelectrodes in a 
stand-alone double-barrel nanopipette (29). Briefly, theta-shaped 
double-barreled quartz capillaries were laser-pulled to a sharp tip 
with two nanopores spaced by a quartz septum of 10 to 20 nm. Next, 
the barrels were filled with butane gas to deposit conductive carbon 
via pyrolysis. This results in two semielliptical coplanar nanoelectrodes 
at the tip of the pipette. Subsequently, gold was electrochemically 
deposited using real-time tunneling feedback control to tune the gap 
distance. Characterization of the barrels and the tunneling junctions 
via optical images and scanning transmission electron microscopy 
(STEM)–energy-dispersive x-ray spectrometry (EDX) revealed that 
gold was deposited at the tips of the probes (Fig. 2A and fig. S1). 
Last, the QMT probes were thoroughly cleaned by ethanol and de-
ionized water and then functionalized with thiolated biotin in etha-
nol, yielding the biotin-modified QMT probes.

To demonstrate the functionality of the QMT probes, tunneling 
current-bias (I-V) measurements were conducted in air at room 
temperature (297 K). The probes had a typical nonlinear current-bias 
response and were fitted to the Simmons tunneling model, which was 
used to extract approximate parameters such as gap distance and 
barrier height (see Fig. 2B and fig. S2) (30). To maximize the signal-
to-noise ratio (SNR) and the likelihood of bridging the QMT junc-
tion, electrode gaps ranging from 1.5 to 3.1 nm (as calculated using 
the Simmons model) were selected (Fig. 2C). The distance was larger 
than the size of thiolated biotin (molecular weight: 302 Da; size: <1 nm) 
but smaller than that of streptavidin (tetramer, 52.8 kDa; size: ~5 nm), 
allowing the streptavidin to bridge the gap by binding to single biotin 
on each electrode. It was not necessary for streptavidin to be fully 
confined in the gap, as the current tunneling through the biotin 
contacts and the protein dominated the conductance. Larger gaps 
(≥5 nm) that could accommodate the full protein are challenging to 
fabricate in a tunneling feedback regime and exhibit low SNR be-
cause of an exponential decrease in the magnitude tunneling cur-
rent with gap distance.

The effective tunneling gap distances before and after modifica-
tion of biotin were analyzed. The measured I-V curves for bare and 
biotin-modified QMT exhibited stable tunneling current-bias char-
acteristics, consistent with the Simmons tunneling model (Fig. 2E). 
The gap distances were estimated to be 2.45  nm for bare QMT 
probes and 2.35 nm for biotin-modified probes, indicating a stable 

Fig. 1. Schematic of a single streptavidin protein-coupled QMT probe. (A) The probe consists of two carbon electrodes that are sealed in a double-barrel quartz 
nanopipette. Only the tip of the electrode surface at the nanopipette tip is exposed to the solution. Gold is electrochemically deposited on the carbon nanoelectrodes 
using real-time current feedback, resulting in the formation of a tunneling junction with a controllable conductance. (B, C) The stand-alone QMT probe was functionalized 
with thiolated biotin and used to capture individual streptavidin molecules.
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Fig. 2. Schematic representation and electrical characterization of the streptavidin-coupled QMT probes. (A) STEM-EDX mapping of a QMT probe tip confirming 
silicon, deposited carbon, and electrodeposited gold. Scale bar, 50 nm. (B) Tunneling current-bias (I-V) plot of QMT probes in air at room temperature (297 K). The solid 
curves represent fits based on the Simmons tunneling model. (C) Histogram of the gap distance as obtained from the Simmons model for QMT probes measured in air. 
(D) Schematic representation of the QMT probes used. (E) Chronoamperometric (I-t) measurements for QMT probe (i) before and (ii) after modification with biotin and (iii) 
single streptavidin protein-coupled probe in 1 mM PBS at room temperature (297 K). Individual current transients are visible in streptavidin-bound junctions. Bias, 100 mV. 
(F) Current-bias plot for QMT probe before and after modification with biotin. The solid curves represent fits based on the Simmons tunneling model. (G) I-V measurement 
of the streptavidin-bridged QMT probes by sweeping the bias between −300 and +300 mV. Similar to (E) (iii), individual current transients are visible in streptavidin-bound 
junctions. (H) Ratio at a different bias of the baseline conductance measured in streptavidin-bound junctions (Gstrep) and the conductance (Gbiotin) of biotin-modified 
QMT probe.
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and functional tunneling gap during modification. After biotin func-
tionalization, minor changes in the background current were observed 
(fig. S3). Long-term measurements confirmed that QMT probes 
with biotin functionalization were stable over 2 weeks when stored 
under ambient conditions (fig. S4).

Molecular junction formation and characterization
The formation of a single protein junction was monitored in real 
time by measuring the tunneling current over time at an applied 
bias of 100 mV in 1 mM phosphate-buffered saline (PBS) at pH 7.4. 
Without proteins, a stable tunneling current was observed for the 
bare and biotin-modified QMT probes (Fig. 2E). When streptavidin 
(0.2 ng/ml) was added, an increase in the baseline tunneling current 
could be observed, followed by frequent transient events (see repre-
sentative trace iii in Fig. 2E and fig. S5). A comparison of the power 
spectra density calculated for the same QMT probes before and after 
modification with single streptavidin revealed an increase in the 
low-frequency regime f < 10 Hz, where the power spectrum shows a 
characteristic 1/f dependence (fig. S6). This relative increase in 
1/f noise may be attributed to streptavidin binding and dynamic 
fluctuations of the molecules in the QMT junction (31).

The electrical properties of protein junctions were investigated 
by I-V measurements, where the applied bias was continuously 
swept; see representative I-V curves in Fig. 2 (F and G). A typical 
sigmoidal I-V plot was observed in the bias range between −0.3 and 
+0.3 V at a sweep rate of 0.8 V s−1. Superimposed on the I-V curves 
bias, dependent current increase transients were also seen (Fig. 2G). 
This can be visualized more clearly by plotting the conductance as a 
function of bias (fig. S7). As the bias increased, the current transient 
had a greater magnitude. Similar large current transients (often termed 
as telegraph noise) have been observed for integrin and other pro-
teins in modified STM probes (1, 15). A conductance increase was 
highly reproducible between different junctions and for a range of 
biases (Fig. 2H). The measured conductance was in good agreement 
with values previously obtained for noncovalent streptavidin-biotin 
coupling linked to the electrodes via a thiol-terminated ethane link-
age (22). In contrast, both bare and biotinylated junctions did not 
show significant current transients, indicating that the latter origi-
nate from the interaction of single streptavidin and the biotinylated 
tunneling junction (Fig. 2F). The cycled I-V sweeps, as shown in 
Fig. 2G, and the baseline of the I-V curves, including the amplitude 
of the current transients, were highly reproducible and overlapped 
over multiple repeats, indicating a relatively and good stability of 
protein-coupled QMT probe over the applied bias range. It is essen-
tial to operate in a low-bias regime (<|300 mV|), as a higher bias often 
resulted in a sudden drop in current, which can be attributed to a breakage 
of the biotin-streptavidin-biotin contacts (fig. S8).

We previously reported that nonredox proteins, including 
streptavidin, could be detected in bare QMT probes. In that case, 
the current transients were attributed to the protein diffusing in and 
out of the junction, and the magnitude of the signal could be used to 
differentiate between different proteins (29). Here, the addition of 
proteins that are not expected to specifically bind to biotin-modified 
QMT probes [immunoglobulin G, bovine serum albumin, and 
thrombin (0.2 ng/ml)] resulted in a minor change in the tunneling 
current, but with a substantial increase in baseline noise and with 
only very few current transients (fig. S9, A to D).

In addition, control experiments were performed with monovalent 
streptavidin (SAvPhire, Sigma-Aldrich) with only one available 

binding site. A current rise could be observed (fig. S9E); however, 
the distinct multilevel switching that was observed in streptavidin- 
bridged junctions was not evident with monovalent streptavidin.

Together, these results confirmed the specific interaction between 
streptavidin tetramer and the functionalized electrodes. Overall, ap-
proximately 31% of all resulted streptavidin-coupled probes (15 of 49) 
exhibited stable and reproducible current-bias behavior with repro-
ducible current transients (see fig. S10).

To further investigate the bias dependence on the protein con-
ductance characteristics, we carried out real-time current measure-
ments at the different bias conditions. Figure 3 presents typical 
current-time traces at the bias ranging between −300 and 0 mV, 
where pulse-like stochastic switching between the levels could clearly 
be seen. Similar to the long-time measurement at the different bias 
conditions, all the current signals exhibited consistent characteris-
tics, demonstrating good stability of protein junction and reproducibile 
current switching (fig. S11). These traces were used to construct cur-
rent histograms (right column in Fig. 3). When the negative bias was 
systematically increased in the range from −25 to −300 mV, the distri-
bution of the current transients increased from two to up to four 
distinct current levels at a higher bias. We also carried out experiments 
at positive bias ≤+200 mV (fig. S12), and a response similar to the 
one at negative bias was observed (fig. S13).

Statistical analyses of dynamic conductance switching
We used hidden Markov modeling and simulations [Quantify 
Unknown Biophysics (QUB); qub.mandelics.com] to perform ide-
alized fitting of the I-t trajectories with multiple plain states that 
were derived from a segmental k-means method (30, 32, 33). An 
example is shown in Fig. 4A, where the representative I-t trace at 
−300 mV was idealized to quadruple conductance state intercon-
version (Fig. 4B); thereby, the stochastic conductance switching and 
the dwell time of each state were statistically analyzed. Together 
with the analyses of I-t curves at different bias, the corresponding 
current amplitude versus dwell time histogram of each bias was ob-
tained (Fig. 4C and fig. S14). We found that, with increasing bias, 
the current markedly grew. The conductance and the current 
amplitude followed a Gaussian distribution (Fig. 4D and fig. S15). 
At negative bias ranging from −25 to −175 mV, two distinct conduc-
tance states, named S1 and S2, respectively, were observed. At −200 mV, 
two additional states, S3 and S4, appeared along with the initial S1 and 
S2 states. As the bias increased, the segmentation of these quadruple 
conductance states was more pronounced (Fig. 4D). Each state’s conduc-
tance increased linearly between −100 and −300 mV (Fig. 4D, inset).

As illustrated above, the current measurements for S1 resulted in 
a narrow distribution for all applied bias settings. The conductance 
peaks of S1 also agreed well with the I-V data in Fig. 2G (see fig. S16A). 
The current measured with streptavidin increased compared to 
junctions without streptavidin at the same bias setting. When bias-
ing the streptavidin-bridged QMT probe, electrons would partially 
pass through the tunneling gap. The measured current in the 
streptavidin-bridged QMT probe combines the tunneling current 
through gap space and electron transport through protein molecules. 
Hence, the current contribution of the bound streptavidin can be esti-
mated as the current difference between the biotin-modified and 
the streptavidin-bridged QMT probe. The protein conductance can 
also be estimated under different bias conditions (fig. S16B).

To gain more information on the conductance switching dynamics, 
the dwell time (tD) of each conductance state was further analyzed 
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(34–36). Idealized fitting revealed a multiple-state interconversion. 
Figure 4E corresponds to the dwell time distribution of each state of 
a typical signal at an applied bias of −300 mV. The dwell time distri-
bution for the quadruple conductance states exhibits a single expo-
nential distribution. The dwell time distribution dependence on bias 
was also analyzed, and the mean lifetime of each state was obtained. 
The lifetime constants () for the quadruple conductance states were 
s1 = 1.81 ± 0.03 ms, s2 = 0.50 ± 0.03 ms, s3 = 0.45 ± 0.02 ms, and 
s4 = 0.68 ± 0.02 ms, respectively (Fig. 4F, figs. S17 to S20, and table 
S1). We found that, when the bias magnitude was lower than −200 
mV, longer lifetimes for the current state S1 (s1) and state S2 (s2) 
were induced than the lifetimes obtained at higher bias. s1 reached 
a maximum at around −100 mV (6.74  ±  0.13 ms) and then de-
creased significantly (5.00 ± 0.27 ms at −25 mV and 4.81 ± 0.25 ms at 
−200 mV). In contrast, s2 remained at ~2 ms at a bias of <200 mV 
while decreasing significantly from −200 to −300 mV. This corre-
sponds to the reduced energy barrier for state S1 at higher bias, 
leading to the acceleration of the switching rate. At the same time, 
the mean values for s3 and s4 for current state S3 and state S4, re-
spectively, remained ~1 ms between −200 and −300 mV. The con-
ductance switching rate constant, k = 1/, can be obtained from 
a maximum likelihood estimate of the lifetime at a different bias 
(Fig. 4G). Analysis of the transition probabilities for each con-
ductance state at different bias indicates that the transition S1 ↔ S2 

is most probable, followed by S2 ↔ S3, with S2 ↔ S4 being least prob-
able in the regime (−200 to −300 mV) (see figs. S21 to S26 and 
table S2).

Because at least two conductance states were observed at each bias 
setting, two or more electron transport pathways may exist for the 
protein-coupled tunneling junction. However, each bias shows dif-
ferent amounts of current states, revealing that there are likely un-
detected or inactivated states at low bias. For example, S3 and S4 pathways 
existed at −175 mV but were scarcely observed (<1% of the total transi-
tions; see fig. S11 and Fig. 4C), indicating that conductance S1 and 
S2 dominated the total junction conductance. A possible explana-
tion is that the occurrence frequency of the corresponding states is 
too low to be detected. The occurrence of each state was dependence 
on the bias conditions (Fig. 4H). As the bias magnitude increased 
from −25 to −300 mV, the occupancy for conductance states of 
S1 and S2 decreased from 72.5 to 51.0% and 27.5 to 6.7%, re-
spectively whereas, the occupancy for states S3 and S4 increased.

DISCUSSION
We observed that the biotin-streptavidin-biotin protein junction had 
a relatively high conductance in the order of tens of nanosiemens 
over a wide bias range and exhibited stochastic switching behavior 
among different conductance states. Compared to previous reports 

Fig. 3. Chronoamperometric traces of single streptavidin-bridged QMT probes at different bias using 1 mM PBS (pH 7.4) at 298 K. Representative 10-s I-t traces 
are shown on the left, and zoomed-in 0.1-s traces are on the middle. The emergence of multiple conductance states becomes visible with increasing applied bias. The 
corresponding all-point current histograms are plotted on the right.
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Fig. 4. Statistical analysis of stochastic conductance switching for single streptavidin-coupled QMT probes. (A) I-t current trace segment recorded at −300 mV in 
PBS (pH 7.4) at 298 K (orange). Idealized fit obtained from a segmental k-means method based on hidden Markov model analysis using QUB (dark red). (B) Interconversion 
between each conductance state for the current-time trace in (A). (C) Scatterplots of dwell time versus current amplitude at different constant bias. (D) Combined con-
ductance scatter and box plots at different constant bias. (Inset) Plot of each conductance state of streptavidin-coupled QMT probe as a function of bias. (E) Plots of the 
dwell time for each state at −300 mV using an idealized fit using QUB. The solid lines correspond to monoexponential fits from which the lifetime constants of the 
four states have been calculated. (F) Lifetime plot for each conductance state at a different constant bias. (G) Conductance switching rate constant k and occupancy 
(H) for each state at different bias. The resulting kinetic parameters are listed in table S1.
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(23, 30), our single-protein–modified QMT probes exhibited higher 
conductance over a wide bias range (−300 to 200 mV) and enabled 
the electrical measurement of a single molecule over long periods, 
which can benefit the study of protein conformation and function 
using tunneling spectroscopy. In the presence of streptavidin tetramer, 
a significantly higher current was passed through the tunneling junc-
tion. As the bias increased, the conductance of the observed states 
grew linearly with bias. However, the conductance ratio Gstrep/Gbiotin 
remained largely unchanged at a different bias (Fig. 2H), indicating 
the availability of a non-ohmic conductance channel when current 
transients and conductance switching is observed. The detectable 
bias threshold for conductance switching for streptavidin was ob-
served to be at 25 mV or higher. This may be attributed to several 
factors, including the better junction stability, lower leakage current 
due to improved electrode design, and the relatively narrow fixed-
gap junction with an averaged gap distance of 2.3 ± 0.4 nm. Strepta-
vidin is a tetrameric protein, and the four individual conductance 
states observed may indicate a possible change of confirmation and 
potentially structural switching that corresponds to a change in 
conductance. A confirmation of this requires follow-up measure-
ments at a higher applied bias that will reveal whether there are other 
conductance states present. Currently, the protein junctions are not 
sufficiently stable in the high-bias regime to investigate this system-
atically, but measurements can be attempted in the future with 
improved probe design and optimized ligand chemistry.

Although the exact mechanism of the protein conductance switch-
ing by an external field is still subject to discussion, some conclu-
sions can be reached from observations and statistical analysis. 
Because the streptavidin protein was specifically bonded to the QMT 
probe by the two biotin anchoring sites, the biotin-streptavidin inter-
actions could only contact streptavidin at a certain angle, thus re-
ducing the possibility of the protein stretching and conformation rotation. 
Moreover, the conductance might be related to the molecular polarity 
in the strong electric field (14, 17, 37). When the proteins are in solu-
tion under a higher electric field, the dipole moment of the protein 
may increase, thereby leading to the enhancement of the interaction 
between electrode and protein (7, 33, 35). Such behavior may be de-
scribed within both the polaron and the charge hopping models. 
Recently, it has been suggested that resonant tunneling (represented 
by the Landauer-Büttiker formalism) may be the dominant conduction 
mechanism in nonredox protein junctions (1, 23, 38). In both the hopping 
and the resonant tunneling model, bias-dependent stochastic switching 
characteristics may be driven by the transient molecular charging, 
possibly because of protein conformational change under the elec-
tric field. The current-bias (I-V) characteristics reported in Fig. 3 
and figs. S12 and S13 are consistent with this model if the multiple 
locally stable conformations have different conducting capability. When 
the states are of comparable stability and the barrier between them, 
transitions can manifest as stochastic fluctuations in the system con-
ductance (16, 39). Reliable discrimination between the hopping and 
resonant tunneling mechanisms for conduction requires further 
experimental and theoretical analysis. In either mechanism, the energy 
gap between the highest occupied molecular orbital and the gold Fermi 
level plays a crucial role in determining the threshold bias for con-
duction (10). Therefore, to elucidate the underlying transport mecha-
nism leading to the observed bias dependence, measurements at low 
temperatures are likely needed (13, 18, 40).

In conclusion, we were able to actively control switching of single- 
protein conductance with an external field and to study stochastic 

fluctuations under a solution-based environment at room tempera-
ture. The probes presented here can offer a viable route to access 
conductance pathways of individual protein molecules and their 
interaction with ligands. This may provide valuable information on 
conformational states related to biological processes and offer novel 
modes of protein biosensing and bioelectronics.

MATERIALS AND METHODS
Materials
Wild-type streptavidin tetramer was purchased from Sigma-Aldrich. 
The biotin disulfides were synthesized according to a previous report 
(22) and treated by the immobilized (tris[2-carboxyethyl]phosphine 
hydrochloride) disulfide reducing gel from Thermo Fisher Scientific 
(catalog number 77712) following the manufacturer’s instructions. 
All other chemicals used in the probe fabrication and electrochemical 
characterization were bought from Sigma-Aldrich, apart from the 
plating solution. The plating solution was obtained from Tianyue 
(China), which has 5 g in 250 ml of electrolyte.

Fabrication of QMT probes
The QMT probes were fabricated from theta-shaped dual-barrel 
quartz capillaries via our recently reported method (29). Briefly, 
quartz capillaries (Friedrich & Dimmock Inc.; 1.2 mm outside 
diameter, 0.90 mm inside diameter, 100 mm long) were pulled to 
sharp tips using a P-2000 laser puller (Sutter Instrument). Both 
barrels were then filled inside by carbon pyrolytic decomposition 
of butane, resulting in the two coplanar semielliptical carbon nano-
electrodes separated by a quartz septum. Next, gold was electro-
chemically deposited onto the carbon nanoelectrodes with a 
feedback- controlled chronopotentiometric step to decrease the 
electrode gap within the QMT probe regime. Last, stable QMT 
nanoprobes were immersed in ultrapure deionized water (with a 
resistivity of 18.2 megohm·cm) for 12 to 48 hours. The functionality 
of the QMT probe junctions was characterized experimentally by 
recording I-V curves and fitting the data to the Simmons model, 
which can be used to approximate the gap distance, tunneling bar-
rier height, and tunneling area.

Preparation of streptavidin QMT probes
A detailed description of the preparation of the streptavidin QMT 
probes is shown in fig. S28. Briefly, the QMT probes were cleaned 
using deionized water and ethanol and then immersed in ethanol con-
taining 100 M thiolated biotin overnight. We used the N,N′-bisbiotinyl 
cystamine for biotin modification (fig. S28). Next, the biotin-modified 
QMT probes were taken out from the solution, washed with abun-
dant deionized water to remove excess biotin and ethanol, and used 
immediately. The tunneling current for the biotin-QMT probes was 
continuously recorded at 50 mV in 1 mM PBS (pH 7.4) containing 
streptavidin (0.2 ng/ml). Once two-level transients were detected, 
the QMT nanoprobes were rinsed in 1 mM PBS.

Electrical measurements
All tunneling current measurements were done using MultiClamp 
700B operated in voltage-clamp mode. The data acquisition bandwidth 
was 100 kHz, and the data were filtered using a four-pole Bessel filter 
at 10 kHz and digitized using Axon Digidata 1550B. Data analysis 
was performed using a custom-written MATLAB code developed 
in-house and also QUB software.
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SUPPLEMENTARY MATERIALS
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