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CONSPECTUS: The ultimate limit of analytical chemistry is single-
molecule detection, which allows one to visualize the dynamic processes of
chemical/biological interactions with single-molecule or single-event
sensitivity and hence enables the study of stochastic fluctuations under
equilibrium conditions and the observation of time trajectories and reaction
pathways of individual species in nonequilibrated systems. In addition, such
studies may also allow the direct observation of novel microscopic quantum
effects and fundamental discoveries of underlying molecular mechanisms in
organic reactions and biological processes that are not accessible in
ensemble experiments, thus providing unique opportunities to solve the key "

problems of physical, chemical, and life sciences. Consequently, the field of %
single-molecule detection has received considerable attention and has \ o
witnessed tremendous advances in different directions in combination with

other disciplines. This Account describes our ongoing work on the

development of groundbreaking methods (termed “single-molecule electrical approaches”) of translating the detailed processes
of chemical reactions or biological functions into detectable electrical signals at the single-event level on the platform of single-
molecule electronic devices, with a particular focus on graphene—molecule—graphene single-molecule junctions (GMG-SMJs)
and silicon-nanowire-based single-molecule electrical nanocircuits. These nanocircuit-based architectures are complementary to
conventional optical or mechanical techniques but exhibit obvious advantages such as the absence of problems associated with
bleaching and fluorescent labeling.

Dash-line lithography (DLL) is an efficient lithographic method of cutting graphene and forming carboxylic-acid-functionalized
nanogapped graphene point contact arrays developed to address the formidable challenges of molecular device fabrication
difficulty and poor stability. Molecules of interest terminated by amines on both ends can be covalently sandwiched between
graphene point contacts to create high-throughput robust GMG-SMJs containing only one molecule as the conductive element.
In conjunction with the ease of device fabrication and device stability, this feature distinguishes GMG-SMJs as a new testbed
platform for single-molecule analysis characterized by high temporal resolution and superior signal-to-noise ratios. By exploiting
the DLL method, we have fabricated molecular devices that are sensitive to external stimuli and are capable of transducing
chemical/biochemical events into electrical signals at the single-molecule level, with notable examples including host—guest
interaction, hydrogen bond dynamics, DNA intercalation, photoinduced conformational transition, carbocation formation,
nucleophilic addition, and stereoelectronic effect. In addition to GMG-SMJs and considering compatibility with the silicon-
based industry, we have also developed a reliable method of point-functionalizing silicon-nanowire-based nanotransistors to
afford single-molecule electrical nanocircuits. This approach proved to be a robust platform for single-molecule electrical
analysis capable of probing fast dynamic processes such as single-protein detection, DNA hybridization/polymorphism, and
motor rotation dynamics.

The above systematic investigations emphasize the importance and unique advantages of universal single-molecule electrical
approaches for realizing direct, label-free, real-time electrical measurements of reaction dynamics with single-event sensitivity.
These approaches promise a fascinating mainstream platform to explore the dynamics of stochastic processes in chemical/
biological systems as well as gain information in fields ranging from reaction chemistry for elucidating the intrinsic mechanisms
to genomics or proteomics for accurate molecular and even point-of-care clinical diagnoses.

1. INTRODUCTION

The ultimate goal of analytical chemistry, namely, the
detection, analysis, and manipulation of single molecules
(single-molecule detection), is a rapidly developing ultra-
sensitive technology with adequate consideration of individual
differences.' ™ This technique allows one to directly probe
heterogeneous molecular behaviors in real time during
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chemical and biological processes with single-molecule
sensitivity and therefore uncovers a wealth of molecular
information that cannot normally be accessed in conventional
ensemble experiments. Consequently, single-molecule detec-
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tion offers crucial insights into molecular activities (i.e.,
kinetics and dynamics) difficult or impossible to synchronize
at the ensemble level and addresses “unanswerable” questions
of physical, chemical, and biological sciences. In particular, the
above approaches can capture intermediates/transition states
and track the time-dependent pathways of chemical reactions
in organic chemistry, which is of fundamental importance for
elucidating previously indecipherable intrinsic reaction mech-
anisms.”® On the other hand, the aforementioned materials or
devices can serve as local translators to sense individual
binding events in biological systems (such as DNA flipping or
enzymatic dynamics).”” Therefore, over the past several
decades, the field of single-molecule detection has witnessed
significant development and substantial progress in both
measurement capabilities and the fundamental understanding
of diversified chemical or biological phenomena (refs 1—7 and
literature cited therein).

Extensive experimental and theoretical efforts have been
made to achieve efficient single-molecule detection in samples
ranging in complexity from controlled in vitro conditions to
the inside of living cells. Several approaches mainly based on
optical and mechanical strategies such as fluorescence
microscopy,””® usage of optical tweezers,’ fluorescence
resonance energy transfer,'’ surface plasmon resonance,''
microcavity biosensor,'’ and scanning probe microscopy
(SPM)*'>"* have been employed to probe conformational
rearrangements, enzyme activities, gene expression/ regulation,
chemical reactions, and molecular motions of single molecules
or particles. The importance of single-molecule detection is
also reflected by the fact that the 2014 Nobel Prize in
Chemistry was awarded for the successful smashing of the size
barrier in optical microscopy, which allowed researchers to
observe individual molecules inside living cells. Although the
above-mentioned methods have numerous advantages, they
suffer from certain limitations; e.g., optical approaches require
fluorescent labeling, which is complicated and might influence
the properties of the object of interest. Moreover, the use of
fluorophores poses the inevitable bleaching problem. Finally,
most of these methods, such as optical and SPM approaches,
feature the drawback of relatively low temporal resolution.
Taken together, the presented disadvantages significantly
hamper further applications of single-molecule detection in
both scientific and industrial communities, which necessitates
the development of an improved strategy for realizing direct,
label-free, real-time electrical measurements of single mole-
cules with high temporal/spatial resolution and high signal-to-
noise ratios.

To address the above challenge, several new strategies for
electrical single-molecule detection employing nanoarchitec-
tures such as nanopores,'* molecular junctions," silicon
nanowires, " organic field-effect transistors,'® and carbon
nanotubes'”*’ have been recently developed. Among these
strategies, molecular junctions,21 specifically graphene—mole-
cule—grazphene single-molecule junctions (GMG-SMJs) (Fig-
ure 1),”" are particularly attractive as graphene is a two-
dimensional carbon nanomaterial that comprises sp*hybri-
dized carbon atoms arranged in a honeycomb lattice and is
therefore naturally compatible with organic/biological mole-
cules in both composition and size. The atomic stiffness,
controllable morphology, superior electronic properties, and
natural end-functionalities make graphene an ideal low-
dimensional electrode material having the capability of
covalently integrating individual molecules as the conductive
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Figure 1. Schematic structure of GMG-SMJs.

channel into electrical nanocircuits to solve the key problems
of fabrication difficulty and poor stability of molecular devices.
Apart from that, these conceptually simple GMG-SMJs, which
are built by the holistic design of electrodes, electrode/
molecule contact interfaces, and functional molecular
bridges,23 covalently confine only one molecule between
graphene point contacts as the conductive element, laying
the foundation for single-molecule electrical detection. In
combination with the advantages of device stability and ease of
fabrication, this unique feature makes GMG-SMJs a robust
platform for revealing and understanding the intrinsic proper-
ties of materials at the atomic- and/or molecular-length scale,
reaching the ultimate limit of analytical chemistry toward the
foundations of chemistry and life science. In this Account, we
elaborate the development of such groundbreaking method-
ologies based on the use of single-molecule electrical
nanocircuits, focusing on the usage of GMG-SMJs to realize
direct, label-free, real-time electrical measurements of single
molecules with single-event sensitivity, high signal-to-noise
ratios, and high temporal resolution. A valuable survey of
useful statistical analysis methods is provided, and promising
future directions for the study of chemical reaction dynamics
and biomolecular activities are discussed in detail, thus
providing a glance at the exciting advances of this burgeoning

field.

2. GRAPHENE—MOLECULE—-GRAPHENE
SINGLE-MOLECULE JUNCTIONS

2.1. General Fabrication Processes

Single-molecule devices are generally fabricated by integration
of individual molecules of interest serving as kernel functional
components into electrical circuits. Depending on the
electrode materials used, molecular junctions can be classified
into metal-molecule—metal SMJs (created through the
fabrication of mechanically controlled break junctions,
scanning tunneling microscope break junctions, conductive
atomic force microscopy techniques, electromigration, on-wire
lithography, and mercury drop electrode generation) and
carbon nanomaterial (single-walled carbon nanotube or
graphene) SMJs (refs 21 and 24 and literature cited therein).
The former junctions have been used to discover remarkable
new phenomena such as the Kondo effect,”> Coulomb
blockade,”® thermoelectric effect,”’ negative differential resist-
ance,”® quantum interference,” and stereoelectronic effect,””
which are not accessible in ensemble measurements. However,
formidable challenges including gap size uncontrollability,

DOI: 10.1021/acs.accounts.9b00347
Acc. Chem. Res. 2020, 53, 159—169


http://dx.doi.org/10.1021/acs.accounts.9b00347

Accounts of Chemical Research

A je—~2nm—3 B
 —
BPP34C10DAM

C

 —

m

Thermocouple

Liquid Nitrogen
Inlet

PID Control
Heating Power

G

Outlet Hot and Cold Chuck

Current/ nA

404 — Graphene point contact F 140 — Measured
— BPP34C10-SMJ <
20} — MV# <BPP34C10-SMJ c 120
0 < MM | .h \ ll nﬂ
= Ao
20 S
(6] 80 T-L_J l \j 1&_\}“54,
-40 s v
-1.0 05 O.Q 05 1.0 0 2 4 6 8 10
Potential / V Time /s
H -k - Fit

In k

E =-38.7 kJ - mol"
E~31.5kJ-mol

32 33 34 35 36 37
1000/T (K1)

Figure 2. (A—C) Schematics of MV**CBPP34C10DAM GMG-SM]J device construction. (D) Schematic of the SMJ device—liquid interface
characterization platform. (E) I-V curves of the device recorded at different stages. (F) I—t curve of the above device and the corresponding
idealized fit obtained using QUB software. (G) Plots of time intervals of two current states for the idealized fit in (F) and corresponding Arrhenius
plots (H) of association/dissociation rate constants and activation energies in Me,SO at 293 K. V;,,, = 100 mV.

insufficient stability, mobility of metal atoms at the nanometer
scale, and the continuous mechanical breaking process of
metallic junction fabrication limit the further applications of
metal—molecule—metal SMJs in the investigation of fast long-
term dynamics. To overcome these challenges, we focus the
following discussion on the fabrication of stable GMG-SMJs.
In brief, high-quality single-layer graphene was synthesized
via classical chemical vapor deposition (CVD) on copper foils.
The obtained graphene films were transferred to SiO,/Si
wafers, and Au electrodes were subsequently patterned by
photolithography. Nanogapped graphene point contact arrays
with carboxylic acid groups on each edge were fabricated by
DLL.>! To ensure long-term in situ measurements, we
constructed stable GMG-SMJs according to a bottom-up
molecular assembly method and covalently linked molecules of
interest terminated with amino groups on both ends to
carboxylic groups at the edges of graphene point contacts via 1-
ethyl-3-(3-(dimethylamino)propyl) carbodiimide coupling in
pyridine. The successful formation of GMG-SMJs was
confirmed by electrical current resurgence after precise etching
with oxygen plasma and sequential molecular assembly. In
general, conjugate molecules behave as good conducting
channels, which is a prerequisite required to realize real-time
monitoring of molecular dynamics. On the basis of the
optimized connection yield (generally ~30.0%), statistical
analysis of the binomial distribution demonstrated that the
fraction of single-junction devices among the overall
reconnected devices exceeds 85.8%, confirming that electron
transfer mainly occurs through single-molecule junctions.

2.2. Single-Molecule Detection Based on Functional
GMG-SMJs

GMG-SMJs have two salient features, namely, (i) covalent
amide linkages at the molecule-electrode contact interface,
which can endure chemical treatments and external stimuli and
thus impart high stability, and (ii) the presence of only one
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molecule of interest as the local probe. The combination of
these features allows one to create a new class of ultrasensitive
sensors with the goal of detecting single-molecule events in
solution in real time. In this section, we demonstrate the
capability of electrical and long-term monitoring of in situ
dynamic processes of either intermolecular interactions or
chemical reactions at the single-molecule or single-event level
on the GMG-SM]J platform.

2.2.1. Intermolecular Interactions. Host—Guest Inter-
actions. Host—guest interactions are the basis of numerous
molecular self-assembly, recognition, and biological functions.
Single-molecule real-time monitoring of intermolecular host—
guest interactions provides more detailed dynamic (de)-
complexation information at the single-event level beyond
ensemble-average measurements. To probe these interactions,
we constructed a single-molecule device by covalently bridging
a host molecule containing a crown ether (BPP34C10DAM)
as a functional center between nanogapped graphene electro-
des with amide bonds (Figure 2A and C).”> Bias voltage-
dependent current measurements confirmed the formation of
GMG-SMJs (Figure 2E black and red). In the presence of the
guest molecule (MV?>"), a new higher current level appeared
(Figure 2E blue), and binary states were observed (Figure 2F),
which was attributed to the dynamic interplay between host
and guest molecules at the solid—liquid interface (Figure 2D).
Specifically, the association of guest and host molecules
(MV**CBPP34C10DAM) provided a more conductive
channel originating from the delocalization of the molecular
LUMO, which led to higher conductance. The Gaussian fits of
bimodal current histograms allowed binding constants (K,) to
be derived from the Langmuir isotherm as K, = a/(1 — a)C (a
is the fraction of the BPP34C10 host complexed with MV*",
and C is the concentration of MV?**), while other
thermodynamic parameters including the Gibbs free energy
(AG®), enthalpy (AH®), and entropy (AS°) of complexation
were deduced from the vant Hoff equation: —RT In(K,) =
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AH® — TAS® (R is ideal gas constant, and T is temperature).
In addition to the above, I—t data for binary states were
statistically fitted using QUB software (Figure 2F), and
idealized two-level fluctuations were analyzed to provide a
set of kinetic parameters for MV**CBPP34C10, including the
high- and low-current-state lifetimes 7j;g, and 7y, (Figure 2G)
and the corresponding (de)complexation rate constants k, =
1/Tig and kg = 1/7y4 (Figure 2H). Finally, the Arrhenius
plots of temperature-dependent In(k) in Me,SO demonstrated
a linear dependence of In(k) on 1/T (Figure 2H), and the
activation energies of (de)complexation processes were
obtained as E, = —38.7 k] mol™" and Ey = 31.5 kJ mol™".
These results demonstrate that the single-molecule electrical
approach is sufficiently powerful to analyze and extract all
thermodynamic and kinetic parameters, thus offering unlimited
opportunities for probing more complex chemical/biological
processes.

Hydrogen Bonding Interactions. Subsequently, we moved
to explore the more complex case of hydrogen bonding
interactions, which play an important role in chemical,
physical, and biological processes. GMG-SM]Js containing a
quadrupolar hydrogen-bond dimer were constructed with two
identical ureido pyrimidine-dione (UPy) molecules incorpo-
rated into the %raphene point contact through amide linkages
(Figure 3A).”” The quadrupolar hydrogen-bond dimer
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Figure 3. (A) Schematic of a quadrupolar hydrogen-bond-assembled
single-molecule junction. (B, C) I—t curves recorded in diphenyl
ether at different time scales and V;,,, = 300 mV. (D) Schematics of
double-stranded DNA single-molecule junctions and (E) correspond-
ing I—t curves showing stepwise intercalation events at different EB
concentrations (black, 5.0 X 1077 mol L% blue, 5.0 X 10™'* mol
L.

increased the strength of hydrogen bonds and device
conductivity, which led to better performance and afforded
more profound dynamic information in real-time electrical
detection. Typically, in a weakly polar solvent such as diphenyl
ether, four conductive microstates could be distinguished by
real-time monitoring of junction conductance (Figure 3B and
C). According to the results of theoretical calculations, the
three main conductance states were assigned to the intrinsic
state, the isomerized state, and the proton transfer state,
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respectively. Additionally, a transient weak interaction between
the solvent and hydrogen bonds was suggested to afford the
fourth state. Both experimental and theoretical results
consistently revealed that hydrogen bonds were stochastically
rearranged mainly through intermolecular proton transfer and
tautomerism, confirming the possibility of intrinsically trans-
ducing an exquisite hydrogen-bond dynamic process into real-
time electrical signals with single-bond resolution. In another
experiment, the local distortions and unwinding of the DNA
structure induced by the stepwise intercalation of ethidium
bromide (EB) were monitored in real time (Figure 3D and
E).*

2.2.2. Chemical Interaction Dynamics. As shown in
previous works, minute changes in either molecular electronic
or topological structure can strongly impact molecular charge
transport properties. Considering this fact, we studied chemical
reactions to visualize the dynamic processes of the most
fundamental organic reactions at the molecular level and reveal
the underlying intrinsic mechanisms.

Photoisomerization. The manipulation of molecular
reactions remains a formidable challenge. To address this
problem, we first chose a photoreactive diarylethene (DAE) as
a functional central component. DAE is a typical photochromic
molecule that can exist in the form of two (open- and closed-
configuration) isomers interconverted via irradiation with UV/
vis light. However, in previous works, we and others achieved
only one-way photoswitching in the nanocarbon-electrode-
based electrical detection platform because of the strong
coupling between molecules and electrodes at the contact
interface induced by covalent amide bonds.***® This coupling
gives rise to energy transfer between the molecular excited
state and the z-electron system of carbon electrodes, which
facilitates the quenching of the former and highlights the
importance of the molecule—electrode contact interface, the
most challenging issue that hampers the measurement of
intrinsic molecular properties. To overcome this problem, we
introduced three methylene (CH,) groups on each side of the
molecular backbone to weaken the molecule—electrode
coupling without affecting molecular conductivity (Figure
4A)*7 and covalently sandwiched a single DAE between
graphene point contacts to form a reversible molecular
photoswitch. The reversible photoswitching of DAE driven
by UV and visible light irradiation was confirmed by real-time
electrical detection (Figure 4B). DAE open and closed states
corresponded to different current levels with good stability
(over a year) and an unprecedented level of accuracy (on/off
ratio & 100) and reproducibility, as demonstrated by the
analysis of 46 different devices. Remarkably, this is the first
example of a fully reversible, bimodal, single-molecule electrical
switch achieved by exquisite control over matter through
intellectual pursuit.

In another interesting experiment, we realized the second
example of a reversible, reproducible azobenzene-based single-
molecule photoswitch by making use of light- and electrical
field-driven cis—trans isomerization. Specifically, an azobenzene
molecular bridge was covalently incorporated between nano-
gapped graphene electrodes through amide linkage formation
(Figure 4C).** To avoid the quenching of the molecular
excited state, the azobenzene moiety was introduced as the side
chain of the molecular bridge, while backbone CH, groups
were replaced by benzene rings to enhance charge transport.
Both experimental and theoretical investigations demonstrated
that the switching behavior could be easily detected under
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Figure 4. (A) Schematic of a single-DAE GMG-SM]J device fabricated
to achieve reversible photocyclization. (B) I—t curve of the device in
(A) recorded under alternate irradiation with UV and visible light.
(C) Schematic of a single-azobenzene GMG-SM]J device fabricated to
achieve reversible photoisomerization. (D) I-V curves of the device
in (C) recorded at different temperatures and source-drain biases. (E)
I—t curve of the device in (C) recorded under alternate irradiation
with UV and visible light at Vi, = 10 mV.

different source-drain biases (Figure 4D) or at low bias
voltages under alternate UV/vis light irradiation (Figure 4E)
through efficient side-group chemical gating. This concept of
in situ chemical gating offers a fresh perspective for creating
future multifunctional single-molecule optoelectronic devices
in a practical way. In addition, these results clearly demonstrate
the possibility of visualizing the dynamic details of chemical
reaction processes through sophisticated molecular design and
engineering.

Single-Molecule Nucleophilic Substitution. To explore the
capability of GMG-SMJs to detect the dynamic details of
chemical reaction processes, we chose a standard nucleophilic
substitution (Syl) reaction, one of the most fundamental
reactions in organic chemistry, as a proof of concept. In
general, as rate-determining intermediates, carbocations have
very short lifetimes and are therefore difficult to detect and
manipulate. In the present work, we made use of the high
temporal resolution of electrical detection (micro- or nano-
seconds) to investigate an Syl reaction by label-free, real-time
single-molecule electrical measurements.”” A 9-phenyl-9-
fluorenol functional center integrated into graphene electrodes
through amide bonds (Figure SA) underwent reversible
transitions between the acetate (Ac) and carbocation forms
during controlled acidity experiments (different acetic acid
(HAc) /trifluoroacetic acid (TFA) ratios were used), which
gave rise to repeated fluctuations between low- and high-
current states in I—t plots (Figure SB). The high-current state
was ascribed to the carbocation form because of its higher
extent of conjugation due to the transition of the central
carbon atom from sp® to sp® hybridization, in agreement with
the results of theoretical calculations. Upon the subsequent
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Figure S. (A) Schematic of a single 9-phenyl-9-fluorenol-based device
used to detect the Syl reaction. (B) I—t curve indicating carbocation
formation in the presence of TFA/HAc (3:1, v/v). (C) Schematic of
competitive carbocation reactions with Ac” and Br~. (D, E)
Representative [—t trajectories and corresponding enlarged views
(TFA/HAc (3:1, v/v); 10 uM Br™). Ac, Br, and C+ represent the
acetate form, the bromide form, and the carbocation form,
respectively. Vi, = 300 mV.

introduction of Br~, a third state with medium conductance
was observed and ascribed to the formation of the bromide
form (Figure SC and E). Interestingly, we found that all
transitions from Ac to Br forms involved the formation of a
high-conductance state; i.e., the competitive Syl reaction
between acetate and bromide occurred via an inevitable
carbocation intermediate (Figure SC). After careful ideal-
ization of acidity-dependent I—t curves, we obtained the
dynamic parameters of transitions between carbocation and
nucleophilic substitutes, which were consistent with those
obtained in ensemble experiments. Thus, these results
established the reliability of the GMG-SMJ platform and
demonstrated its suitability for the analysis of more complex
reaction systems.

Nucleophilic Addition. In comparison with the nucleophilic
substitution reaction, the nucleophilic addition reaction has a
more complex mechanism, which we probed next. Previous
works proved that the nucleophilic addition of NH,OH to 9-
fluorenone generally takes thousands of hours, and the final
elimination product is obtained with great difficulty, which
allows one to investigate the reaction mechanism without
confusing the addition intermediate with the final product. As
above, we incorporated 9-fluorenone between the graphene
pointed electrodes using amide linkages,** and the carbonyl
group of 9-fluorenone was reacted with NH,OH through
nucleophilic addition (Figure 6A). By monitoring the current
change as a function of time, we observed distinct binary
conductance states (Figure 6B and C). According to
theoretical calculations, the high-current state was ascribed to
9-fluorenone, while the low-current state was attributed to the
addition intermediate. The decrease of current upon
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nucleophilic addition was rationalized by the concomitant
transition of the central carbon atom from sp® to sp’
hybridization (opposite to the carbocation case) and
demonstrated the successful capture of a new addition

intermediate, as predicted. Furthermore, we used solvent
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polarity-dependent experiments to systematically analyze the
dwell times of the substrate (Thigh) and the intermediate (7,,,,)
(Figure 6D and E), revealing that the intermediate stability
increased with solvent polarity, as the intermediate was more

polar than the substrate. Correspondingly, with increasing the
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different § conformations corresponding to high- and low-conductance states.

solvent polarity, the equilibrium position shifted to the side of
the intermediate (Figure 6F), in agreement with the results of
ensemble experiments. Thus, this study presents a powerful
and elegant combination of molecular electronics, quantum
chemistry, and single-molecule chemical physics, providing a
textbook-like clarity.

Stereoelectronics. The essence of a chemical reaction is the
vibrational rupture and generation of chemical bonds between
atoms. Therefore, the different vibration states of a molecule
should inevitably impact the dynamics of a chemical reaction.
Vibration or rotation of functional groups could cause changes
in molecular conjugation and thus the electronic structure. We
are curious about whether these tiny changes lead to different
conductivities.””*' By exploiting the good stability of the
GMG-SM] electrical detection platform, we have previously
established a reversible bimodal single-molecule photoswitch
based on individual DAEs. Notably, reproducible stochastic
switching of the closed junction between two conductive
modes was observed in a DAE system during systematical
measurements at low temperatures, as demonstrated by I-V
(Figure 7A) and I—t (Figure 7B) curves. This surprising
finding was attributed to a DAE conformational change such as
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rotation around the ¢ bond between thiophene and benzene
rings in the closed DAE form. Inspired by this hypothesis, we
investigated stereoelectronic effects in a specifically designed
hexaphenyl aromatic chain, where the central biphenyl was
introduced in a fluorene form to fix the dihedral angle. In a
similar approach, an amine-terminated hexaphenyl aromatic
chain was sandwiched between carboxylic-acid-terminated
graphene electrodes to disclose single-molecule charge trans-
port properties (Figure 7C).*” In temperature-dependence
experiments, we did observe a similar stochastic switching of
conductance in the temperature range of 120—140 K (Figure
7D). According to theoretical calculations, this stochastic
switching originated from rotation around the ¢ bond between
biphenyl rings to alternately form strongly and weakly
conjugated states, which proved the correctness of the above
hypothesis. Thus, the switching of conductance originated
from a typical stereoelectronic effect that is ubiquitous in
organic chemistry, which offered a fresh perspective for
revealing structure—property relationships and constructing
future functional molecular electronic devices on the
sophisticated platform of GMG-SMJs.
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3. SINGLE-MOLECULE ELECTRICAL DETECTION
BASED ON SILICON-NANOWIRE-BASED
NANOCIRCUITS

As the Si/SiO, interface is the basis for the prosperity of
today’s mainstream microelectronics, it is natural that one-
dimensional silicon nanowires (1D SiNWs) have attracted
much attention as basic nanobuilding blocks.””** SiNWs
exhibit the unique advantages of high biocompatibility, size
comparability, capability of integration with the existing silicon
industry, and flexible surface tailorability, while their easy
availability through bottom-up approaches and superior
electrical properties with precise controllability make SiNWs
well suited for the fabrication of high-gain field-effect
transistors (FETs) whose conductance is highly dependent
on the local charge density.***° The above merits allow SINW-
FETs to be intimately interfaced with biological circuits at
different scales ranging from individual molecules to animal
organs. In this section, we demonstrate the capability of SINW-
FETs to sense individual biomolecules or probe the dynamic
processes of biological systems.

3.1. Surface Functionalization: Single-Protein Detection

Rapid, selective, and sensitive detection of viruses is an
effective tool for the diagnosis of viral infections. Previous
studies reported highly selective SINW- FETs as a promising
platform for ultrasensitive virus detection.'® For a practical
attempt, we modified the surface of SiNW sensors with
antibodies to detect influenza viruses H3N2 and HINI that
were collected from clinical exhaled breathe condensates
(EBCs) of patients with and without flu symptoms (Figure
8A).* As a result, the SINW biosensors could selectively
detect influenza A viruses within minutes at levels as low as
~285 viruses/uL in 100-fold diluted flu EBC samples (Figure
8B) and thus distinguish them from non-flu EBC samples
(~29 viruses/uL). This method considerably extends the
scope of SINW sensing to the diagnosis of flu in clinical
settings and is 2 orders of magnitude faster than the gold
standard method of RT-qPCR.

In another work, single-protein detection was realized by
surface functionalization before SiNW transfer to build a
SiNW-FET-based biosensor capable of directly detecting
protein adsorption/desorption at the single-event level,
where the biomolecules of interest act as a local gate after
assembly and electrostatically modulate the carrier intensity
inside the nanowires."**’ Specifically, Ni-NTA end groups
(Ni** chelated Na,Na-bis(carboxymethyl)-L-lysine hydrate)
serving as selective binding sites for His-tag F;-ATPase (F,)
immobilization were used, and the stepwise adsorption of
individual F; molecules was monitored by real-time electrical
detection (Figure 8C) and atomic force microscopy (AFM)
(Figure 8D). This approach was used to fabricate single-F;-
molecule-grafted SINW-FETs that displayed steady conduc-
tance in buffer solution.”” Interestingly, the introduction of
ATP resulted in a reproducible two-level current fluctuation,
which originated from the biconformational transition of the y
shaft of F, corresponding to ATP hydrolysis and Pi release
(Figure 8E and F), respectively. Importantly, the rate of label-
free F; hydrolysis obtained in this work was 1 order of
magnitude higher (1.69 X 10° M™" s7" at 20 °C) than that in
the case of fluorescent tag-labeled F;, which manifested the
capability of SiNW-based electrical nanocircuits to non-
destructively probe the intrinsic dynamics of biological
activities.
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3.2. Point Functionalization: DNA Hybridization and
Polymorphism

A particularly interesting feature of CVD-grown SiNWs is their
1D Si/SiO, core—shell structure,”® which allows one to open
functional nanogaps for subsequent biocompatible assembly.
Taking advantages of this feature, we developed a reliable
method of point functionalization with precise high-resolution
electron-beam lithography, which is able to open a ~ 10 nm
window in the spin-cast poly(methyl methacrylate) layer
(Figure 9A and B). This process produced a H-terminated Si
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Figure 9. (A) Device structure of single-molecule biosensors formed
by point decoration of SiNWs. (B) Three-step process used to
fabricate SINW-FET-based single-molecule electrical biosensors. (C)
Conductance histograms recorded in deionized water (red line) and
antigen solution (green line). Inset shows the results of corresponding
in situ electrical measurements. Vi, = S0 mV.

surface perpendicular to SiNWs for programmed point
decoration assembly and subsequent detection of single
proteins in combination with microfluidics.”’ Remarkably, at
very low protein concentrations (7.8 to 78 and 780 pg/mL), in
situ electrical measurements showed no concentration depend-
ence, thus demonstrating single-molecule sensitivity (Figure
9C).

DNA hybridization/polymorphism is a fundamental process
in biology, with the DNA hairpin-loop being a classical
folding/unfolding system for DNA hybridization studies. With
the development of optical detection techniques, the generally
adopted mechanism of DNA hybridization has gradually
changed from the initially proposed two-state model to the
multistate model.”> However, accurate information on each
stage of hybridization is still lacking. To bridge this gap, we
tethered individual hairpin DNAs on SiNWs through active
ester terminals on the platform of SINW-FET-based single-
molecule biosensors described above (Figure 10A and B)'
and observed multiple-step current changes during DNA
hybridization dynamic measurements, which were performed
at precisely controlled temperatures of 20—65 °C (temperature
increase step = S °C) (Figure 10C). This observation agreed
with the number of base pairs in the stem of hairpin DNAs,
thus clearly demonstrating the single-base resolution of the
DNA folding/unfolding processes within a time scale of a few
milliseconds (Figure 10D). As a further step toward real-life
applications, we utilized a molecular hairpin DNA probe to
establish a low-cost, high-throughput, simple, and accurate
single-nucleotide polymorphism genotyping technique.’”
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Figure 10. (A, B) Schematic diagram of a single-hairpin DNA-decorated SiNW biosensor and corresponding AFM image. (C) Stepwise folding/
unfolding processes fitted by a step-finding algorithm (red), showing zero- to five-step changes, and corresponding histograms of step numbers in
unfolding and folding data counted from thousands of current oscillating events. (D) Representative five-step unfolding data. Inset shows the

kinetic parameters of each plateau (lifetime 7 and rate constant k).

Collectively, the above investigations prove that SINW-FET
single-molecule electrical circuits offer a powerful platform for
researchers to study fast single-molecule biophysics in an
interdisciplinary realm and can be used in numerous
applications such as genetic polymorphism, protein folding,
enzymatic activity, and reaction mechanism elucidation.

4. CONCLUSIONS AND PERSPECTIVES

In this Account, we present two types of sophisticated and
universal methodologies based on the reliable platforms of
GMG-SMJs or SiNW-FET single-molecule electrical nano-
circuits, which have the capability of achieving direct, label-
free, real-time electrical measurements of the single-molecule
dynamic processes of chemical/biological events in in situ
environments, thus opening up a new direction in the field of
single-molecule science and technology. From the develop-
ment of proof-of-principle strategies to the application of
single-molecule detection, we demonstrate the powerful ability
of these methodologies to disclose a wealth of kinetic and
thermodynamic molecular information that synchronizes the
molecular activities in both chemical reactions (such as host—
guest interactions, hydrogen bond dynamics, photoinduced
conformational transitions, carbocation formation, nucleophilic
addition, and stereoelectronics) and biological functions (such
as single-protein detection, motor rotation dynamics, and DNA
hybridization/polymorphism). Considering the overwhelming
degree of material diversity and functionality with exquisite
control over molecular design through chemical synthesis and
the abundance of room at the fundamental limits of chemistry
and life science, the proven device stability, the maturity of the
device fabrication procedure, and the ability to reach the
ultimate limit of analytical chemistry offer infinite oppor-
tunities to elucidate the fundamental mechanisms of chemical
reactions and uncover important details of the most basic
processes of life. The global scientific benefit is the establish-
ment of a mainstream approach to study single-molecule/
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single-event physics in an interdisciplinary realm, which is
expected to revolutionize single-molecule analysis from static
to dynamic, from qualitative to quantitative, and from
monodisciplinary to multidisciplinary. In addition to scientific
contributions, these methodologies build a foundation for
creating robust, versatile, universally available, low-cost, and
accurate tools for molecular or even point-of-care clinical
diagnostics. Such novel single-molecule biosensors also offer a
new solution urgently needed for high-efficiency genetic
testing.
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