Chi J | ‘M) Check for updates
inese . ourna For submission: https://mc.manuscriptcentral.com/cjoc
of Chemistry - o : Recent Advances

For published articles: https://onlinelibrary.wiley.com/journal /16147065

Cite this paper: Chin. J. Chem. 2023, 41, 2889—2907. DOI: 10.1002/cjoc.202300259

Monitoring Molecular Dynamics with Single-Molecule Electronic
Devices and Fluorescence Techniques'

Lan Yang,” Zhizhuo Zhang,” Cong Zhao,’ Yani Huo,’ Enyu Zhang,” Suhang He,*" Chuancheng Jia,**" and
Xuefeng Guo**”
? Center of Single-Molecule Sciences, Institute of Modern Optics, Tianjin Key Laboratory of Micro-scale Optical Information Science and
Technology, Frontiers Science Center for New Organic Matter, College of Electronic Information and Optical Engineering,

Nankai University, 38 Tongyan Road, Jinnan District, Tianjin 300350, China

b Beijing National Laboratory for Molecular Sciences, National Biomedical Imaging Center, College of Chemistry and Molecular
Engineering, Peking University, 292 Chengfu Road, Haidian District, Beijing 100871, China

Keywords

Single-molecule dynamics | Single-molecule junction | Fluorescence | Conformational change | Reaction mechanisms | Enzymes
Host-guest systems | Molecular electronics

Comprehensive Summary

+NH20H[ ‘ -NH,OH e °f/<>
v N

I}o uv [

0 v :
2 ) é\o 7% X
()
fﬁ} g e2e;
Single-Molecule

Dynamics Detection

55900‘

% 1 Times (s) ?
r & 2 3 )
- %, A Ty«
‘ SRS
. %t «* > > O
“Action 8\ r~ { 8

Monitoring the dynamics of a single molecule provides unique insights into the fundamental physical and chemical properties of indi-
vidual molecules. Over the past few decades, various approaches have been developed to enable the real-time and high-resolution
detection at the single-molecule level. Among them, electrical and optical methods are the most promising tools, for the reason that
electrical detection offers high resolution while optical technology provides non-invasive, targeted measurement with the added ben-
efit of visualization. In this review, we summarized the current state-of-the-art electrical and optical techniques for single-molecule
measurement and discussed their applications in detecting dynamic events such as conformational isomerizations, intermolecular in-
teractions, chemical reactions, and biomolecular activities. In addition, we discussed the challenges and opportunities in this area and
proposed possible directions for future development.
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Table 1 Comparison of different single-molecule detection technologies

Platform Schematics Advantages Ref.
) ) ) D . e - .
Single-molecule junctions Pt Applying electric fields and injecting electrons; multiple external control 2456
(SMJs) methods; high compatibility under different working conditions T
v
Molecule
One-dimensional-nanomate [See—— Multiple external control methods; integrating with other techniques; 56
rial-based transistors real-time measurement of currents ’
v
Tip
. . Dynamic processes are triggered by thermal annealing, light irradiation,
Scanning probe microscope v . Lo 8,9,10
tunnelling electrons or electric fields
Molecule
Substrate
3 v
S. R LD T Able to continuously capture single molecules at a relatively high rate;
Nanopore sensors Membrane £ y capture sing y hig ; 1213
Sy DNA and RNA sequencing with long reads
Electrode
Laser Fluorescent
Single-molecule fluores- . . . .
& Non- ~ (Fluorescant Robust reaction conditions; multiple environmental control methods 3,14,15,16
cence spectroscopy fluorescent
molecule = molecule
. Laser . . . . . .
Single-molecule Raman A9 Multiple environmental control methods; provides vibrational signatures
nanosphere Raman 18,19

scattering spectroscopy Molscule Fsignal

of chemical bonds

E |

Laser Fluorescence

Porous hollow SiO; nanosphere

— Original

1600 Tiou=268 pis
Idealized L

1200 [~

1(nA)
Counts

800 -

400 -

17.06 * 17.08 17.10 17.12 0.0 : 08 * 16 * 24 * 32

Time (s) Dwell time (ms)
Figure 1 Detection methods and analysis methods of single-molecule
dynamics. (a) Schematic diagram of single-molecule electrical methods.
Reprinted with permission,® Copyright 2018, American Association for
the Advancement of Science. (b) Schematic diagram of single-molecule
optical detection. Reprinted with permission,w Copyright 2022, Springer
Nature Limited. (c) Theoretical fitting of the current-time curves with two
distinguishable states using a QuB software. (d) Mean duration time of the
low-conductance states achieved by plotting and fitting the dwell times in
step. Reprinted with permission,[agl Copyright 2018, American Association
for the Advancement of Science.

then be deciphered using analysis method specially designed for
single-molecule dynamics. In optical-based approaches (Figure 1b),
detection of the optical signals emanating from a single fluores-
cent molecule necessitates the use of optical microscopes such as
total internal reflection, confocal, and super-resolution micro-

Chin. J. Chem. 2023, 41, 2889—2907

scopes. The optical signals garnered from these technologies pro-
vide a diverse array of multi-dimensional data pertaining to sin-
gle-molecule dynamics and encompassing temporal, spectral, and
spatial dimensions.”” The two classes of single-molecule tech-
nologies offer unique insights into the dynamics of individual
molecules from distinct perspectives. Single-molecule electrical
technologies enable the detection of single-molecule events in
real time with exceptional precision in situ, while single-molecule
optical technologies possess benefits like high sensitivity, target
specificity, and two-dimensional image metrology. Therefore,
integration approaches that merge the benefits of both electrical
and optical methodologies are gaining increasing popularity.

In this review, we provided an overview of single-molecule
technologies, with a focus on graphene-based single-molecule
junctions, one-dimensional nanomaterial-based transistors (e.g.,
single polymer chains, carbon nanotubes, and silicon nanowires),
and optical-based single-molecule technologies, particularly fluo-
rescence. The recent advancements in these technologies have
been highlighted. Additionally, we discussed integrated systems
that combine both optical and electrical methods, and their po-
tential applications in studying single-molecule dynamics.

2. Signal Analysis and Kinetic Parameters Extraction

© 2023 SIOC, CAS, Shanghai, & WILEY-VCH GmbH

Ample information about molecular dynamics can be ob-
tained by electrical and optical monitoring of single-molecule
dynamic processes, hence how to deal with a large number of
signals associated with a particular reaction is essential. Since the
time average is generally equal to the overall average, basic quan-
tities can be redefined from the time domain.”” For example, in
real-time electrical measurement based on single-molecule junc-
tions, switching between two or more states can produce a signif-
icant number of reproducible current fluctuations. The current
value is initially analyzed by a one-dimensional histogram, yielding
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a bimodal or multimodal current distribution that corresponds to
the different structural characteristics of the molecule (Figure 1c).
Next, the dwell time of each state can be extracted from the real-
time conductivity curve (Figure 1d) using a QuB software.”?!! Fi-
nally, the distribution of time can be fitted using a single exponen-
tial function:
1 T
P(1) = o exp( (r))'

Here, the mean duration time (t) can be determined by using the
single exponential function, which can be further employed to
calculate other reaction kinetic parameters. For example, the ac-
tivation energy can be obtained through the Arrhenius equation:

Kr = A(T) exp (;—b;,a)

where K7 is the reciprocal of (t), A(T) is the pre-exponential factor,
R is gas constant and T is the temperature. The energy difference
(AE) between two states can be derived according to Boltzmann
statistics: 2!

(1)

AE = —RT In—.
(12)

The Gibbs’ free energy,ml AG®, can be obtained by:
AG® = —RTInK?,
where equilibrium constant K° should be redefined at the single-
molecule level. In the case of first-order reactions, such as enzyme
catalysis, it has the following characteristics: AG = AE, K = ki/ks. In
second-order reactions, such as intermolecular interactions, an
extra correction is required on account of the dispersed reactant
concentrations. In this case, according to the Langmuir isotherm
model, the equivalent equilibrium constant K is corrected as:

o«
T1-a

C,

where a is the proportion of one stable state of the immobilized
molecule, and C refers to the concentration of other interacting
molecules dispersed in solution.”™ In addition, enthalpy (AH) and
entropy (AS) of the single-molecule reaction can be derived from:

AG = AH —TAS.

In general, this method can determine the average duration of
the transitional state and r kinetic parameters of the reaction for
each pivotal step. It is worth mentioning that the parameters de-
rived from this method are consistent with the theoretical com-
putations,m which validates the trustworthiness of this method-

ology.

3. Single-Molecule Dynamics Based on Single-Molecule
Junctions

Over the past decades, several fabrication methods for creat-
ing single-molecule junctions have been established. These meth-
ods include mechanically controlled break junction (MCBJ),[ZG'M
scanning-tunneling-microscope break junction (STM—BJ),[B'ZQ]
eIectromigration,BOﬂ] and lithography-defined cutting-based
single-molecule junction. Through these techniques, it is possible
to translate molecular state information into observable electrical
signals, providing an exceptional platform for exploring the intrin-
sic characteristics of single molecules which are not accessible in
ensemble-level experiments. MCBJ and STM-BJ have been utilized
to investigate the dynamics of individual molecules.?*>"! However,
these dynamic junctions have relatively short residence times,
leading to information obtained that is primarily governed by
statistical laws. Even when hovering mode is employed in STM-BJ,
the duration is limited to a few hundred milliseconds (< 1 s). In
contrast, graphene-based single-molecule junctions, fabricated
through lithography-defined cutting, allow for the in situ moni-

2892  www.cjc.wiley-vch.de
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toring of a molecule's properties for an extended period. This
enables the acquisition of more comprehensive and detailed in-
formation. Besides, this approach is noteworthy because gra-
phene is a two-dimensional carbon nanomaterial that has excel-
lent stability and natural compatibility with biomolecules. Our
group has developed Dash-line lithography (DLL) to fabricate
graphene point contact arrays functionalized with carboxylic acid
terminals.*® The nanometer-scale gaps between these arrays
serve as bridging sites for amino group-containing target mole-
cules, forming stable graphene single-molecule junctions (SMlJs)
through amide linkages. These graphene SMJs can be measured in
situ for extended periods. Notably, the size of the nanogaps can
be precisely controlled through oxygen plasma etching, allowing
only molecules with the same length as the nanogaps to be con-
nected to the graphene electrodes. This ensures that kinetic in-
formation is detected at the single-molecule scale. " Thus, this
technology can be used to study chemical reactions across a
broad environmental range, spanning from room temperature to
cryogenic temperatures, as well as from high vacuum to liquid
phase. 4

Graphene-based single-molecule junction presents a promis-
ing platform for real-time monitoring and analysis of single-mole-
cule dynamics. Such an approach can offer valuable insights into
the transient and intermediate states of chemical reactions, as
well as the stochastic processes underlying them, by converting
these events into detectable electrical signals. Furthermore, this
technique enables external stimuli, such as light, chemicals, tem-
perature, magnetic field, or electric fields, to be applied for regu-
lating the reactivity and selectivity of chemical reactions. In this
section, we present a detailed account of the research conducted
on single-molecule dynamics using graphene-based single-mole-
cule junctions, with a particular focus on the in-situ electrical de-
tection of conformational changes, molecular interactions, and
chemical reaction processes.

3.1. Monitoring chemical reactions with SMJs

In the realm of chemical reaction mechanisms, the acquisition
of precise pathways through macroscopic experiments is typically
challenging. One promising approach is by integrating the sub-
strate structures into a graphene-based single-molecule junction
to analyze the electrical signals which are caused from the molec-
ular structural change and other reaction related events. With the
approach, a wide range of chemical reactions, including nucleo-
philic, rearrangement, and catalytic reactions, have been studied.

The nucleophilic substitution reaction with a Sy1 pathway is a
two-step process which comprises the heterolysis of the reactant,
resulting in the formation of a carbocation intermediate and the
subsequent recombination process in which the carbocation in-
termediate combines with a nucleophile to generate the product.
Monitoring the nucleophilic substitution reaction can be achieved
using an electrical platform based on graphene-based SMJs (Fig-
ure Za).le To create stable graphene-molecule-graphene SMlJs, a
molecular wire containing a functional center of 9-phenyl-9-fluo-
renol was covalently linked to the graphene electrode nanogaps.
In this manner, any reaction related molecular structural change
will cause fluctuations in the current, and can be recorded in the
form of electrical signals. This method provides a real-time kinet-
ical monitoring of the formation of individual carbocation inter-
mediates with strong solvent dependence in nucleophilic substi-
tution reactions.

Graphene-based SMJs have also shown the potential for mon-
itoring the nucleophilic addition reaction. Specifically, a junction
was constructed by covalently connecting a molecular wire con-
taining 9-fluorenone as the functional center and amino groups
on both ends, to graphene electrodes.”® Real-time single-mole-
cule electrical measurements were used to monitor the reversible
reaction process during the nucleophilic addition of NH,0H to the
carbonyl group in solution. This resulted in two distinct signal

Chin. J. Chem. 2023, 41, 2889—2907
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Figure 2 Detection of chemical reactions based on single-molecule junction. (a) Schematic diagram of GMG-SMJs that shows the formation dynamics of
9-phenyl-9-fluorenyl cations in a Sy1 reaction. Reprinted with permission,m] Copyright 2018, American Chemical Society. (b) Schematic diagram of a sin-
gle-molecule model reaction to detect solvent effects. Reprinted with permission,[‘w] Copyright 2021, American Chemical Society. (c) Schematic diagram of
the resistance switching via single-molecule Fries rearrangement. (d) Regulation of the energy profile and manipulation of the species by EEFs (external
electric fields) and Schematic of the write-erase progress on single-molecule memristors. Reprinted with permission, Copyright 2022, Wiley-VCH GmbH.
(e) Schematic diagram of single-molecule electrical platform to monitor the homo-condensation. (f) Three relative stable structures derived from NHC
catalysts during the Benzoin reaction. Reprinted with permission,m] Copyright 2021, Elsevier Inc.

oscillations within a time scale of a few microseconds. Catalyzed
in a basic solution, the reaction proceeded through the nucleo-
philic addition of NH,OH to the carbonyl group of 9-fluorenone
(reactant state (RS)) to form a shallow intermediate state (IS’) via
a transition state. IS’ was then transformed to a stable interme-
diate state (IS) in water by fast proton transfer. Both experimental
results and theoretical simulations indicate that the high and low
conductance states are attributed to the corresponding RS and IS.
Furthermore, single-molecule measurements revealed that the
nucleophilic addition was highly solvent-dependent, which may
be applied to study solvent effects. For example, a single-mole-
cule electrical nanocircuit was used to directly detect the micro-
scopic heterogeneity of the solution and compare interactions in
solvent networks (Figure 2b).[4°] Experimental results showed
that RS and intermediate (IM) have opposite solvent polarity
preference, with IM tending to be stable in high-polarity solvents
while RS tends to be stable in low-polarity solvents. As solvent
polarity increased, the dwell time t (kinetics) of IM gradually in-
creased and contributed a major proportion of the conductance
states (thermodynamics).

The Fries rearrangement, which involves the reconfiguration

of the acyl moiety of the phenol center, can be controlled by ap-
plying an external electric field (EEF) to a covalently integrated
phenol molecule in the nanogap between graphene electrodes
(Figure 2c).[41] The rearrangement event could be split into two
simple elementary reactions: the conversion of the phenyl benzo-
ate state (RS) to the phenol intermediate (IM), and the generation
of the product state from IM (Figure 2d). Research shows that a

positive external electric field can accelerate step 1 by lowering
the energy barrier, whereas step 2 is inhibited. The strength of EEF
also modulates the occupancy of RS and IM in step 1. Conversely,
a negative EEF preferentially facilitates the reaction in step 2. Thus,
this single-molecular platform can work as a useful tool to sepa-
rately control each elemental step of a multi-step reaction.

In another study, the efficacy of N-heterocyclic carbene (NHC)
catalyzed benzoin reaction was analyzed through single-molecule
electrical spectroscopy (SMES).MZ] In this approach, individual
N-heterocyclic carbene (NHC) catalysts are covalently sandwiched
between graphene electrodes to form single-molecule nanocir-
cuits, which resulted in unprecedented SEMS (Figure 2e). One of
the significant advantages of SMES is its high temporal resolution
and the reliable synchronicity between the electrical signals and
the structural changes in the catalysts. Specifically, real-time cur-
rent fluctuations at a constant bias voltage can be used to deci-
pher changes in the NHC catalyst structure. The energy profile
showed that NHC has the highest corresponding current level
owing to its close proximity to the graphene Fermi level of per-
turbed frontier molecular orbitals, followed by Breslow interme-
diates (BI), the first addition intermediate (pre-Bl), and finally, the
second addition intermediate (INT3) (Figure 2f).

3.2. Monitoring conformational isomerizations with SMJs

The conformational changes of molecules are closely related
to the physical and chemical properties of materials. In recent
years, the investigation of single-molecule isomerization has
gained increasing importance in fields of organic chemistry,

Chin. J. Chem. 2023, 41, 2889—2907 © 2023 SIOC, CAS, Shanghai, & WILEY-VCH GmbH www.cjc.wiley-vch.de 2893
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biochemistry, pharmaceutical chemistry, and molecular electron-
ics. By using the graphene-based single-molecule junction platform
with ultra-high temporal resolution, molecular conformational
nuances can be detected. For example, the stereoelectronic effect
of aromatic chains, specifically, the variation of twisting angles and
corresponding mi—Tt overlaps between phenyl rings, which have the
potential to cause changes in conductance, can be detected.**4
The hexaphenyl aromatic chain molecule, as the functional mole-
cule in a graphene-based single-molecule junction, provides a
typical illustration of this concept.ml The obtained current signals
demonstrated that the twisting of the two ends of the benzene
ring provokes a change in the dihedral angle between the phenyls,
which can lead to varying degrees of conjugation and, in turn,
produce current fluctuations (Figures 3a, b). Furthermore, the
detection of finer isomeric states in molecular junctions can be
achieved through the incorporation of substituent side groups. To
this end, researchers have employed a subtle approach involving
the introduction of an azobenzene side group into the triphenyl
central ring (Figure 3c).[45] By utilizing either light or an electric
field, they were able to control the cis-trans isomerization of the
azobenzene side group.[%] This isomerization process was found
to affect the rotation barrier of the phenyl ring located near the
substituted position, while having minimal impact on the rotation
barrier of the phenyl rings that are away. Apart from the observed
isomerism arising from the rotation of single bonds, isomerism
resulting from the rotation of double bonds, phenyls, as well as
further molecular cyclization process were also detected based on
graphene-based single-molecule junction (Figure 3d).[44]
Investigations have also been conducted on macromolecules
with complex structures, for instance, a cyclic peptide containing
an embedded photoswitch moiety,W] revealing that the cyclic
peptide molecule exists in three distinct states following photo-
induced cis-trans isomerization. This phenomenon arises from the
combined effects of multiple chemical bond rotations within the
cyclic peptide molecule. Among them, the photoisomerization of
azobenzene causes significant current fluctuations, whereas iso-
mers arising from the rotation of other multiple chemical bonds
produce smaller current fluctuations. The conductivity observed
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in the cis isomer is generally higher than that of the trans counter-
part. This is because the electron density of the cis isomer is
continuous and well-spanned, while that of the trans isomer is
discontinuous.

The conformational isomerism of molecules can be regulated
by external conditions like temperature or electric field.[24¢
Experiments about temperature-dependent and voltage-depen-
dent on three tetraphenyl-ethylene (TPE)-based derivatives have
been conducted.” The result showed the conformational states
of TPE-2A and the average lifetime of each conformation change
regularly with the increase of electric field or temperature (Fig-
ures 3e, f). According to the data analysis method in the previous
section, the mean duration time of each conductance state can be
derived from the corresponding residence time plots of the corre-
sponding states. Subsequently, thermodynamic parameters for
the rotation of chemical bonds can be obtained from tempera-
ture-dependent experiments using the Van't Hoff equation.
Combining with theoretical analysis, it has been demonstrated
that conformational isomerism is regulated by temperature and
electric field, specifically, temperature provides sufficient energy
for conformational isomerism to occur, while electric fields reduce
activation energy. Most recently, the phenomenon of proton
transfer-induced tautomerization in a single porphyrin-based sin-
gle-molecule junction has been reported.[48] Such tautomerization
can also be activated and well-controlled over a wide range of
large temperature and bias voltage values range.

3.3. Monitoring intermolecular interactions with SMJs

The hydrogen bond is a weak but important interaction force
that is ubiquitous in nature and has a pivotal role in determining
the shapes, properties, and functions of biological molecules. Due
to the unique properties of hydrogen bonds, they can exploit for
molecular recognition purposes, particularly in biomolecular sys-
tems. For instance, functionalizing probes with 4-mercaptobenza-
mide, which contains both the hydrogen-bond donor and accep-
tor sites, enables the recognition of individual bases in DNA on a
platform such as the scanning tunneling microscope (Figure 4a).[49]
When the target base is captured by a 4-mercaptobenzamide
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Figure 3 Detection of molecular conformational isomerizations based on single-molecule junction. (a) Schematic diagram of hexaphenyl aromatic chain
single-molecule junctions used to observe conformational transitions of triphenyl units. (b) Electron energy diagram of three stable conformations and
corresponding transition states for the hexaphenyl molecule. Reprinted with permission,m] Copyright 2017, American Chemical Society. (c) The molecular
structure of PR_L (the phenyl ring away from the N=N bond) orientation in cis form. Reprinted with permission,** Copyright 2021, Wiley-VCH GmbH. (d)
Schematic of the device for detecting the dynamic stereoscopic structure of a single molecule. (e) Lifetime and occurrence proportion changes of two
conductance states of the device connected with TPE-2A at different temperatures. (f) Lifetime and occurrence proportion changes of two conductance
states of the device connected with TPE-2A at different voltages. Reprinted with permission,[“] Copyright 2022, Elsevier Inc.
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Figure 4 Detection of molecular dynamics based on single-molecule junctions. (a) Schematic diagram of an electronic tunnel identifying a single base in
a DNA oligomer. Reprinted with permission,“gl Copyright 2010, Macmillan Publishers Limited. (b) Measurements setup of hydrogen bond dynamics based
on hydrogen bond-bridged single-molecule junctions (HBB-SMIJs). Reprinted with permission,[SO] Copyright 2018, Springer Nature Limited. (c) Direct mon-
itoring of the stochastic binding dynamics of a host-guest complex. Reprinted with permission,[sal Copyright 2022, Wiley-VCH GmbH. (d) Real-time obser-
vation of the dynamics of an individual rotaxane molecular shuttle using a single-molecule junction. Reprinted with permission,[se] Copyright 2021, Else-

vier Inc.

molecule on the probe via a hydrogen bond, a characteristic cur-
rent burst is observed. Different bases generate their characteris-
tic currents, allowing for the establishment of a 'fingerprint' data-
base of bases.

Hydrogen bond dynamics are also commonly investigated
through spectroscopic methods, such as infrared and Raman spec-
troscopy, with hydrogen/deuterium substitution being a prevalent
technique. However, such methods are ensemble experiments
and do not provide information on the hydrogen bond dynamics
of a single molecule. Recent advancements in the field of gra-
phene-based single-molecule junctions have enabled direct mea-
surements of hydrogen bond dynamics at the single-molecule and
single-event level. By constructing quadruple hydrogen bond su-
pramolecular molecular junctions, it is possible to detect the real-
time hydrogen bond rearrangement process concerning temper-
ature and solvent.”® This study revealed that the current signal
characteristics are heavily influenced by the solvent (diphenyl
ether and TeCA). In addition, the dynamic process of metastable
structures was also identified, which was induced by intermolec-
ular proton transfer and lactam-lactim tautomerism (Figure 4b).

The host-guest complexation is another important intermolec-

ular event that falls under the purview of supramolecular chem-
istry. The host-guest interaction is typically distinguished by its
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high specificity, and thus, it constitutes the fundamental basis of
molecular recognition. In recent years, there has been growing
interest in host-guest dynamics, particularly at the single-mole-
cule level, using macrocyclic molecules, such as cucurbiturils, cy-
clodextrins, crown ethers, and others.

Cyclodextrins are cyclic oligosaccharides composed of six to
eight D-glucose units linked by a-1,4-glucose bonds.”" These
molecules have a unique circular cavity that offers promising ap-
plications in molecular recognition.[SZ] A recent study employed a
molecule containing a rigid conjugated organic framework and a
permethylated-B-cyclodextrin (PM-B-CD) side arm, highlighting
the potential of these structures in sensing and biosensing appli-
cations.™ By covalently connecting target molecules to graphene
point contacts, the association and dissociation of the amino acid-
cyclodextrin complex can be monitored in real time via electrical
signals. The method even enables the identification of amino
acids with different charge states and enantiomers. Furthermore,
the interaction between a photoswitchable guest and a cyclodex-
trin host in a graphene-based single-molecule junction was inves-
tigated by designing a pseudorotaxane structure using permethyl-
ated-a-cyclodextrin (PM-a-CD) as a cavity and 1-[10-(4-phenylazo-
phenoxy)decyl] pyridinium bromide (AzoC10) as an axle (Figure
4c). >l The current fluctuations observed in the devices were at-
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tributed to the association and dissociation of AzoC10 and
PM-a-CD. When switching from visible to ultraviolet light, the
Azocl0 guest underwent a conformational change which was
accompanied by the disappearance of a high conductance state
and appearance of the low conductance state. This suggests that
the dynamic process of the host-guest interaction between
PM-a-CD and AzoC10 molecules, as well as the photoswitchable
behavior of AzoC10, was detected. Furthermore, the host-guest
dynamics of crown ether and methyl viologenlssl and rotaxane-
based molecular shuttle®® in graphene-based single-molecule
junctions have also been studied. As shown in Figure 4d, real-time
measurements of graphene-based SMJs on an individual [2]rotax-
ane molecule reveal the dynamic shuttling process of an individu-
al [2]rotaxane molecule, unveiling a previously unidentified weak-
binding intermediate.*® The [2]rotaxane-based molecular shuttle
1 is constructed using the well-established crown-ether-dibenzyl-
ammonium-triazolium system. Molecular shuttle 1 consists of a
dibenzylammonium motif (DBA) and a methyl triazolium group
(MTA) serving as the primary binding sites, connected by a spacer
containing two triazole rings (TA1 and TA2) and a 1,3-phenyl di-
ether group. By monitoring changes in the electrical current, the
shuttle process can be detected and described in three steps: the
dibenzo-24-crown-8 crown ether moves from the DBA site to the
TA1/TA2 group, and subsequently to the MTA group or returns to
the original DBA site.

4. Single-Molecule Dynamics on One-Dimensional Na-
nomaterials-Based Field-Effect Transistors

One-dimensional (1D) nanomaterials (such as polymer chains,
carbon nanotubes, and silicon nanowires) exhibit extremely high
surface-to-volume ratio, excellent electrical properties, and fast
signal response, making them ideal candidates for the develop-
ment of ultrasensitive single-molecule electronic biosensors.
Among them, field-effect biosensors are widely used, which use
the electrostatic potential of the target molecules to modulate the
electron fluxes of the conductive channel, ultimately leading to
signal detection.® In the molecularly gated sensing approach,
chemical interactions and physical conformational changes of
target molecules are translated into real-time readable electrical
signals. This enables the detection of single-molecule dynamics of
organic small molecules and biological macromolecules, such as
DNA and proteins.

4.1. Single-molecule dynamics based on single polymer chains

Single polymer chains are chain structures composed of bi-
opolymers, usually consisting of double-stranded DNA (dsDNA)
helices or a-helical peptides.[sg'eol Field-effect transistors based on
single polymer chains have the potential to be mass-produced
and integrated into complementary metal-oxide semiconductor
(CMOS) chips, making them an attractive option for a wide range
of applications, particularly for the detection of single-molecule
dynamics.

Recently, a single-molecule sensor has been proposed, which
is composed of a probe molecule precisely conjugated to a mo-
lecular wire.™ The molecular wire is a 25-nm-long a-helical pep-
tide with a specific conjugation site on the amino acid side chain
attached at the middle of the peptide, which is further connect
with the probe molecules. Additionally, metal-specific conjugation
groups were introduced at the ends of the peptide chain to
self-assemble on the metal nanoelectrodes (Figure 5a).[62] In such
single-polymer-chain transistors (SPCTs), the interaction between
the probe molecule and the target molecule in the liquid phase
induces a change of resistance, which can be observed through
the current pulse, providing dynamic information of a single mol-
ecule.

Single-molecule dynamics, including DNA oligomers, aptamers,
antibodies and antigens, and enzymes, can be detected through
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the utilization of SPCTs.®™ For example, in the case of antibody-
antigen sensor, a fluorescein dye molecule (as antigen) is mount-
ed on the molecular bridge of an SPCT (Figure 5b). By titrating
antifluorescein antibody, the dynamic process of antibody-antigen
binding can be monitored via current fluctuations. In addition, the
molecular bridge of an SPCT can also be conjugated with a single
Phi29 DNA polymerase molecule,[e'a] and the real-time binding of
the polymerase with nucleotides can be converted into electrical
signals, thus enabling the monitoring of polymerase activity at the
single-molecule level (Figure 5c). Furthermore, detailed analysis of
single-molecule dynamics and the signal pulse characteristics of
the polymerase replication template holds potential for DNA se-
quencing.

4.2. Single-molecule dynamics based on SWCNTs

Single-walled carbon nanotubes (SWCNTs) are a form of nano-
materials consisting of carbon atoms that demonstrate compati-
bility with organic/biological molecules and exhibit remarkable
electronic properties, high stability, and chemical versatility. These
characteristics make SWCNTs one of the most popular one-dimen-
sional nanomaterials, particularly in the field of single-molecule
dynamics detection, especially in the biological field. Moreover,
SWCNTs have a simple chemical composition and are easy to pre-
pare. Chemical vapor deposition (CVD) is a prevalent technique
for synthesizing high-quality SWCNTs with minimal defects. During
the preparation process, it is necessary to select a high melting
point catalyst that can effectively control the chirality of SWCNTs.
Furthermore, the catalyst concentration should be appropriately
diluted based on the SWCNT density before dispersing it onto the
growth substrate to ensure the production of high-quality
SWCNTs.'®. Following the growth stage, separation and purifica-
tion steps are necessary to obtain SWCNTs with high purity for
subsequent fabrication of high-performance devices.

4.2.1. Point-functionalization of SWCNTs. To facilitate the at-
tachment of probe molecules to the surface of SWCNTSs, it is nec-
essary to functionalize the interfaces of the latter. This is due to
the perfect lattice structure of the original surfaces of SWCNTs,
which lack reactive site. Functionalization can be achieved
through three main strategies: electrochemical oxidation, free
radical reaction controlled by the gate, and non-covalent m-m
interaction. Electrochemical oxidation involves the use of electro-
chemical method to oxidize the carboxylate groups, resulting in
the generation of carboxyl groups on SWCNTs (Figure 5d).[65]
These carboxyl groups can then form covalent bonds with probe
molecules, enabling point functionalization. By controlling the
chemical reaction using electronically controlled electrochemical
potentials, single-point functionalization can be achieved. The
second method involves exposing the SWCNT-based devices to
4-formylbenzene diazonium hexafluorophosphate (FBDP),[GGJ and
then adjusting the Fermi level (EF) of the SWCNTs by applying a
gate voltage. When the gate voltage is positive relative to the
surface of SWCNTs, EF is shifted up, providing electrons to the
positively charged diazonium of the FBDP to form an aryl radical,
and promoting the generation of sp3 defects in the aryl radical.
The degree of functionalization is influenced by the electron den-
sity near the Fermi level of SWCNTs. When a negative gate volt-
age is applied, the Fermi level is lowered, which leads to a de-
crease in the population of electrons in the vicinity of the Fermi
level and a cessation of the functionalization reaction. One ap-
proach to controlled functionalization involves connecting sp3
defects on the SWCNT surface with probe molecules, resulting in
diazonium point functionalization (Figure 5e).[67] The third meth-
od can be achieved by adhering pyrene molecules to SWCNTs
through non-covalent m-it interactions (Figure 5f). These interac-
tions provide dilute anchor points that can be used for subse-
quent functionalization.®®® By bolting the individual molecule
onto SWCNTs using these dilute anchor points, it is possible to
achieve single-molecule level detection.
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Figure 5 Detection of single-molecule dynamics based on single polymer chains and carbon nanotubes. (a) Schematic diagram of a single-polymer-chain
transistor for detecting DNA oligo hybridization. (b) Antibody-antigen sensors. (c) DNA polymerase activity sensor. Reprinted with permission,[(’z] Copyright
2022, National Academy of Science. (d) Functionalization of SWCNT through electrochemical oxidation of carboxylates. Reprinted with permission,[“]
Copyright 2017, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (e) Functionalization of SWCNTs through V-induced diazonium reaction. Reprinted
with permission,m] Copyright 2018, American Chemical Society. (f) Functionalization of SWCNT through non-covalent m-t interaction. Reprinted with
permission,m] Copyright 2013, American Chemical Society. (g) Schematic diagram of dynamic process between an EDC molecule and a single-molecule
probe covalently attached on the nanotube. Reprinted with permission,m] Copyright 2008, American Chemical Society. (h) The detection of DNA hybridi-
zation kinetics based on SWCNT. Reprinted with permission,m] Copyright 2011, Macmillan Publishers Limited. (i) The detection of Tag DNA polymerase

dynamics based on a SWCNT. Reprinted with permission,”s] Copyright 2022, American Association for the Advancement of Science.

In addition to the above method of point-functionalization,
the introduction of probes can also be realized through the crea-
tion of nanowells using nano-fabrication technologies. For in-
stance, the chemical reactions could be limited to a specific point
on individual SWCNTs by using lithographically patterned nano-
wells, thereby creating a single-molecule probe.m] Stable and
isolated functional groups at predetermined positions on SWCNTs
can be formed using high-yield covalent chemistry and confine-
ment within nanowells patterned in a thin polymer layer. This
approach allows for the observation of consecutive chemical reac-
tions, molecular interactions, and molecular conformational
changes on a single molecule, enabling various successive, sec-
ondary reactions and interactions with single-molecule resolution.

4.2.2. Monitoring chemical reactions with SWCNT-based de-
vices. The point-functionalization of SWCNTs results in devices
that exhibit high sensitivity to chemical reactions on their surfaces
due to their exceptionally high surface-to-volume ratios. This
property enables the detection of single-molecule chemical reac-
tions, such as the interaction between a single carboxylate group
and its environment, through the conductance fluctuation of
SWCNTs with point functionalization.” In the experiment, the
presence of 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hy-
drochloride (EDC) molecules in a solution led to obvious spikes in
conductance and broad noise spectrum, showing in a two-level
fluctuation. EDC acts as an activator and dehydrator, leading to
the formation of acyl isourea derivatives of carboxylic acid. These
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intermediate species are rapidly hydrolyzed in the presence of
water, demonstrating that EDC combined with the nucleophilic
catalytic site provided by carboxylates in solution and formed a
transient and reactive intermediate species: O-acylisourea. The
hydrolysis of O-acylisourea generates a mixed urea, which can
free the carboxylate to bind another EDC molecule. The conduct-
ance fluctuations of SWCNTs occur due to the formation of
O-acylisourea complexes at the point-functionalized site of
SWCNTs. The generation and hydrolysis of these complexes
strongly affect the conductance of the SWCNTs, leading to the
observed two-level fluctuations. Consequently, the electronic
transduction of SWCNTs conductance can be utilized to monitor
the reaction process between carboxylates and EDC (Figure 5g). It
was also possible to monitor the reaction between EDC and car-
boxylates by the SWCNT-based devices which are point-function-
alized by nanowell-confined chemistry.[m] Experimental analysis
revealed that the conductance of exposed devices decreased by
an average of 20% in an EDC solution environment due to the
formation of single COOH/EDC complex, which significantly alters
the conductance.

4.2.3. Monitoring single DNA dynamics with SWCNT-based
devices. The investigation of DNA dynamics is a fundamental as-
pect of many genomic diagnostic technologies. Single DNA meas-
urements, which provide insights into the intramolecular dynam-
ics and conformational changes of DNA, can be accomplished
using point-functionalized SWCNT-based devices. The devices can
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also be employed to examine the hybridization dynamics and
thermodynamics of two different types of duplex DNAs.” In an
experimental setting, immersing the device in a buffer containing
complementary target DNA resulted in a large-amplitude two-
level fluctuation in conductance. The low-conductance state is
attributed to the binding of the target DNA to a covalently at-
tached DNA probe,m] which led to increased scattering and
charge transfer at the defect. Conversely, the high-conductance
state corresponds to a device with unbound probe DNA (Figure
5h). Furthermore, the two conductance states exhibit a strong
temperature dependence. Building upon the previous findings,
the research group further studied the dynamics of DNA hybridi-
zation by SWCNT-based devices and discovered that the electric
field could regulate the hybridization and melting of DNA." pur-
ing the experiment, a 300 mV gate bias produced a repulsive
electrostatic force which decreased the rate constants of the DNA
hybridized state and increased the rate constants of the DNA
melted state. The results show that voltage control could be used
to study the hybridization and melting dynamics and thermody-
namics, instead of temperature. Furthermore, a sequence-de-
pendent calibration between applied bias and temperature could
be established.

SWCNTs possess the capability to detect not only the hybridi-
zation dynamics of DNA but also its molecular conformational
dynamics. Covalent modification of the primary single-molecule
probe on the SWCNTs with 5' amino-modified DNA oligomers
enables real-time measurement of the conformational dynamics
of a single DNA G-quadruplex.[m] The conductance of SWCNT-
based devices shows fluctuations between low-conductance
(low-G) and high-conductance (high-G) states in the presence of

K* or Na* ions, which correspond to the two configurations of DNA.

The low-G state corresponds to the folded conformation of DNA,
while the high-G state corresponds to the unfolded conformation
of DNA. In addition, the lifetime of DNA folding conformation in
the K" solution is significantly longer than that in the Na* solution.
These findings suggest that SWCNTs have promising applications
in real-time detection and monitoring of DNA conformational
dynamics.

4.2.4. Monitoring protein dynamics with SWCNT-based de-
vices. Proteins constitute the fundamental organic components of
cells and serve as the cornerstone of biological life. Understand-
ing their intricate structural and functional properties is of utmost
importance, as it can yield significant insights into the underlying
mechanisms of diseases. SWCNT-based devices have emerged as
a valuable label-free platform for examining protein dynamics
with exceptional sensitivity. They have been extensively used in
the detection of protein dynamics, exemplified by their use in
analyzing lysozyme and DNA polymerase.[22’73'76]

Lysozyme is an alkaline enzyme capable of catalyzing the hy-
drolysis of mucopolysaccharides in bacteria and neutralizing vi-
ruses by directly binding to their negatively charged protein. As a
result, lysozyme finds widespread applications in the fields of
medicine, food, and bioengineering. When a single lysozyme mol-
ecule is immobilized onto the SWCNT-based device, a stable high-
bandwidth sensor for protein motion is produced. The motion of
lysozyme molecules generates changes in electrostatic potentials,
which can be converted into dynamically changing electron fluxes
with shot noise limitations.'*” Thus, the catalytic mechanism and
activity of lysozyme can be studied by analyzing the electronic
signals.

DNA polymerase is a crucial enzyme that accurately replicates
and repairs DNA with extremely low error rates. In recent years,
there has been significant interest in investigating the dynamics of
DNA polymerase using SWCNT-based devices. For example, elec-
tronic nanocircuits were bioconjugated with individual DNA pol-
ymerase | Klenow fragment (KF) molecules, allowing the enzyme's
function and dynamic changes to be monitored using electrical
signals.[m The data obtained from these experiments can be used
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to statistically determine the key dynamic parameters governing
the enzyme's open and closed conformations. Notably, the
method also confirmed that the rate-limiting step for catalysis
occurred during the enzyme's open state, providing novel insights
into the mechanism of KF-catalyzed bond formation. Based on the
above work, researchers further investigated the accommodation
of deoxyribonucleoside triphosphate (dNTP) analogs using KF
molecules. The dynamics and conformational changes during the
process of native and analog dNTP incorporation were studied.!”™
Specifically, DNA polymerization was monitored using dNTP ana-
logs with phosphodiester or nucleobase modifications and com-
pared with native dNTP. Statistical analysis was then employed to
examine the differences in incorporation dynamics and confor-
mations. The results indicate that the dNTP analog changed the
time required for nucleotide recognition but not the dynamics of
KF’s closed conformation. In addition to the KF molecule related
research, a recent study on the dynamics of Thermus aquaticus
(Tag) DNA polymerase has received considerable attention.”® In
the experiment, the Tag molecule was attached to the SWCNT-
based device using the same method (Figure 5i), the current sig-
nal in the activity buffer that contains mismatched dNTPs re-
mained featureless, whereas the presence of matched dNTPs
resulted in the emergence of two-level switching. The current
signal of 0 corresponds to the Tag’s open conformation, whereas
the offset current state corresponds to the Taq’s closed confor-
mation.

4.3. Single-molecule dynamics based on silicon nanowires

Silicon nanowires (SiNWs) are a novel class of one-dimen-
sional semiconductor nanomaterials. Typically, they have a wire
diameter of approximately 10 nm and consist of a monocrystalline
silicon inner core covered by a SiO, outer layer sheath.” cvD is a
common method for synthesizing SiNWs with a diameter smaller
than 20 nm and a length exceeding 1 um. Subsequently, these
SiNWSs are transferred to receptor substrates for further device
fabrication. Recently, a novel technique called direct mechano-
sliding transfer (DMST) has been reported, enabling direct transfer
of CVD-grown SiNWs without the need for solvents, fluids, or lub-
ricants.”® DMST capitalizes on the direct physical interaction be-
tween SiNWs and the substrate, allowing for precise control of
SiNW density on the receptor substrates through the application
of pressure. Due to their compatibility with contemporary semi-
conductor technology, SiINWs exhibit tremendous potential for
integration into nanocircuitry. The adjustable electrical properties
and surface chemistry of SiNWs make them an ideal choice for
constructing biosensors. For example, they can be used to moni-
tor DNA hybridization dynamics and protein dynamics with ultra-
sensitivity.

4.3.1. Point-functionalization of SiNWs. To proceed with
point-functionalization, one method is the use of high-resolution
electron beam lithography to create a narrow window on the
surface of a spin-cast layer of PMMA.? Subsequently, the silicon
core of SiNWs is exposed by chemical wet etching to form a hy-
drogen-terminated silicon trench at the nanoscale level. The re-
sulting gap is sufficiently narrow to accommodate a single analyte
molecule, thereby ensuring single-molecule detection. Then, the
end of the nanowire is modified with an aldehyde group through
photochemical hydrosilylation, a well-established approach for
surface functionalization (Figure 6a). Finally, the biological probe,
such as an antibody, is integrated into the circuit to complete the
real-time label-free bio-detecting device. Another method of
point-functionalization is achieved through the Ni** coordination
links.® Specifically, the devices are fabricated by chemical reac-
tions on the aminated surface of SiNWs, with phenylenel,4-diiso-
thiocyanate, Na,Na-bis(carboxymethyl)-L-lysine hydrate, and
NiCl,, sequentially. After Ni% chelation, functional Ni-NTA end
groups are formed, and the target substance, such as a protein, is
attached to the Ni** ions through coordination bonds. This
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Figure 6 Detection of single-molecule dynamics based on SiNWs. (a) The fabrication process of SiNW-based single-molecule electrical transistors. Re-
printed with permission,m] Copyright 2014, Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. (b) Schematic diagram of the interactions between hairpin
probes and target DNA. Reprinted with permission. (c) Schematic demonstration of three-phase transitions during hairpin DNA hybridization with the
complementary target. Reprinted with permission,lsz] Copyright 2017, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (d) Schematic diagram of the
hydrolysis dynamic process of F1-ATPase (F1) based on SiNWs. Reprinted with permission,”® Copyright 2017, American Chemical Society. (e) Schematic
diagram of the detection of a single LH1-RC dynamics based on SiNWs. (f) Conversion relationship of four states of a single LH1-RC. Reprinted with per-

mission,®! Copyright 2021, American Chemical Society.

method avoids surface modification, leading to high sensitivity
and selectivity. When biological molecules, such as DNAs or pro-
teins, are attached to the SiNWSs device, their conformational
changes or interactions induce an additional gate, thus affecting
the conductance of the SiNW-based device and enabling corre-
sponding dynamic detection.

4.3.2. Monitoring DNA dynamics with SiNW-based devices.
Similar to the SWCNT-based devices, SiINW-based single-molecule
electronic biosensors can also provide label-free and ultra-sensi-
tive detection of single DNA dynamics, for example, the internal
hybridization and dissociation process of DNA.BY In this study,
two-level current oscillations with strong temperature depend-
ence were observed, revealing the thermodynamic and dynamic
properties of DNA hybridization at the hairpin site. The current
fluctuation was due to different conformations of DNA, with the
low-conductance state corresponding to the hairpin formation
and the high-conductance state corresponding to the unfolded
coil structure. With the same device, a follow-up study used the
hairpin structure as a DNA probe to monitor the hybridization
event with another target DNA molecule® (Figure 6b). To
achieve this, a single DNA strand has been attached to a high-gain
field-effect silicon nanowire, the device was then exposed to a
solution containing a complementary target DNA. As expected, a
three-level fluctuation behavior in time-averaged current changes
was observed. This fluctuation of current reflects the dynamic
hybridization of two single DNA strands (Figure 6c). Specifically,
the low-conductance state represents the probe-target duplex
conformation, the intermediate-conductance state represents the
hairpin conformation, and the high-conductance state represents
the single-strand conformation.

4.3.3. Monitoring protein dynamics with SINW-based devices.

In recent years, there have also been many explorations in study-
ing of the dynamic process of proteins using SiNW-based device
at the single-molecule or single-event level. For example, the
hydrolysis dynamic process of an F1-ATPase (F1) has been moni-
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tored in real-time using a high-gain SiNW-based field-effect tran-
sistor circuit (Figure 6d).[83] In the experiment, large two-level
current fluctuations were observed, where the high current state
corresponded to the binding dwell of F1, while the low current
state corresponded to the two catalytic dwell: ATP hydrolysis and
Pi release. In another study, conformational dynamics of protein
has been detected by immobilizing a single LH1-RC complex on
the surface of a SINW (Figure 6e).[84] The results showed that the
LH1-RC complex exhibits thermally activated structural vibration,
as evidenced by four-level current oscillations observed at tem-
peratures ranging from 15 to 55 °C.B4®] These oscillations corre-
spond to the four distinct conformations of the LH1-RC complex,
which is strongly temperature dependent (Figure 6f). The confor-
mational changes of the protein are primarily driven by anhar-
monic vibrational modes that are induced by temperature fluctu-
ations, resulting in a transition from a well-ordered state with
weak bond energies to a disordered state with stronger bond
energies. At the optimum temperature, the LH1-RC complex is
predominantly in state 2 or 3. The conformational change of pro-
tein mainly emerges as anharmonic vibration modes, which are
conducive to photon acquisition and heat transmission.

5. Single-Molecule Fluorescence Techniques

© 2023 SIOC, CAS, Shanghai, & WILEY-VCH GmbH

The ability to detect and analyze the optical signals emitted by
individual molecules is crucial to the development of nanoscience.
In recent decades, fluorescence-based optical technologies have
made remarkable progress in single-molecule detection, including
the conformational changes of small molecules and catalytic reac-
tion kinetics. Moreover, single-molecule fluorescence technology
plays a critical role in macromolecules analysis, particularly in
biological applications. The significant advantage of single-mole-
cule fluorescence is its ability to detect individual molecule with
high spatial and temporal resolution. As such, it can directly ex-
plore the hidden heterogeneity of biological molecules even un-
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der close physiological conditions, such as conformational chang-
es and dynamic transformation between different states of a sin-
gle biomolecule.

5.1. Principles of single-molecule fluorescence detection

Fluorescence was first observed by Herschel in 1845,[86] and

later in 1852, Stokes provided a more comprehensive description
of the phenomenon and coined the term fluorescence.'®” The
generation of fluorescence involves the absorption of energy by
an electron from incident light, which transitions the electron
from the ground state to the excited state. Subsequently, as the
electron returns to the ground state, the electron emits lower-
frequency light, known as fluorescence.

Single-molecule technology requires detection of the fluores-
cence signal of a single target molecule within the field of view.
This necessitates the use of high-resolution microscopic imaging
techniques such as total internal reflection microscopes, confocal
microscopes, and super-resolution microscopes, which are essen-
tial for the success of single-molecule technology.

The total internal reflection fluorescence (TIRF) microscope is
a type of wide-field microscope that utilizes the evanescent wave
generated by the total internal reflection of light at an interface
for illumination, which results in a limited light volume. The eva-
nescent wave intensity decreases exponentially with increasing
distance from the interface, thus restricting the illuminated area
to the adjacent region of the interface (within 100 nm).[88'89] This
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property effectively suppresses the background lighting, leading
to a higher signal-to-noise ratio that is essential to enable single
molecule detection. The prism-type total internal reflection mi-
croscope and objective-type total internal reflection microscope
are two classical methods of TIRF. The latter is generally more
popular for single-molecule detection. The prism-type TIRF mi-
croscope features separate excitation and collection equipment
on opposite sides of the sample, which necessitates thin samples
and increases the working distance. In contrast, the objective-type
total internal reflection microscope avoids these problems and is
easier to operate (Figure 7a). In the objective-type TIRF micro-
scope, the excitation light is focused on the rear focal plane at the
edge of the objective lens, creating an evanescent field on the
side of the objective lens.™

The confocal microscope is an imaging tool that utilizes a pin-
hole to selectively filter out-of-focus light and to limit the obser-
vation volume (Figure 7a), thereby enabling the detection of sin-
gle molecules.®® With this approach, the spatial and axial resolu-
tion has been improved, as compared to traditional wide-field
imaging, resulting in more detailed imaging. The resolution of the
confocal microscope is determined by the size of the pinhole,
which corresponds to the size of the Airy disk. The design restricts
the observation volume to the femtoliter range. In addition, con-
focal microscope permits point observations, enabling the detec-
tion of only one molecule as the main fluorescence source in the
limited observation area.™
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Figure 7 Single-molecule fluorescence techniques. (a) Schematic of total internal reflection microscope (left) and confocal microscope (right). Reprinted

with permission,[“] Copyright 2017, American Chemical Society. (b) Schematic of the STED microscopy. Reprinted with permission,ml Copyright 2017,
American Chemical Society. (c) Spatial, temporal, and spectral dimensions of single-molecule fluorescence. In spatial dimension, illustrated as a widefield
fluorescence image of a single AF647 molecule (left) and the intensity distribution of a single Cy3 molecule (right); in temporal dimension, illustrated as
laser-induced reversible fluorescence photoswitching of Cy3-Cy5 dyes (up) and binding/unbinding of individual Nile Red molecules to a lipid vesicle
(down); in spectral dimension, illustrated as scanning-based single-location spectroscopy of single-molecule. Reprinted with permission,[m] Copyright
2018, American Chemical Society.
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Super-resolution microscopes are a type of advanced tech-
nigue that can produce images with higher spatial resolution than
conventional microscopes. Based on the location of the detector
from the sample, super-resolution microscopes can be classified
into two categories: near-field microscope and far-field micro-
scope. The near-field scanning optical microscope (NSOM or
SNOM), which uses an aperture or a tip with sub-diffraction size,
operates in a very close range to the sample and captures the
evanescent wave carrying near-field super-resolution informa-
tion.®Y However, due to its invasive nature, this technique is pri-
marily limited to imaging surfaces. On the other hand, far-field
super-resolution microscopes are capable of imaging three-di-
mensional structures and have several types such as stimulated
emission depletion (STED), structured illumination microscopy
(SIM), photo-activated localization microscopy (PALM), and sto-
chastic optical reconstruction microscopy (STORM). Among them,
the STED microscope was the first to be invented and most widely
used. This technique was proposed by Hell and his colleagues in
1994,[92] and was experimentally verified in 2000."%! A typical
STED microscopic system utilizes two beams of illumination.®®*
The first beam, referred to as the excitation light, is focused into a
diffraction-limited focal spot to stimulate molecules located in the
area. The second beam, known as annular light with zero central
intensity, is used to illuminate the fluorescence molecules that are
in the excited state. After the two beams are superimposed, the
depletion light will exhaust the excited fluorescence molecules in
the surrounding region via the excited radiation process, resulting
in the quenching of fluorescence molecules in the surrounding
region. Consequently, only the fluorescence molecules in the
center of the focal spot remain (Figure 7b). This technique enables
obtaining a fluorescent luminescent point that is smaller than the
diffraction limit, which is advantageous for collecting single-mole-
cule fluorescence.

The integration of various fluorescence microscopy tech-
niques has led to the development of noninvasive and target-
specific single-molecule fluorescence detection methods. These
methods enable the acquisition of extensive information in the
spatial, temporal, and spectral dimensions of single molecules
(Figure 7c).[20] In the spatial dimension, the position of a single
molecule can be determined with nanometer precision. In terms
of the temporal dimension, time trajectories of fluorescence in-
tensity, especially the on-off intensity dynamics of fluorescence,
enables ultra-high time resolution in tracking single molecule dy-
namics, typically at millisecond scales. Furthermore, single-mole-
cule fluorescence also provides spectral information, which is
useful for molecular recognition.

5.2. Monitoring reaction dynamics with single-molecule flu-
orescence

Single-molecule fluorescence is a highly informative technique
that enables the detection and analysis of the molecular dynamics
of enzymes as well as small molecules. Notably, it has been
demonstrated that this technology is well-suited for the investiga-
tion of catalytic reaction kinetics.

The application of single-molecule spectroscopy in the study
of enzyme kinetics marked a new phase in single-molecule enzy-
mology in the late 1990s. One important study focused on cho-
lesterol oxidase (COx) in Brevibacterium sp., a 53 kDa monomeric
protein. By detecting the fluorescence of the enzyme reaction
center, changes in the oxidation-reduction states during enzyme-
catalyzed reactions were observed.®**® Flavin adenine dinucleo-
tide (FAD), a coenzyme, binds non-covalently to the active site of
the protein. During the enzyme turnover cycle in cholesterol oxi-
dation, FAD undergoes a reduction to FADH, followed by subse-
quent re-oxidation to FAD. Notably, the oxidized form of FAD ex-
hibits fluorescence, whereas the reduced form, FADH, does not.
Each enzyme turnover cycle involves the switching of FAD be-
tween its fluorescent oxidized form and the non-fluorescent re-
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duced form, thereby causing the quenching or recovering of the
single-molecule fluorescence. These switching cycles correspond
to enzyme turnovers and provide detailed information about the
chemical kinetics. The study revealed the presence of both static
and dynamic disorder in enzyme-catalyzed reaction kinetics, as
seemingly identical COx molecules exhibited significant variations
in reaction rates, reflecting static disorder during FAD reduction.
Additionally, individual enzymes displayed noticeable fluctuations
in their reaction rates, contributing to dynamic disorder in reac-
tion kinetics.

Single-molecule fluorescence spectroscopy is not limited to
enzymatic studies, it also offers insights into other dynamic pro-
cesses of small molecules. For instance, the monitoring of isomer-
ization processes using single-molecule fluorescence spectroscopy
has been demonstrated.®” In the study, the spiropyran molecule
was excited using a laser, which initiated its ring-opening reaction,
producing the fluorescent merocyanine molecule that exists in
two stable isomerization states (TTC and TTT, see Figure 8a). The
dynamic interconversion, as well as the proportions of the two
isomers, can be distinguished and monitored from the fluores-
cence signals, such as the single-step jumps in the time traces of
spectral means.

Fluorescent probes, such as 3'-(p-aminophenyl) fluorescein
(APF), resazurin or Amplex Red, are commonly used to produce
high-fluorescence products via catalytic redox reactions. These
reactions can be monitored and recorded with ultra-high tem-
poral resolution using an electron-multiplying charge-coupled
device camera. By monitoring the fluorescence intensity of a sin-
gle catalyst, such as nanoparticles or nanorods, the catalytic rate
can be determined. Additionally, the position of each fluorescent
molecule can be precisely identified with nanometer accuracy by
fitting its fluorescence image using Gaussian analysis. This enables
the accumulation of a large number of fluorescence reaction
events to generate a distribution of reaction activity on a single
catalyst.[%] For instance, the conversion of non-fluorescent Am-
plex Red to the fluorescent resorufin is catalyzed by gold nanorods
in H,0, solution, the relationship between catalytic efficiency and
the structures and defects of gold nanorods can be elucidated
using this strategy (Figure 8b).[98] Moreover, researchers have
developed a model nanocatalyst platform that comprises of plat-
inum nanoparticles (NPs) sandwiched between a solid SiO, core
and a mesoporous SiO, shell (Figure 8c). This platform can be
used to investigate the catalytic reaction dynamics of Amplex Red
conversion within nanopores under in situ conditions.®

Researchers have also studied photocatalytic reactions based
on semiconductors using single-molecule fluorescence techniques,
in order to better understand the reactivities, distributions, and
local nanostructure of active sites on a single particle. Semicon-
ductors possess unique electrical characteristics that allow elec-
trons in the valence band to be excited to the conduction band by
lasers, resulting in the generation of electron-hole pairs. The elec-
trons or holes then migrate to the surface of the semiconductor
catalyst where they initiate the reduction or oxidation of mole-
cules. Through the single-molecule fluorescence reaction of pho-
to-generated hole-induced Amplex Red oxidation and electron-
induced resazurin reduction, researchers successfully investigated
the reaction rates of the aforementioned reactions, and revealed
that they were non-uniform along single rutile titanium oxide
(TiO,) nanorods (Figure 8d).[1°°] This suggests that the activity at
surface structural defects may be higher than that at the (100)
facet sites of TiO, nanorods. Interestingly, the hole-induced and
electron-induced activities were found to exhibit a strong spatial
correlation on individual nanorods, as also revealed on BiOBr na-
noplate (Figure 8f).[101] This correlation is attributed to the sepa-
rate distribution of electrons and holes in the area with rich de-
fects, allowing them to be captured by APF and resazurin sepa-
rately.
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Figure 8 Monitoring of reaction dynamics with the single-molecule fluorescence technology. (a) Schematic of the isomerization process of TTC and TTT.
Reprinted with permission,m] Copyright 2017, American Chemical Society. (b) Schematic of the fluorogenic deacetylation reaction of Amplex Red to
resorufin catalyzed by individual Au@mSiO, nanorods,*® Copyright 2012, Springer Nature Limited. (c) Schematic of the single-particle catalysis of Amplex
Red to resorufin catalyzed in the confined environment in nanopores. Reprinted with permission,[gg] Copyright 2018, Springer Nature Limited. (d)
Wide-field single-molecule fluorescence imaging of the photoelectrocatalysis via two-laser total internal reflection excitation. Reprinted with permis-
sion, Copyright 2016, Springer Nature Limited. (e) The chemical reaction of reductive deoxygenation of resazurin by photogenerated electrons to
produce highly fluorescent resorufin and oxidative cleavage of the aminophenyl group of 3’-(p-aminophenyl)-fluorescein (APF) by photogenerated holes
to produce fluorescein. (f) Schematic diagram of photocatalytic reduction and oxidation reactions on BiOBr nanoplates using fluorogenic probes. Re-

printed with permission, ™™ Copyright 2021, American Chemical Society.

5.3. Monitoring biomolecular dynamics with sm-FRET

Single-molecule Forster resonance energy transfer (sm-FRET)
is a widely used and versatile technology for investigating bio-
molecular dynamics. The theoretical underpinnings of FRET were
first described by Theodor Férster in 1948, and the process relies
on the dipole-dipole interaction between two fluorophores
meeting special requirements. Specifically, these fluorophores
must have emission spectra that overlap to a certain extent, and
they must be within an appropriate distance of each other (less
than 10 nm). Under these conditions, the energy of the excited
donor electron is transferred to the acceptor molecule, causing
the donor to return to the electronically ground state and the
acceptor to transition to the electronically excited state. The effi-
ciency of FRET between the donor and acceptor is inversely pro-
portional to the sixth power of the distance between them:

1
E = ———
T 14 R/ Ry

where R is the distance separating the donor and acceptor, and Rq
is the critical distance at which fifty percent of the energy transfer
via FRET is achieved.

Because of its high sensitivity to the distance between a
fluorophore pair, sm-FRET is regarded as a powerful technique
that is able to study the conformational changes and the molecu-
lar interactions involving biomolecules. This technique has been
widely employed in the study of various biomolecular dynamics,
such as DNA replication and repair, transcription, translation, en-
zymatic reactions, molecular motors, membrane proteins, nucleic
acids, protein and RNA folding, and many others.!%

Studying multi-molecular complex systems presents a signifi-
cant challenge due to their complex nature and large size. The
emergence of FRET technology has provided an opportunity to
overcome these challenges. For instance, by combining TIRF
technology and FRET technology, the dynamics of human Argo-
naute 2 (hAgo2) and hAgo2-RNA complexes have been studied by
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introducing a site-specific donor and acceptor fluorophores in
natural hAgo2 (Figure 9a).[1°3] The FRET efficiency histogram has
multiple peaks, each corresponding to a specific conformation,
thereby reflecting dynamic information.

While single-molecule FRET (sm-FRET) has mainly been used
in vitro, recent studies have shown that it can also monitor con-
formational dynamics and heterogeneity in living cells.'® For
example, the in-cell sm-FRET method was used to investigate ago-
nist-induced conformational dynamics in a single metabotropic
glutamate receptor dimer (Figure 9b).

The temporal resolution provided by total internal reflection
microscopy is often inadequate to monitor most dynamic pro-
cesses of proteins, which usually occur faster than 20 millisec-
onds.™® In this regard, several strategies have been explored to
enhance the temporal resolution of single-molecule fluorescence
techniques. One of such methods is two-dimensional fluorescence
lifetime correlation spectroscopy (2S FLCS), which can capture
dynamic events on a microsecond timescale (Figures 9c, d).[m]
Another attempt involves the combination of sm-FRET and con-
focal multi-parameter fluorescence detection (MFD), enabling
measurements on the order of microseconds or even nanosec-
onds.™ With this technology, it is possible to monitor the con-
formational changes and interconversion kinetics of chromatin
fibers with great precision at the microsecond scale. "%

Sm-FRET provides only partial dimension information of bio-
logical molecules. Therefore, the integration of other biophysical
technologies to acquire additional dimension information has
garnered increasing attention. To this end, a self-assembled nano-
scopic force clamp constructed from DNA has been proposed to
expand the scope of single molecular force spectroscopy technol-
ogy.[mg] This approach enables the exertion of defined and tuna-
ble force on the molecular system by exploiting the entropy elas-
ticity property of single-stranded DNA fragments. Conformational
changes of molecules are monitored by single-molecule Forster
resonance energy transfer, whereby a four-way Holliday junction

Chin. J. Chem. 2023, 41, 2889—2907
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Figure 9 Detection of Biomolecular Dynamics by sm-FRET. (a) Detection of the conformational changes accompanying the stepwise target binding pro-
cess by FRET. Reprinted with permission,[m] Copyright 2022, Springer Nature Limited. (b) Monitoring the conformational dynamics in Sf-mGIuR2 dimers
by FRET. Reprinted with permission,[m] Copyright 2021, Springer Nature Limited. (c) Concept of two-dimensional fluorescence lifetime correlation spec-
troscopy. (d) Conformational transition of cytochrome. Reprinted with permission,[ms] Copyright 2015, Springer Nature Limited. (e) Detection of Holliday
junction conformer transitions under force by FRET. Reprinted with permission,“og] Copyright 2016, American Association for the Advancement of Sci-
ence.

(HJ) is linked to the nano-force clamp. The HJ continuously  dynamic processes such as chemical reactions, single-molecule
switches between two stacked conformations (isol and isoll) (Fig-  electrical detection is better suited due to its ultra-high temporal
ure 9e). This process can be effectively detected by a pair of  resolution, which can reach a hundred picoseconds level. Addi-
fluorophore FRET located on the two walls of the HJ. The outcome  tionally, single-molecule electrical detection can provide real-time
indicates that the isoll conformation increasingly dominates with  and unmarked single-molecule measurements with easier inte-
the increase of force. Additionally, the dynamic process of DNA  gration capabilities. Combining optical and electrical technologies
bending induced by the TATA-binding protein under force was also  can provide comprehensive understanding of single-molecule
monitored. dynamics, including the position information, electrical and opti-

cal properties of target molecules. Such a multi-dimensional ap-
6. Electrical and Optical Combined Techniques for proach holds great promise for the next-generation of single-

Monitoring Single-Molecule Dynamics molecule detection methods.
Single-molecule electrical detections using solid-state devices

Single-molecule fluorescence technology has gained wide ac-  such as sSMIs™OM ! and SiNws®* M have recently been aug-
ceptance in the study of biomolecules due to its ability to capture ~ mented with optical method, such as the electrical and optical
dynamic processes occurring on the order of microseconds, which ~ combined system as illustrated in Figure 10a.M The incorpora-
is well-suited to biomolecular dynamics. However, for ultrafast  tion of optical measurements has enabled the verification of the
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presence of only a single molecule in the electrical detection ap-
paratus. The Diels-Alder reaction between fluorescein substituted
furan and maleimide, using a graphene-based single-molecule
junction, exemplifies this approach (Figure 10c). The super-reso-
lution microscopic imaging of the device revealed only one bright
spot imaged between the graphene electrode arrays, indicating
only one single molecular connection was sited (Figure 10b).[111] In
addition, this combined system allowed simultaneous collection
of fluorescence intensity and electrical signal data, which shows a
strong correlation (Figure 10d). Specifically, the high conductivity
state corresponds to fluorescence quenching, whereas the low
conductivity corresponds to the highest intensity fluorescence.
This consistency confirmed that the molecular bridge was indeed
the reaction center.

As another example, the dynamic process of palladium-cata-
lyzed Mizoroki-Heck reaction was studied using electrical and
optical combined technology (Figure 10e).[m] A single-molecule
junction was formed by connecting an N-heterocyclic carbene-
palladium (NHC-Pd) between two graphene point electrodes.
During the Mizoroki-Heck reaction of styrene and fluorescence
3-bromoperylene, blinking at the site of NHC-Pd catalyst was ob-
served. This was due to the transfer of energy/charge from the
catalytic center to graphene electrodes. The synchronization of
the recorded optical and electrical signal changes demonstrated
the dynamic process of the single-molecule reaction. Moreover,
by comparing the fluorescence spectra before and after the reac-
tion, it was further confirmed that the functional center of the
single molecular junction (NHC-Pd) catalyzes the Mizoroki-Heck
reaction (Figure 10f).

The combined system enables the simultaneous detection of
the optical and electrical signatures of a single molecule. The in-
terdependence of these signatures, originating from the same
molecule, improves detection reliability and provides additional
information for further analysis.

Yang et al.

cise molecular diagnostics in the field of healthcare, and facilitate
the sequencing of biomolecules like DNA, proteins, and polysac-
charides. By harnessing the potential of these advancements, we
can unlock new avenues for scientific exploration and technologi-
cal innovation.
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