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1. INTRODUCTION
Catalysis as a field is classically divided into three areas:
homogeneous, heterogeneous, and biological catalysis.1 For the
latter two (i.e., biological catalysis and heterogeneous
catalysis), their dissimilarity can be apparent intuitively, from
the scenes of fruit fermentation in a rural winery to make wine
and oil refining in a process plant to produce gasoline. In
addition to the practical differences, technological terms
common in both areas show divergences in meaning. A highly
relevant example is the term turnover number.2 It refers to the
maximum number of substrate molecules converted to
products per enzyme molecule per second, often written as
kcat in enzyme catalysis; while the same term means the
number of moles of reactants that a mole of catalyst converts
before deactivation, usually abbreviated as TON in heteroge-
neous catalysis.
However, the development of characterization tools provides

increasingly deeper insights into these catalytic systems,
revealing their intrinsic resemblances. One evident yet
important similarity is the size of these catalysts. The size of
a typical enzyme molecule, the key component of biological
catalysts, ranges from a few to ∼10 nm, while the active
components of most heterogeneous catalysts are nanoparticles
(NPs) with sizes of about a few to hundreds of nanometers.3

Interestingly, the nanometer sizes of enzymes and NPs (i.e.,
hundreds or more atoms per enzyme or NP) are often
associated with heterogeneity among individual enzymes or
NPs, leading to disorder (vide infra).4 Therefore, some
catalytic behaviors of individual enzymes or NPs are often
hidden from ensemble-averaged measurements.5 Yet, because
of the small sizes of enzymes and NPs, measurements at the
single-enzyme or single-particle level remain difficult, if not
impossible, until the recent advent of single-molecule
techniques.6−12 In this Viewpoint, we discuss the analogies
between enzyme and NP catalysis based on selected recent
studies of single-molecule enzyme and NP catalysis. Specifi-
cally, we focus on comparing reaction kinetics, static disorder,
dynamic disorder, parallel reaction pathways, and allosteric
effects between enzyme and NP catalysis at the single-molecule
level. In the discussions of NPs, we mainly refer to metallic
NPs, but we will cite selective references about other types of
materials, such as semiconductors, layered double hydroxides,
and zeolites, at the appropriate sections.

2. REACTION KINETICS
The Michaelis−Menten (MM) model successfully describes
the kinetic behavior of most biocatalysts. This model involves
an enzyme E, binding to a substrate S, to form a complex ES
that transforms into another complex EP, which in turn quickly
releases the product P and regenerates the original enzyme E

(Figure 1A). The MM mechanism has the following
approximations. First, the rate-limiting step of the catalysis is

the reaction from ES to EP. Second, quasi-equilibrium of the
complex ES with E and S is established; that is, kcat≪ k−1′.
Third, the release of the product P is fast compared with the
catalytic conversion rate. Under steady-state approximation,
the rate of product formation is given by
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Figure 1. The basis of single-molecule enzyme and NP catalysis.
(A,C) Elementary steps of the MM model for enzyme catalysis (A)
and the simplified LH model for NP catalysis (C). (B) Real-time
observation of enzymatic turnovers of a single cholesterol oxidase
enzyme molecule catalyzing the oxidation of cholesterol molecules.
The emission exhibits stochastic blinking behaviors as the enzyme
active site toggles between oxidized (fluorescent) and reduced
(nonfluorescent) states, each on−off cycle corresponding to an
enzymatic turnover. τox or τred represents the waiting time on the
oxidized or reduced state, respectively. Adapted with permission from
ref 13. Copyright 1998 American Association for the Advancement of
Science. (D) A segment of the fluorescence trajectory from a single
NP in a movie of single-turnover detection of single-Au-nanoparticle
catalysis, where the reduction of the nonfluorescent resazurin by
NH2OH is catalyzed to generate the fluorescent resorufin. τcat or τdes
represents the waiting time of a catalytic turnover or a product
desorption event, respectively. Adapted with permission from ref 14.
Copyright 2008 Nature Publishing Group.
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where [S] is the substrate concentration in equilibrium, KM (=
(kcat+ k−1′)/k1′) is the MM constant and has the unit of
concentration, and vmax (= kcat[E]T) is the maximum reaction
rate and [E]T is the total enzyme concentration.
Xie and colleagues contributed the first report of single-

molecule enzymatic kinetics in 1998.13 From the emission
intensity trajectory of an enzyme cholesterol oxidase that
contains a fluorescent cofactor at its active site, they achieved
the real-time observation of single turnovers between its
oxidized (fluorescent) and reduced (nonfluorescent) states
(Figure 1B). The individual waiting times on the oxidized and
reduced states are stochastic, but their average values, ⟨τox⟩ and
⟨τred⟩, respectively, correspond to the inverse of the reaction
rate. Using such methods to analyze the waiting times from the
single-molecule study of the enzyme β-galactosidase in
catalyzing the generation of a fluorescent product resorufin,
Xie and colleagues revisited the MM kinetics in a single-
molecule context in their seminal work in 2006.15 They
concluded that single-molecule enzyme catalysis shows
saturation kinetics that are similar to the ensemble measure-
ments (Figure 2A), but a single-molecule MM equation is

given to emphasize the different microscopic interpretations
compared with the conventional one:
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where τ is the waiting time before each product generation.
Considering that vmax = kcat[E]T, where kcat is the turnover
number defined in the Introduction section and [E]T is the
total concentration of enzyme molecules, dividing both sides of
Equation 1 by [E]T, that is, evaluating the rate per enzyme,
renders it equivalent to Equation 2. However, despite the ever-
fluctuating conformations of single enzymes (to be discussed
in Section 4), the turnover number kcat, and KM that is
dependent on kcat, in the single-enzyme MM equation are the
weighted harmonic means for all conformersthis is the
essential microscopic interpretation of the single-enzyme MM
equation.
On the other hand, NP catalysis can often be described by

the Langmuir−Hinshelwood (LH) kinetics model for hetero-
geneous catalysis. It has the following assumptions. First, the

rate-limiting step of the catalysis is the reaction between two
surface-adsorbed reactant molecules. Second, quasi-equili-
brium of reactant adsorption is established, and the adsorption
follows the Langmuir adsorption model. Third, desorption of
the product P is fast compared with the catalytic reaction rate.
The classical LH model was developed for bimolecular
reactions. However, when the two reactants adsorb to different
types of surface sites (i.e., noncompetitive adsorption) and the
concentration of one reactant is held constant, the elementary
kinetic steps involved are comparable to the MM model. In
this case, a reactant A binds to a surface site *, forming an
adsorbed species Aads that transforms into the adsorbed
product Pads, which in turn quickly releases the product P
and regenerates a surface site * (Figure 1C).
Chen and colleagues published the first report of the real-

time observation of single turnovers on a single NP catalyst,
using gold NPs as a model catalytic system, in 2008.14 From
the emission intensity trajectory of a fluorescent product
resorufin, produced from the gold NP catalyzed reduction of
resazurin by hydroxylamine, the real-time single-turnover
detection of single-particle catalysis was accomplished (Figure
1D). Similarly, the waiting times between and during these
stochastic fluorescence bursts, τcat and τdes, respectively, can be
used to analyze the reaction kinetics. Averaging over many
events, the product formation rate ⟨τcat⟩

−1 exhibits saturation
kinetics (Figure 2B). The [A] dependence of ⟨τcat⟩

−1 follows
the single-molecule LH equation:
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where K1 is the reactant adsorption equilibrium constant and
has the unit of inverse concentration, and γeff represents the
combined reactivity of all surface catalytic sites on one NP.
Inspecting Figure 2A,B, one can see that the reaction rate

varies linearly with the substrate or reactant concentration [S]
or [A] (i.e., pseudo first-order kinetics) when [S]≪ KM or [A]
≪ 1/K1, i.e., when the concentration term in the denominator
in eq1 or 2 is negligible. However, when [S] or [A] becomes
large enough to dominate the denominator, the reaction rate is
independent of the substrate/reactant concentration and the
reaction exhibits zero-order kinetics because all the enzymes or
surface sites are occupied under these conditions. The plateau
reaction rate depends on the reactivity of each active site as
well as the number of available enzyme sites (i.e., monomer or
oligomer) or surface sites. The analogous saturation kinetics
between enzyme catalysis and NP catalysis are attributable to
the similarity in the formalism of the two single-molecule
equations. Rewriting eqs1 and 2 to the reciprocal form for the
conventional Lineweaver−Burke plot, both ⟨τ⟩-vs-[S]−1 and
⟨τcat⟩-vs-[A]

−1 follow a linear relation (insets of Figure 2A,B).
In addition to Xie’s group, single-molecule enzyme kinetics

was also investigated by Szabo,16,17 Walt,18 Noji,19 Yan,20

Walter,21 and Moerner22 et al. on a myriad of systems.
Notably, the release and binding kinetics of inhibitors were
probed at a single-enzyme level by Walt and colleagues.23 On
the other hand, via single-particle catalysis studies, Chen and
colleagues further identified the LH kinetics on spherical Au
NPs of different sizes,24 Au nanorods,25,26 and bimetallic
nanostructures,27,28 as well as the competitive LH kinetics on
Au nanoplates29 and Pt NPs.30 In addition, Tachikawa and co-
workers reported the photocatalytic LH kinetics on semi-
conductor TiO2 NPs,5,31,32 Weckhuysen et al. reported LH

Figure 2. Representative kinetics plots of single-molecule enzyme and
NP catalysis. (A) Dependence of ⟨τ⟩−1 on the substrate concentration
[S] for single β-galactosidase molecules in catalyzing the hydrolysis of
resorufin-β-D-galactopyranoside to generate a fluorescent resorufin
product. Inset: the corresponding single-molecule Lineweaver−Burke
plot, ⟨τ⟩ versus [S]−1. Adapted with permission from ref 15.
Copyright 2006 Nature Publishing Group. (B) Dependence of
⟨τcat⟩

−1 on the reactant concentration [A] for single Au nanoparticles
in catalyzing the conversion of resazurin to the fluorescent resorufin.
Inset: the corresponding single-molecule Lineweaver−Burke plot,
⟨τcat⟩ versus [A]

−1. Adapted with permission from ref 14. Copyright
2008 Nature Publishing Group.
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kinetics on zeolite H-ZSM-5 crystals,33 Fang et al. discussed
LH kinetics on spatially confined multilayer nanocatalysts,34

and Xu and colleagues observed the LH kinetics on a variety of
nanocatalysts.35−39

3. STATIC DISORDER
Disorder, either static or dynamic, is a ubiquitous phenomenon
in enzyme and heterogeneous catalysis.4 Static disorder refers
to the static heterogeneity of reactivity among individual
enzyme molecules or catalyst particles. Static disorder is to be
distinguished from dynamic disorder, which is the fluctuation
of reactivity of a single enzyme or particle over time, which will
be discussed in the next section.
Static disorder is often masked in ensemble measurements,

but it is directly observable in single-enzyme or single-particle
measurements. As their names suggest, single-enzyme or
single-particle studies disclose the catalytic behavior of
individual enzymes or particles, so comparisons among
different individuals become straightforward. Static disorder
can be aptly revealed by the distribution of kinetic parameters
that are independent of substrate/reactant concentration and
time, namely, kcat for enzymes and γeff for NPs, each value of
which can be obtained from analyzing the distribution of
microscopic waiting times obtained from the fluorescence
intensity trajectories such as those in Figure 1B,D (Figure
3A,B). A broad distribution of kcat or γeff unambiguously
verifies the static disorder of enzymes or NPs, respectively
(Figure 3A,B insets).

The causes of static disorder of enzyme and NPs are highly
analogous. As the structures of catalysts govern their intrinsic
catalytic properties, static disorder implies the heterogeneity of
the structures among individual enzymes/NPs. Unlike
common small-molecule organometallic compounds (typical
homogeneous catalysts), whose molecular structures can often
be precisely replicated and well maintained, enzymes and NPs
are susceptible to variations in their structure during the
expression or synthesis, and storage. Specifically, post-transla-
tional modifications41 and proteolytic damages13 such as
oxidation of the key residues are postulated for the static

disorder of electrophoretically pure enzymes. As for NPs, the
dispersity of the size and shape is well-known, due to the
distinctions of nucleation and growth history among different
particles.42 Chen and colleagues even identified a gradient of
reactivity from the center to the edge along a nanorod25 or
nanoplate29 (i.e., static disorder at the subparticle level) likely
stemming from a gradient of the surface defect density caused
by different growth rates from the center to the edge of the
same NP. Static disorder is also observed in nanomaterials
beyond metallic NP catalysts (e.g., layered double hydrox-
ides,43 carbon nanotubes,44 semiconductors,36,45 and synthetic
zeolites).46−48

4. DYNAMIC DISORDER
While static disorder compares the properties of individual
catalysts with one another at the same time, dynamic disorder
is about the temporal fluctuations of the rate of one catalyst at
a time scale comparable to or longer than a turnover cycle.49,50

The coexistence of both static and dynamic disorder usually
leads to broad distributions of molecular properties of an
ensemble. Because of its nonsynchronous nature, dynamic
disorder is extremely challenging to be probed and to be
deconvoluted from static disorder, using ensemble-averaged
experiments, and it is beyond the scope of conventional
chemical kinetics.13 It is directly accessible from single-
molecule turnover trajectories, however.
Dynamic disorder often manifests itself as a memory effect

of a single enzyme or NP; e.g., for catalytic kinetics, a turnover
is dependent on its previous turnovers. Thus, dynamic disorder
is best demonstrated by the autocorrelation function of the
microscopic waiting time τ of catalytic turnovers Cτ(m),
namely, the correlation of an event (i.e., waiting time τ) with a
delayed copy of itself as a function of delay in the units of
turnover index m along the single-molecule turnover
trajectories. For both turnover trajectories of the single enzyme
and single NP in Figure 1B,D, their Cτ(m) show clear
exponential decay behaviors (Figure 4A,B). The exponential
decay time constants give the corresponding underlying
fluctuation correlation times, i.e., the memory times of the
dynamic disorder.
The physical origins of the dynamic disorder in enzymes and

NPs are conceptually equivalent. Enzymatic rate fluctuations
originate from the slow conformational fluctuations of the
enzyme molecule (Figure 4C), which can span a time scale of
10−3 to 10 s.15,51−53 Analogously, dynamic disorder of NPs is
ascribed to dynamic surface restructuring, which is supported
by the increased fluctuation rates (i.e., inverse of the
fluctuation correlation time) at increasing rates of turnovers,
due to the catalysis-induced surface restructuring (Figure
4D).14 Note that temporal dynamics of NPs is only relevant for
small NPs, whose fluctuation time scales are comparable to the
characteristic time scales of catalytic kinetics. When NPs are
large, such fluctuations become too slow to be relevant to the
catalysis. Chen and colleagues have further shown that the time
scale of dynamic disorder of NPs depends on the sizes24 and
the chemical composition (Pt vs Au)30 of NPs; both
observations are consistent with a well-known fact that the
surface restructuring dynamics depend on the surface energy of
NPs, which is strongly influenced by their size and
composition. Relatedly, Xu and colleagues discussed the
dynamic disorder of Pd NPs39 and a small molecule trapped
in porous hollow SiO2 nanospheres,54 and the effects of
temperature on dynamic disorder.37

Figure 3. Distributions of kinetic parameters confirm the static
disorder of single-molecule enzyme and NP catalysis. (A) Distribution
of τox derived from one fluorescence turnover trajectory as in Figure
1B, in which kcat is the rate-limiting step for the enzymatic reaction.
Solid line: an exponential fit where the exponential decay rate
corresponds to kcat. Inset: distribution of kcat from many enzyme
molecules in the same sample. Each value of kcat is time-averaged over
each entire trajectory. Adapted with permission from ref 13.
Copyright 1998 American Association for the Advancement of
Science. (B) Distribution of τcat derived from one fluorescence
turnover trajectory of a single Au NP as in Figure 1D. Solid line: an
exponential fit where the exponential decay rate corresponds to γeff.
Inset: distribution of γeff from many NPs in the same sample. Each
value of γeff is time-averaged over each entire trajectory. Adapted with
permission from ref 40. Copyright 2009 Royal Society of Chemistry.
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5. MULTIPLE REACTION PATHWAYS
Owing to the ubiquitous presence of static and dynamic
disorder in enzymes and NPs, as detailed in Sections 3 and 4,
both systems are prone to exhibit multiple reaction pathways.
For example, conformational changes in enzymes can be
associated with different product releasing pathways,55 while
the intrinsic structural heterogeneity of NPs makes them
display varying catalytic mechanisms among individual catalyst

particles,14 or even among the different sites on a single
particle.14,24 It is a challenge to elucidate complicated reaction
pathways, including in ensemble measurements which average
out the hidden structural variations of enzyme molecules and
NPs, and the different transient species from different reaction
pathways. The single-molecule approach enjoys unique
advantages here in interrogating individual enzymes or NPs
and, as a result, could provide a powerful means of unravelling
possible parallel reaction pathways.
Lu and co-workers have reported a study on the conforma-

tional dynamics of a common monomeric enzyme with a heme
prosthetic group, horseradish peroxidase (HRP), and its
catalytic mechanisms toward a fluorogenic reaction (oxidation
of nonfluorescent amplex red to fluorescent resorufin), by
combining single-molecule photon time-stamping spectrosco-
py and magnetic tweezers that impose a controlled mechanical
force on a single enzyme.55 Two distinct conformational states
of HRP were identified during the time when the product
molecule resorufin is released from the enzyme active site
(Figure 5A, top): (i) a tightly bound state that confines the
product molecule within the enzyme catalytic pocket possibly
due to strong electrostatic interactions and other interactions
between the product molecule and the enzyme, and (ii) a
loosely bound state that corresponds to the opening up of the
enzyme active site in order to release the product molecule to
the surrounding solution. Under an external piconewton
pulling force on the enzyme, the product-releasing pathway
is dominated by that associated with the loosely bound state of
the active site (Figure 5A, bottom). This finding is of broad
relevance in enzymatic catalysis since the conformational
dynamics of enzymes has been shown to have pronounced
effects on reaction kinetics.13,15,52,56,57 More relatedly, the
formation of transient, intermediate conformational states in
enzymes has been experimentally observed during the product
releasing step of enzymatic catalysis.58,59

With regard to NP catalysis, using a single-molecule catalysis
imaging technique, Chen and colleagues14 have shown that,
due to their structural heterogeneity, individual Au NPs exhibit
distinct kinetic mechanisms during catalysis of a fluorogenic
probe reaction (reduction of weakly fluorescent resazurin to

Figure 4. Dynamic disorder of enzyme and NP catalysis revealed via
single-molecule turnover trajectory analyses.(A) The autocorrelation
function of τox, i.e., Cτ(m), as a function of the turnover index m,
derived from a single cholesterol oxidase turnover trajectory as in
Figure 1B. Solid line: single exponential fit with a decay constant of
1.6 ± 0.5 turnovers. With the averaged turnover cycle of 600 ms, a
correlation time of 1.0 ± 0.3 s is obtained for the fluctuating kcat of
this enzyme. Adapted with permission from ref 13. Copyright 1998
American Association for the Advancement of Science. (B) The
autocorrelation function of τcat (i.e., Cτ(m)) as a function of the
turnover index m, derived from one turnover trajectory of a single Au
NP. Solid line: single exponential fit with a decay constant of 12.5 ±
2.9 turnovers. With the averaged turnover time of ∼4.5 s for this
trajectory, a correlation time of ∼56 s is obtained for the fluctuating
γeff of this NP. Adapted with permission from ref 14. Copyright 2008
Nature Publishing Group. (C) Schematic illustration of the
fluctuations of conformations of a single enzyme molecule. (D)
Schematic illustration of dynamic surface restructuring of a single NP.
Different colors represent surface atoms having different local
structural arrangements.

Figure 5. The presence of multiple reaction pathways in single-enzyme and single-nanoparticle catalysis. (A) Schematic illustration of the product-
releasing pathways for HRP-catalyzed oxidation of amplex red to resorufin without (top panel) and with (bottom panel) external mechanical
perturbation using magnetic tweezers that generate a piconewton pulling force to the enzyme. Purple sphere: product molecule resorufin. Adapted
with permission from ref 55. Copyright 2016 National Academy of Science. (B) Schematic diagram of the kinetic mechanism of Au NP-catalyzed
reduction of resazurin to resorufin. Aum: Au NP. S: resazurin. P: resorufin. Aum-Sn indicates a Au NP with n adsorbed resazurin molecules. On-state
and off-state indicate the fluorescence state at each reaction stage. Inset: three different types of resazurin concentration dependence of ⟨τdes⟩

−1,
from three single Au NPs of type-I (black), type-II (red), and type-III (blue). Adapted with permission from ref 14. Copyright 2008 Nature
Publishing Group.
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fluorescent resorufin) (Figure 5B). Three different types of
reactant concentration [A] dependences of the product
dissociation rate, ⟨τdes⟩

−1, were observed (Figure 5B, inset),
and can be described by eq 4:

τ⟨ ⟩ =
[ ] +

+ [ ]
− k K k

K
A

1 Ades
1 2 2 3

2 (4)

Due to the existence of two distinct product dissociation
pathways on Au NPs, as shown in Figure 5B, the product
dissociate rate may display three different kinetic behaviors: (I)
asymptotically increasing with [A] if k2 > k3, (II) asymptoti-
cally decreasing with [A] if k2 < k3, and (III) remaining
constant at any [A] if k2 = k3 or K2 = 0. The three different
behaviors differ in relative magnitudes of the two rate
constants, reflecting the heterogeneity in selectivity of
individual particles in these two parallel product dissociation
pathways. Another work by the Chen group uncovered the
size-dependent selectivity toward the product dissociation
reaction during Au NP catalysis,24 further highlighting the
utility of in situ single-molecule catalysis approaches in probing
fundamental reaction mechanisms and offering definitive
evidence of possible parallel reaction pathways. Such
heterogeneity in reaction kinetics and mechanisms, likely due
to variations in NP surface structures, has also been observed
through the use of single-molecule catalysis approach for a
range of other NP systems under various catalysis conditions,
offering additional insights into several factors affecting NP
catalytic mechanisms and reaction pathways, such as molecular
diffusion,60 the type of surface crystal facets,38,39 and the
presence of a kinetic compensation effect.37

6. CATALYSIS COOPERATIVITY BETWEEN SPATIALLY
DISTINCT SITES

Allostery is a phenomenon in which the binding of a molecule
or the occurrence of a reaction at an active site of a
macromolecule affects the binding or reaction at another site of
some distance away. Such a phenomenon indicates a
cooperative communication over distances, and is well
documented for biological systems or processes, such as
enzymatic catalysis, protein functions, and DNA−protein
interactions.61 In general, allostery is a distinguishing feature
for enzymes and proteins, due to a well-known behavior of
these biomacromolecules that they often undergo significant
conformational changes upon binding of a small molecule or a
ligand.
The majority of the works that examine allosteric effects

were carried out at the ensemble level. For instance, one
classical approach in enzymatic catalysis is to study the relation
between the reaction rate and the substrate concentration, and
a sigmoidal one implies catalytic allostery. Ensemble-level
studies, however, do not contain any spatial information and
thus cannot provide knowledge of spatial correlation of
molecular binding or reactions, which allostery is all about.
Single-molecule approaches, which can offer direct spatial
information, are hence well-suited to probe allosteric effects.
Xie and colleagues reported a single-molecule study of

allostery in DNA−protein interactions, and provided clear
experimental evidence that the dissociation rate of a DNA-
bound protein is affected by the binding of another protein at a
distant site.61 For example, they found that the dissociation
rate of a DNA-bound protein GRDBD (i.e., a DNA binding
domain of glucocorticoid receptor) exhibited a pronounced

oscillatory pattern as a function of the number of base pairs
(L) between this protein binding site and a distant binding site
for another protein (Figure 6), where the oscillation

periodicity is about 10 base pairs. Such allostery through a
DNA molecule is induced by distortion of its major groove.
Using molecular dynamics simulations, the authors showed
that the spatial correlation between the major groove widths
(R) (Figure 6B inset) at two different locations as a function of
their separation displays an oscillatory pattern with a
periodicity of about 10 base pairs (Figure 6B), consistent
with that observed in the kinetic measurements (Figure 6A).
The allosteric coupling between two DNA-binding proteins A
and B can be more clearly illustrated in Figure 6C. Assuming
that protein B widens R, it would prefer to bind at a location
that is already widened by protein A, instead of a location that
is narrowed.
Whether such allosteric effects are also present for

nonbiological systems has remained unclear, until a recent

Figure 6. Single-molecule studies of cooperative communication over
distances in both biological and nonbiological systems. (A)
Normalized dissociation rate constant (koff) of a DNA-bound protein
GRDBD as a function of the distance (L) (i.e., the number of base
pairs) between the binding site of this protein and the binding site of
another protein. (B) MD simulation-derived correlation coefficient of
the DNA major groove width (R, see inset) at two locations as a
function of the distance (i.e., the number of base pairs) between them.
(C) Schematic illustration of the allosteric coupling between two
DNA-bound proteins A and B. Panels A−C are adapted with
permission from ref 61. Copyright 2013 American Association of the
Advancement of Science. (D) Dissection of a super-resolution
catalysis image of a mesoporous silica-coated Pd nanorod into
∼100 nm segments. Green line: structural contour of the nanorod
determined from scanning electron microscopy. (E) Catalytic
communication strength within a single Pd nanorod as a function
of the intraparticle distance separation or the time separation between
temporally subsequent product-generation events. (F) Schematic
illustration of the intraparticle catalytic communication mechanism
due to the presence of positively charged messenger species. Panels
D−F are adapted with permission from ref 62. Copyright 2018
Nature Publishing Group.
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report by Chen and co-workers showing that nonbiological
nanocatalysts, indeed, exhibit such cooperative effects, which
are phenomenologically similar to catalytic allostery in
enzymes.62 Leveraging the power of spatiotemporally resolved
single-molecule catalysis imaging, these authors have demon-
strated that the catalytic reactions on a single nanocatalyst are
positively correlated with each other over a distance of
hundreds of nanometers and with a temporal memory of about
10 to 100 s. Spatial mapping of the fluorescent product
molecules on individual Pd nanorods, one of the nanocatalysts
examined in this study, allows for dissecting each nanorod into
different, spatially distinct segments (Figure 6D). Moreover,
the temporal sequence of the product generation events can be
extracted from each segment. A striking discovery is that the
strength, quantified through a single event-pair correlation
analysis, of intraparticle catalytic communication starts with a
clear positive value, and decays exponentially when the
intraparticle distance separation or the time separation
between temporally subsequent product-generation events
increases (Figure 6E). Such trends indicate that a fast reaction
at one segment tends to be followed by another fast reaction
nearby, resulting in a positive cooperativity between these
reactions. In other words, the reactions within a single
nanocatalyst indeed communicate with each other.
While phenomenologically it resembles allostery in

enzymatic catalysis, such cooperativity in NP catalysis stems
from a mechanism distinct from that of biological systems (i.e.,
conformational perturbation of an enzyme induced by binding
of a molecule at a distant location). The intraparticle catalytic
communication for the nanocatalysts investigated in this study
was identified to originate from the migration of positively
charged messenger species, likely a surface hole (e.g., a positive
charge localized on metal-oxide species) (Figure 6F), while
other plausible causes such as reaction heat dissipation, surface
restructuring dynamics, and surface plasmon resonance (for
the case of Au catalysts) have been ruled out by control
experiments or simulations.

7. CONCLUDING REMARKS

We have provided a discussion of the conceptual analogy
between enzyme and NP catalysis from a single-molecule
perspective. The kinetic model and the resultant equations
have similar forms. Due to intrinsic structural heterogeneity
and time-dependent structural dynamics in enzymes or NPs,
both catalytic systems involve static and dynamic disorder, and,
as a result, exhibit complex reaction mechanisms that are often
characterized by multiple parallel reaction pathways. More
notably, catalysis cooperativity, which has been long known to
be a distinguishing characteristic in enzymatic catalysis, also
exists in NP catalysis; yet such cooperative effects in NP
catalysis stem from a different mechanism from that in
enzymatic catalysis. Single-molecule fluorescence spectroscopy
is indeed a powerful approach to revealing the intrinsic
properties of enzyme and NP catalysis.
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