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Single molecule methods for the study of catalysis:
from enzymes to heterogeneous catalysts
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Structural and temporal inhomogeneities can have a marked influence on the performance of inorganic
and biocatalytic systems alike. While these subtle variations are hardly ever accessible through bulk or
ensemble averaged activity screening, insights into the molecular mechanisms underlying these diverse
phenomena are absolutely critical for the development of optimized or novel catalytic systems and
processes. Fortunately, state-of-the-art fluorescence microscopy methods have allowed experimental
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access to this intriguing world at the nanoscale. In this tutorial review we will first provide a broad overview
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of key concepts and developments in the application of single molecule fluorescence spectroscopy to
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(bio)catalysis research. In the second part topics specific to both bio and heterogeneous catalysis will be
reviewed in more detail.

Key learning points
1.
2.
3.
4.
5.

What are the origins of spatiotemporal activity distributions in bio- and heterogeneous catalysts?
How can single molecule data provide information on (bio)catalyst dynamics?
How can single molecule fluorescence spectroscopy be applied to study enzymatic systems?
What can we learn from single molecule spectroscopy studies of inorganic materials?
How can single molecule fluorescence spectroscopy shed light on catalytic activity at the nanoscale?

1 Introduction
The activity and selectivity of enzymes, nature’s quintessential
catalysts, have been fine-tuned through millions of years of
natural selection. The highly coordinated actions of countless
enzymes are the key enablers of life as we know it. Without
enzymes, it would e.g. not be possible to read, maintain or
duplicate or read the genetic material that defines every single
cell. It is therefore not surprising that mechanistic insight into
their function is of utmost importance to our eﬀorts in e.g.
biology, the development of medical diagnostics or advanced
therapeutics.
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Apart from their purely biological functions, enzymes also
enable green chemistry by oﬀering the ability to perform reactions under mild conditions with fully biodegradable catalysts,
using renewable resources.1 Here, their unrivaled chemo-, regioand stereoselectivity, e.g. in reactions involving multifunctional
starting compounds, are a definite advantage as they might
aﬀord processes which are more eﬃcient, generate less waste
and are therefore both environmentally and economically more
attractive than classical chemical routes.1
Recent advances in biotechnology and particularly protein
engineering have provided access to the active sites of enzymes
at the amino acid level, enabling the use of new substrates,
eﬃciency enhancements or the tuning of the enzyme to specific
applications. However, in spite of the tremendous progress
to date, enzymes, and proteins in general, remain complex
macromolecules. By no means can they be considered static
entities. Their function depends strongly on the specific folding
of their amino acid sequence, which in turn is governed by the
nature of the sequence itself, post-translational modifications
but also by thermal motion and environmental factors.2 These
phenomena can cause subtle conformational changes near and
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within the active site, influencing both activity and specificity.
It is well established that these eﬀects can lead to marked
diﬀerences between enzymes in any given population, static
disorder, but also to significant time dependent variations in
the activity pattern of a single enzyme, so-called dynamic
disorder.3 To guide the design of novel and improved biocatalysts, proper understanding of these phenomena and their
impact on the ensemble kinetics of enzyme catalysis is
absolutely necessary.
Although one cannot help but be amazed by the specificity
and eﬃciency of enzymes, there are nonetheless some limitations. Most notably, their reaction scope is determined in large
part by their dependence on water, which is a solvent as well as
a structural agent (i.e. hydration water). Therefore, it might
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often be beneficial to mimic the catalytically active center of
enzymes using more resilient materials. As such, the intrinsic
reactive sites in meso- and microporous materials such as
zeolites and many other porous oxides or the inclusion of e.g.
(noble) metal functionalities in these materials, combined with
the unique geometries oﬀered by their frameworks, have
resulted in inorganic materials with the ability to emulate the
selectivity of enzymes. Relatively new classes of materials such
as nanoparticles and metal organic frameworks (MOFs) have
also garnered significant research interest, further increasing
the ability to devise novel biomimics.
Small structural defects in these inorganic heterogeneous
catalysts can influence the accessibility and properties of active
sites within the catalyst particle, thus causing diﬀerences in
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performance between diﬀerent particle regions or even individual
active sites. Moreover, industrially used catalysts are often highly
complex mixtures of active phases and supporting matrix materials,4
all of which can cause significant static disorder, e.g. by influencing
active site accessibility and mass transport. During use, the
formation of new material defects and phenomena such as
zeolite dealumination, fouling through coke formation or metal
poisoning can lead to dramatic changes in catalyst performance. Just like enzymes, inorganic catalysts can therefore be
regarded as highly dynamic entities for which local variations
around the active site can have a significant influence on the
ensemble behavior of the material.
It goes without saying that, regardless of the specific nature of
the catalytic system, powerful analytical tools are necessary for
enabling experimental access to the microscale environment of
the catalytic site, which by itself is often only a nanometre scale
entity. However, this spatial resolution should always be complemented with suﬃcient temporal resolution. Indeed, without the
ability to perform time dependent measurements in situ, it would
be impossible to fully capture and understand the dynamics of
any given system, not to mention mass transport eﬀects, which
are well known to influence catalytic performance.
Whereas highly specialized, ultra high resolution, structure
elucidation technologies such as electron microscopy, scanning
tunneling microscopy or even X-ray microscopy do exist and
indeed have contributed massively to our understanding of
organic and inorganic materials alike, they still mostly remain
static by nature and often require the application of (ultra) high
vacuum conditions, constituting a significant departure from
the typical in situ conditions of most catalytic processes. Therefore, in spite of various eﬀorts to bridge the ‘pressure- and phase
gap’, (single molecule) fluorescence microscopy still remains one
of the benchmark technologies for the spatiotemporal analysis
of (bio)catalytic systems in situ.5 After the initial development of
cryogenic methods for the optical detection of single absorbing
species6 and their fluorescence emission7 in solid materials by
Moerner and Orrit, instrumentation and experimental methods
were rapidly improved to allow observation of single emitters at
room temperature, enabling the use of single molecule fluorescence spectroscopy (SMFS) to study the motion and interactions
of various biomolecules in cellular systems. It became possible
to e.g. extend the ensemble kinetic data of enzyme performance
to the single enzyme level,8 for the first time highlighting the
elusive dynamic disorder in these systems. The use of specialized
fluorescent dyes and/or fluorogenic substrates has recently
enabled the in situ observation of diﬀusion pathways and
barriers, ad- and desorption sites and events, and chemical
conversions at the micron and nanometre scale in solid materials
used for heterogeneous catalysts.3

2 (Bio)catalysis at the single turnover level
The single molecule sensitivity of fluorescence microscopy
allows the in situ detection of single turnover events at catalytic
sites. Detailed overviews of the most commonly encountered
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experimental configurations can be found elsewhere.2,5 However, regardless of the technique that is used, observation of
catalytic activity on a turnover by turnover basis can prove the
existence of time-dependent activity fluctuations as is often the
case for e.g. enzymes due to their inherent conformational
dynamics. It can also reveal the spatial distribution of activity
in heterogeneous catalyst particles. In the following paragraphs, a general overview will first be given of the application
of SMFS in bio- and heterogeneous catalysis. Thereafter, more
specific applications will be discussed.
2.1

Single molecule enzymology

The first single turnover studies were focused specifically on
enzymatic research and several strategies were developed to
visualize the turnover events.9 The strategy of using fluorogenic
or profluorescent substrates that are converted into strongly
fluorescent products was found to be the most versatile and
widely applicable method. Here, the enzyme is immobilized
and using a confocal microscopy (CFM) setup, an excitation
laser is focused on an individual enzyme after which the
substrate solution is added. Upon conversion of the fluorogenic
substrate by the enzyme, a highly emissive product molecule is
formed that causes a burst in the recorded intensity-time trace.
When this product molecule diﬀuses out of the small confocal
volume or photobleaches, the signal drops back to its original
background level (Fig. 1A).
Individual turnover events are thus visualized as short bursts
in the fluorescence intensity-time trace (Fig. 1B). Assuming
Michaelis–Menten conditions, the substrate will be in instantaneous chemical equilibrium with the complex and the
off-times (also called waiting times) between two successive
bursts are indicative of the temporal activity state of the
enzyme. In this type of experiment, the design of a suitable
fluorogenic substrate for the catalytic system of interest is by far
one of the most crucial factors. An excellent overview is available elsewhere.9
Detailed analysis of such intensity-time traces yielded direct
insight into the dynamic nature of enzymes. In the case of an
enzyme with a non-fluctuating activity and one first order ratelimiting step in its catalytic cycle, the waiting times between
successive turnovers are expected to be distributed according to
a mono-exponential decay. However, it was found that in
reality, the waiting time distribution is stretched over several
orders of magnitude due to dynamic disorder.10 This is illustrated in Fig. 1C.
It has been shown previously that mathematical functions
like a stretched exponential are more adequate to fit such
distributions.10 Autocorrelation on the successive waiting times
reveals the time scale on which the conformational dynamics
that determine the dynamic disorder are occurring. A graphical
representation of such autocorrelation can be constructed in
the form of 2D joint probability graphs (Fig. 1D).
These graphs are actually constructed by 2D histogramming
the scatter plot of turnover i versus turnover i + n. Diagonal
trends in these graphs indicate that turnover i is positively
correlated with turnover i + n. The number of turnovers n over
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Fig. 1 (A) Visualizing single turnovers using the fluorogenic substrate approach. The excitation beam is focused on an immobilized catalyst. Upon
conversion of the profluorescent substrate, a strongly fluorescent product molecule is formed, which can be detected. Photobleaching or diﬀusion out
of the focal volume eventually marks the end of the detection event. (B) Time binning of the photon arrival times yields a fluorescence intensity-time
trace. Evidence for dynamic disorder during single enzyme turnover analysis: (C) the waiting time distribution is not obeying a single exponential decay,
but is stretched over several orders of magnitude due to the presence of several conformational states with diﬀerent activities over the time span of the
measurement. (D) The corrected 2D joint probability graphs reveal a strong diagonal trend for successive waiting times (event lag = 1). However for an
event lag of 20, the correlation is lost. The conformational dynamics thus occur on a time scale shorter than 20 turnovers.

which a diagonal trend can still be recognized gives the time
scale of the activity dynamics. Often the logarithm of the
waiting times is used in this analysis, since the waiting times
are distributed over several orders of magnitude. In the case of
weak correlation, the diagonal trend can be lost in the intensity
variations originating from the normal waiting time distribution that stretches along the x- and y-axis of these graphs.
To circumvent this problem, an additional correction can be
made by constructing the diﬀerence distribution (d(ti, ti+n))
according to the method of Lerch et al.11 The intensity of a
certain bin in the 2D histogram is then corrected by subtracting
the fraction of events in that row (p(ti)) times the fraction of
events in that column (p(ti+n)).
d(ti, ti+n) = p(ti, ti+n)  p(ti)  p(ti+n)

(1)

Only in the presence of correlation between waiting time i
and i + n, the intensity after correction theoretically is non-zero.
After correction, intensity gradients due to the normal waiting
time distribution are removed, and only the real correlation
eﬀect remains visible.
Even though correlation analysis of distinct emissive states
in single molecule time series can be a powerful tool for the
elucidation of molecular dynamics in enzymes, it is critically
sensitive to the way in which these states are identified from the
raw fluorescence data. It is therefore not surprising that significant research eﬀort has been directed towards the improvement of statistical analysis methods for single molecule data.

This journal is © The Royal Society of Chemistry 2014

Binning and thresholding (BT) analysis has traditionally proven
to be a common approach. Here, photon arrival times are
filtered in such a way as to obtain an average intensity for each
time bin. This allows individual emissive levels to be more
easily resolved within the experimental noise, at the cost of
losing temporal resolution. Subsequently, thresholding allows
the distinction between ‘on’ and ‘oﬀ’ states, a process which
can be diﬃcult e.g. when signal-to-noise ratios are low next
to requiring a priori knowledge of the intensity levels of each
state. In an eﬀort to address these issues, Watkins et al. have
proposed an alternative strategy for time trace analysis.12
Through the application of Poisson statistics and information
theory they arrived at a generalized ‘likelihood ratio test’ where
each photon in the time trace is evaluated to locate all intensity
change points (CPs), that is to say, the likelihood of each
photon marking a transition is iteratively evaluated for each
point in the trace.12 Further clustering analysis can then
identify the number of distinct states and their corresponding
intensities.
Terentyeva et al. performed a systematic performance
evaluation of change point analysis versus the more traditional
BT approach.13 Using simulated single enzyme time traces with
known on- and oﬀ-time distributions, they demonstrated how
bin size and the threshold greatly influence the characteristics
of the obtained histograms. For example, short oﬀ-times are
easily overestimated, particularly at low signal to noise ratios
due to on-state intensity fluctuations near the threshold level,

Chem. Soc. Rev., 2014, 43, 990--1006 | 993

View Article Online

Published on 01 October 2013. Downloaded by KU Leuven University Library on 09/12/2014 14:28:31.

Chem Soc Rev

which might cause long on states to be artificially interspersed
with oﬀ events.
Analysis parameters should therefore be chosen judiciously
and their proper selection requires at least minimal knowledge
of the characteristics of the underlying system. In principle,
with CP analysis, there is no such requirement, as it does
not depend on user selected parameters for analysis, instead
relying purely on statistical analysis of each photon signal.
For simulated intensity traces, CP analysis allowed accurate
reproduction of histograms with a favourable performance
compared to BT analysis. Importantly, both methods could be
shown not to introduce artificial correlations between consecutive oﬀ-times, the major indicator of dynamic disorder in
enzyme activity.
Both methods were next applied to the analysis of data
obtained for a-chymotrypsin. These data featured several confounding factors with the potential to complicate analysis by
either method. For example, the maximum of the noise distribution was located close to that of the on-level intensities
whereas noise level distributions varied significantly during
the course of the experiment, making selection of an appropriate, single threshold in BT analysis diﬃcult. On the other
hand, processes such as dye blinking and slow diﬀusion of
fluorescent products from the observed volume resulted in
significant departures from the Poisson distribution, which
could make CP analysis more challenging. In the case of BT
analysis, these eﬀects resulted in an overrepresentation of short
oﬀ-times, which further displayed significant autocorrelation,
suggesting the existence of dynamic disorder. However,
CP analysis did not yield the same result, with no evidence
found for dynamic disorder in the same data. As with the
simulated data, intensity fluctuations of the on-state again
caused longer on-states to be underestimated with BT, as
evidenced by the absence of long on-times in the histograms
obtained with BT.
2.2

Single turnover studies in heterogeneous catalysis

The probes designed for studying enzymatic processes can also
be applied for single turnover counting on heterogeneous
catalysts. This has been pioneered by Roeﬀaers et al. for a
base-catalyzed hydrolysis–transesterification reaction on layered
double hydroxide (LDH) crystals.14 Carboxyfluorescein diacetate
(CFDA) was applied as a fluorogenic substrate and using a widefield microscope individual turnovers were localized on the
hexagonal crystals. It was shown that in water, the hydrolysis
of CFDA mainly occurred at the crystal’s edges and defect
sites, while in butanol the transesterification of CFDA occurred
homogeneously over the whole crystal’s basal planes. These
findings proved the existence of different types of basic sites on
the different crystal facets.
The catalytic activity of individual 6 nm nanoparticles was
monitored with single turnover precision.15 Here, the reduction
of resazurin to the fluorescent resorufin by hydroxylamine was
applied as a reporter system. Careful statistical analysis of the
on- and oﬀ-times of the intensity-time trajectories, measured at
diﬀerent substrate concentrations, revealed the microkinetic
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details of this catalytic system. Rate constants for the diﬀerent
processes (adsorption, reaction, desorption. . .) could be obtained.
Most importantly, three diﬀerent types of product dissociation
pathways were identified for the individual nanoparticles.
However, the structural reason for these diﬀerences could not
be resolved since no direct information on particle size and
morphology can be overlaid with the activity measurement.
In the area of photocatalysis, important progress has been
made by the group of Majima elucidating the formation of
reactive oxygen species and their migration through diﬀerent
media.16 For the purpose, selective probes were designed that
specifically react with the desired reactive oxygen species.
For instance terrylenediimide (TDI) and 3-(p-hydroxyphenyl)
fluorescein (HPF) were used to selectively probe singlet oxygen
and hydroxyl radicals respectively. By immobilizing these probe
molecules at various distances from the photocatalytic source
of the reactive oxygen species, their lifetimes as well as their
diﬀusion constants could be measured. Moreover, it was found
that diﬀerent irradiation conditions (visible or UV) can give rise
to diﬀerent rates of singlet oxygen versus hydroxyl radical
generation. The spatially resolved photocatalytic reactivity of
ETS-10 titanosilicate zeolites was also mapped, revealing that
structural defects in the crystals are in fact preferred trapping
sites for the generated reactive holes.16
A few attempts at counting single turnover events on (heterogenized) single site catalysts have been made recently. Kiel et al.
reported on monitoring single Cu2+ association–dissociation
events on a bidentate ligand (2,2 0 -bipyridine-4,4 0 -dicarboxylic
acid), which was connected to a tetramethylrhodamine (TMR)
dye via an oligonucleotide construct.17 Binding of copper to the
ligand induces quenching of the TMR label. Successive on–off
cycles of the fluorescence intensity are thus indicative of Cu2+
association–dissociation. Surprisingly, like in enzymatic catalysis, the single molecule dynamics did not perfectly obey first
order kinetics, probably due to conformational reorganizations
of the ligand.
Blum et al. have also studied ligand exchange reactions at
the single molecule level. Using profluorescent complexes, which
are converted to emissive species upon ligand exchange,18 or by
exploiting FRET between ligands carrying diﬀerent fluorophores,19 significant insight was gained into the behavior and
properties of transition metal-ligand systems, which constitute an
important class of homogeneous catalysts. Similarly, individual
binding events of acid molecules to a ternary amine group
tethered on a surface were followed by fluorescence microscopy.20
The ternary amine was covalently connected to a perylene diimide
(PDI) group, serving as a fluorescent reporter group, which was in
turn connected to the cover glass surface via silanization chemistry.
In an unbound state, the free electron pair of the amine group
quenches reporter fluorescence via intramolecular photoinduced
electron transfer (PET). When an acid molecule interacts with the
amine group, PET is no longer possible and the strong fluorescence
of the PDI moiety is restored. Although spontaneous blinking of the
PDI molecule hampers a profound investigation of the binding
kinetics, it was clearly demonstrated that single molecule investigations of single site catalysis are within reach.
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Following this broad overview, the following paragraphs will
feature a selection of specific topics in the single molecule
study of bio- and heterogeneous catalysts. Given the sheer
volume of work available, exhaustive coverage is not feasible
within the scope of this manuscript. However, we aim to
highlight fundamental as well as technological aspects which
are unique to each major class of catalysts, i.e. bio- and
heterogeneous catalysts.

3 Biocatalysis
3.1

Immobilization

To unravel the conformational dynamics in proteins and their
potential impact on enzymatic activity, confocal microscopy is
very often the tool of choice, delivering excellent signal-to-noise
ratios coupled with high temporal resolutions. However,
because detection only occurs in a femtoliter scale volume,
single enzymes need to be immobilized to prevent them from
diﬀusing out of the detection volume. Achieving specific immobilization of enzymes without compromising their function is
not trivial. Moreover, the study of enzymatic activity cannot be
decoupled from the environmental factors which might determine their activity in biological systems, thus necessitating
novel immobilization strategies, allowing these conditions to
be mimicked.
Direct and indirect surface immobilization. In some of the
earliest single molecule studies of enzymatic activity such as in
the work of Velonia et al.,21 immobilization was achieved
through direct sorption of the enzyme under study, CalB, on
silanized glass surfaces through hydrophobic interaction. This
method of immobilization did not oﬀer precise control over the
location and orientation of the enzyme. Since the CalB turnover
rate for conversion of its fluorogenic substrate was rather low,
labeling of the enzyme itself was required for enzyme localization prior to analysis. This label is bleached prior to analysis in
order to avoid interference with the observation of single turnover events. Apart from the insights gained towards the activity
of CalB, this study also provided important indications of the
shortcomings of direct surface immobilization. The authors
noted that individual enzymes exhibited diﬀerent kinetic behavior,
which they attributed to the non-specific adsorption on the
hydrophobic support and this hypothesis was further supported by the large variation in time required for bleaching
the enzyme localization label.
Next to physisorption, more specific surface immobilization
strategies were applied, in which the preparation of site specific
mutants provided a unique functional group on the enzyme
surface, enabling covalent coupling of the protein to e.g. a
bovine serum albumin (BSA) ‘protein foot’ or polyethylene
glycol (PEG) spacer molecules.2
Entrapment of untethered enzymes. Entrapment of enzymes
in gels is a relatively straightforward approach to enzyme
immobilization. In contrast to various surface immobilization
strategies, gel entrapment does not involve tethering of the
enzyme to the sparse polymer matrix. Instead, enzymes are
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allowed rotate freely. This makes it unlikely that the activity of
any single enzyme would become unobservable due to an
unfavorable orientation and it further minimizes the risk of
direct modulation of enzyme activity through surface interactions. Because of these advantages, gel entrapment has been
the preferred strategy in many single enzyme studies.2 Nonetheless, a potential downside might be the fact that reactants
need to diﬀuse through the gel in order to reach the enzyme; if
proper care is not taken, this might induce diﬀusion limitations, obscuring the true kinetic behavior of the enzyme.
This concern was addressed in a more recent study of the
redox enzyme blue nitrite reductase (bNiR), by the group of
Canters. The researchers used microfluidic entrapment of
solution phase enzymes, eliminating the need for a gel matrix
altogether.22 In a so called anti-Brownian electrokinetic (ABEL)
trap, the position of the fluorescently labeled bNIR was accurately
tracked and positional information was used to drive a feedback
mechanism, adjusting an electrokinetic driving force applied
over two orthogonal pairs of electrodes at the ends of intersecting
microfluidic channels. Although the entrapment of single bNIR
enzymes could not be maintained indefinitely, they could still be
observed over relatively long time periods, compared to the time
scales of molecular diﬀusion.
Femtoliter and sub-femtoliter arrays. Obtaining statistically
significant amounts of data on single enzymes can be challenging, owing to the fact that for CFM analysis, as mentioned,
enzymes should be located prior to analysis. Moreover, parallel
readout of multiple enzymes is not possible.9 Here, femtoliter
arrays stand to provide definite advantages over standard glass
cover slips.23 In one example, researchers at the Walt group
were able to create regularly spaced arrays of 5  104 reaction
chambers, each with a volume of just 46 fL, through selective
etching of optical imaging fiber bundles.23,24
By loading this array with diluted solutions of b-D-galactosidase,
such that each fL chamber maximally contains just a single
enzyme, and the fluorogenic resorufin-D-b-galactopyranoside
substrate, formation of fluorescent resorufin can simultaneously be followed for a large number of enzymes in a
common epifluorescence microscopy setup. Using this highly
parallel screening strategy, Km and Vmax values, averaged over
all observed single enzymes, were found to be in good agreement with values obtained through bulk measurements.23
However, individual enzymes showed a very broad distribution
of activity, i.e. static disorder, originating from variations of the
intrinsic rate (kcat) of the individual enzymes rather than from
variations in Km.23
A downside to the use of these fL arrays might be the fact
that the enzyme and substrates are made to react in a sealed
chamber. Accumulation of reaction products will thus preclude
the observation of single turnover events, a definite disadvantage in comparison to CFM. Zero-mode waveguide (ZMW)
structures might provide the best of both worlds, combining
single turnover resolution with the ability to observe large
numbers of individual enzymes simultaneously. In essence,
ZMWs are large arrays of nanometer sized holes in thin metal
films (most commonly aluminum) which can be prepared by
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e.g. electron beam lithography.25 When the size of these holes is
below the ‘cutoﬀ’ wavelength, optical fields can be confined
within the atto- to zeptoliter (1018–1021 liter) range.25 The
concentration of fluorescent species in a sample may therefore
be in the micromolar range whilst still maintaining only
1 molecule in the observed volume. Therefore, in addition to
massive parallelism, ZMWs offer drastically reduced background signals, allowing a broader range of enzymes to be
studied using physiologically relevant conditions of substrate
concentration.25
As such, ZMWs have been employed for studying the singlemolecule dynamics of DNA polymerases, which typically
require micromolar concentrations of their nucleotide substrates
(vide infra). More recently, a gold-based ZMW was reported for the
observation of single copies of the redox enzyme monomeric
sarcosine oxidase (MSOX).26 The use of Au ZMWs enabled facile
passivation of ZMW nanopore walls by exploiting the strong
interactions with thiolated PEG blocking agents, something
which is not possible with the more commonly used Al ZMWs.
Surface passivation significantly improved the signal-to-noise
ratio. The catalytic reaction eﬀected by MSOX was subsequently
studied with single molecule resolution by recording the intensity
fluctuations of its covalently bound flavin adenine dinucleotide
(FAD) cofactor, which is fluorescent in the oxidized state and dark
in the reduced state, in synchronicity with enzymatic states
during the catalytic cycle. This allowed single turnover events to
be recorded for much larger numbers of enzymes as is typically
possible with CFM.
Vesicle trapped enzymes. Rotman was the first to attempt
encapsulation of single enzymes in water-oil-emulsions.27 At
the time, the employed detector oﬀered only limited sensitivity
and temporal resolution. Nonetheless, this landmark study
demonstrated for the first time that it was possible to access
the turnover rate of individual enzymes directly, fundamentally
initiating the field of single molecule enzymology.
Much more recently, Piwonski et al. encapsulated single
HRP enzymes in lipid vesicles, allowing them to study the
eﬀects of product inhibition on enzymatic activity.28 The lipid
membrane of the vesicles was permeable to the individual
neutral reactants, H2O2 and amplex Red. Resorufin, the fluorescent reaction product, is anionic and thus could not diﬀuse
through the vesicle wall. This quickly resulted in the accumulation of very high concentrations of the product and, as the
authors show, inhibition of enzyme activity. The accumulation
of reaction products made the observation of single turnover
events impossible. Nonetheless, analysis of a population of
enzymes revealed the existence of static disorder. Furthermore,
through photobleaching of accumulated products, single
enzymes could be released from the inhibited state, allowing
the initial rate of each vesicle entrapped enzyme to be analyzed
repeatedly. These experiments revealed dynamic disorder over
relatively long time scales in HRP. Correlations between the
initial rate of each enzyme and the final amount of reaction
products before the onset of inhibition further indicated that
fluctuations of the two kinetic parameters kcat and the inhibition rate (kI) were highly coordinated. Because these kinetic
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parameters were shown to involve distinct sites on the protein,
viz. an active site and the allosteric inhibitory site, this finding
implies that these sites fluctuate in a coordinated fashion.
Vesicle entrapment, as demonstrated in the previous sections,
potentially oﬀers the ability to study enzymes under conditions
much more akin to their in vivo environment. Incorporation of
e.g. pore proteins into the vesicles might allow escape of products
which cannot normally permeate the lipid bilayer, allowing single
turnover analysis. These systems might thus oﬀer new insights
into the function of e.g. membrane bound enzymes.
Viral capsid nanoreactors. Lipid membranes are by far the
best known system by which compartmentalization is achieved
in biological systems. However, certain types of bacteria are
also known to use protein based microcompartments to isolate
e.g. metabolic enzyme systems from the intracellular environment. Moreover, protein encapsulated catalytic systems such as
virus capsids or virus like particles (VLPs) might oﬀer advantages over lipid vesicles because the molecular assembly processes underlying their formation yield environments with
discrete, controllable sizes.
One of the first examples of single enzyme encapsulation
was demonstrated using cowpea chloritic mottle virus (CCMV)
and HRP.29 By carefully adjusting the pH, the viral particles can
be made to rapidly disassemble, after which viral RNA and
capsid proteins can be separated. When capsid proteins are
incubated with free HRP enzyme at a suitable pH, they will
spontaneously reassemble with incorporation of the enzyme
into the inner volume. This way, a distribution of empty capsids
and capsids filled with only a single enzyme could be obtained.
The capsid could serve to protect the enzyme from any
unwanted immobilization side eﬀects. Enzymatic activity inside
the virus capsid was detected using a confocal microscope.
Product accumulation in the inner cavity of the capsid prevented analysis of single turnovers in these systems and autocorrelation analysis showed that diﬀusion of the product out of
the capsid was almost 1000 times slower than free diﬀusion.
However, as a testament to the great flexibility of these protein
structures, the rate of diﬀusion could be increased two- to
threefold by raising the pH, which swells the capsid and
enlarges its pores.
More recently, VLPs derived from Salmonella typhimurium
bacteriophage P22 were used for the encapsulation of enzymes.30
The P22 VLP consists of 420 coat proteins (CP) and 100–3300
scaffolding proteins (SP) which interact noncovalently to form
icosahedral structures, with a 58 nm outer diameter. Controlled
heating can cause the P22 VLP to rearrange and expand irreversibly. This process effectively doubles its internal volume and
induces the formation of nanometer sized pores. Furthermore,
the SP protein can be modified extensively at the N-terminus
without loss of function. This opens up opportunities for the
design of enzyme-SP fusion proteins which can subsequently be
easily incorporated into the VLP with exact control over their
amounts. Additionally, the authors could show how transformation of P22 to different morphological states, which changes the
internal volume of the VLP, yields changes in the overall activity
of the encapsulated enzyme. The encapsulation of multienzyme
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complexes in P22 VLPs or other systems might also create possibilities for controllably constructing and subsequently studying
more complex synthetic metabolomes, something which would be
very challenging using conventional immobilization strategies.
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3.2

Enzyme allosterity

In biological systems, allosteric eﬀects are critical factors in controlling metabolic pathways. Indeed, in enzymes featuring multiple
domains and/or subunits, the binding of an eﬀector at a regulatory
site will induce conformational changes within the enzyme which
ultimately results in alterations of enzymatic activity. Elucidation of
allosteric mechanisms is therefore as important as understanding
catalytic activity itself, since these phenomena control the rate of
the pathways of which the enzymes are part.
Multimeric enzymes. The tetrameric b-D-galactosidase can
be inhibited by the reaction intermediate b-galactal. Gorris
et al. immobilized individual enzymes in femtoliter reaction
chambers to study the nature of inhibition, a question that had
not been answered unambiguously based on ensemble studies.24
Individual b-gal enzymes were found to display significant static
disorder in the absence of an inhibitor (vide supra). These rate
variations might mask the inhibitory eﬀect on the reaction rate
when considering populations of single enzymes. This problem
was addressed in two ways by the authors. First, the femtoliter
array used allowed statistically significant amounts of data to be
collected, showing how rate variations are much higher in the
presence of inhibitor concentrations close to KI, compared to the
situation where no inhibitor was present. However, because of
static disorder, no absolute identification of distinct activity states
was possible in this case. Therefore, enzyme inhibition was next
studied in pre-steady state conditions, i.e. single enzymes were
incubated with excess concentrations of b-galactal, ensuring that
all enzyme subunits were inhibited. Next, the reaction medium
was diluted such that [I] { KI, resulting in the release of the
inhibitor from the enzyme and initiation of enzyme activity. This
approach ensured that variations in enzyme activity can be
properly referenced to the fully inhibited state. This showed
how individual enzymes switch directly from fully inhibited states
to maximum activity, without intermediate activity ‘steps’, a clear
indication of cooperative inhibitor release.
Monomeric enzymes. Recently, allosteric regulation was studied
at the single enzyme level for the monomeric Thermomyces
lanuginosa lipase (TLL), a metabolic enzyme important to the
lipid metabolism.31 The enzyme, the catalytic site of which is
blocked by a peptide ‘lid’, undergoes a conformational rearrangement upon interaction with its eﬀector, i.e. lipid membranes.
This change displaces the peptide lid and renders the active site
accessible. To study this regulatory mechanism, Hatzakis et al.
site specifically coupled single mutant TTL enzymes to surface
tethered liposomes. This immobilization strategy minimizes nonspecific surface interactions of the enzyme, but more importantly, it brings the enzyme in close proximity with its eﬀector.
Moreover, addition of PEG-modified phospholipids to the support/eﬀector bilayer allows the probability of interaction between
TTL and its eﬀector to be precisely controlled, giving direct
experimental control over the allosteric eﬀect. After ensuring that
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product release and blinking were not influencing fluorescence
time traces, enzyme activity was evaluated such that the lipid
bilayer was fully accessible to the enzyme. Under saturating
substrate conditions, oﬀ-time analysis revealed a distinct twostate behavior which corresponds well with the expected behavior
of TTL, which is assumed to switch between open and closed
conformations. In fact, the open state of the enzyme was found to
be approximately 20 times faster than the closed state, approaching a ‘digital’ on/oﬀ regulation of enzyme activity. Subsequently,
the average proximity of TTL to its lipid eﬀector was modulated
using PEG-phospholipids which partially block access of the
enzyme to the bilayer through steric hindrance. This analysis
revealed that the decrease in TTL activity could be attributed
completely to a change in its rate of switching between active and
inactive states as opposed to changes of kcat. This observation
answers a central question, i.e. how these eﬀector interactions
lead to regulation of enzymatic activity.
3.3

Single enzymes at the interface

Confocal microscopy is a very powerful tool for single molecule
enzymology. However, it requires enzymes to be immobilized
prior to observation (vide supra), thus precluding the study of
many systems where enzyme mobility is an important consequence
of or even a requirement for its function. Notwithstanding,
examples of such systems are abundant.
Phospholipases, which are expressed as a result of tissue
damage or infection, are a good example of the intricate interplay between enzyme mobility and catalytic activity. Upon
interaction with cellular membranes, which are essentially
aggregated phases of their substrate, they are responsible for
the hydrolysis of phospholipids to form fatty acid and lysophospholipid products, resulting in the eventual release of
arachidonic acid from membranes, initiating the inflammatory
response. In the preceding paragraphs it was already discussed
how the activity of TTL is modulated as a function of its
proximity to the bilayers of liposome model substrates. However, to fully describe the activity of these enzymes it is
necessary to more thoroughly understand the diﬀusional phenomena preceding catalytic turnover as well as the nature of the
interaction between the enzyme and its substrate.
Rocha et al. studied the various phases in the activity of
phospholipases (Fig. 2A).32 For the purpose, three distinct
variants of TTL were prepared. TTL itself is a lipase, with only
limited aﬃnity for phospholipid membranes and is unable to
catalyze their hydrolysis. It can therefore be used to study the
initial diﬀusion and adsorption phases. The TTL mutant phospholipase A1 (aPLA1) on the other hand has much higher aﬃnity
for PL bilayers and as such can be used to monitor the hydrolytic
phase, whereas a catalytically inactive variant (iPLA1) was used for
tracking steps 1 to 3 of the catalytic process. Supported bilayers of
the unsaturated phospholipid 1-palmitoyl-2-oleoyl-sn-glycero-3phosphocholine (POPC) were prepared as a model substrate.
When the immobilized POPC bilayers were fluorescently stained,
the addition of aPLA1 resulted in hydrolysis of the membrane,
which could be tracked as localized loss of fluorescence. These
experiments revealed that aPLA1 action is initiated near defect
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Fig. 2 (A) Phospholipase catalytic cycle. In solution, a ‘lid’ covers the active
site of the enzyme (1). Surface binding of the enzyme (2) causes the lid to
displace, allowing hydrophobic residues to interact with the phospholipid
bilayer (3), thus stabilizing the open form. The active site is now accessible to
the phospholipid substrate (4), resulting in hydrolysis (5). Finally, the product
is released and the enzyme diﬀuses along the substrate or into solution.
(B) Diﬀusion behavior of labeled aPLA1 molecules on the phospholipid
bilayer (blue) and on the edge (red). Adapted with permission.32

sites in the membrane and is influenced by membrane fluidity.
Next, the accumulation of fluorescently labeled aPLA1 on unlabeled
bilayers was visualized, again confirming that the accumulation of
the enzyme near the edges of the bilayers was inhomogeneously
distributed, with higher enzyme concentrations observed near
defect sites in the membrane. Finally, an experiment was performed
in which both the bilayer and the enzyme were labeled. As such, the
diﬀusion of three enzyme variants could be tracked in relation to
the substrate bilayer. These experiments showed how TTL, interacting weakly with the bilayer, diﬀuses rapidly on the POPC multilayers with no specific localization of the enzyme. On the other
hand, aPLA1 and iPLA1 both showed marked periods of immobility
near the bilayer edges with the inactive iPLA1 featuring the longest
residence times. These findings clearly demonstrate how catalytic
activity is not required for strong enzyme intercalation. However,
hydrolysis products facilitate enzyme desorption through reorganization and solubilization of the phospholipid bilayer.
3.4

Applying single molecule enzymatics: DNA sequencing

DNA replication is a very complex process that relies on the concerted action of multiple proteins, collectively called a replisome,
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the dynamics of which have been studied in great detail. An
excellent overview of these eﬀorts and related single molecule
research is provided elsewhere.33 DNA polymerase is central to the
function of every replisome. In general, DNA polymerases are a
class of highly eﬃcient catalysts. Nonetheless, their activity is
marked by a high degree of temporal variation eﬀected by the
actual sequence context. Therefore, single molecule detection of
polymerase activity with single base resolution opens up many
opportunities for genomic sequencing applications and the ability
to perform genomic sequencing at the single molecule level would
eliminate some of the most glaring shortcomings of more traditional Sanger sequencing. By using the high processivity of polymerase, longer read lengths are possible and by not requiring prior
amplification of the template material, the likelihood of inducing
bias in the template material can be significantly reduced.
However, to truly enable single molecule sequencing, a few
restrictions need to be taken into account. By far the most
straightforward method for the observation of single base
inclusions is the use of distinctly labeled nucleobases. Unfortunately, the use of such fluorescent substrates is challenging when
traditional SMFS approaches are considered. Indeed, most polymerases feature equilibrium dissociation constants for nucleotides well above 1 mM. These concentration levels, although
necessary for eﬃcient DNA synthesis, are inherently incompatible with traditional SMFS approaches.34 Furthermore, since the
activity of polymerase can display significant dispersity over a
population of enzymes, preferably, larger numbers of individual
reactions are monitored simultaneously. Whereas TIRF illumination might help to solve the first problem by reducing the
observed volume, it still does not oﬀer suﬃcient throughput.
These problems were addressed through the use of ZMWs
(vide supra) for the first time enabling single molecule real time
(SMRT) sequencing (Fig. 3A).34 Very recently, it was further
demonstrated how kinetic variation (KV) of polymerase activity
in response to the local sequence environment could be used for
the direct detection of modified nucleotides in the DNA template.
Indeed, regulatory mechanisms such as DNA methylation are
quite prevalent and their influence on the activity rates of
polymerase might help to reveal additional genomic information
besides the sequence itself. By simultaneously monitoring the
type of nucleotide being incorporated as well as the time required
for incorporation, it was possible to accurately identify modified
nucleotides in both synthetic templates and plasmids (Fig. 3B).35

4 Heterogeneous catalysis
Single enzyme activity studies almost naturally imply the observation of turnover events at the single molecule level. Indeed, individual enzymes or subunits of multimeric enzymes usually feature
only a single active site. This situation is drastically diﬀerent for
inorganic heterogeneous catalysts, where large numbers of individual catalytic centers are located on the exterior or interior surfaces
of a solid particle which can feature a wide variety of physicohemical properties in addition to large variations in accessibility.
Indeed, molecular sieves such as zeolites and MOFs are
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Fig. 3 (A) Principle of single-molecule, real-time DNA sequencing. A single f29 DNA polymerase enzyme is immobilized in a ZMW pore, allowing the
observed volume to be confined to the zeptoliter range. (1) A fluorescently labeled nucleotide associates with the template in the polymerase active site,
(2) causing a fluorescence readout on the corresponding color channel. (3) Following phosphodiester bond formation, the dye label is released and
diﬀuses out of the observed volume. (4) The polymerase proceeds to the next position, and (5) further nucleotides can be incorporated, resulting in
subsequent fluorescence bursts. (B) DNA methylation detection. The presence of methylated nucleotides in the template sequence causes the duration
between successive detection events to be increased. Panel A adapted with permission.34 Panel B adapted with permission.35

highly crystalline, featuring intricate systems of micro- and mesoporous channels and cages. Alternatively, silica materials can be
prepared to feature highly ordered mesopores (up to 20 nm), like
in the well-known M41S and SBA classes of materials. To complicate matters further, a great number of these materials are
de facto polycrystalline, consisting of structural domains with
various shapes and sizes, often featuring intergrowths. During
catalytic activity, temporal variations will also arise when these
materials age as a result of prolonged use under reaction conditions. These phenomena, along with the added eﬀects of e.g.
support materials, will greatly influence the accessibility of individual active sites just as much as their intrinsic properties. As such,
the contributions of many individual catalytic sites in the conversion of fluorogenic substrates can already yield a great deal of
insight at the single particle level, even in the absence of true
single molecule, single turnover, resolution. As such, single particle analyses are a fundamental aspect of heterogeneous catalysis
research. Nonetheless, in some cases single molecule analyses are
absolutely necessary, for instance when individual catalyst particles are too small to be observed directly under diﬀraction limited
conditions, a problem, inherent to e.g. the study of structural and
temporal variations of nanoparticle catalysts.
In the following paragraphs, it will be demonstrated how single
particle- and ultimately single molecule fluorescence spectroscopy
can be applied to reveal the static and dynamic eﬀects which are so
critical in determining catalytic performance.
4.1

Probing catalyst structure

Elucidating pore structure through dye inclusion. The first
experimental evidence that showed how porous host materials,
such as the zeolites and mesoporous silica, had the ability to greatly
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influence the photophysical behavior of organic (fluorescent) dyes
was gathered almost two decades ago. This work focused on the
ability of these materials to act as a host for supramolecular dye
organisation, with the aim of developing novel optically active
materials. Summarizing all of this work here would be well beyond
the scope of this tutorial and excellent reviews exist elsewhere.36
These studies for the first time demonstrated how, despite the very
low spatial resolutions of the spectroscopic equipment used – often
limited to the level of whole powder samples – detailed information
about the structure of these materials could still be obtained.
Calzaferri and co-workers were among the first to use
diﬀraction limited fluorescence microscopy for the visualisation of individual zeolite particles loaded with distinct dyes.
They could thus show how elongated dye molecules are forced
to align with the narrow channels of zeolite L whereas shorter
molecules have the ability to assume a wider range of positions.
Since the alignment of the transition dipole moment of the dye
determines the polarization of fluorescence, information can
be obtained on pore orientation relative to the principal axes of
a single crystal through polarization filtering of the emitted
light.37
Molecular dynamics in porous materials. Confocal fluorescence microscopy, in combination with fast laser scanning of
samples allows selected volumes of a catalyst particle to be
imaged at relatively short intervals. This allows for diﬀraction
limited visualization of dye distributions on e.g. catalyst crystal
faces over time, allowing molecular diﬀusion to be linked to
particle morphology. As an example, CFM analysis of large,
micrometer sized layered double hydroxide (LDH) crystals, a
well known anion exchange material with catalytic properties,
revealed the sorption mechanisms and kinetics for a carboxylated
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perylene imide (PMI-COO) anionic dye. Here, initial fast
sorption at the crystal edges is followed by a phase of much
slower surface diﬀusion.38
The group of Bräuchle used a wide-field microscopy setup
for single molecule tracking (SMT) of a terrylenediimide (TDI)
dye, incorporated during the synthesis of hexagonal mesoporous silica films. By 2D Gaussian fitting of intensity profiles
for single dye molecules across frames, these molecules could
be accurately tracked with high spatial resolution. This way, the
1-dimensional diﬀusion of molecules within the long range
mesopore system of the material could be visualized.39 In
another study, the same group further proceeded to correlate
the diﬀusional trajectories of single chromophores inside a
mesoporous silica with high resolution structural information
obtained from transmission electron microscopy of the same
sample, enabling them to visualize the influence of structural
features on the molecular migration.40
4.2

Linking structure to catalytic activity

Reactive sites on the surface of single particles. One of the
first studies in which the location of catalytic sites on heterogeneous catalyst particles was directly visualized was performed
by Roeﬀaers et al.14 Here, the conversion of fluorescein esters to
fluorescein at basic sites of large LDH crystals was monitored
using diﬀraction limited WF microscopy.
LDHs feature two distinct base sites, i.e. structural hydroxide
groups at the basal planes, and sites at the crystal edges due to
the presence of exchanged hydroxyl anions. Using WF microscopy, the activity of both sites for the catalysis of diﬀerent
reactions can be visualized. When 1-butanol is used as a solvent,
the LDH crystals catalyze the transesterification of FDA and this
reaction has a strong preference for the crystal facets, whereas in
water, FDA hydrolysis almost exclusively seems to occur at the
edges of the crystal.
Crystal face dependent behavior could also be observed
for the photocatalytic reduction of 3,4-dinitrophenyl-BODIPY
(DN-BODIPY) to the highly fluorescent 4-hydroxyamino-3nitrophenyl-BODIPY (HN-BODIPY) on single TiO2 crystals.41
Turnover monitoring on microsized anatase crystals with dominant {001} as well as {101} facets revealed catalytic activity to
reside mainly at the {101} facets (Fig. 4A).
Since both facets displayed Langmuir–Hinshelwood (LH) type
reaction kinetics, substrate adsorption equilibrium constants as
well as effective (keff) catalytic rate constants could be determined
for many particles according to15
ktotal ¼

keff K1 ½S
1 þ K1 ½S

(2)

Here, ktotal is the total reaction rate for the whole facet, keﬀ =
ns  kint with ns being the number of catalytic sites and kint the
intrinsic activity rate of each individual site. K1 represents the
equilibrium constant for substrate adsorption. Analysis
revealed that the observed diﬀerences in ktotal can be ascribed
to variations of keﬀ for the individual faces rather than preferential substrate adsorption at either site, with virtually identical
K1 values for both {101} and {001} facets. Further analysis of the
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Fig. 4 (A) Photocatalytic generation of fluorescent HN-BODIPY from
nonfluorescent DN-BODIPY over a TiO2 crystal. A transmission image is
overlaid with the localization information of individual turnover events,
obtained through WF microscopy with TIRF illumination. Colors correspond to the crystal facets on which the turnover events occurred ({001}
blue and {101} red). (B) Localized photoirradiation onto the {001} facets
induces photocatalytic conversion of DN-BODIPY on the 101 facets.
Locations of activity on the diﬀerent facets in relation to UV irradiation at
specific areas (circles) are shown. Adapted with permission.41

average on-time htoni and the substrate dependence of its
inverse htoni1 allowed an additional substrate assisted product
desorption pathway to be inferred next to direct desorption.
Substrate assisted product desorption was much slower on
lateral {101} as opposed to {001} faces, which is in line with
earlier results showing a strong tendency of the methanol
solvent to adsorb on the {001} facets, thus inhibiting readsorption of the HN-BODIPY product. In contrast, no diﬀerence
in the rates of the direct desorption pathway was observed, an
observation which is somewhat counter-intuitive since {101}
and {001} faces have been shown to feature very diﬀerent
surface energies. This has led the authors to conclude that
catalysis likely occurs at defect sites which are identical for both
facets. By extension, diﬀerences in keﬀ should therefore result
from diﬀerences in the number of such defect sites nS on each
face rather than from diﬀerences in kint.
Finally, selective UV illumination of specific crystal faces on
individual catalyst particles revealed marked diﬀerences in the
behavior of photogenerated electrons (Fig. 4B). Indeed, whereas
{001} irradiation resulted in catalytic activity on both the {001}
and {101} sites, electrons generated during selective irradiation
of {101} faces remained much more localized, with product
formation almost exclusively occurring at the irradiated site
(Fig. 4B).
Reactive sites inside single particles. Whereas the previous
studies use fluorogenic reactions to monitor the nature and
distribution of active sites on the outer surface of individual
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catalyst particles, probe reactions can also be used to reveal
information on the interior of a catalyst. Here, reporter molecules, small enough to penetrate the meso- and micropores of
catalysts, are used instead of more bulky fluorophores. Fluorescence is generated at reactive sites through the catalyzed
formation of conjugated oligomers.42 An overview of these
methods and diﬀerent available probe reactions is provided
elsewhere.43
Very recently, CFM was applied to investigate the Brønsted
acidic properties of single fluid-catalytic-cracking (FCC) catalyst
particles through the acid-catalysed styrene oligomerisation
reaction.44 Whereas previous studies of this kind focused on
e.g. single zeolite crystals, here the reactivity of a complete
FCC catalyst, consisting of zeolite as well as supporting clay,
alumina and silica phases, was monitored. The authors first
demonstrated how pure H-ZSM-5 and H-Y zeolite catalysts as
well as the clay support material were capable of substrate
polymerisation. Virtually no reactivity was observed in the
absence of zeolite in the catalyst particles. Ultimately, CFM
analysis revealed micron-sized domains with highly fluorescent
signals to be inhomogeneously distributed within catalyst
particles containing either ZSM-5 or zeolite Y (Fig. 5A). Again,
when no zeolite is present in the FCC catalyst, hardly any
fluorescence is observed.
Moreover, the eﬀects of steaming, metal deposition or coke
formation, all of which can result in deactivation or even loss of
acid sites within the zeolite domains, were visualized using
confocal fluorescence microscopy (Fig. 5B–D). Fluorescence
imaging of laboratory deactivated FCC catalysts thus revealed
how activity decreases with increasing severity of the deactivation process.
Visualization of defects. Bulky, non-reactive dyes as well as
fluorogenic probe reactions have been used for the elucidation
of zeolite pore structure36 and the distribution of Brønsted
acidity42 in defect free crystals. These studies have provided
insight into the distribution of microporosity in these materials.
When used as catalysts however, zeolites can be expected to
undergo significant mechanical and thermal stress. Moreover,
as-synthesized zeolites are often subjected to a wide variety of
(hydrothermal) pretreatments, e.g. steaming or acid leaching,
in an attempt to improve their catalytic properties. These
treatments will introduce defects and cracks in the crystals,
giving rise to the formation of mesoporosity, as was already
demonstrated by our group with the observation that the bulky
dyes are able reach the interior of otherwise inaccessible ZSM-5
crystals after severe hydrothermal treatment.45 Aramburo et al.
have recently studied these eﬀects in more detail by using a
combination of increasingly large, non-reactive dyes (i.e. proflavine, a stilbene derivative and nile blue A) and two staining
reactions (i.e. Lewis and Brønsted acid catalyzed fluorescein
synthesis, and Brønsted acid catalyzed 4-fluorostyrene oligomerisation) to specifically study the eﬀect of steaming on pore
accessibility and acidity of large ZSM-5 zeolite crystals.46 This
way, it was possible to visualize cracks and mesopores in three
dimensions throughout steamed ZSM-5 zeolite crystals. It was
demonstrated that besides the generation of mesoporosity,
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Fig. 5 Confocal fluorescence microscopy images and corresponding
detailed images for FCC catalyst particles containing ZSM-5. Individual
images show (A) fresh, (B) steamed, (C) cyclic-deactivated and (D) Mitchell
impregnated/steam-deactivated catalyst following reaction with 4-fluorostyrene. The images clearly show how aging influences catalytic activity.
Scale bars are all 10 mM. Adapted with permission.44

steaming makes the boundaries between the diﬀerent crystal
sub-units accessible for bulky molecules. Additionally, the
fluorescein staining reaction reveals prominent formation of
structural defects that are connected to the surface of the
crystal via the microporous ZSM-5 system and which contain
either Brønsted or Lewis acid sites. On the other hand, the
4-fluorostyrene staining reaction shows how mild steaming
conditions increase the accessibility of the Brønsted acid sites,
while under severe steaming conditions the Brønsted acidity
contained in the internal crystal sub-units is more accessible.
Very recently, Ameloot et al. applied CFM to study defect
formation in metal organic frameworks (MOFs).47 Defects in
polycarboxylate MOF materials such as the Cu-benzene-1,3,5tricarboxylate HKUST-1, the zinc terephthalate MOF-5 and
the Ga(OH) terephthalate MIL-53(Ga) will result in a loss of
coordination between the cations and linker carboxylate
groups, resulting in free carboxylic acid moieties within the
pores and near defect sites. These free Brønsted acid sites can
catalyze the polymerization of furfuryl alcohol (FFA) to form
fluorescent oligomeric products, making this reaction ideally
suited as a direct probe of defects sites within the MOF.
Initially, two HKUST-1 samples were prepared, both of which
displayed identical crystallinity and porosity based on bulk
analysis of the powdered samples. Both materials were obtained
using either a short (15 h) or a much longer (63 h) crystallization time. Confocal analysis revealed that the prolonged
synthesis duration resulted in a significantly larger number of
defects, as evidenced by increased formation of fluorescent
products. Moreover, the three-dimensional imaging capabilities of CFM allowed us to establish that defects preferentially
formed along specific crystallographic planes (Fig. 6). The
results of CFM analysis were further validated by using both
MOF samples as catalysts in two bulk reactions sensitive to the
amount of Brønsted acidity: FFA polymerization and the isomerization of a-pinene oxide to campholenic aldehyde (CA), an
intermediate in the fragrance industry. These experiments
confirmed the increased Brønsted acidity present in defectrich MOF materials by showing how the yield of fluorescent FFA
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Fig. 6 Confocal fluorescence images of HKUST-1 single crystals. Extended
crystallization time results in the formation of defects. Diﬀerent sections
clearly show how these defects in the crystal structure are preferentially
oriented in relation to the diﬀerent structural planes. Adapted with
permission.47

polymerization products increases with the increasing synthesis
time of HKUST-1 whereas the selectivity of the isomerization
reaction towards CA decreases.
Observing catalytic activity beyond the diﬀraction limit. As
demonstrated, diﬀraction limited fluorescence microscopy can
reveal a great deal of information on the structure of a catalyst
and the distribution of active sites within. However, these
studies have usually been limited to relatively large particles.
Nonetheless, many materials might feature crystal sizes well
below the diﬀraction limit. Moreover, during crystallization,
small nanoscale defects can form, e.g. resulting from the intergrowth of diﬀerent phases. The resulting formation of kinks,
ledges or steps might thus give rise to additional active sites.
Fortunately, mathematical fitting of the point spread function enables nanometer scale localization of single emitters in
fluorescence images, yielding super-resolution fluorescence
images, successfully avoiding the diﬀraction limit. This was
demonstrated by Roeﬀaers et al.,48 who observed single catalytic turnovers over prolonged timescales inside individual
ZSM-22 crystals. The approach, called Nanometer Accuracy
by Stochastic Chemical reActions (NASCA), allowed them to
accurately visualize individual ZSM-22 particles, which is
remarkable given the fact that this material features needle
like crystals of only 100 nm width (Fig. 7A). The same approach
was also applied to elucidate the influence of nanoscale
features in large ZSM-5 crystals. Here, sub-diﬀraction limited
mapping of single turnovers showed a marked localization of
catalytic activity near the border between two intergrown crystal
components with diﬀerent orientations of the ten-membered
rings, resulting in diﬀerences in accessibility (Fig. 7B).
Intraparticle mass transfer phenomena can severely impact the
overall catalytic eﬃciency of a porous catalyst. Diﬀusion limitations
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Fig. 7 (A) Super-resolution reaction map calculated with a 20  20 nm2
pixel resolution, clearly showing a single needle like ZSM-22 particle.
(B) With the same resolution, individual fluorescent product molecules were
mapped on a ZSM-5 crystal. The reconstructed fluorescence maps clearly
show the location of the active intergrowth region. (C) Turnover mapping
on Ti-MCM-41 particles. Catalytic conversion of a single substrate molecule
will yield a fluorescent spot. Fitting of the intensity distribution with a two
dimensional Gaussian function allows the location of product formation to
be accurately determined. Analysis over an extended timeframe demonstrates how product formation is limited to the outer regions (200–300 nm)
of the individual Ti-MCM-41 crystals. Panels A and B adapted with permission.48 Panel C adapted with permission.49

for reactants will ultimately reduce overall catalyst performance
by lowering the apparent reaction rate. Moreover, the inner
regions of catalyst particles can eﬀectively become inaccessible
to the reactants if they are rapidly converted by reactive sites in
the outer particle regions. Likewise, slow diﬀusion of reaction
products will increase the likelihood of unwanted side reactions, thus also lowering selectivity. To obtain an eﬃcient
catalyst, particle size, the intraparticle diﬀusion rate and the
intrinsic reaction rate therefore need to be carefully balanced.
The intricate interplay between these diﬀerent parameters is
eﬀectively captured by two dimensionless numbers. The Thiele
modulus (f) relates particle dimensions to the existence of
intraparticle reactant concentration gradients, whereas the
eﬀectiveness factor (Z) compares the actual reaction rate to
the theoretical rate of reaction in the absence of a reactant
concentration gradient. When no diﬀusion limitations exist,
the Thiele modulus will be low and Z will approach unity.
However, a high Thiele modulus is indicative of an ineﬃcient
use of the catalyst material, expressed as a lowering of the
eﬀectiveness value.4 Although these indicators of catalyst eﬃciency cannot be overstated for the development of eﬃcient and
economically feasible processes, it remains highly challenging
to access them directly using bulk experiments. Fortunately,
nanoscale localization of single turnover events enables
systematic assessment of these phenomena at a level of detail
which is unattainable through conventional ensemble methods.
This was demonstrated by De Cremer et al. for the Ti-MCM-41
catalyzed epoxidation of a fluorogenic BODIPY derivative.49
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For this system, diﬀraction unlimited WF microscopy revealed
that catalytic activity was confined to the outer regions of
individual catalyst particles (Fig. 7C). Since reactive Ti sites
were homogeneously distributed throughout the catalyst particles and sorption experiments indicated that the pore volume
was fully accessible, the observations can only be attributed to
the existence of diﬀusion limitations.
4.3 Metal nanoparticle catalysis: capturing structural
dynamics
Although chemically and structurally diverse, metal nanoparticles
commonly feature high surface energies due to the fractionally
high amount of undercoordinated surface atoms, aﬀording a
wide variety of geometrical arrangements such as atomic steps,
kinks and ledges which can contribute significantly to catalytic
bond breaking and formation. Moreover, there have been substantial advancements in the ability to control shape and composition during nanoparticle synthesis, opening the door for
tailor made catalysts, highly tuned to their specific applications.
Nonetheless, even the most advanced synthesis methods might
still produce nanoparticles with significant dispersity and
although high energy surface structures might be beneficial for
nanocatalyst performance, there is also proof of the fact that high
surface energies can result in dynamic restructuring under reaction conditions.50 Both these static and dynamic variations in the
nanoparticle structure will impact performance, necessitating
further insights into the intricate interplay between structure
and catalytic properties in situ.
Reactivity mapping on single nanoparticles. Super-resolution
SMFS also allows the location of individual turnover events to
be localized on the surface of nanoparticle catalysts. This was
recently demonstrated by the Chen group for gold nanorods of
diﬀerent aspect ratios51 as well as triangular and hexagonal
plate52 catalysts. In both studies the catalyzed formation of
resorufin was used in conjunction with Gaussian fitting of the
point spread function to achieve sub-particle mapping of the
reactive centers with a resolution of ca. 40 nm (Fig. 8A). By
systematically ‘dissecting’ nanoparticles into diﬀerent regions
such as the end and middle sections of nanorods or corner,
edge and face sites on plate particles, the specific contribution
of diﬀerently coordinated surface sites to the overall reactivity
could be quantified (Fig. 8B).
For nanorods, which can roughly be treated as 1D entities,
this resulted in the observation that end sites, which can be
expected to feature the highest fraction of undercoordinated
sites, are much more reactive than center sites. Substrate
dependence of the probe reaction adhered to the LH regime
for diﬀerent particle regions. Reactivity diﬀerences could therefore be attributed more specifically to diﬀerences in the specific
catalytic rate constant (k) whereas diﬀerences in the adsorption
equilibrium constant (K) were only minor. In general, the
kend
observation that
4 1 was valid for a large population of
kcenter
individual nanorods; interestingly this ratio was not constant
when considering subpopulations of similarly sized rods.
Indeed, with increasing length kend decreases whereas kcenter
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Fig. 8 (A) Monitoring individual reaction events on isolated gold clusters
using TIRF microscopy. Upon reaction resazurin is converted into the
strongly fluorescent resorufin. Fluorescence intensity-time traces can be
employed for detailed kinetic analysis and 2D Gaussian fitting allows
diﬀraction unlimited localization of reactive sites. (B) Example reactivity
map obtained for a gold nanorod. Segmentation of the nanorods clearly
shows distinct [S] dependence for diﬀerent AuNP regions. Panel A adapted
with permission.52 Panel B adapted with permission.51

increases slightly. Moreover, when excluding kend, which is
dominant in the majority of particles, kL, the turnover rate at
a specific location along the principal dimension of the particles, decreases linearly with increasing distance from the
center. The observed variations could be rationalized when
considering that the number of defect sites increases in line
with the growth rate of individual particles and taking into
account that for individual particles, the growth rate is not
constant. The inhomogeneous distribution of defect sites on
nanorods is reflected in the reactivity patterns.
For gold nanoplates of diﬀerent shapes, similar trends in
regional reactivity exist with specific activities increasing from
the flat facet {111} regions towards edges and corners, with the
latter displaying the highest rates. In analogy with the results
obtained for nanorods, similar activity gradients along the
{111} faces were found.52
Recently, the Majima group developed novel, fluorogenic
probe molecules to visualize photoinduced redox reactions
on single TiO2 and Au–TiO2 nanoparticles.53 By preparing
sulphonated versions (DS-DN-BODIPY) of the well known
redox probe DN-BODIPY, electron transfer phenomena on the
surface of the nanoparticle photocatalysts can be visualized in
aqueous environments, significantly increasing the general
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applicability of this reporter system. The new reporter system was
used for turnover mapping with an accuracy of approximately 8 nm
on Au–TiO2 nanoparticles. Au–TiO2 nanoparticles were found to be
more active than pure TiO2 for catalytic reduction of the reporter.
Additionally, predominant product formation in close vicinity to
14 nm Au nanoparticles, immobilized on the TiO2 phase, was
observed. This observation, when combined with spectral analysis
of defect mediated TiO2 photoluminescence, helped to reveal that
defect mediated intraband transitions, enhanced by the local
electromagnetic field originating from the Au nanoparticles, are
most likely responsible for the activity increase.53
Nanoparticle restructuring. Gaining experimental access to
the dynamics of surface restructuring in these materials is not
straightforward, as most technologies that allow for detailed
observation of nanostructures do not oﬀer suﬃciently high time
resolution. Fortunately, single molecule fluorescence microscopy
can be readily used to directly probe this dynamic restructuring of
nanoparticle catalysts. Chen and co-workers have demonstrated
this in their landmark studies of surface immobilized gold nanoparticles (AuNPs).15 Studies on the stochastic distribution of both
time between bursts (toﬀ) and their duration (ton) allowed elucidation of the kinetics of the reaction itself and also the diﬀusion of
substrate and product molecules to and from the catalyst particle.
The LH formalism describes these phenomena for heterogeneous
catalyst materials featuring multiple active sites, but only at the
ensemble level. However, the authors have shown how this model
could be extended, taking into account the stochastic nature of
events at the single molecule level. The resulting probability
density functions for both ton and toﬀ allow direct access to the
various rate constants from single turnover data.
Analysis over a population of AuNPs revealed that, on
average, htoﬀi1, a measure of product formation rate, displays
LH behavior as could be expected, with reaction rates scaling
with increasing substrate concentration [S], until all reactive
sites on the particle surface are saturated with the substrate,
resulting in rate saturation.
In contrast, the same population of AuNPs displayed significant variation in the behavior of htoni1, which is proportional
to the product dissociation rate. The diﬀerence in the behavior
of htoni1 in relation to [S] could be rationalized on the basis of
two distinct product dissociation pathways, one in which the
product dissociates spontaneously from the catalyst particle or,
alternatively, one in which the product is desorbed through
displacement of freshly formed product by the substrate. The
authors could show how the preference for either of the two
behaviors was largely dependent on AuNP size.54
In a more recent study, single turnover analysis was applied
to elucidate the microkinetics of platinum based nanoparticles
in two distinct reactions, the reductive deoxygenation of resazurin and the oxidative deacetylation of amplex red, both of
which again yield fluorescent resorufin.55 Direct comparison of
these systems showed how both reactions, although catalyzed
by the same nanoparticles, displayed very distinct mechanistic
properties. Averaged analysis over a population of particles
revealed the oxidative reaction to behave according to LH
kinetics whereas the reductive deoxygenation on Pt displayed
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markedly diﬀerent behavior, indicating that here both the
fluorogenic substrate and the reductant compete for the same
surface sites. Furthermore, autocorrelation analysis of the PtNPs
displayed dynamic surface restructuring. However, in stark contrast with the previously studied AuNPs this restructuring was
independent of the turnover rate, indicating that for PtNPs, surface
restructuring is a thermally driven process. Moreover, by varying
the order in which both reactions were performed on identical
populations of nanoparticles, important insights could be gained
into the structure sensitivity of both reactions. Indeed, when
dynamic restructuring occurs, reactions that can be expected to
be structure insensitive will show high correlations in their activity
in sequential reactions since highly active catalyst particles can be
expected not to be influenced by restructuring. Contrarily, structure sensitive systems will show only limited correlations in activity
between reactions as restructuring might cause highly active
particles to become less active and vice versa. This way, Han
et al. could show how the oxidative reaction was relatively structure
insensitive whereas reductive deoxygenation was indeed significantly influenced by dynamic restructuring phenomena. In this
sense, both the Pt and Au catalyzed reductive deoxygenation
reactions showed very similar size dependent behavior.55

5 Outlook and summary
The observation of distinct activity states in enzymes or the
identification of activity hotspots within heterogeneous catalysts
was a major breakthrough established by single molecule fluorescence microscopy. However, new findings always raise more
questions, and in this case the question is: which structural
diﬀerences within the catalysts are responsible for the variation
in activity? To address this question, one needs to be able to map
the catalyst structure during turnover conditions and overlay this
structural map with the activity map that is simultaneously
obtained. Single molecule fluorescence spectroscopy in combination with structure elucidation techniques such as electron or
X-ray microscopy on the same catalyst particle and in situ will play
a crucial role here.3 In enzymatic systems, structural dynamics on
the Ångström to nanometer scale within proteins can be mapped
by exploiting electron or energy transfer by attaching a suitable
dye pair on the protein backbone. Depending on the exact
distance between the two dyes, excited state energy or electron
transfer will occur. Fluctuations in energy or electron transfer
eﬃciencies thus directly report on the intermolecular distance
between the two dyes. In combination with single turnover
counting, one can directly link certain activity states to specific
conformational states. However, from a practical point of view
this idea is extremely challenging since one needs to spectrally
resolve three diﬀerent dyes with a good signal-to-noise ratio.
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I. Frank, K. Müllen, J. Michaelis and C. Bräuchle, J. Am.
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