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S U M M A RY

A plasmonic nanotorch: pushing plasmon-enhanced fluores-
cence for applications in single-molecule enzymology

Single-molecule fluorescence microscopy (SMFM) is an essen-
tial tool in gaining biological insight into complex molecular
systems where high temporal and spatial resolutions are re-
quired. Using SMFM, one can tackle the biological puzzles that
are traditionally impossible to solve because single-molecule sen-
sitivity gives access to unsynchronized processes and molecule-
to-molecule differences associated with complicated biological
processes that are hidden in ensemble-averaged observations.

However, the temporal resolution is limited by the brightness of
single molecules, and new approaches to enhance the brightness
are urgently needed to expand the applications of SMFM to faster
regimes. The plasmon resonance of noble metal nanoparticles
has emerged to provide an important approach to boost the
brightness of single molecules due to its ability to manipulate
light at the nanoscale.

This thesis presents theoretical and experimental explorations
of using single gold nanoparticles to maximize the photon emis-
sion of single fluorescent molecules, and special attention is paid
to the saturation behavior of single molecules near plasmonic
particles. The concepts are applied to the detection of fluorogenic
enzyme reactions. This thesis advances the understanding of
plasmon-enhanced fluorescence using nanoparticles and paves
the way for studying fast biomolecular processes in complex en-
vironments with high signal-to-noise ratio (SNR). The methods
used and the relevant results are as follows:

1. In the first part of the thesis, we study plasmon-enhanced
single-molecule fluorescence close to saturation. In this
study, we quantify the number of emitted photons and the
saturation intensity of single molecules near single gold
nanorods (AuNRs) and study its dependence on the spec-
tral overlap of plasmon resonance and fluorophore. Tran-

vii



sient DNA hybridization is used to properly control the
encounters of thousands of single molecules with hundreds
of immobilized single AuNRs simultaneously. We find that
under saturated excitation, the AuNR-enhanced fluores-
cence for an intrinsically efficient fluorophore (ATTO 647N)
is dominated by modification of the decay rates, and up
to 300 times enhancement in maximal brightness is found.
This research presents the approach to further enhance
single-molecule brightness under saturation and provides
new guidelines for maximizing photon emission with the
help of gold nanoparticles.

2. In the second part of the thesis, we theoretically evaluate
plasmon-enhanced single-molecule enzymology. We com-
bine Brownian dynamics and electromagnetic simulations
to calculate the enhancement of fluorescence signals of flu-
orogenic substrate converted by an enzyme conjugated to
a plasmonic particle. We simulate the Brownian motion
of a fluorescent product away from the active site of the
enzyme and calculate the photon detection rate consider-
ing modifications of the excitation and emission processes
by coupling to the plasmon. We show that plasmon en-
hancement can boost the SNR of single turnovers by up to
100-fold compared to confocal microscopy. This enhance-
ment is a trade-off between the reduced residence time in
the near-field of the particle, and the enhanced emission in-
tensity due to coupling to the plasmon. This study provides
guidelines on how to enhance the SNR of single-molecule
enzyme studies and may aid in further understanding and
quantifying static and dynamic heterogeneity.

3. In the third part of the thesis, we present a robust and
general approach to quantitatively conjugate enzymes to
plasmonic nanoparticles. We report a robust and general
protocol that allows for the conjugation of a range of
proteins to different types of nanoparticles using very
short polyethylene-glycol (PEG) linkers, while simultane-
ously preserving protein activity and colloidal stability.
We demonstrate that the use a Tween20 containing stabi-
lizing buffer is critical in maintaining colloidal stability



and protein function throughout the protocol. We obtain
quantitative control over the average number of enzymes
per particle by either varying the number of functional
groups on the particle, or the enzyme concentration dur-
ing incubation. This new route of preparing quantitative
protein-nanoparticle bioconjugates facilitates the develop-
ment of rational and quantitative strategies to functionalize
nanoparticles for applications in sensing, medical diagnos-
tics and drug delivery.

4. In the last part of the thesis, we present an experimental
study of SNR enhancement in single-molecule enzymology
by single metal particles. We show that we can enhance the
single-molecule fluorescence of the fluorogenic turnovers of
alkaline phosphatase (ALP) molecules via bioconjugation
to single AuNRs. We find that the intensity enhancement
strongly correlate with the plasmon-resonance of each in-
dividual AuNRs. The plasmon-enhancement results in a
brightness enhancement of up to 150, which matches the
numerical electromagnetic calculations. We find that the
signals are caused by fluorescent product that is formed by
enzymes in the flow cell and subsequently diffuses toward
the nanoparticle. This research explores experimentally the
employment of AuNRs to enhance the detection of enzyme
reactions and paves the way for single-molecule enzymol-
ogy in which single enzymatic turnovers are resolved with
high SNR.
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1
I N T R O D U C T I O N

Life depends on remarkable arrays of biochemical reactions.
These reactions happen in an organized fashion and take care
of biochemical processes such as DNA translation, protein syn-
thesis, protein folding, and metabolism. At the core of modern
biophysics are the studies of such biochemical reactions, and
a wealth of information has been revealed on the lengthscales,
timescales, and forces involved. Until recently biomolecules and
their interactions were studied at the ensemble-level using e.g.
planar plasmon and fluorescence biosensors, and stopped flow
experiments. Single-molecule microscopy has revolutionized our
understanding of molecular biochemistry because it revealed
processes that were hidden in earlier ensemble-averaged studies.
State-of-the-art techniques like atomic force microscopy, opti-
cal tweezers, single-molecule fluorescence, and nanopores have
emerged in recent decades. These tools have opened the window
to studying protein-protein interactions, protein folding, enzy-
matic conversion, and active and passive transport processes, all
at the level of single molecules.

Particularly single-molecule fluorescence is widely employed
because it allows for near background-free investigations of sin-
gle (fluorescently labelled) biomolecules, and provides excellent
chemical specificity by selective labelling protocols. In this the-
sis we particularly aim at pushing the performance of single-
molecule fluorescence in the detection of single molecules and
their interactions toward shorter timescales. This is achieved
by enhancing the single-molecule brightness with the help of
nanoplasmonic structures. In this introductory chapter we present
the motivation of our research, and conclude with an outline of
this thesis.

1



2 introduction

1.1 single-molecule fluorescence

Traditionally biophysical research of biomolecular interactions
has relied on the quantitative analysis of ensembles of molecules
e.g. in a solution. Despite their importance in elucidating bio-
chemical reactions, ensemble biophysical methods only yield
average parameters for a large number of presumably identical
copies of molecules, which leads inevitably to ensemble averaging.
In contrast, single-molecule techniques (SMTs) have shown great
potential to overcome several limitations of ensemble studies:

• SMTs remove the need of ensemble averaging. Instead of
yielding singular experimental parameters from averaging,
SMTs allow the construction of a histogram of particular
molecular observables in a single measurement. Clearly a
distribution of properties reveals more information than
only the average, e.g. the presence of multiple populations
or skewed distributions is directly revealed. This is crucial
to examine whether differences between molecules, or static
heterogeneity, exist in the system of interest.

• SMTs allow the study of parallel but unsynchronized pro-
cesses as a function of time. For example, in an single-
molecule experiment it is possible to observe sequential
turnovers by a single enzyme molecule, information that
is lost in an ensemble measurement because the turnovers
of different enzymes are not synchronized in time. This
allows for the investigation of stochastic and often uncorre-
lated catalytic processes, and gives direct access to temporal
fluctuations of activity, or dynamic heterogeneity.

Single-molecule fluorescence has emerged as one of the most
used approaches due to its high signal-to-background ratio and
specificity in chemical labelling. To achieve the detection of single
molecules, a light beam is used to pump the electronic transition
of a single molecule that is resonant with the excitation wave-
length, and it is the subsequent (Stokes shifted) spontaneous
emission that allows it to be observed on e.g. a camera. Two re-
quirements need to be fulfilled to study single molecules: (a) only
one molecule is in resonance with the exciting light beam in the
detection volume, and (b) the signal-to-noise ratio (SNR) of the
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subsequent light emission is greater than unity for a reasonable
averaging time (1).

Single molecule fluorescence has been used to answer a wide
range of biophysical questions. Binding kinetics, for example, can
be visualized using fluorescently labeled ligands such DNA or
proteins that dynamically bind and unbind to target molecules
that are immobilized on a glass substrate (2, 3). Single-enzyme
kinetics has also been studied, in which single catalytic turnover
events can be recorded by using a substrate that becomes flu-
orescent once converted by the enzyme (4, 5). Conformational
dynamics have been probed based on fluorescence quenching,
fluorescence anisotropy and lifetime (6). Föster resonance en-
ergy transfer (FRET) in addition has allowed for fundamental
investigations of structure-function relationships (7–9). Indeed,
single-molecule sensitivity impacts applications and has enabled
crucial advances in medical diagnostics and biosensing, wherein
e.g. continuous monitoring of biomolecules and single-molecule
sequencing have been demonstrated (10–13).

The brightness, or photon count rate (PCR), of single fluo-
rophores is essential in many applications because it determines
the SNR of the measurement. The PCR strongly depends on
the electronic properties of the fluorophore and the associated
excitation and decay channels. In Fig. 1.1(a) we show the simpli-
fied Jablonski diagram of an emitter where only two electronic
states are considered. The emitter can be excited from its ground
state S0 to the first excited state S1 with an excitation rate γexc

that depends on the incident power density and the absorption
cross section of the emitter. It subsequently decays back to S0 by
radiating photons with a radiative rate γr, or by dissipating heat
into the environment with a non-radiative rate γnr. In this sim-
plified picture the quantum yield of the emitter is then defined
as φ = γr/(γr + γnr).

In first approximation (below saturation) the PCR is then pro-
portional to γexc and φ. At high excitation rates the PCR is in
practice limited to 106 − 107 photons per second(14–16), which
is the result of the finite decay rate of the fluorophore from
the excited state to the ground state. This saturation behavior
(see Fig. 1.1(b)) limits the maximum excitation rate that can
be achieved because one has to "wait" for decay back to the
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Figure 1.1: A simple model for the mechanism of plasmon-enhanced
fluorescence.

ground state. The saturation of the PCR therefore puts a physical
limit on the signal-to-noise ratio particularly at short integration
times, and has prohibited real-time single-molecule studies at
sub-millisecond timescales.

1.2 plasmon-enhanced fluorescence

Coupling of an emitter to a photonic or plasmonic structure has
proven a promising means to enhance the PCR of the emitter (17,
18). Particularly plasmon resonances have demonstrated their
ability to enhance the PCR by orders of magntiude due to their
strong field confinement and efficient radiative decay (19).

Surface plasmons are electromagnetic modes localized on an
interface between a metal and a dielectric. Plasmon modes also
exist in particles, provided the plasmon wave fulfills the proper
boundary conditions at the surface of a particle. In the special
case of a very small particle, smaller than the wavelength of
light in the metal and the medium, the plasmon wave exhibits a
dipolar character, corresponding to a collective oscillation of all
conduction electrons against the immobile ions. The shift of elec-
trons against the ions generates a restoring electric field, which
tends to re-establish local electric neutrality. The combination of
this spring with the electron mass leads to harmonic oscillations,
the plasmon resonance. The plasmon resonance results in strong
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a) b) c)
γexc γr

γnr
hυ
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Figure 1.2: A simple model for the mechanism of plasmon-enhanced
fluorescence. These transition rates are modified by (a)
excitation enhancement of a dipolar emitter by a nearby
nanoparticle, which is caused by local field enhancement,
(b) radiative rate enhancement of a dipole emitter, which
is caused by coupling of the emitter dipole to the dipolar
plasmon, and (c) nonradiative rate enhancement caused by
coupling with higher-order plasmon modes.

scattering and absorption of light, and gives noble metal particles
their abundant color. These excitations are typically resonant in
the visible regime while the resonance frequency can be tuned
by the nanoparticle’s size, shape, and material.

The extraordinary optical properties of plasmonic nanoparti-
cles make them suitable for a large variety of applications (20,
21). For example, strongly scattering nanoparticles can be used
as label-free biosensors with sensitivity down to a single pro-
tein (21–23). Strongly absorbing nanoparticles can be employed
in photothermal-based imaging and therapy(24–27), and also
optical-recording based data storage (28). Furthermore, the plas-
mon resonance causes electromagnetic field concentration around
the nanoparticle, making them useful in surface enhanced spec-
troscopies such as surface-enhanced Raman spectroscopy (SERS)
(29), surface-enhanced infrared absorption(30, 31), and plasmon-
enhanced fluorescence (32, 33). The latter is widely used as a
powerful technique to enhance the brightness of single emitters,
and will be described in more detail in the next section.

Plasmon resonances strongly modify the photophysics of a
nearby emitter due to coupling of the emitter dipole to the plas-
mon modes in the particle. To clarify the mechanism of plasmon-
enhanced fluorescence, we use a simple model as schematically
shown in 1.2 for illustration. Plasmons in a nearby nanoparticle
modify both the excitation and decay rates of the emitter. Three
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mechanisms dominate the observed behavior of an emitter near
a plasmonic particle (34, 35):

1. Plasmon resonances that are excited by an incident elec-
tromagnetic field enhance the excitation rate γexc of the
molecule because the plasmon generates a strong near-field
enhancement, as schematically depicted in Fig.1.2(b). Fig.
1.3(a) shows the calculated enhancement of the local inten-
sity |E|2/|E0|2 as a function of distance from the surface
of a 50 nm diameter silver sphere. The local intensity is
enhanced by more than two orders of magnitude in close
proximity to the particle, and decays away from the particle
on length-scales comparable to the particle width.

2. The coupling of the dipole emitter to the dipolar plasmon
mode modifies the radiative decay rate γr of the system.
Due to the very short radiative lifetime of the dipolar plas-
mon compared to the isolated emitter this effectively results
in a strong enhancement of γr. Fig. 1.3(b) shows the cal-
culated enhancement of γr near a 50 nm diameter silver
sphere. It can be seen that γr is enhanced 40 fold at 2 nm
distance from the particle surface, and drops off to 1 at
large distances representing γr for the isolated emitter.

3. The coupling of the dipole emitter to higher order (dark)
plasmon modes induces losses in the system and thus
modifies the nonradiative decay rate γnr. The energy is
then dissipated as heat into the environment of the system.
Fig. 1.3(c) shows the calculated enhancement of γnr near
a 50 nm diameter silver sphere. γnr is enhanced 160 fold
at 2 nm distance from the particle surface, and drops off
substantially faster as a function of distance compared to
γr.

The latter two mechanisms lead to a modification of the quan-
tum yield of emission, which is shown in Fig. 1.3. As can be seen
the enhancement of the nonradiative decay rate dominates at
distances < 2 nm to the particle surface, leading to quenching.
At intermediate distances the quantum yield can be strongly en-
hanced because the modification of the radiative rate dominates
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Figure 1.3: Calculations of (a) the scattering spectrum, (b) near-field
enhancement and (c) decay rate modifications near a 50 nm
diameter silver sphere as function of spacing. Excitation
wavelength λexc is set to be on resonance with the sphere
plasmons, and dipole emission wavelength λem is 25 nm
red-shifted compared to λexc. The calculations in (a) and (b)
are numerical results based on a boundary element method,
and in (c) analytical equations based on Mie theory.

in this regime. At increasing distance we recover the quantum
yield of the isolated emitter.

The above mechanisms strongly depend on the orientation of
the dipole with respect to the particle surface, and the results in
Fig. 1.3 are orientation averaged. Furthermore, as will become
clear in the coming chapters, the spectral overlap between the
emitter and the plasmon modes plays a crucial role in the rate
enhancements. For this reason we have employed gold nanorods
as workhorse particles in this thesis, because their longitudinal
plasmon resonance can be conveniently tuned from the visible to
the near-infrared by changing their aspect ratio.
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Researchers have been able to enhance the brightness of single
emitters by orders of magnitude using plasmonic nanoparticles.
As shown in Fig. 1.4(a), early investigations by Novotny et al.
employed a near-field probe with an attached gold nanosphere
to modify the fluorescence from a single immobilized molecule.
They quantitatively found the distance-dependent transition of
fluorescence enhancement to quenching as the nanoparticle ap-
proached the molecule (36). Schemes based on these near-field
probes are limited by their complex setup and operation, and
are not straightforward to integrate in an application. Colloidal
nanoparticles on the other hand can be made in large batches,
and individual colloidal gold nanorods were used by Orrit et
al. to enhance the brightness of weakly-fluorescent molecules by
up to 1000 fold. This effect was attributed to the coupling of the
emitter to the plasmon modes that is particularly strong near the
two tips of the nanorod (37, 38).(Fig. 1.4(b)) Colloidal nanorods
are single crystalline, and thus exhibit a narrow longitudinal
plasmon resonance that also occurs away from the interband
absorption in gold. This combination of a narrow resonance and
reduced Ohmic damping has made colloidal nanorods an attrac-
tive plasmonic structure for Raman scattering (39, 40), FRET (41,
42), and absorption (21) as well.

Even larger enhancements were found by Wenger et al. who
employed lithographically fabricated nanoparticle dimers. The
observed enhancements were attributed to the strongly enhanced
field in the gap region (often referred to as the "hotspot") be-
tween the particles (Fig. 1.4(c)). Similar approaches were used by
Tinnefeld et al. using DNA-origami guided assembly of dimers of
gold nanospheres. The advantage of this approach is the ability
to use colloidal particles that, compared to lithographic struc-
tures, typically exhibit reduced losses due to their crystallinty
(43–47).(Fig. 1.4(d))

Plasmon-enhanced fluorescence therefore provides an attrac-
tive avenue to improve the PCR and thus the SNR of single-
molecule fluorescence measurements. This is particularly attrac-
tive to enable the study of processes on short timescales such as
enzymatic conversion, as outlined in the following section.
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Probe
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a)
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Figure 1.4: Different schemes in which plasmonic nanoparticles have
been employed to enhance the fluorescence of single emit-
ters. (a) A near-field probe with a gold nanoparticle at its
tip approaches surface-immobilized single fluorophores. (b)
Lithographically fabricated gold nano-dimers enhance a
single fluorophore diffusing in the gap between the parti-
cles. (c) Colloidally synthesized gold nanorods enhance the
emission of freely diffusing fluorophores that occasionally
come close to the tips of the particle where the enhancement
is highest. (d) DNA-origami assembled gold nano-dimers
enhance single fluorophores that diffuse in the gap region.

1.3 enzymology

Most biochemical reactions proceed too slow on their own to be
effective regulators of intracellular processes. Biological catalysis
by enzymes is therefore key to sustain living organisms. Enzymes
are highly specialized proteins that display remarkable catalytic
power (enhancing reaction rates by 105 to 1017), and play a central
role in countless life processes that are essential for life-forms
from viruses to humans.

Essential to the understanding of enzymatic mechanisms is
the study of enzyme kinetics. The classic work of Michaelis
and Menten provided a useful description of enzymes in large
ensembles, i.e. solutions with a collection of molecules. According
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to Michaelis and Menten an enzymatic conversion involves a
sequence of steps that can be simply written as:

E + S
k1←−−→

k−1
ES kcat−→ E0 + P, (1.1)

where E, S, and P represent the enzyme, substrate, and product;
ES and EP are transient complexes of the enzyme with the sub-
strate and the product. Eq1.1 thus describes that the enzyme E
catalyzes the conversion of a specific substrate S to a product
P in a catalytic cycle. The rate constant kcat is here a combined
catalytic rate that describes the conversion of substrate to prod-
uct, and subsequent product dissociation. The overall rate at
which an enzyme converts substrate to product can be found by
rewriting the reaction equation in differential form and solving
with the proper boundary conditions (48). We then find that the
rate of substrate conversion can be written as

ν =
kcat[E0][S]
[S] + KM

, (1.2)

where ν is the velocity of enzymatic conversion (in units [M s−1]),
[E]0 is the initial enzyme concentration, and KM is the Michaelis
constant which is the substrate concentration at which the reac-
tion proceeds at half its maximum velocity νmax. At high substrate
concentrations the conversion rate equals νmax = kcat[E0].

This classic Michaelis-Menten mechanism provides a highly
satisfactory description of catalytic activities for large ensembles
of enzyme molecules. At the single-molecule level, an enzymatic
reaction is a stochastic event, and a single-molecule experiment
typically measures the waiting times for the completion of a
single turnover. Therefore, single-molecule kinetics cannot be
formulated in terms of enzyme concentrations, but must be
formulated instead in terms of the probabilities for the enzyme to
be in one of the possible states in the reaction pathway. Kou et al.
therefore generalized the formalism to the single-molecule level
by not assuming (intrinsically ensemble-averaged) rate constants
in Eq1.1, but rather probabilities that a certain step occurs in the
reaction scheme (49). This leads to an average turnover frequency
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Figure 1.5: Catalytic rate constant kcat distributions of alkaline phos-
phatases reported in literature. Data exported from
BRENDA with EC number 3.1.3.1 without specifying the
source of organism.

for a single enzyme that is remarkably similar to the ensemble
average result above:

1
〈τ〉 =

kcat[S]
[S] + KM

. (1.3)

Here 1
〈τ〉 indicates the reciprocal mean waiting time between indi-

vidual turnovers, in other words the mean turnover frequency. At
high substrate concentrations [S] the turnover frequency reduces
to kcat, which thus (roughly) defines the timescales on which
a single-molecule enzyme experiment should be conducted. In
Fig. 1.5 we show typical values for catalytic rate constants kcat of
alkaline phosphatase (ALP), which in humans is found in many
forms and plays an integral role in metabolism in the liver and
development of the skeleton. The values were obtained from the
Braunschweig Enzyme Database (BRENDA)(50), and illustrate
that a large population of ALPs exhibits values of kcat around
103 s−1. Probing such enzymes with high fidelity thus requires
sub-millisecond temporal resolution, which is difficult to attain
with far-field single-molecule microscopy.

1.3.1 Experimental designs for single enzyme studies

The investigation of single-molecule enzymology started early
in the 1960’s when Rotman successfully measured the activity
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of single β-galactosidase (51). Rotman employed water-in-oil
droplets to isolate single enzymes and study them one-by-one.
The droplets were filled with fluorogenic substrate that turns flu-
orescent upon enzymatic conversion and can be used to track the
reaction as a function of time. The accumulation of product was
tracked in time using epifluorescence microscopy. The number
of enzymes per droplet followed Poisson statistics, and under
the proper conditions droplets with a single enzyme could be
identified and studied. These experiments were the first to track
enzymatic conversion on a single molecule, albeit not yet with
sufficient sensitivity to resolve single turnovers.

These experiments were pioneering in several ways. Firstly
fluorogenic substrates were used, and have since found wide
adoption due to their high signal-to-background ratio compared
to the more commonly employed chromogenic substrates. Sec-
ondly, Rotman first confirmed the presence of static heterogeneity
because thermal inactivation of the enzyme was an all-or-nothing
process. Thirdly Rotman’s approach to isolate single enzymes in
droplets became the first of its kind and laid the foundations for
the current droplet-based microfluidic technologies.

Following Rotman’s experiments, effective enzyme isolation
has been combined with different optical techniques to study
single enzymes, see Fig.1.6 that summarizes the main experi-
mental designs. Fig.1.6(a) depicts the approach of droplet-based
isolation of single enzymes adopted by Rotman. Later the cap-
illary tubes used for electrophoresis were used to create ’zones’
where a freely diffusing enzyme accumulated fluorescent prod-
ucts, Fig.1.6(b) (52–54). A drawback of these implementations
was the difficulty to acquire statistics over a large number of
enzymes, so attempts with better statistics were developed as
depicted in Fig.1.6(c). Here femto-liter microchambers fabricated
at the tip of an optical fiber bundle were used to isolate single
enzymes, allowing up to 50000 enzymes to be studied in a single
measurement (55–57).

Although these approaches resolved the kinetics of a single
enzyme, they lacked the sensitivity to resolve single turnovers.
Later studies therefore employed total internal reflection fluores-
cence microscopy (TIRFM) where an evanescent field is generated
at the interface between a microscope slide (with enzymes im-
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Figure 1.6: Experimental designs for single-molecule enzymology. A
variety of designs have been used including methods in
which no single turnovers could be detected: (a) Water-in-oil
droplet isolation of single enzymes (blue dots), (b) Capillary
and (c) femtoliter chamber trapped single-enzyme mea-
surements, (d)-(f) show methods in which single turnovers
could be detected: (d) TIRFM, (e) confocal microscopy and
(f) ZMWs based single enzyme measurements.

mobilized) and buffer solution (58–60).(Fig. 1.6(d)) Due to a
reduced fluorescence background compared to epifluorescence
microscopy, TIRFM allowed for the first time to observe single
enzymatic turnovers that were observed as fluorescence bursts
in a fluorescence timetrace recorded on a single enzyme. Differ-
ent enzymes exhibited drastically different behavior even when
immersed in the same buffer, again providing indications that
static heterogeneity may be a common principle in enzymatic
mechanisms.

Confocal fluorescence microscopy was also employed where
the pinhole was used to block out-of-focus light to increase the
signal-to-noise ratio of the measurement. Using confocal mi-
croscopy, Xie and Hofkens et al. monitored long time traces (up
to tens of minutes) of enzymatic turnovers for individual en-
zyme molecules by detecting one fluorescent product at a time(4,
61–63), as shown in Fig.1.6(e). Single fluorescent products from
individual turnovers transiently resided in the confocal volume
resulting in fluorscence bursts (4, 64). These stochastic fluores-
cence bursts give insight into the duration and waiting time
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between individual turnovers. The distribution of waiting times
were in agreement with the single-molecule Michaelis-Menten
mechanism (Eq1.3) (49, 65). The authors also found fluctuations
in the turnover rate over time for a single enzyme, which was
attributed to dynamic heterogeneity due to the presence of dif-
ferent conformations of the enzyme, each with its own kcat (64).

However, due to the limited number of photons from a single
fluorescent product and high background due to freely diffusing
fluorescent products the SNR in these measurements is typically
less than five. This makes the detection of events above the high
background a challenging task (66–68).

In response to this difficulty, zero-mode waveguides (ZMWs)
have been used to significantly reduce the excitation volume
in the detection of single enzyme turnovers by Levene et al.,
as shown in Fig.1.6(f) (69, 70). Using ZMWs the the detection
volume was reduced to three order-of-magnitudes below the
diffraction limit, and strongly alleviated the issue of high back-
ground due to freely diffusing fluorescence products. However,
ZMWs do not yield substantial fluorescence enhancements be-
cause the fluorophores are quenched by the large volume of
nearby metal. So although ZMWs suppress the background, they
do not result in an increased PCR that would enable measure-
ments on shorter timescales. The approach we propose in this
thesis is plasmon-enhanced single-molecule detection based on
plasmonic nanoparticles.

1.4 contents of this thesis

This thesis is focused on applying plasmon-enhanced single-
molecule fluorescence in the study of single-molecule enzymol-
ogy. We systematically investigate the enhancement of single-
molecule fluorescence by single gold nanorods, and develop ex-
perimental approaches and theoretical guidelines to using gold
nanoparticles to improve the PCR in single-molecule fluorescence
studies.

• In Chapter 2 we report on the strong plasmon-enhancement
of the PCR of single molecules coupled to plasmonic parti-
cles. We particularly study the strong excitation regime and
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investigate the effect of plamson-molecule coupling on the
saturation intensity of single dyes. We adopt an approach
based on low affinity DNA interactions that yields contin-
uous refreshment of the dye and a controllable particle-
fluorophore spacing.

• In Chapter 3 we then present a numerical study on plasmon-
enhanced detection of single enzyme turnovers. We com-
bine Brownian dynamics and electromagnetic simulations
to calculate the enhancement of fluorescence signals of fluo-
rogenic substrate that is first converted by the enzyme and
then diffuses out of the focal plane of the microscope. We
show that plasmon enhancement boosts the SNR of single
turnovers by hundred fold compared to normal confocal
microscopy.

• In Chapter 4 we present a robust and general approach
that allows the for the conjugation of a range of enzymes to
different types of nanoparticles using short and biocompat-
ible polyethylene-glycol(PEG) cross linkers. Our approach
simultaneously preserves the enzyme activity and colloidal
stability of nanoparticles. We obtain quantitative control
over the average number of enzymes per particle by ei-
ther varying the functional groups on the particles, or the
enzyme concentration during incubation.

• In Chapter 5 we demonstrate the first experiments on the
plasmon-enhanced detection of enzymatic turnovers, using
the conjugates developed in the previous chapter. We find
a strong enhancement of the PCR for individual events.
By careful control experiments we show that these events
are caused by products that are generated by an enzyme
and diffuse back to a particle to yield a plasmon-enhanced
signal. Our experiments present the potential of applying
plasmon-enhanced fluorescence to boost signals in single-
molecule enzymology.

• In Chapter 6 we conclude the work in this thesis and pro-
vide recommendations for future research.
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2.1 abstract

Plasmon resonances have appeared as a promising method to
boost the fluorescence intensity of single emitters. However, be-
cause research has focused on the enhancement at low excitation
intensity, little is known about plasmon-fluorophore coupling
near the point where the dye saturates. Here we study plasmon-
enhanced fluorescence at a broad range of excitation intensities
up to saturation. We adopt a novel DNA-mediated approach
wherein dynamic single-molecule binding provides a controlled
particle-fluorophore spacing, and dynamic rebinding circumvents
artefacts due to photobleaching. We find that near saturation the
maximum photon count rate is enhanced by more than two or-
ders of magnitude at the optimal particle-fluorophore spacing,
even for a dye with a high intrinsic quantum yield. We compare
our results to a numerical model taking into account dye satu-
ration. These experiments provide design rules to maximize the
photon output of single emitters, which will open the window
to studying fast dynamics in real-time using single-molecule
fluorescence.

2.2 introduction

Single-molecule fluorescence is a powerful technique to gain
molecular-level insight into biological processes. Single-molecule
studies directly reveal molecular properties and their underlying
statistics, instead of ensemble observables that obscure underly-
ing distributions and non-synchronized processes (71, 72). As de-
scribed in Chapter 1 of this thesis, single-molecule fluorescence is
often employed to study molecular interactions, conformational
dynamics, and enzymatic activity. The brightness, or detected

17
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photon count rate (PCR) of the fluorophore is essential in these
applications but strongly depends on the electronic properties
and associated excitation and decay channels of the fluorophore.
It is ideal in the detection of biological process to use fluorescent
dyes with high PCR and chemical stability to allow highly sensi-
tive single-molecule measurements. However, the detected PCR
of single organic dyes is limited to 104 − 105 photons per second
due to dye saturation. This limited brightness of single molecules
limits the signal-to-noise ratio particularly at short integration
times, and has prohibited real-time single-molecule studies at
sub-millisecond timescales.

Plasmon resonances have appeared as a promising method
to boost the fluorescence intensity of single emitters (68). Metal
nanoparticles stand out with excellent optical properties and have
been used to enhance single-molecule fluorescence(73, 74). As
described qualitatively in Chapter 1, the origin of these fluores-
cence enhancements is the strong modification of the excitation
and decay rates of a molecular dipole close to a particle. Most
research has focused on the quantification of enhancement fac-
tors, which indicate by what factor the total detected fluorescence
intensity is enhanced when a fluorophore is brought in proximity
to a metal particle (45, 75, 76). These studies have shown that
the fluorescence of single weakly-emitting molecules can be en-
hanced by thousands of times (37, 47, 77). High enhancement
factors at low excitation power have mostly been applied to per-
form single-molecule spectroscopy at high concentrations (44,
78–80). However, a different class of applications involves real-
time single-molecule fluorescence measurements of biomolecular
dynamics (e.g. single-molecule enzymology), for which not the
fluorescence enhancement but rather the absolute PCR matters.
To achieve the highest PCR it is necessary to pump molecules
close or even above fluorescence saturation (81, 82). However
little is known about the effect of plasmon-molecule coupling
on the saturation dynamics of single dyes, and design rules to
achieve maximum absolute photon count rates are not known.

In this chapter we present a single-molecule study of plasmon-
enhanced fluorescence of a dye with a high intrinsic quantum
yield that is pumped close to saturation. A particular concern is
to prevent artefacts due to photobleaching, for which we adopt
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an approach based on low affinity DNA interactions resulting in
controlled residence times of the fluorophore near the particle,
continuous refreshment of the dye by rebinding, and a well-
controlled spacing between particle and fluorophore. We mea-
sure the PCR as a function of excitation power, from which we
derive the maximum maximum photon count rate (PCRmax) and
saturation intensity (Isat). The PCR is strongly modified due to
plasmon coupling with a PCRmax that is enhanced by more than
two orders of magnitude at ∼ 1.5 nm from the particle surface.
The experimental findings are in good agreement with numerical
simulations that include saturation. These experiments provide
mechanistic insight and design rules to optimize the absolute
photon output of single emitters. This will open the window to
studying microsecond dynamics in real-time, e.g. DNA hairpin
dynamics and transition paths in protein folding (83–86).

2.3 methods

2.3.1 Sample preparation

Glass coverslips (22 × 40 mm2, thickness #1.5, Menzel Gläser)
were first sonicated for 15 min in methanol, blown dry in a
flow of nitrogen, Ozone cleaned for 90 min, and subsequently
functionalized with a thiolated silane by immersion in 5% 3-
(mercaptopropyl)trimethoxysilane (MPTMS) in ethanol for 15 min.

Gold nanorods (AuNRs) purchased from Nanoseedz (NR-25-
650) were redispersed in a 1 mM cetyltrimethylammonium bro-
mide (CTAB) aqueous solution at an OD of 2, and spin-coated
on thiolated coverslips. The coverslips with immoblized AuNRs
were rinsed with distilled water and phosphate-buffered saline
(PBS) to remove excess CTAB. These procedures result in de-
posited AuNRs with a particle density of ∼ 0.1 µm−2.

All oligos were purchased from IDT Ltd. (purified by HPLC).
The sequences are shown in Table 2.1. Docking strands are
conjugated to the immobilized bare AuNRs in citrate buffer
(100 mM, pH 3, 1 M NaCl). 78 µL of the citrate buffer, 2 µL of
50 µM stock solution of docking strands, 10 µL of 50 µM stock
solution of antifouling strands, and 10 µL of 100 mM Tris(2-
carboxyethyl)phosphine hydrochloride (TCEP) aqueous solution
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is added to an eppendorf tube and mixed with a vortexer, form-
ing a docking solution ready for functionalization. The docking
solution is left on the bench for 30 min to allow TCEP to cleave
dithiols in the solution. The high ionic strength in the citrate
buffer and low pH reduces electrostatic repulsion between the
ssDNA docking strands and the AuNR surface and between neigh-
boring docking sites. Then the docking solution is dropcast on
the coverslip with immobilized AuNRs for at least 1 h and rinsed
with distilled water and PBS. To prevent drying the sample is
then immediately mounted in a flow cell (Warner instrument)
for single-molecule fluorescence measurements. A solution of
fluorescently labeled imager strands was prepared freshly be-
fore microscope experiments, and was diluted to the desired
concentration using PBS buffer (137 mM, pH 7.4, 500 mM NaCl).

We estimated the spacing between the fluorophore and the
particle by adopting the ideal chain model. This has been shown
to be a good approximation for DNA in high ionic strength
solutions (87, 88). Herein the time-averaged end-to-end distance

of a polymer chain is given by
√〈

~R2
〉

=
√

Nl, where N is

the number of polymer segments and l is the segment length.
We assumed that the monomer length of single stranded DNA
lss = 0.5 nm, and of double stranded DNA lds = 0.34 nm (88). The
time-averaged end-to-end distance for the 30 nt docking strand
with a 9 nt complementary double helix holding the fluorophore
is then R30nt

far-end ' 4 nm, where we have added 1 nm to account
for the C6 linkers in the functionalized DNA strands. For the 15

nt docking strand with an inverted 9 nt complementary double
helix we find R15nt

near-end ' 1.5 nm.

2.3.2 Microscopy

Single-molecule fluorescence microscopy was performed using
a Nikon Ti-E inverted microscope using total internal reflection
fluorescence (TIRF) imaging. The flow cell containing immobilized
DNA-functionalized AuNRs is mounted in the microscope. The
use of a flow cell facilitates the constant flow of imager solution
and refreshes the transient binding to docking strands of new
single imagers. The flow is controlled at a rate of 100 µLmin−1.
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Table 2.1: DNA sequencesa

Strand names 5’ mod Sequence 3’ mod

(length)

Docking strand thiol CTA CTT CAT ACG

(30 nt) CTT CCA CTA ATA CAT CTA

Docking strand thiol CCA CTA ATA CAT CTA

(15 nt)

Imager strand ATTO647N T TAG ATG TAT

(10 nt, far-end)

Imager strand TAG ATG TAT C ATTO647N

(10 nt, near-end)
a Complementary parts are marked in red.

The sample is excited with 637 nm CW laser light (solid-state laser,
Coherent OBIS) through an oil immersion TIRF objective (1.49 NA
APO TIRF 60×, Nikon). The Perfect Focus System (PFS, Nikon)
was kept on during the fluorescence measurement. Fluorescence
emission is directed to an Andor iXon 888 EMCCD camera through
a 650 nm long pass dichroic mirror (Thorlabs) and a 640/670 nm
band-pass filter pair (Thorlabs). An EM Gain of 100, and an
integration time of 100 ms was used for the detection of single-
molecule fluorescence. Camera counts were converted to photon
counts under the photon counting mode of the EMCCD camera ,
and a conversion factor, that is camera counts divided by photon
counts, of 0.05 was found. A region of interest of 300 × 300 px
or 40 × 40 µm2 was captured during imager interactions for 5 -
10 min.

The power density (Iexc [W m−2]) of the excitation laser in
the evanescent field was determined by converting the incident
power (Iinc[W]) measured by a power meter directly at the exit
pupil of the objective. Iinc is then converted to Iexc according to
Iexc = ηTIR Iinc/A, where ηTIR is the field enhancement factor in
the evanescent field and A the size of the sample area illuminated
by the excitation beam. ηTIR takes into account the increase of
the time-averaged intensity close to the water-glass interface, and
depends on the refractive indices of the media (nwater, nglass), the
angle of incidence (θ), and the polarization of the incident beam
(89). In our calculation we use ηTIR = 2 based on a calculation
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with nwater = 1.33, nglass = 1.52, and θ ' 70o, for s-polarized light.
A was measured by fitting the TIR-illuminated background with
a Gaussian function and using the area of a circle with a diameter
that equals the full width at half maximum (FWHM) of the fitted
Gaussian. Measurements presented here were performed for
Iexc = 5.2× 105 − 2.6× 107 W m−2 corresponding to Iinc of 2−
110 mW.

For single-particle spectroscopy measurements we illuminated
the sample with a laser-driven xenon white-light source (Energe-
tiq). Spectra of individual particles were recorded by hyperspec-
tral microscopy in which a series of bandpass filters was inserted
in the detection path of the microscope, and a wide-field image
was recorded for each filter. Typical acquisition parameters of the
EMCCD were an integration time of 500 ms and an EM gain of 5.
The scattered intensity at each wavelength was determined by fit-
ting the diffraction-limited spots to a two-dimensional Gaussian
and was corrected for the spectral response of the setup. The sin-
gle nanorods were distinguished from clusters based on a single
Lorentzian lineshape for the longitudinal plasmon resonance.

2.3.3 Simulations

Numerical simulation of the fluorescence enhancement was per-
formed using a boundary element method (BEM) based on the
MNPBEM toolbox for Matlab (90). Single nanoparticles with dif-
ferent geometries were embedded in a non-absorbing dielectric
medium with a refractive index of 1.33 (water). The dielectric
function of Au was interpolated from the Johnson-Christy values
(91). For the calculation of the local field-enhancement, a plane
wave excitation was used with a polarization along the long axis
of the particle. The radiative decay rate was computed by integrat-
ing the outgoing Poynting vector in the farfield zone over a unit
sphere, and the non-radiative decay rate was computed by calcu-
lating the Ohmic losses due to electromagnetic fields inside the
metal. Subsequently the orientation averaging of the decay rates
was performed outside of the MNPBEM toolbox by averaging the
dipoles that are perpendicular and parallel to the particle-surface.
Such orientation averaging applies to fast tumbling molecules
which have rotational correlation times shorter than the typical
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Figure 2.1: The photophysics of a single emitter is modified by a plas-
monic nano-antenna. (a) A three-level Jablonski diagram
for a single fluorescent molecule. (b) Cartoon of saturation
curves of an emitter in free space (blue) and in the vicinity
of a plasmonic nano-antenna. Both the saturation intensity
Isat and the maximum photon count rate PCRmax are mod-
ified. Note here that this figure is for illustrative purpose
and is not a simulation result.

excitation and fluorescence lifetime. Slightly lower enhancement
is expected for slowly tumbling molecules due to the fact that
only dipoles oriented perpendicularly to the particle-surface will
contribute significantly to the enhanced fluorescence.(92) More
details on the simulations can be found in Appendix a.1.

2.4 simulation results

To explain the origin of fluorescence saturation we employ a
simplified model that represents the dye as a three-level system
as in Figure 2.1(a), in which the ground state S0, the first ex-
cited singlet state S1 and the triplet state T1 are shown. Upon
illumination, the molecule is excited from S0 to S1 with a certain
excitation rate γexc = σabs

Iexc
hν [s−1], where σabs is the absorption

cross section of the molecule [m2], Iexc the illumination power
density [W m−2]. The molecule relaxes from S1 to S0 emitting
photons with a radiative decay rate γr [s−1], or non-radiatively
with a non-radiative decay rate γnr [s−1]. The molecule may
transition from S1 to T1 with a intersystem-crossing rate of γisc,
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and decays from T1 to ground state S0 with a triplet decay rate
γT. The total decay rate γtot = γr + γnr + γisc is related to the
fluorescence lifetime, while the quantum yield φ = γr

γtot
dictates

the fraction of excitations that result in photon emission. The
PCR of a fluorescent molecule is then given by:

PCR = ηcol
σabs

hν
φ

Iexc Isat

Iexc + Isat
, (2.1)

where ηcol is the collection efficiency, and the saturation intensity
is written as (93):

Isat =
hνγtot

σabs

1
1 + γisc/γT

. (2.2)

Eq. 2.1 indicates the non-linear dependence of PCR at excitation
rates around and above Isat, whereas Eq. 2.2 indicates that Isat is
dictated by the total decay rate and the triplet dynamics of the
molecule. As conceptually shown in Figure 2.1(b), with increasing
excitation power density, the PCR of both free-space and plasmon-
enhanced single molecules lose linearity and approach a plateau

PCRmax that is expressed as PCRmax = ηcol
σabs

hν
φIsat, due to the

fact that lim
Iexc→∞

Iexc Isat

Iexc + Isat
= Isat. In the presence of a nanoparticle,

both the emission and excitation rates in Eq. 2.1 and 2.2 are
strongly modified. First, the excitation rate in the vicinity of a
single nanoparticle is strongly enhanced due to the concentrated
electromagnetic field induced by the plasmon resonance. Second,
both γr and γnr are strongly increased due to coupling with
plasmon modes in the nanoparticle. We first assume that triplet
dynamics is not affected by plasmon coupling but will return to
this point later.

The net effect of these rate modifications is a modification of
the saturation dynamics as illustrated in Figure 2.1(b), show-
ing that the PCR is enhanced at all power densities due to the
local field enhancement. Notably, also PCRmax is significantly en-
hanced due to a modified Isat. The plasmonic modification of the
photophysics is however, in practice, strongly dependent on the
optical properties of both the nanoparticle and the fluorophore,
and also their relative positions and orientations.

We numerically evaluate the modifications of the radiative and
non-radiative rates using the boundary element method (BEM)
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Figure 2.2: Numerical calculations of photophysical modifications in
the vicinity of a single gold nanorod with a size of 63 by
25 nm. (a) PCRmax and (b) Isat modification normalized
to the that of a free space emitter PCR0

max and I0
sat, calcu-

lated with orientation-averaged radiative and total decay
rate modifications. The result is plotted as a function of
fluorophore position. The fluorophore is assumed to be a
single-wavelength dipole emitter with a quantum yield of
unity and emission line at 664 nm (in resonance with the par-
ticle plasmon). (c) PCRmax modification normalized by the
value of a free space fluorophore PCR0

max. λexc = 637 nm
and λem = 664 nm indicate the excitation and emission
wavelengths. The fluorophore was position at 4 nm from
the tip of the particles, whereas the SPR wavelength of the
particles was tuned by changing their lengths while keeping
the diameter at 25 nm. (d) Isat modification normalized by
the saturation intensity of a free space fluorophore I0

sat. See
section a.1 for full details.

(90), and by combining the numerical simulation results with the
three-level photophysical model as in Eq. 2.1 we can calculate the
modification of the saturation dynamics for particles of various
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dimensions. Near saturation the PCRmax is proportional to the
radiative rate enhancement, namely:

PCRmax

PCR0
max

=
φ

φ0

Isat

I0
sat

=
γr

γ0
r

1 + γ0
isc/γ0

T
1 + γisc/γT

, (2.3)

where the superscript ’0’ indicates free-space values. In the simu-

lations we have treated the term 1+γ0
isc/γ0

T
1+γisc/γT

appearing in both Eq.
2.3 and 2.4 as unity, following Ebbesen et. al.(93).

Eq. 2.3 indicates that the PCRmax enhancement follows the
position and wavelength dependence of the γr enhancement,
as shown in Figure2.2(a). In Figure 2.2(b) we show the PCRmax

modification normalized to free-space as a function of SPR wave-
length. We find indeed that the maximum PCRmax enhancement
up to ∼ 150 when the SPR wavelength of the particle coincides
with the fluorophore’s emission wavelength, whereas the en-
hancement is a factor of 3× lower when the surface plasmon
resonance (SPR) is resonant with the excitation wavelength. This
is fundamentally different in the low excitation regime where
most other studies have been performed, where the enhancement
is dominated by the excitation process.

In Figure 2.2(c) we show the modification of Isat normalized to
its free-space values. This enhancmenet is given by

Isat

I0
sat

=
γtot

γ0
tot

1 + γ0
isc/γ0

T
1 + γisc/γT

. (2.4)

A maximum Isat enhancement of ∼ 400 is found for a plasmon
that is resonant with λem due to the strong wavelength depen-
dence of the decay rates that again exhibit a maximum at λem

as in Eq. 2.3. This implies that substantially higher excitation
power densities are needed to reach the saturation regime for
a plasmon-coupled fluorophore, but this is alleviated by the
strong near-field enhancement that results in dye saturation at
acceptable laser powers.

2.5 experimental results

Before studying the modification of the saturation dynamics by
the presence of a gold particle, we first determined the saturation
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Figure 2.3: (a) Saturation curve of single non-enhanced ATTO647N.
(b)(c)(d) Histograms of PCRs of non-enhanced single
ATTO647N under different excitation power densities.

curve of non-enhanced dyes by flushing the imager strand into a
clean flow cell containing no nanoparticles. The random sticking
of single imagers to the coverslip was captured by the EMCCD as
diffraction limited spots. The diffraction limited spots were then
fitted with 2D-Gaussian functions, and the PCR was calculated
as the volume under the fitted Gaussian after conversion from
camera counts to photon counts. We filtered out sticking events
that lasted 2 frames or shorter to reliably determine the detected
intensity. The saturation curve and fitted free space PCR0

max and
I0
sat were found to be comparable with those in an solution-

phase ensemble control measurement. In Figure 2.3 we show the
distribution of measured PCRs for ATTO 647N as a function of
Iexc.

The effect of nanostructures on fluorescence saturation was
first experimentally investigated by Ebbesen et al. to show that
nanoapertures enhance the PCR of diffusing dyes on an ensemble-
averaged level (94). More recently van Hulst et al. reported that
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up to 100 times decrease in excitation power was required to
reach Isat for single light-harvesting complexes coupled to single
gold nanoparticles due to near-field enhancement. They also
observed a 50 times enhancement of PCRmax due to modification
of the emitter’s decay rates (95).

The heterogeneous size distribution of our colloidally synthe-
sized gold nanorods allows us to study the SPR wavelength
dependence in a single measurement. In Fig. 2.4(a) we illustrate
the detection of single particles and single fluorescent molecules
based on an objective-type TIRF configuration and DNA conju-
gated particles. The use of transient DNA interactions results in
controlled residence times of the fluorophore near the particle
dictated by the affinity (∼ 1 µM), continuous refreshment of the
dye by rebinding, and a well-controlled spacing between particle
and fluorophore.

In Fig. 2.4(b) we show the detected one-photon photolumi-
nescence of single gold nanorods on the EMCCD camera under
637 nm laser excitation, which was used to find the location of
the immobilized particles. A typical scattering spectrum of a
particle is shown in Fig. 2.4(c), from which the SPR wavelength
is acquired after Lorentzian fitting. The particles exhibit a distri-
bution of SPR wavelengths due to size non-uniformity inherited
from colloidal synthesis which we exploit here to study plasmon
enhanced fluorescence as a function of spectral overlap between
the fluorophore and the plasmon. In Fig. 2.4(d) we show the dis-
tribution of longitudinal SPRs ∼ 300 single nanorods in a single
field of view, where we find longitudinal plasmons ranging from
620− 700 nm.

Upon filling the flow cell with imager solution, we observe
fluorescent bursts appearing as point spread function (PSF) with
fluctuating intensities superposed on the constant one-photon
photoluminscence of single gold nanorods. In Fig. 2.5(a) we show
the detected PCR from frame-by-frame summation of 9-by-9 pix-
els centered around a single gold nanorods, excited by a 637 nm
s-polarized CW laser with a power density of 2× 107 W m−2. The
large variation in the fluorescence intensities from these bursts
can be attributed to the random binding locations of imagers.
Since it is expected that the maximally enhanced bursts originate
from binding events close to the tip of the nanorods, we average
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Figure 2.4: Single-molecule fluorescence microscopy and single-particle
spectroscopy. (a) A schematic illustration of the setup for
objective-type total internal reflection fluorescence (o-TIRF)
microscopy, with an inset showing the surface functional-
ization and DNA binding on a single gold nanorod. (b)
EMCCD image of immobilized DNA-funtionalized AuNRs
immersed in imager solution, with diffraction-limited spots
from the one-photon photoluminescence of single AuNRs.
(c) Scattering spectrum of single AuNR with a longitudi-
nal SPR wavelength of 640 nm (green) and the ensemble
absorption/emission spectra (blue and red) of ATTO 647N
in aqueous buffer. (d) TEM image showing the size and
geometry of AuNRs, and in the inset shows the distribution
of longitudinal SPR wavelengths measured and determined
by single particle hyperspectral microscopy.
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Figure 2.5: Fluorescence time traces and correlation with SPR wave-
lengths of single AuNRs. (a) Fluorescence time trace show-
ing single imager strands binding to single AuNRs. This
AuNR’s SPR wavelength is determined to be 661 nm. (b)
SPR wavelengths of ∼130 single AuNRs correlated with the
mean photon count rates of the 10 binding events show-
ing the strongest fluorescence. The errorbar indicates the
standard deviation of the count rates. (c) Dark and bright
time distributions of imager binding. (d) Mean bright times
as a function of power density. The errorbar indicates the
standard deviation of mean bright times collected from up
to 100 single nanorods. Inset illustrates the determination
of bright times based on a fluorescence time trace.

the PCR of the 10 strongest fluorescence events and correlate
them with the SPR wavelength of the same particle as shown in
Fig. 2.5(b). We find that the optimum PCR enhancement occurs
near the emission peak of the dye. This indicates that the PCR
enhancement is dominated by the modification of the emission
process rather than the excitation process. Note that individual
particles exhibit a different PCR enhancement even for the same
plasmon wavelength. This is a result of the random orientation
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of the particles in the s-polarized excitation field formed by total
internal reflection.

In order to separate the signals of binding events from back-
ground, we applied a threshold (∼ 10× the background noise)
to locate the timestamps of signals. The characteristic bright
times tbright and dark times tdark of the transient binding events
can be extracted from the time trajectory. tbright and tdark are
related to the thermodynamic properties of the single-molecule
DNA interaction, and can be directly related to the association
rate kon = 1

tdarkcimager
and the dissociation rate koff =

1
tbright

, with
cimager being the imager concentration (96). In Fig. 2.5(c) we show
the extracted tbright and tdark histograms, and fit single expo-
nential distributions for both. We find tbright = 0.4± 0.1 s and
tdark = 3± 0.3 s, in good agreement with previous reports where
9bp duplexes were used (96, 97).

Photobleaching of a fluorophore might occur via triplet me-
diated mechanisms (98) and via higher-order excited states (99).
We demonstrate experimentally that the effect of photobleaching
is negligible in our experiments due to the refreshment of flu-
orophores by repeated DNA hybridization. The burst duration
is thus controlled by the number of complementary nucleotides.
This is evidenced by the fact that tbright is independent of laser
power. In Fig. 2.5(d) we show the mean tbright as a function power
density, collected from timetraces of ∼ 100 single gold nanorods.
We find that tbright is 0.4 s independent of power density, which
confirms that any non-linearity in power-dependent PCR is not
caused by photobleaching.

In Fig. 2.6 we show fluorescence time traces collected from
three different single gold nanorods with different SPR wave-
lengths. We find a strong dependence of the burst intensity on
the spectral overlap between the particle and the fluorophore,
where we consistently observe a stronger burst intensity for par-
ticles whose longitudinal plasmon is resonant with the emission
of the dye. Near saturation the PCR enhancement compared to
free-space excitation becomes power-dependent. We therefore
determine saturation curves by collecting time trajectories of
fluorescence bursts under different excitation power densities
ranging from 5.2× 105 to 2.4× 107 W m−2. The dynamic range
of the power density series is limited by the laser spot size and
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Figure 2.6: Fluorescence timetraces from single nanorods with differ-
ent SPR wavelengths. Left column: single particle spectra
measured from hyperspectral microscopy. Red dots are
measured scattering intensities and black lines the respec-
tive Lorenztian fits. SPR wavelength λ of 634, 668 and
674 nm are found for the three particles. Right column:
timetraces from corresponding nanorods measured under
Iexc = 2.4× 107W m−2. Integration time tint = 100ms.

excitation laser power (see experimental section for more infor-
mation). All the saturation curves are fitted with Eq. 2.1 yielding
PCRmax and Isat.

In Fig. 2.7 we show the saturation curves of free-space and
plasmon coupled fluorophores for two gold nanorods with a lon-
gitudinal SPR of 670 nm (resonant with the dye’s emission) and
638 nm (resonant with the dye’s absorption). We clearly observe
a non-linear dependence of the detected intensity commensu-
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Figure 2.7: Saturation curves of plasmon-enhanced and non-enhanced
single molecule fluorescence. Inset shows the same satu-
ration curves in linear scale. The saturation intensity of
free imagers is determined to be I0

sat = 6.4× 106 W m−2,
and maximum PCR at saturation PCR0

max = 8.3× 103 s−1.
For gold nanrod of SPR 670 nm, PCR670

max = 2.3× 105 s−1,
I670
sat = 3.5× 107 W m−2. For gold nanrod of SPR 638 nm,

PCR638
max = 5.9× 104 s−1, I638

sat = 3.9× 107 W m−2.

rate with fluorescence saturation. This non-linearity is a result of
fluorescence saturation instead of photobleaching at increased
power density. We find that both PCRmax and Isat are significantly
modified, and both are more enhanced for 670 nm than 638 nm
plasmon wavelengths.

We now investigate the modified PCRmax and Isat for more par-
ticles to reveal the SPR wavelength dependencies. In Fig. 2.8 we
show the SPR wavelength dependent PCRmax and Isat, which are
obtained from the fits to the saturation curves. We employ here
docking strands with different lengths to explore the dependence
of the enhancement on the particle-fluorophore spacing. In Fig.
2.8(a) and (b) we show the results for measurements in which
30 nt docking strands are used to fully cover the gold nanorods,
and imager strands with ATTO647N labelled at the far-end of the
complementary sequence, leading to ∼ 4 nm time-averaged spac-
ing between fluorophore and particle (see SI for the calculation of
the time-averaged spacing). Fig. 2.8(c) and (d) show the results for
measurements with 15 nt docking strands and a flipped imager
strand with ATTO647N at the near-end of the complementary re-
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Figure 2.8: (a)(b) Modified PCRmax and Isat of plasmon-enhanced flu-
orescence near single gold nanorods with AuNRs coated
with 30 nt docking strands (4 nm spacing) and (c)(d) with
AuNRs coated with 15 nt docking strands and near-end la-
beled imager (1.5 nm spacing). Note here that the simulated
I∗sat is normalized to the near-field intensity at the position
of the fluorophore to be able to display both the measured
and simulated values on the same y-axis, i.e.I∗sat =

Isat
|E|2/|E0|2

.
In all graphs red dots are experimental data points, and
black dots are simulation results with lines as a guide to the
eye. R-square values are used to evaluate the fitting quality,
and only curves with R-square > 0.995 are plotted. See
section a.1 for full simulation details including the decay
rates used in the simulations.

gion, shortening the time-averaged particle-fluorophore spacing
to ∼ 1.5 nm.

In the above results, we find that the PCRmax enhancement
matches well with theory, with the calculated PCRmax

PCR0
max

appearing as
the upper limit in the experiments because these events originate
from particles that are aligned with the excitation laser polariza-
tion. Particles with a longitudinal plasmon that is resonant with
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the emission of the dye enhance PCRmax by nearly 300 times,
an effect dominated by the enhancement of the radiative rate as
described before.

However, the predicted modification of Isat does not follow
the measured modification. In 2.8(b) and (d) we show the cor-
relation between the longitudinal SPR and Isat, here plotted as
the excitation laser power density required (in other words, Fig.
2.2(f) divided by the orientation averaged wavelength dependent
near-field intensity at the location of the dye). To understand this,
it is useful to examine the dependence of Isat enhancement in Eq.
2.4.

In the simulations we have treated the term 1+γ0
isc/γ0

T
1+γisc/γT

appearing
in both Eq. 2.3 and 2.4 as unity, following Ebbesen et. al.(93).
Considering the fact that the PCRmax enhancement closely fol-
lows the prediction this could indicate stronger than expected
plasmonic modification of γtot, which contains contributions of
γnr or γisc. Firstly, a smaller particle-fluorophore spacing than
expected by only 0.5 nm causes a 2-fold increase in Isat, whereas
PCRmax only increases by 10%. This is caused by the fact that
γnr depends stronger on particle-fluorophore spacing than γr.
Secondly, modification of γisc or triplet dynamics might also play
a role in the higher Isat. This has also been reported but experi-
mental studies are limited to a select number of cases (100–104)
that indeed report modest modifications. A quantitative inves-
tigation of triplet modifications requires a temporal resolution
that is not accessible in our current camera-based setup, but
could be further investigated using e.g. fluorescence correlation
spectroscopy (FCS) (99, 104, 105).

Our experiments indicate that the maximum photon count
rate of a dye with an intrinsically high quantum yield can be
enhanced by more than 100-fold by plasmon coupling, enabling
single-molecule studies with superior signal-to-noise ratio partic-
ularly for short integration times. We employed our numerical
model to explore how PCRmax and Isat depend on the size of the
particle and photophysical properties of different types of emit-
ters, see Fig. 2.9(a) and (b). In Fig. 2.9(a) we show the computed
PCRmax, where the strongest PCRmax is found for nanorods with
diameters < 20 nm, and decreases by a factor of up to 10 when
the diameter increases to 60 nm. The origin of this is comparable
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with the inverse mode volume dependence of the radiative rate
in the context of Purcell enhancement (34). In Fig. 2.9(b) we show
the computed Isat (plotted as the far-field laser power density),
where we find that although small particles provide high PCRmax,
they are also more difficult to saturate and require power den-
sities up to 109 W m−2. These power densities are not easily
attainable with wide-field microscopy but feasible with a focused
laser, e.g. in a confocal microscope. We thus find a practical size
of gold nanorods of 20− 30 nm for PCRmax enhancement.

At a fixed particle size, the intrinsic radiative rate of the emitter
then determines PCRmax. This indicates that certain classes of
emitters might be more suitable to further push PCRmax. Compar-
ing emitters with various intrinsic radiative rates (see Fig. 2.9(c))
we find that PCRmax up to 107 s−1 is feasible for emitters with
γ0

r = 109 s−1, corresponding to organic fluorophores, enzyme
cofactors, and fluorescent proteins that typically have nanosec-
ond fluorescence lifetimes (14). Semiconductor and carbon dots
typically exhibit 1− 10 ns lifetimes, whereas lanthanides and
transition metal-ligand complexes with 100− 1000 ns lifetimes
are expected to yield a >100 times lower plasmon-enhanced
PCRmax (32). Organic fluorophores as we used here thus provide
the highest PCRmax albeit at the expense of photostability com-
pared to other emitters. It is interesing to note that the intrinsic
quantum yield of the emitter does not dominate the process be-
cause the nanoparticle-molecule complex emits with an efficiency
close to the radiating efficiency of the plasmons, which is nearly
independent of the intrinsic efficiency of the molecule (34).

2.6 conclusions

In summary, we presented a single-molecule study of plasmon-
enhanced fluorescence of a dye with a high intrinsic quantum
yield that is pumped close to saturation, where we focused on
modification of the saturation dynamics by single metal nanopar-
ticles using reversible single-molecule DNA hybridization. We
have addressed the concern of photobleaching by employing low
affinity DNA interactions resulting in controlled residence times
of the fluorophore near the particle, continuous refreshment of
the dye by rebinding, and a well-controlled spacing between
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Figure 2.9: Simulation results of (a) PCRmax and (b) Isat as a function
of molecule-tip separation distance d (nm) and nanorods
diameters. Simulation is performed with a fixed gold
nanorod SPR wavelength of 664 nm by varying the diame-
ters and accordingly adjusting the heights, λexc = 637 nm,
λem = 664 nm, φ0 = 0.65, and the fluorophore as an emit-
ting dipole is place at along the center axis of the nanorod
starting at d = 0.8 nm from the tip. (c) Theoretical evalua-
tion of plasmon-enhanced PCRmax as a function of intrinsic
radiative rates of different types of fluorophores. Simula-
tion is performed with a fixed gold nanorod dimension of
63× 25 nm, λexc = 637 nm, λem = 664 nm, φ0 = 0.65, and
the fluorophore as an emitting dipole is placed at d = 4 nm
away from the tip along the center axis of the nanorod. See
section a.1 for full simulation parameters.

particle and fluorophore. We have measured the PCR as a func-
tion of excitation power, from which we derive the PCRmax and
saturation intensity (Isat). The PCR was strongly modified due
to plasmon coupling with a PCRmax that was enhanced by more
than two orders of magnitude at ∼ 1.5 nm from the particle sur-
face. The experimental findings were in good agreement with
numerical simulations that include saturation. These experiments
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provide design rules to optimize the absolute photon output of
single emitters. We envision that this will open the window to
studying microsecond dynamics using real-time single-molecule
fluorescence, e.g. DNA hairpin dynamics and transition paths in
protein folding.
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3.1 abstract

We present a numerical study on plasmon-enhanced single-
molecule enzymology. We combine Brownian dynamics and
electromagnetic simulations to calculate the enhancement of fluo-
rescence signals of fluorogenic substrate converted by an enzyme
conjugated to a plasmonic particle. We simulate the Brownian
motion of a fluorescent product away from the active site of the
enzyme, and calculate the photon detection rate taking into ac-
count modifications of the excitation and emission processes by
coupling to the plasmon. We show that plasmon enhancement
can boost the signal-to-noise ratio (SNR) of single turnovers by up
to 100 fold compared to confocal microscopy. This enhancement
factor is a trade-off between the reduced residence time in the
near-field of the particle, and the enhanced emission intensity
due to coupling to the plasmon. The enhancement depends on
the size, shape and material of the particle and the photophysical
properties of the fluorescent product. Our study provides guide-
lines on how to enhance the SNR of single-molecule enzyme
studies and may aid in further understanding and quantifying
static and dynamic heterogeneity.

3.2 introduction

Enzymes are vital biomolecules that catalyze thousands of bio-
chemical reactions (50). The study of enzyme kinetics started
with the work of Michaelis and Menten (106). which plays an
essential role in analyzing the kinetics of an ensemble of enzymes.
Such ensemble studies assume that all enzymes in solution are
identical; however, recent single-molecule studies revealed that
the catalytic rates in a population of of enzymes are hetero-
geneous (static heterogeneity) (107, 108). Furthermore, it was

39
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observed that the turnover rate of individual enzymes exhibits
temporal fluctuations (dynamic heterogeneity) (4, 64, 109, 110).
It may well be that such heterogeneity has far-reaching biologi-
cal consequences, slowly fluctuating enzymes are, for example,
implicated in variations in antibiotic resistance of genetically
idential bacteria (111).

Single-molecule confocal microscopy has been used to record
the kinetic behavior of single immoblized enzymes (3, 4, 61, 62,
64, 109, 110, 112, 113), and often fluorogenic substrates are used
that are converted by the enzyme from a dark to an emitting state
(66, 68). The activity of the enzymes is then visualized as a series
of fluorescence bursts caused by the diffusion of the fluorescent
product out of the confocal volume (68). This approach has been
used to study the activity of enzymes such as cholesterol oxidase
(4), β-galactosidase (64), chymotrypsin (62), lipase B (61, 109), and
λ-exonuclease (3). These pioneering studies reported temporal
fluctuations in activity on time scales of milliseconds to seconds,
which were attributed to conformational fluctuations (4, 61, 64).

However, the average SNR of these bursts ranges from 1 to
4 in practice (62, 113). The SNR is limited by the flurorescent
background caused by, for example, the presence of a small
fraction of autohydrolyzed product in the large confocal volume.
In addition, the SNR of individual bursts is broadly distributed
around its mean since each fluorescent product diffuses out
of the confocal volume through a random path determined by
Brownian motion. This complicates the interpretation of single-
enzyme data and the quantification of the degree of heterogeneity
because a significant fraction of the bursts exhibits a SNR < 1

and is missed in the analysis (62, 66, 114–116).
Recently, zero-mode waveguides (ZMWs) have been used to

increase the SNR in the detection of single-molecule fluorescence
(69, 117). ZMWs efficiently reduce the fluorescent background
from solution-phase product by confining light to zeptoliter vol-
umes in small apertures that are milled in a metal film. Using
ZMWs, single turnovers of DNA polymerase were recorded with
increased SNR and higher background fluorophore concentra-
tions (69). However, signal enhancements are modest due to
quenching by the large volume of nearby metal (93, 94). The
plasmon resonance of single metal nanoparticles on the other
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hand provides both confinement of the excitation to zeptoliter
volumes, and can additionally strongly enhance the emitted in-
tensity because the particle acts as a nano-antenna (12, 118).

The origin of the plasmon enhancement of single-molecule
fluorescence is the modification of the excitation and decay rates
of a molecular dipole close to a particle. The locally enhanced
field leads to a dramatic increase of the excitation rate, whereas
the nanoantenna modifies the emission of the fluorophore due
to modulations of the radiative and non-radiative decay rate (17,
119–121). Fluorescence intensity enhancements in excess 103 to
105 have been reported for single gold nanorods (37, 77), metallic
particles on a film (122), lithographically fabriacted nanogaps
(45), and self-assembled gold nanoparticle dimers (46, 47, 80).
Plasmonic nanoantennae have already been used extend fluores-
cence correlation spectroscopy to micromolar concentrations (38,
44, 81, 117, 123–125), to study single light-harvesting complexes
(95), and to study diffusion of membrane-proteins (126).

Here we propose the use of single plasmonic nanoparticles to
enhance the SNR of single-molecule enzymology. We combine
Brownian dynamics and electromagnetic simulations to model
the number of photons generated by a single fluorescent prod-
uct that diffuses away from the active site of the enzymes. The
simulations account for modifications of the excitation, radiative,
and non-radiative rates of the fluorophore by the presence of
the nanoantenna. Our approach differs from previous ensemble-
averaged approaches of plasmon-enhanced fluorescence where
molecular excitation and detection functions were used to simu-
late fluorescence correlation spectroscopy (FCS) curves (123, 124).
We explicitly simulate the trajectories of each single molecule and
reconstruct the time-dependent intensity and SNR on a molecule-
by-molecule basis. In contrast to fluorescence-correlation spec-
troscopy models, this yields information on molecule-to-molecule
variations in the detected intensity and SNR. Establishing these
variations is especially critical for single-molecule enzymology
where no event should be missed. The Brownian dynamics simu-
lations reveal that a fluorescent product resides in the particle’s
near-field 100− 1000× shorter compared to a confocal excita-
tion volume. Despite this shorter residence time the resulting
SNR is increased up to 100-fold due to enhancements by the
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nanoantenna. We show that the SNR enhancement depends on
the size, shape and material of the plasmonic particle and on the
photophysical properties of the fluorescent product.

3.3 computational approach

We consider a particle-enzyme complex in the presence of a solu-
tion of fluorogenic substrate molecules, placed in a diffraction-
limited confocal volume of a laser beam (Fig. 3.1). We approxi-
mated the spatial profile of the excitation beam as a 3D Gaussian
function. We assume a numerical aperture (NA) of 1.2, and the
dimensions of the focal spot are further determined by the inci-
dent laser wavelength λinc. We assume a diffraction-limited point
spread function (PSF) to determine the lateral and axial dimen-
sions of the Gaussian focus. The intensity profile of a focused
beam can then be represented as:

I = I0 exp (
−(x− x0)2

2σ2
xy

+
−(y− y0)2

2σ2
xy

+
−(z− z0)2

2σ2
z

). (3.1)

Using the Abbe criterion, the lateral FWHM of the Gaussian PSF
is:

FWHM =
λinc

2NA
. (3.2)

The FWHM of a Gaussian function is related to its standard
deviation σ by FWHM = 2

√
2 ln 2σ ≈ 2.355σ. The ratio of axial

and lateral resolution is approximately κ = 2.33nw
NA , where nw is

the refractive index of water.
In a typical confocal fluorescence measurement, the focused

laser beam illuminates a confined volume of fluorophores that un-
dergo Brownian motion. Then enzyme converts a non-fluorescent
substrate to a fluorescence product, and this generated fluo-
rophore will follow a Brownian motion trajectory (a series of 3D
coordinates as a function of time) to eventually diffuse out of the
focus.

To assess the effect of the nanoantenna on the SNR we compare
the SNR in the absence and the presence of the particle. We focus
our analysis on spherical and rod-shaped gold particles due to
their widespread use and ease of synthesis (127). The simulation
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Figure 3.1: Confocal excitation of an enzyme-gold nanoparticle com-
plex. An enzyme is coupled to a gold nanoparticle that is
immobilized on a glass surface (blue) and located in the
center of a confocal laser beam (green). The active site of the
enzyme converts nonfluorescent substrate to an emitting
product (red) that follows a Brownian motion trajectory
once released from the active site.

of the signal and background signals consists of the following
steps:

1. Generation of Brownian motion trajectories of single prod-
uct molecules that diffuse away from the active site of the
enzyme. The trajectories consist of a 3D random walk with
a total length of 1 ms and a given time step of 10 ns. The
mean squared displacement (MSD) of the molecule derives
from the Stokes-Einstein equation

D =
kBT

6πηr
, (3.3)

with D being the diffusion coefficient (m−2 s−1), kB is Boltz-
mann’s constant (J K−1), T the absolute temperature (K), η

the dynamic viscosity of water (Pa s), and r the hydrody-
namic radius of the molecule (m). The MSD for 3D free
diffusion is then given by (Fig. a.3)

MSD = 6Dτ. (3.4)
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The Brownian motion trajectories of fluorophores diffusing
from the active site of an enzyme were generated using
a custom-made Matlab script. The initial position of all
fluorophores was set at the coordinate of the maximum
fluorescence enhancement. The simulated trajectories were
validated by plotting the MSD as a function of time to
retrieve the diffusion coefficient D that was used as input,
see Appendix a.3.

2. Calculation of the position-dependent emission rate, taking
into account the plasmon-induced modifications of the
excitation rate, radiative, and nonradiative decay rate of the
fluorophore. The photon count rate PCR of a fluorophore
can be expressed as

PCR =
σabs

hν
φIexc, (3.5)

where Iexc is the position-dependent excitation intensity
(W m−2), σabs is the absorption cross section of the fluo-
rophore (m2), φ is the fluorophore’s quantum yield defined
as φ = γr

γr+γnr
, with γr and γnr being the radiative and

nonradiative decay rates (s−1) and hν the photon energy
(J).

Equation 3.5 is valid in the weak excitation regime, in
which the photon count rate of a fluorophore is linear in
incident intensity. To take into account saturation effects, we
introduce the saturation intensity Isat =

γtothν
σabs

with γtot =

γr + γnr where (in contrast to Chapter 2) we ignored triplet
state dynamics (95). This yields the following expression
for the PCR of a single product (see section a.1):

PCR =
σabs

hν

γr

γtot

Iexc Isat

Isat + Isat
. (3.6)

In the absence of a nanoparticle, the only position depen-
dent term in the above equations is Iexc, whose position
dependence is given by the 3D Gaussian approximation of
the confocal volume. The other terms are assumed position-
independent. In the presence of a plasmonic particle, how-
ever, the decay rates γr and γnr will also be modified de-
pending on the location of the fluorophore with respect
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to the particle. These rate modifications are calculated nu-
merically using the boundary element method (BEM). In all
simulations we used the typical photophysical parameters
of a red fluorescence dye in free space: an absorption cross
section σabs of 10−20 m2, a fluorescence lifetime of τlifetime
of 10 ns, and a corresponding total decay rate γtot of 108

ns−1.

3. Calculation of the background signal PCRbg for a certain
fraction of autohydrolized substrate using eq 3.6, but with-
out plasmon-enhancement. Herein we ignore the possible
background and noise from autohydrolyzed product dif-
fusing through the plasmon-enhanced near field because
the near field is > 104× smaller than the confocal volume.
We then find PCRbg by

PCRbg = nAcsubsVconf fhPCR, (3.7)

where here the PCR for a fluorophore in the center of a 3D
Gaussian beam is used, nA is Avogadro’s constant, csubs is
the substrate concentration (M), Vconf is the confocal volume
(L), and fh is the fraction of autohydrolyzed substrate. In
order to acquire a realistic signal and noise level as reported
in existing experimental work for the confocal-only case
(64), we set fh = 0.002%¸ and the collection efficiency of
the setup ηcol = 6% .

We then calculate the PCR of single converted products
for each position of the fluorescent product in the Brown-
ian trajectory, yielding the time-dependent PCR(τ). Time
traces of multiple subsequent turnovers are generated by
randomly assigning a time stamp to every turnover and
stitching the corresponding PCR(τ). The average frequency
of events was set to 400Hz to match the typical turnover
rate of an enzyme with reasonable activity (50). We then
generate the expected experimental time trace by taking
into account the collection efficiency of the setup ηcol and
the integration time tint. This yields the number of detected
photons per integration time, Ndet(t):

Ndet(t) =
∫ t+tint

t
(PCR(τ) + PCRbg)ηcoldτ. (3.8)
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4. Based on the above calculations, we determine the signal-to-
noise ratio (SNR) of each event by dividing the peak photon
counts from a single turnover by the shotnoise originating
from both the signal and background counts.

3.4 results and discussion

The electromagnetic field around the particle is enhanced com-
pared to the incident illumination, resulting in an enhanced
excitation rate of fluorophores located in this near field. The
excitation enhancement can therefore be defined as ξexc = Iexc

I0
,

where I0 is the maximum intensity at the center of an incident 3D
Gaussian excitation beam. In Fig. 3.2a, we show the numerically
calculated near field intensity around a nanorod of 82× 30 nm2,
evaluated on resonance with the longitudinal plasmon at 705 nm.
We observe an enhanced intensity around the two tips of the gold
nanorod of nearly ξexc = 1000, in good agreement with previous
studies (77). This enhancement decays rapidly away from the
particle surface on length-scales of 5 nm. The excitation is thus
strongly confined to the particle surface with a volume nearly
104× smaller than the diffraction limit.

In addition to the enhanced excitation rate, also the decay rates
of the fluorophore are modified around the particle, resulting in a
modified quantum yield. We quantify the emission enhancement
as ξem = φ

φ0
, which was calculated for a single-wavelength dipole

emitting at 730 nm (Stokes-shifted by 25 nm from the excitation)
and was orientation-averaged (see section a.1). Note here that
we assume the dipole has rotational correlation times shorter
than the fluorescence lifetime and that the dipole orientation is
fast tumbling within a fluorescence decay (see the influence of a
slowly tumbling molecule in Fig. 3.3).

In Fig. 3.2c we show ξem for φ0 = 1%. The emission enhance-
ment depends strongly on the molecule - surface separation and
exhibits a maximum value of 28 at a distance of 4 nm along the
center axis of the nanorod. The significant increase in quantum
yield especially for positions around the tips of the nanorod
is due to the enhancement of the radiative decay rate due to
coupling of the dipole emission to the dipolar plasmon of the
nanorod. The drastic decrease of the quantum yield at a dis-
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Figure 3.2: Numerical calculations of the local intensity enhance-
ment and rate-enhancements around an 82× 30 nm2 gold
nanorod. (a) Excitation enhancement containing both con-
tributions from the 3D Gaussian point-spread-function of
the excitation beam with a maximum intensity of I0, and
the gold nanorod near field. The near field enhancement
around the particle was calculated for excitation with a
plane wave at 705 nm (resonant with the longitudinal plas-
mon). (b) Zoom of the gold nanorod in (a). (c, d) Quantum
yield enhancement for a dipolar emitter with an intrinsic
quantum yield φ0 of 1% and 25%, respectively (orientation
averaged). The emitter is modeled by a narrow absorption
line at 705 nm, with a narrow emission line with a Stokes
shift of 25 nm. (e, f) Total fluorescence enhancement for exci-
tation at 705 nm and emission at 730 nm. Total enhancement
is valid far below saturation, note the difference in the color
scale.
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Figure 3.3: Effect of different orientational averages on the fluorescence
enhancement. (a) A schematic representation of the geomet-
ric locations of the simulated gold particle and the dipole
positions (red dots) in a Cartesian coordinate system. (b) the
total fluorescence enhancement for fast tumbling molecules
(red solid line, as assumed in the presented results in the
main text), slowly tumbling molecules (blue dotted line),
and molecules with a fixed x-orientation (pink dotted line).
The calculation was performed with 82×30 nm2 AuNRs
under resonant excitation and 25 nm Stokes-shifted emis-
sion with an intrinsic quantum yield of 1%. Eqautions per-
forming different orientational averages can be found in
Appdendix a.4.

tance less than 4 nm is attributed to enhanced nonradiative decay
through higher order plasmon modes (35), which accounts for
quenching by the nearby particle.

Usually single-molecule enzyme studies are performed with
higher quantum yield dyes, for which we show the enhancement
factors for φ0 = 25% in Fig. 3.2. We find a maximum ξem of
only 2 at a distance of 15 nm from the surface because of the
already high φ0, here the excited-state decay is limited by the
radiation efficiency of plasmons (35). Note here that the distance
of maximum quantum yield enhancement is different for dyes
with different intrinsic quantum yield. This is due to the fact
that the enhancement of the nonradiative rate decays faster with
separation than the radiative rate enhancement, resulting in a
maximal quantum yield enhancement at a certain distance from
the surface that depends on the intrinsic quantum yield. The total
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fluorescence enhancement ξEF is then a combination of excitation
enhancement and emission enhancement, given by

ξEF = ξexcξem. (3.9)

This total fluorescence enhancement ξEF is shown in Fig. 3.2e,f,
again for two values of the intrinsic quantum yield. For φ0 = 1%,
the maximum ξEF is as high as 20000 at a distance of 2.5 nm
from the tip, whereas for φ0 = 25%, ξEF decreases to a maximum
of 1000 at a distance of 2.8 nm. These results imply that in the
low excitation regime (far below dye saturation) the majority of
the enhancement is due to excitation enhancement, whereas the
emission enhancement is significant only for fluorophores with
a low φ0. When approaching the saturation intensity of the dye,
the enhancement is dominated by the emission process as de-
scribed in Chapter 2. The positions with maximum fluorescence
enhancement will be used as the exact location of the enzyme
active site, which is the starting point of the Brownian motion
trajectories.

In addition to enhancement of the excitation rate and quantum
yield, also the saturation intensity Isat is modified in the presence
of a plasmonic particle (95). Since higher Isat directly leads to
higher photon emission rates, an increased Isat is beneficial to
the detection of a fluorescent product. Experimentally 50−fold
higher photon count rate has been reported, combined with a
10−fold higher total photon count (95). In our calculation, where
Isat = γtothν

σabs
, the increase of saturation level is determined by

the modification of distance-dependent total decay rate γtot and
is found to be 3 orders of magnitude enhanced on the particle
surface, and decreases rapidly within 10 nm.

To quantify the effect of plasmon-enhancement, we consider
the enzyme reaction in the presence and absence of the plasmonic
particle. In Fig. 3.4a we show a typical trajectory of a single fluo-
rophore diffusing away from the center of a Gaussian focus, and
Fig. 3.4b shows the time-dependent PCR(τ) of a single turnover
event according to eq 3.6. The residence time in the confocal
volume varies from 100 µs to 1 ms for individual fluorophores
due to the random nature of the trajectories. In Fig. 3.4c,d we
show the trajectory and the plasmon-enhanced photon counts
for a fluorophore (φ0 = 25%) starting at 2.8 nm from the tip of
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Figure 3.4: Simulated Brownian motion trajectories of a fluorophore
out of a 3D Gaussian focus (a, c) without and (b, d) with
a 82× 30nm2 AuNR. The blue half-ellipses illustrate the
approximate 1/e2 beam size of the 3D Gaussian focus.(b,
d) Corresponding PCR(τ) as a function of time for the
trajectories shown in (a) and (c). The inset in (d) shows
the first few points in the trajectory projected on the x-z
plane. The dotted line in the inset illustrates the planar
infinite substrate, acting as a hard boundary for the diffu-
sion. The simulation is performed for φ0 = 25% and I0 =
108W m−2(corresponding to a 705nm laser with a power of
20µW focused with an objective lens with NA = 1.2) and a
time step of 10ns in the Brownian motion calculations.

a 82× 30 nm2 nanorod in a 3D Gaussian excitation beam. The
plamson-enhanced time trace shows a 1000-fold enhancement
in maximum photon detection rate compared to the confocal-
only case, in agreement with Fig. 3.2. Although the intensity is
enhanced 1000-fold, the fluorophore spends on average 100×
shorter in the near-field compared to a confocal volume.

In Fig. 3.5(a)(b) we show the comparison of the simulated time
trace of single enzyme turnovers without and with plasmonic
particle respectively for tint = 1 ms. Despite this much shorter
residence time, the plasmon enhancement wins and we find a
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Figure 3.5: Simulated time traces of single enzyme turnovers. The num-
ber of detected photons Ndet(t) with shot-noise superposed,
without (a) and with (b) a AuNR, and (c) the histogram
showing the SNR distribution evaluated from the time traces
shown in (a) and (b). (d)SNR in single enzyme turnover de-
tection as a function of laser intensity. Simulation is based
on an 82× 30 nm2 AuNR, which is under 705 nm laser exci-
tation, with I0 = 2× 109 W m−2. For both simulations we
used tint = 1 ms and φ0 = 25%.

significant enhancement in Ndet(t) for experimentally relevant
binning times of tint = 1 ms. For the confocal excitation, we
used the SNR reported in previous experimental results as a
benchmark, and by varying the autohydrolyzed fraction fh in
eq 3.7 and collection efficiency ηcol in eq 3.8, we find an average
SNR = 3 for I0 = 2× 109 W m−2 that closely resembles literature
reports (62, 64). This indicates that our simulation generates the
correct signal and background intensities. As can be seen, the
plasmon-enhanced time trace (b) exhibits a significantly higher
SNR where all events are clearly visible above the background.
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In Fig. 3.5(c) we show the histogram of the SNR of each event,
which shows a 7-fold increase in average SNR due to plasmon-
enhancement. More importantly, in the plasmon-enhanced time
trace, all simulated events exhibit SNR > 1, whereas ∼ 30% of
the events exhibit SNR < 1 for confocal-only excitation. This is
crucial for single enzyme measurements because a high SNR will
significantly increase the accuracy of waiting time determination
and will alleviate the uncertainties now experienced in various
threshold-finding algorithms (62).

We show in Fig. 3.5(d) the SNR with (red curve) and without
(blue curve) plasmon enhancement, as a function of incident
laser intensity I0. We evaluated the SNR under 705 nm laser
intensity I0 from 5× 106 to 2× 1010 W m−2 corresponding to
incident laser powers of 1 µW to 2 mW focused by an objective
lens with NA = 1.2. The errors bars indicate the full width of the
distribution of SNR per event, which spans 1-2 decades due to
the broadly distributed residence time of diffusing fluorophores
caused by Brownian motion.

For the confocal-only simulations, we find an average SNR > 1
for I0 > 2× 108 W m−2. and the SNR does not increase anymore
beyond I0 = 5× 109 W m−2 due to fluorescence saturation (see
Eq.3.6). This results in a maximum average SNR in confocal-only
simulations of ∼ 4. With plasmon enhancement we show that
the SNR can be enhanced by more than an order of magnitude
under these conditions. The increase in SNR under plasmon en-
hancement is attributed to the strong fluorescence enhancement
around the gold nanorod, implying that although the residence
time is shorter by ∼ 100×, a significant increase in PCR(τ) is still
expected due to fluorescence enhancement. However, although
the saturation level of fluorophores close to the particle is in-
creased due to strong increase of γtot, the SNR still saturates at a
value of ∼ 25 due to the increased (but still limited) saturation
intensity.

The temperature rise of the excited particle under a focused
laser is crucial in an experiment with enzymes, since the enzyme
structure and activity can be impaired when it is heated for
extended periods of time (minutes to hours in single enzyme
experiments). We calculated the temperature rise 2.5 nm away
from the surface of the particle by approximating the nanorod as
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Figure 3.6: (a)The absorption cross section of a 82× 30 nm2 AuNR, and
(b) the steady state heating temperature rise as a function
of laser power.

a sphere with the same volume as the rod, and by evaluating the
temperature on the surface of the sphere. We assume the particle
is in a homogeneous aqueous environment, and the steady state
temperature ∆T on the surface of sphere can be written as:

∆T =
σabs I
4πkR

, (3.10)

where σabs is the absorption cross section of the nanoparticle at
the laser wavelength, I is the laser power density in the focus, k
is the thermal conductivity of water (0.56 W m−2), and R is the
radius of the equivolume sphere.

Considering the polarized laser excitation in our simulations,
we used the absorbed power only by longitudinal SPR of the gold
nanorod with a size of 82× 30 nm2. The absorption cross section
of the nanorod is calculated using a full Maxwell solution in the
boundary element method (BEM) for metal nanoparticles, and the
absorption cross section at the SPR peak is found to be 3.3× 104

nm2. This leads to a temperature rise of 19 K when using a 108

W m−2 laser of the resonant wavelength of 704 nm. Since most
proteins exhibit midpoints for thermal denaturation (Tm) ranging
from 40 ◦C to 80 ◦C depending on pH and buffer conditions, we
set 108 W m−2 as the limiting laser intensity in the remainder of
our calculations to protect the protein from denaturing(128).
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Figure 3.7: (a) Normalized PCR time traces of single fluorophores dif-
fusing away from the active site of an enzyme coupled to
a AuNR with different widths. Time traces are averaged
over ∼ 400 trajectories. The particles have a fixed plasmon
wavelength λSP = 705 nm. (b) Average SNR as a function of
binning time tint for a nanorod with a width of 30 nm and
the confocal-only case. The excitation wavelength is 705 nm
with I0 = 1× 108 W m−2 and φ0 = 25% for all calculations
to facilitate comparison. In order to keep λSP = 705 nm for
all particles the aspect ratios vary slightly.

The overall enhancement is a trade-off between fluorescence
enhancement and the residence time of the fluorophore in the
near-field. The latter depends on the size of the particle, which is
illustrated in Fig. 3.7a. There we show averaged and normalized
time traces of single fluorophores generated by the enzyme in the
absence and presence of a particle, averaged over ∼ 400 events.
For the confocal-only case we observe an average residence time
of ∼ 10 µs, whereas the residence time in the near-field of a
nanorod is typically > 100× shorter. As expected, we find that
the residence time increases with nanoparticle width, a direct
consequence of the greater extent of the near-field for larger
particles.

The short residence times we find in Fig. 3.7a imply that the
SNR will depend strongly on the binning time used in the ex-
periments. This effect is shown in Fig. 3.7(b), where we compare
the confocal-only case with a 30 nm wide nanorod. For all evalu-
ated binning times tint the average SNR is significantly increased
(by a factor of 10 - 100) due to plasmon enhancement. For the
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Figure 3.8: (a) SNR as a function of the width of the particle for both
gold and silver nanorods with λSP = 705 nm, the dotted
blue line indicates the confocal-only SNR. Simulation param-
eters: I0 = 2× 109 W m−2 for confocal-only and I0 = 1× 108

W m−2 for the plasmon-enhanced case, φ0 = 25%, and
tint = 1 µs. Note that the calculations for confocal-only were
performed with a higher power density than the enzyme-
nanoparticle conjugates, see the text for further details. (b)
Dependence of the average SNR on φ0 for particles with
λSP = 705 nm. The AuNR has size 82× 30 nm−2 , the AgNR
is 72× 20 nm2

.

confocal-only case, we find an optimum binning time of about
10 µs, which matches with the average residence time of the prod-
uct in the laser focus. For shorter integration time, not all signal
is collected within one integration time, resulting in a lower SNR
of the bursts. In the presence of a 30 nm wide nanorod we find
that the SNR increases monotonously with decreasing binning
time, with 100-fold enhancement compared to the confocal SNR
for tint = 1 µs. Again we expect an optimum in the SNR when tint

matches the residence time in the near-field, but this now occurs
for tint < 1 µs, which is difficult to access experimentally. For
experimentally feasible binning times of 100 µs we find that the
SNR in the presence of a 30 nm wide particle is approximately
enhanced 5× compared to the confocal-only case.

In Fig. 3.8a, we show the SNR as a function of particle width. To
compare between different plasmonic materials, we also calculate
the SNR enhancement for silver nanorods (AgNRs). As expected
we find that the SNR enhancement with AgNRs is higher than
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AuNRs by a factor up to 10, caused by a reduced absorption by
the bulk metal which results in a higher local field enhancement
and dipolar radiation efficiency. For widths from 10 − 20nm
the SNR increases for both AuNRs and AgNRs, which is the
result of an increased residence time in the near-field combined
with a higher emission enhancement for larger particles. For
increasing widths radiation damping causes broadening of the
plasmon resonance(129) and concurrent reduction in fluorescence
enhancement (130). For AgNRs, significant radiation damping
starts for ∼ 20 nm width, while for AuNRs this onset is shifted
to widths of 30− 40 nm (see Appendix a.3). This implies that
for AuNRs, even though emission enhancement is stronger for
larger particles, this effect is similar in magnitude as the reduced
excitation enhancement due to radiation damping. The result
is a SNR that does not strongly depend on particle size for
particles with a width larger than 30 nm. For AgNRs, the stronger
radiation damping for larger particles results in a decreasing
SNR for particles with a width larger than 20 nm. This trade-off
between emission enhancement and radiation damping results
in an optimum particle size that is different for gold versus silver
due to a different onset of radiation damping.

It is known that fluorophores with a low intrinsic quantum
yield are enhanced more by coupling to the plasmon (35). We
therefore also investigate the influence of φ0 on the average SNR,
see Fig. 3.8b. For the confocal-only case, we observe an increasing
SNR with φ0 simply due to the fact that more signal is gener-
ated for a higher φ0. The SNR scales approximately with the
square-root of φ0, as expected for shot-noise limited detection
with low (but here nonzero) background. However, due to the
strong decrease of fluorescence enhancement as a function of φ0,
the plasmon-enhanced SNR decreases with φ0 (Fig. 3.8). In addi-
tion, lowering φ0 reduces the background due to autohydrolyzed
substrate, resulting in optimum SNR for low φ0. This implies that
simply by lowering φ0 (by, e.g., using quenchers such as methyl
viologen(131)) one can improve the SNR in single-molecule enzy-
mology further by a factor of 2 - 3.

Our results indicate that the maximum experimentally feasible
enhancement for AuNRs is ∼ 100× when a fluorogenic substrate
with low φ0 is used in combination with 30 nm wide particles.
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For silver particles, the enhancement is increased to 300× for
20 nm particles. Note that we assumed here that the fluorescent
product immediately dissociates from the enzyme. In reality a
finite dissociation constant will be associated with the enzyme-
product interaction (62), which results in the product remaining
bound for a short time. This will further increase the SNR due
to the longer residence time in the near-field of the particle. The
enhanced SNR provided by coupling to a plasmonic particle will
aid in the quantification of the kinetic heterogeneity of enzymes
by allowing for more reliable thresholding and burst-detection.
Moreover, it may allow for the first direct measurement of the
enzyme-product dissociation process by relating the measured
enhancement factor to the residence time of the product in the
near-field of the particle. In addition, it has been reported that
the enzymatic activity and long-term stability are modified for
nanoparticle-bound enzymes. Our method may therefore allow
for the quantification of the interfacial activation of enzymes
and the elucidation of the underlying mechanisms at the single-
molecule level.

3.5 conclusions

In conclusion, we studied plasmon-enhanced single-molecule en-
zymology by combining Brownian dynamics and electromagnetic
simulations. We find dramatically enhanced average SNR caused
by the enhancement of the fluorescence intensity of a product
near a plasmonic nanorod. We show that, although the average
residence time is greatly reduced compared to a confocal-only ex-
citation, the SNR can still be largely improved, and a 100-300-fold
increase in average SNR has been found for a low quantum yield
fluorophore with a binning time of 100 µs. These enhancements
are achieved for enzymes conjugated to the tip of a particle,
which can be experimentally achieved using recently reported
tip-specific functionalization protocols. Our results provide a
practical guideline for choosing the optimum particle size and
experimental parameters such as intrinsic quantum yield, excita-
tion power, and binning time. The increase in SNR has important
implications in the study of single-molecule enzymology, since
we show that in the presence of a plasmonic nanoparticle all
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bursts exhibit SNR > 1, which may tremendously help the data
analysis in single enzyme kinetics measurement. This may aid in
further quantification and understanding of dynamic and static
heterogeneity.

After having established the limits of plasmon-enhanced fluo-
rescence both experimentally and numerically, the next chapters
will discuss the application toward probing enzymatic reactions.
We will first, in Chapter 4, describe a method to quantitatively
conjugate enzymes to metallic particles. In Chapter 5 we explore
the use of these conjugates for the plasmon-enhanced probing of
enzymatic reactions.
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4.1 abstract

In this chapter, we present an experimental approach to con-
jugate enzyme molecules to metal nanoparticles. In order to
study plasmon-enhanced single-molecule enzymology, efficient
bioconjugation has to be realized. Succesfull bioconjugation re-
quires control over the number and activity of the conjugated
proteins, and the colloidal stability of the particles. In practice,
this requires re-optimization of the conjugation protocol for each
combination of protein and nanoparticle. Here we report a ro-
bust and general protocol that allows for the conjugation of a
range of proteins to different types of nanoparticles using very
short polyethylene-glycol (PEG) linkers, while simultaneously pre-
serving protein activity and colloidal stability. The use of short
linkers ensures that the protein is located close to the particle
surface, where their refractive index sensitivity and near-field
enhancement is maximal. We demonstrate that the use a Tween20

containing stabilizing buffer is critical in maintaining colloidal
stability and protein function throughout the protocol. We ob-
tain quantitative control over the average number of enzymes
per particle by either varying the number of functional groups
on the particle, or the enzyme concentration during incubation.
This new route of preparing quantitative protein-nanoparticle
bioconjugates paves the way to develop rational and quantita-
tive strategies to functionalize nanoparticles for applications in
sensing, medical diagnostics and drug delivery.

4.2 introduction

Plasmonic noble metal nanoparticles are suitable for a large va-
riety of scientific and commercial applications, such as sensing,
spectroscopy and energy conversion, due to their outstanding
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optical properties. They are therefore ideal candidates for en-
hanced molecular detection and are indispensable tools in single-
molecule imaging and biosensing (11, 12, 20, 132). Bioconjugates
of plasmonic particles have therefore received considerable atten-
tion, for example, particles functionalized with proteins, peptides
or oligonucleotides are increasingly found as important players
in biosensors (21, 23, 133–135), nano-carriers (136, 137), and for
nano-therapeutics (27, 138–140). Nevertheless, complex molec-
ular interactions exist at the interface between the nanoparticle
and the conjugated biomolecules. The colloidal stability of the
nanoparticles, the hydrodynamic behavior of the suspending
medium, and the folded structure of the biomolecules all play
pivotal roles in successful bioconjugation (141). Several challenges
are associated with the controlled preparation of nanoparticle
bioconjugates, especially via a robust and general protocol. To
begin with, there is a large diversity of surface ligands including
surfactants and polymers that keep the as-synthesized nanoparti-
cles colloidally stable. In practice this requires a tailored ligand
exchange protocol to keep each type of particle stable during the
conjugation. Secondly, quantitative determination of the number
of biomolecules per nanoparticle is inherently difficult because
reaction stoichiometry often does not directly relate to the added
molar ratio of nanoparticle and biomolecule. Thirdly, the inherent
dispersion in nanoparticle size and ligand density could compli-
cate the control over colloidal stability and biomolecular display
on nanoparticles.

Various strategies of conjugating biomolecules to colloidal
nanoparticles have been proposed (142). Biomolecules can be
directly adsorbed onto the nanoparticle’s surface by physisorp-
tion. However, physisorption often leads to (local) unfolding
of the biomolecules resulting in significant loss of bio-activity
(143–146). Bioconjugation via a ligand or a polymeric linker is
widely used to avoid direct contact of the biomolecules with the
nanoparticle surface. Standard bioconjugation techniques have
been introduced using bifunctional cross-linkers. Electrostatic
adsorption via linkers with charged end groups has been shown
to effectively conjugate proteins to gold nanoparticles (147, 148).
Multibranched polymers and dendrimers have also been used
for bioconjugation via various surface chemistries and have been
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particularly useful to functionalize particles for drug delivery and
applications in undiluted complex media (149, 150). The most
widely used covalent approach uses N-(3-dimethyl-aminopropyl)-
N-ethylcarbodiimide hydrochloride (EDC) and its derived cross-
linkers connecting primary amines on the biomolecule with car-
boxyls on the particle via amide bonds (142). Both gold and
silver nanoparticles have been conjugated to proteins and pep-
tides using such EDC-mediated protocols (151–153). However,
the required strict control of pH and ionic strength leaves only a
narrow window in which the particles remain colloidally stable,
and this window varies from colloid to colloid depending on the
charge and type of capping ligand. Bio-orthogonal approaches
using click chemistry have shown to allow accurate quantitation
of the average number of biomolecules per particle (154–156).
However click reactions rely on hydrophobic azide or alkyne
groups on either the particle or on the biomolecule, which often
leads to reduced solubility and colloidal stability in aqueous en-
vironments (157). Conjugation via biotin - streptavidin linkers on
the other hand has been used in the study of nanoparticle-based
biosensors on ensemble and single-molecule levels, and the study
of nanoparticle assemblies (23, 158–161). Being a water-soluble
small molecule, biotin is typically conjugated to the surface of
nanoparticles via polyethylene-glycol (PEG) cross-linkers, without
significantly aggregating the nanoparticles (142, 162). However,
maintaining colloidal stability requires long PEG linkers to pre-
vent aggregation during centrifugation or at physiological salt
conditions, pushing the conjugated biomolecules away from the
particle’s surface where the refractive index sensitivity and flu-
orescence enhancements are highest (21, 92). Although it has
been observed that histidine-tagged biomolecules can effectively
conjugate to inorganic quantum dots with zero-length spacing
(163), no general protocols exist that allow for the conjugation
of a range of proteins to different types of plasmonic nanoparti-
cles using short linkers, while simultaneously preserving protein
activity and colloidal stability.

In this chapter, we demonstrate a general and robust approach
to quantitatively conjugate a range of enzymes to a range of
metal nanoparticles using short linkers. Owing to the differ-
ent stabilizing ligands employed during the synthesis of the
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particles we demonstrate that the use of a Tween20 contain-
ing stabilizing buffer is critical in maintaining colloidal stability
and protein function throughout the functionalization process.
To show the generality of the approach, we conjugate alkaline
phosphatase (ALP), β-galactosidase (β-gal) and horseradish perox-
idase (HRP) to as-synthesized gold nanospheres, gold nanorods,
and silver nanospheres that each display different surface lig-
ands and different ζ-potentials. We obtain quantitative control
over the average number of enzymes per particle by changing
either the number of functional groups on the particle, or by
changing the enzyme concentration during incubation. Quanti-
tative conjugation of proteins to nanoparticles will enable the
use of these bioconjugates in nanomedicine, cellular targeting,
and biosensing. Although displayed with diluted buffers, our
method is not limited by real undiluted samples, such as serum
and whole blood, due to the high conjugation specificity and
detection sensitivity.

4.3 methods

4.3.1 Nanoparticle PEGylation

Gold and silver nanospheres (40 nm in diameter) stabilized in
sodium citrate buffer were purchased from Sigma-Aldrich. Gold
nanorods (60× 30 nm2, extinction peak 610 nm) were purchased
from Nanoseedz. The gold and silver nanospheres were directly
used for PEGylation, whereas gold nanorods were centrifuged
once and re-suspended in an aqueous solution containing 1 mM
CTAB. SH-PEG-biotin (1 kDa) was purchased from Nanocs and
SH-PEG-methyl (800 Da) was purchased from Sigma-Aldrich.
Stock solutions of PEG were aliquoted at 2 mM in MQ water and
stored frozen at−20 ◦C. The mixed solutions of PEG with varying
fractions (χb) of SH-PEG-biotin were then prepared in 10 mM
Tris(2-carboxyethyl)phosphine hydrochloride (TCEP) solution in
MQ water to prevent formation of disulfide bridges.

For PEGylation (Fig. 4.1(a), phase I), 100 µL of nanoparticle
solution was centrifuged in to a pellet (9000 rpm, 10 min), and
a 100 µL solution of the mixed PEG-solution at 1 mM total con-
centration was added to the pellet, vortexed and incubated for at



4.3 methods 63

Add PEG

I.

Centr ifuge

I ncubat ion
Dispersion 
      in 

Tween 20 
   buffer

Cent r ifuge 5xI ncubat ion

Dispersion 
      in 
Tween 20 
  buffer

II.

III .

AuNR

Au(Ag)NS

+
+

+
+

+
++++++++++

+
+

+
+

O
O

O

O

O
H

O

O

-
-

-

O

O

O

O

OH O

O-

-

-

O

O

O

O

O
H

O O

-

-
-

I. II . III .

5x

Add enzyme 
        in

Tween 20 
   buffer

Figure 4.1: (a) Workflow of the bioconjugation. Prior to the protocol
plasmonic nanoparticles (yellow) are stabilized by their na-
tive ligands (green) in an ionic buffer (gray). After centrifu-
gation, the pellet from the native solution is incubated with
a mixed PEG solution (cyan) for PEGylation. After PEGyla-
tion, the mixture is purified by five times centrifugation fol-
lowed by redispersion in Tween20 containing buffer (blue),
indicated as state II. Enzyme stock solutions (red) prepared
in Tween20 containing buffer are then added to the mixture,
followed again by incubation and purification by four times
centrifugation. The nanoparticle-enzyme bioconjugates are
finally dispersed in Tween20 containing buffer, indicated by
state III. (b) Sketch of the nanoparticle surface chemistry in
state I, II, and III as shown in (a). In state I, the nanoparti-
cles are stabilized by either the positively charged surfactant
CTAB (AuNR), or by negatively charged citrate ions (AuNS
and AgNS). In state II, the nanoparticles are stabilized by a
mixed PEG layer (black) with exposed biotin groups (cyan),
and Tween20 (dark blue). In state III, the enzyme is conju-
gated via biotin-streptavidin linkage. The spherical shape
of the nanoparticles is only for illustration, and does not
attempt to describe the true geometry. See Figure 4.2 for
molecular structures of PEG linkers and Tween20.
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Figure 4.2: Molecular structure of the thiolated PEG linkers and
Tween20 used in the bioconjugation.

least 4 h. After PEGylation, the PEGylated nanoparticles were cen-
trifuged and re-dispersed at least 5× in a Tris or PBS buffer with
0.1% of Tween20 added to it. The addition of Tween20 was crucial
as it ensured colloidal stability throughout the protocol with no
significant aggregation (visible as a red-shift and/or broadening
of the extinction spectrum) and prevents loss of particles due to
sticking to the walls of the eppendorf tube.

4.3.2 Enzyme conjugation

Streptavidin-conjugated enzyme (β-galactosidase, alkaline phos-
phatase and horseradish peroxidase) were obtained from Sigma-
Aldrich. Stock solutions of enzyme were prepared in buffer. The
buffer used for ALP was 25 mM Tris with 0.1 wt% Tween20 at
pH 9, and the buffer for β-gal and HRP was 10 mM phosphate
buffered saline with 0.1 wt% Tween20 at pH 7.4. For enzyme
conjugation (Fig. 4.1(a), phase II), stock solutions of the enzyme
were added to PEGylated nanoparticle solutions to a final con-
centration of enzyme ranging from 1 - 100 nM. The nanoparticle-
enzyme mixture was vortexed for 10 s and kept at −4 ◦C for at
least 12 h before being centrifuged and redispersed at least 5×
in the same Tween20 containing buffer. This ensured that nearly
no free enzyme was left in the solution. Despite different ionic
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strength and pH of the buffers, we found that the use of Tween20

was again crucial to ensure colloidal stability.

4.3.3 Quantification of stoichiometry

The prepared bioconjugate was then ready for the determination
of the final nanoparticle and enzyme concentration, the ratio of
which provides the stoichiometric number of enzymes per par-
ticle. The former was determined by ultraviolet-visible (UV-VIS)
extinction spectroscopy for which the extinction spectra of the
nanoparticle suspensions were measured in a Shimadzu 2600

spectrophotometer in a quartz cuvette with an optical path length
of l = 3 mm. The nanoparticle concentration was then deter-

mined by the Lambert-Beer law cNP =
A

εexcl
, where A is the

measured extinction value and εexc the molar extinction coeffi-
cient.

To determine the concentration of enzymes, the fluorogenic en-
zyme substrate 7-hydroxy-9H-(1,3-dichloro-9,9-dimethylacridin-
2-one) (DDAO) was used for ALP and β-gal. 7-hydroxy-9H-(1,3-
dichloro-9,9-dimethylacridin-2-one) phosphate (DDAOp) and 7-
hydroxy-9H-(1,3-dichloro-9,9-dimethylacridin-2-one) galactose
(DDAOg) were used as substrates for ALP and β-gal respec-
tively, and Amplex Red was used for HRP in the presence of
hydrogen peroxidase. All enzyme substrates were purchased
from Thermofisher. For DDAO-based enzyme reactions, the
enzymes cleave the phoshate or galactose groups, leading to
the recovery of DDAO fluorescence as shown as an example
in Figure 4.3, whereas Amplex Red reacts with hydrogen per-
oxidase in the presence of HRP, producing highly fluorescent
resorufin. Stock solutions of the substrates were prepared in
dimethylsulfoxide (DMSO) and stored at −20 ◦C before dissolving
in Tris or PBS buffer for enzymatic assays. A fluoroskan Ascent
FL well plate reader (Thermofisher) was used to read out the
fluorogenic enzymatic reactions from 96-well plates. In an enzy-
matic assay, a total volume of 100 µL of solution was pipetted
in to each well and mixed, after which the fluorescence signal
was recorded as a function of time. An excitation/emission filter
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Figure 4.3: (a) Enzymatic conversion of DDAOp to fluorescent DDAO.
(b) Progress curves of 1 nM free streptavidin-ALP and a
AuNR-ALP bioconjugate prepared with 50 nM ALP during
conjugation. The correspondent fits to the initial phase of
the progress curves yield the initial velocity V0 for free
ALP and conjugates. (c) Ensemble Michaelis-Menten curve
of ALP. The kinetics measurement was done with a fixed
enzyme concentration of 1 nM.

pair of 647/660 nm was used for DDAO-based reactions, and
560/580 nm was used for Amplex Red reactions.

In Figure 4.3(b) we show progress curves of free ALP and
ALP-AuNR conjugate. Initial velocities are calculated by fitting
the curves with a linear equation. As the Michaelis-Menten ki-
netics introduced in Chapter 1, the initial velocity of enzymatic
conversion is dependent on substrate concentrations. In Figure
4.3(c) we show the Michaelis-Menten curve of free ALP, where
initial velocities of 1 nM free ALP were measured as a function
of DDAOp substrate concentration. We fit the data points with
Eq. 1.3 with a νmax of 0.16± 0.01 µM s−1 and Km of 7.4± 0.4 µM.
According to νmax = kcat[E0], this gives a kcat of ∼ 160 s−1. This
turnover number is comparable to reported values (50).
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4.4 results and discussion

4.4.1 Colloidal stability

In figure 4.1b, we show the initial surface chemistry of the
nanospheres and nanorods, each with a different native sur-
face charge. Colloidal synthesis of plasmonic metal nanoparticles
relies on the reduction of metal ions in aqueous solution, and the
most widely used plasmonic nanoparticles prepared are gold and
silver nanospheres and gold nanorods. For the synthesis of gold
and silver nanospheres (AuNS, AgNS), citric acid is usually used as
a reducing agent and as a stabilizer, preventing the aggregation
of nanoparticles by a high density of negative charges on the
surface (164, 165). For the synthesis of gold nanorods (AuNRs),
high concentrations (> 10 mM) of the surfactant CTAB have to
be present acting as a shape regulator, guiding the growth of
spherical seeds into elongated nanoparticles. As a result, the
synthesized AuNRs are coated with a dense bilayer of positively
charged CTAB molecules providing colloidal stability.

It is ideal to fully remove the citrate or CTAB in the nanoparti-
cle solution, since biological applications of nanoparticles cannot
be pursued with either citrate or CTAB at high concentration due
to their cytotoxity (166, 167). A simple removal usually will cause
aggregation because the surface charge that provides electrostatic
stabilization is diminished. SH-PEGs and their derivatives are
therefore often used to remove the surfactant and act as a steric
stabilizer for the particles (43, 162, 168). PEGylation of nanopar-
ticles has been widely reported in literature (43, 162, 168, 169),
and from these studies it is known that colloidal stability in high
ionic strength solutions is only achieved with PEG linkers >5 kDa.
To facilitate bioconjugation via shorter PEG linkers < 1 kDa we
adapted the PEGylation protocol by Liao et al. (162), and used
solution of mixed SH-PEG-biotin and SH-PEG-methyl in the pres-
ence of Tween20 to PEGylate and at the same time biotinylate
the surface of nanoparticles with a controlled fraction of biotin
groups (figure 4.1b). The use of a mixed PEG layer enables us to
vary the number of biotin groups per particle while keeping the
total PEG coverage constant. This allows us to directly compare
the different functionalization protocols.
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Figure 4.4: UV-VIS extinction spectra of (a) AuNR, (b) AuNS, and (c)
AgNS before and after enzyme conjugation in states I (solid
line) and III (dashed line). For comparsion we also show
the spectra in state III where no Tween20 was used in the
whole protocol. In the insets we show the transmission
electron microscope (TEM) images of the corresponding
nanoparticles used in the conjugation.

The use of short PEG linkers decreases the absolute distance
between the molecule and nanoparticle surface, maximizing the
refractive index sensitivity and fluorescence enhancements. In
the ideal chain model (170), the end-to-end distance of a polymer
chain scales as

√
N, with N the number of segements in the

chain. Reducing the PEG length from 5 kDa to 1 kDa therefore
reduces the time-averaged spacing between the biomolecule and
the particle by ∼ 2 nm, which is substantial considering the short
length of the localized electric field around these small particles.
As an example, the 1/e decay length of near-field intensity is
about 4.5 nm for a gold nanorod with a diameter of 30 nm (92).

The colloidal stability of the suspensions can be conveniently
monitored using UV-VIS spectroscopy, as aggregation of the
particles will result in a red-shift of the plasmon resonance and
eventually a loss of extinction. In Figure 4.4 we show the UV-VIS
spectra of the nanoparticles before and after bioconjugation with
streptavidin-ALP in Tween20 containing Tris buffer at pH 9, and
also the spectra of the bioconjugate prepared without Tween20 in
the buffer throughout the whole protocol. We observed that for
all nanoparticles, no obvious aggregation was found as there was
no large shift (>10 nm) in extinction peaks, and no major loss of
nanoparticles was found when Tween20 was present throughout
the bioconjugation.
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Figure 4.5: (a)Peak extinction at the longitudinal plasmon, obtained
from extinction spectra and (b) Longitudinal plasmon wave-
lengths of AuNR-ALP bioconjugates prepared in different
ALP concentrations.

In contrast, the UV-VIS spectra of bioconjugates prepared with-
out Tween20 stabilization showed a 4 - 10× decrease in final
extinction values. This is caused by the formation of large aggre-
gates of particles that cannot be redispersed. Tween20 prevents
this aggregation by stabilizing the nanoparticles’ surface by tran-
siently absorbing to areas of low PEG density. This indicates that
Tween20 played a crucial role in boosting the colloidal stability
of the nanoparticles, which we found was independent of the
enzyme concentration during conjugation (see Figure 4.5). The
minor decrease of peak extinction when Tween20 was present
during the conjugation compared to stock solution was largely
from pipetting losses during the centrifugation cycles. The big-
ger loss in extinction for AgNS could be due to partial surface
oxidation, reducing their stability.

The ζ-potentials of the nanoparticles in states I, II and III were
also measured to understand the surface modification of PEGyla-
tion and bioconjugation as shown in table 4.1. As can be seen, the
ζ-potentials of nanoparticles in their native solutions vary due
to different surface ligands, and after PEGylation all particles
showed ζ-potentials of about −15 mV, indicating the success-
ful and reproducible modification of the nanoparticle surfaces
regardless of their native surface charges. Note here that the ζ-
potential of PEG coated nanoparticles was reported by others to
be PEG-length dependent, and ζ-potentials closer to zero could
be found for PEGylated nanoparticles with longer PEGs (> 5 kDa)
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Table 4.1: Extinction coefficients of the nanoparticles at the wavelengths
at which extinction peaks, and ζ-potentials of nanoparticles
and nanoparticle-ALP bioconjugates in the three states dis-
played in Fig. 4.1

Nanoparticles εexc cNP ζ (mV) ζ (mV) ζ (mV)

(dimensions) ( M−1 cm−1) (nM) state I state II state III

AuNRs 2.5× 109 0.8± 0.05 26± 1.0 −15± 1.0 −23± 2.0

(60× 30 nm2 )

AuNS (40 nm) 8.4× 109 0.12± 0.01 −38± 1.0 −15± 1.0 −24± 0.1

AgNS (40 nm) 3.7× 1010 0.066± 0.005 −39± 1.0 −15± 2.0 −22± 1.0

(171). After the bioconjugation with ALP, the ζ-potential of all
nanoparticles showed a decrease to about −23 mV, indicating the
successful binding of the negatively charged streptavidin-enzyme
complex. The ζ-potential of β-gal-nanoparticle bioconjugates was
found to be of similar magnitude.

4.4.2 Tuning stoichiometry

After the bioconjugation the enzyme concentration was deter-
mined using the fluorogenic substrates DDAOp, DDAOg and
Amplex Red. Note here that fluorogenic enzymatic reactions
were specifically used for quantitative determination rather than
optical absorption or extinction to prevent interference from the
extinction caused by the nanoparticles and other biomolecules in
solution. The only interference can come from other fluorescent
species, which are absent in our solutions (the quantum yield
of gold nanoparticles is < 10−5) (172). The enzymatic reactions
were visualized as progress curves of fluorescence intensity as a
function of time. The enzyme concentration was then determined
from the initial velocity v (that is, the initial rate of fluorescence
increase) by assuming Michaelis-Menten kinetics (see Chapter 1).
As an example, we demonstrate the determination of the number
ALPs per gold nanorod by the initial velocities as in section 4.3.3.
The average number of ALPs per gold nanorod Nenz is given the
by the fraction of the concentration of active enzymes cenz and
the concentration of nanoparticles in the bioconjugate cNP:

Nenz =
cenz

cNP
. (4.1)
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The effective concentration of conjugated enzyme, cenz, was de-
termined from the ratio between the initial velocity of the biocon-
jugate and the free enzyme at a known concentration, given by

cenz =
vconj

0

v f ree
0

, (4.2)

where vconj
0 and v f ree

0 (in relative fluorescence units, RFU, per
second) are the initial velocity of the bioconjugate and the free
enzyme solution with a known concentration. In Figure 4.6(a) we
show the progress curves of 1 nM free streptavidin-conjugated
ALP and the AuNR-ALP bioconjugate. The initial-phase of the
progress curve is fitted with a linear equation in the form of
RFU = a + v0t, with the slope v0 as the initial velocity. Signifi-
cant non-linearity of the progress curves set in after 20 s due to
substrate depletion. In this particular case we find cenz =10 nM,
which resulted in Nenz = 12 based on the nanoparticle concentra-
tion of 0.8 nM.

One question that remains to be addressed is whether the
nanoparticle-conjugated enzymes are as active when conjugated
to the nanoparticles as in their free state. More often than not en-
zymes conjugated to nanoparticles show significantly decreased
activity due to conformational changes during e.g. physisorp-
tion, or covalent enzyme modifications that are unfavorable to
maintain activity. In contrast, in some circumstances an increased
enzyme activity upon immobilization has been reported (173).
The mechanism behind the nanoparticle-induced enhancement is
complex as it involves the enzyme’s conformation, accessibility of
the active site, and the local chemical environment (charge, pH)
near the particle that may promote or inhibit activity. Neverthe-
less it has been confirmed that the unique microenvironment sur-
rounding the nanoparticles, and the enzyme’s physicochemical
interaction with the particle may modify the enzyme’s catalytic
activity.

To assess the enzyme’s activity before and after conjuation
we performed a supernatant assay of the AuNR bioconjugates
prepared with 50 nM ALP. In Figure 4.6 we show the initial veloc-
ities of 5 nM free streptavidin-ALP, and the sum of the activities
of the bioconjugate after centrifugation and the supernatant. We
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Figure 4.6: Initial velocities of 5 nM free ALP (blue left), AuNR-ALP
bioconjugate (green), and the supernatant(blue right).

observe that the enzyme activity of the bioconjugate was nearly
100% of the original activity. We attribute the high retention of
activity to the dense PEG layer on the particle, and on the non-
covalent biotin-streptavidin interactions, due to which very little
to no modifications of protein structure are expected during the
bioconjugation.

We now demonstrate the the number of enzymes per parti-
cle can be quantitatively controlled for different enzymes and
particles by (1) controlling the enzyme concentration during in-
cubation, or (2) controlling the fraction of biotin groups in the
mixed PEG layer. To demonstrate the effect of enzyme concentra-
tion used during the bioconjugation on Nenz, we measured Nenz

for bioconjugates prepared with a concentration series of ALP
and β-gal. In Figure 4.7, we show the measured Nenz determined
for AuNR, AgNS and AuNS coated with a mixed layer of PEG
with a biotin fraction χb = 0.4. As we can see in Figure 4.7(a),
Nenz for nanoparticle-ALP bioconjugates can be controlled by the
ALP concentration giving access to stoichiometries ranging from
monovalent up to 20 enzymes per particle when the enzyme
concentration was increased from 1 nM to 100 nM. Note that Nenz

is a measurement of active enzymes only and may not represent
the true coverage of enzyme molecules since inactive enzymes do
not contribute to the initial velocity, meaning that we are ’blind’
in our measurement to the enzymes that are inactive already in
the stock solutions. Nevertheless, the maximum value of Nenz is
limited by number of biotin groups, and by the physical size of
the enzyme compared to the particle. Despite their surface area,
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Figure 4.7: (a) Number of ALP par particle as a function of ALP con-
centration for AuNR, AuNS and AgNS bioconjugates, and
(b) number of β-gal per particle as a function of β-gal con-
centration for AuNR bioconjugates. χb = 0.4 is fixed during
bioconjugation.

the number of enzymes on the AuNRs has reached a plateau
at the highest enzyme concentrations, whereas the the coverage
on the nanospheres has not saturated yet. We hypothesize that
this might be due to the less efficient removal of CTAB from the
AuNR surface leading to a lower number of biotin groups per
particle.

The generality of the protocol is demonstrated in Figure 4.7(b),
where we show Nenz for AuNR-β-gal and AuNR-HRP bioconju-
gates. We found that Nenz for β-gal and HRP also scaled with
enzyme concentration during incubation, and reached approxi-
mately Nmax

enz = 10 and 25 respectively at 100 nM incubation. The
lower Nmax

enz for AuNR-β-gal compared to ALP and HRP is likely
due to the bigger physical size of β-gal (520 kDa) compared to
ALP (140 kDa) and HRP (44 kDa), leading to a larger footprint of
the protein.

The theoretical maximum number of enzymes per particle
Nmax

enz for ALP and β-gal can be estimated by assuming the parti-
cles to exhibit a perfectly spherical or spherically-capped cylin-
drical geometry. These particle shapes exhibit a surface area
ANP that for spherical particles can be written as Asph

NP = 4πr2

with r the particle radius. For a spherically-capped cylinder
the surface area available for enzyme conjugation is given by
Arod

NP = 4πr2 + 2πr(L− 2r), where r is the radius of the rod, and
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Table 4.2: Estimated maximum number of enzymes per particle Nmax
enz

Nanoparticle ANP (nm2) Nmax
ALP Nmax

β−gal Nmax
HRP

AuNRs (60× 30 nm2 ) 5650 nm2
37 9 73

AuNS, AgNS (40 nm) 5030 nm2
34 8 65

L its length. The maximum number of enzymes then follows
from

Nmax
enz = f

ANP

Aenz
, (4.3)

where ANP is the surface area of the respective particle shape,
Aenz is the estimated footprint of a single enzyme molecule, and
f = 0.4 is a correction factor to account for the fact that random
sequential absorption leads to a maximum surface coverage of
approximately 40% (174, 175). The random sequential absorption
describes a process where particles are introduced to randomly
and irreversibly adsorb on a surface and is commonly used to
estimate the maximum coverage of spherical objects such as pro-
teins on a surface. The footprint Aenz of single enzymes without
streptavidin was estimated using data from the protein databank,
giving Aenz = 252 nm2 for 520 kDa β-gal, Aenz = 60 nm2 for
140 kDa ALP, and Aenz = 31 nm2 for 44 kDa HRP. In Table 4.2
we show Nmax

enz based on these estimates. Our experimental Nmax
enz

of up to 20, 11, and 24 for ALP, β-gal and HRP respectively are
thus a reasonable numbers and indicate that the found maximum
coverage is limited by the available surface area for random se-
quential absorption of the enzymes. Small deviations from the
estimated maximum number could be due to the actual density
of biotin on the nanoparticle surface, the presence of streptavidin,
the size-dispersion of the particles, and electrostatic-repulsion
between neighbouring enzymes leading to a lower coverage than
expected from the random sequential absorption model.

Finally, we demonstrate that the biotin fraction χb can also be
used to tune Nenz. We prepared PEGylated AuNRs with χb rang-
ing from 0.001 up to 0.4, and used 10 nM ALP for bioconjugation.
As shown in Figure 4.8, Nenz increases from 1 to 9 with increas-
ing χb. This indicates that by increasing the number of biotins
on nanoparticle surface, the capture of enzyme from solution
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Figure 4.8: Number of ALP as a function of biotin fraction χb at fixed
ALP concentration of 10 nM during conjugation.

becomes more efficient leading to a larger number of enzymes
per particle. The result also shows that SH-PEG-methyl (800 kDa)
provides excellent anti-fouling because at low biotin fractions we
find a strongly reduced number of enzymes per particle, indicat-
ing little to no non-specific binding of streptavidin-conjugated
enzymes to SH-PEG-methyl.

4.5 conclusion and outlook

We have developed a general approach to quantitatively con-
jugate enzymes to plasmonic nanoparticles including AuNRs,
AuNS and AgNS. The nanoparticles were first PEGylated with a
mixed solution of SH-PEG-biotin and SH-PEG-methyl, and effec-
tively stabilized in enzyme reaction buffer containing Tween20.
Then the PEGylated nanoparticles were linked to streptavidin-
conjugated enzymes in the same buffer. We showed that our
approach minimized particle aggregation, and facilitated quan-
tification of the number of enzymes per nanoparticle using flu-
orogenic enzyme assays, and we demonstrated that the bound
enzymes maintained their biological activity. We could control
the number of specifically bound enzymes per particle by varying
the enzyme concentration and biotin fraction on the nanoparticle
surface. Our protocol features high robustness and generality
due to the use of Tween20 as a stabilizing agent, and is highly ver-
satile and flexible due to the use of commercially available mixed
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layers of PEG. The new route of preparing quantitative protein-
nanoparticle bioconjugates we demonstrate here may assist in
developing rational strategies of using nanoparticle bioconjugates
in sensing, medical diagnostics and other applications.

As an outlook of our approach, we envision resolving the num-
ber and position of the conjugated enzymes using microscopy
methods. Transmission or scanning electron microscopes, for
example, can be employed to perform this task after immunola-
belling the enzymes with very small (< 5 nm) metallic nanopar-
ticles. The number and distribution of enzymes can then be
visualized with the help of the high electron density of the label-
ing nanoparticles (176). Stochastic super-resolution microscopy
based on sequentially blinking fluorophores can also be used as
a powerful tool to localize single molecules on a single-particle
basis, and has been successfully performed on gold nanoparticles
with high spatial resolution (137, 177, 178).

Understanding the number and distribution of enzymes on
single particles is important in a number of applications. For
example, it has been found that the density of enzymes on the
nanoparticle surface directly impacts the enzyme activity, which
needs to be taken into account when using enzymatic conversions
for label-free analyte detection (179). Enzyme quantity and dis-
tribution were also established to be crucial in the performance
of enzyme-powered nano-motors, where a certain threshold of
enzyme numbers and asymmetric distribution was needed to
generate nanoparticle motion (136, 137).

The bioconjugation protocol developed here will be used in the
next chapter to study plasmon-enhanced detection of fluorogenic
enzyme reactions.



5
P L A S M O N - E N H A N C E D D E T E C T I O N O F
E N Z Y M AT I C R E A C T I O N S

5.1 abstract

In the previous chapters we have studied plasmon-enhanced fluo-
rescence near saturation, and we presented an approach to conju-
gate enzymes to plasmonic particles in a quantitative and robust
way. In this chapter we present an experimental attempt to use
these particle-enzyme constructs to enhance the signal-to-noise
ratio (SNR) in the detection of single enzyme turnovers. We show
substantial enhancement of the single-molecule fluorescence sig-
nals from product formation by alkaline phosphatase (ALP). By
careful control measurements, we find that the bursts originate
from products that are formed by enzymatic conversion in the
fluidic cell and diffuse back to the particle. These measurements
demonstrate the potential of using plasmon enhancement to sig-
nificantly improve the SNR in a single turnover measurement and
probe single-molecule reactions with low millisecond temporal
resolution.

5.2 introduction

Single-molecule fluorescence has been an indispensable tool
to gain insight into biomolecular interactions and their hetero-
geneities on a sing-molecule level (12, 14, 180). Single-molecule
enzymology studies have revealed static and dynamic disorder
due to respectively inter-protein differences in kcat and intra-
protein temporal fluctuations of kcat associated with the presence
of multiple conformational states (4, 49, 62, 109, 113, 181). Most
single-molecule studies on enzymes have employed confocal mi-
croscopy due to its spatial and temporal resolution and optical
sectioning (4, 64, 67, 182). These experiments often employ a
fluorescence-based reporter system, e.g. fluorogenic substrates
that become fluorescent upon enzymatic turnover. The fluores-
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cent bursts generated due to catalytic activity can then be visual-
ized in real-time with a resolution down to individual turnovers
(62).

As we discussed in Chapters 1 and 3, one of the challenges in
single enzyme studies is the low SNR of the detected turnover
events (68). This is mainly due to the low number of photons
emitted by a single fluorescent product in the diffraction limited
confocal volume (∼ 1 fL). Typically less than 100 photons are col-
lected per burst due to saturation of the dye in combination with
its short residence time in the focal volume (∼ 0.1 ms). This is
further complicated by a high background fluorescence level due
to previously converted product that diffuses through the large
focal volume. The latter can e.g. be mitigated by using a second
laser that bleaches fluorophores around the enzyme, or by using
a substrate concentration well below Km (62, 64, 68). Nevertheless
the SNR in state-of-art single-enzyme experiments is typically 1-4
in practice (62, 64, 113). This low SNR complicates the analysis
of the underlying kinetics because of over- or undercounting of
the event frequency due to the presence of background noise (62,
63, 183, 184).

Zero-mode waveguides (ZMWs) have been used to improve
the SNR in single-enzyme studies (69, 70). ZMWs strongly re-
duce the fluorescence background from solution-phase product
by confining light to zeptoliter volumes in small apertures that
are milled in a metal film. Using ZMWs, single turnovers of
DNA polymerase were recorded with increased SNR at susbtrate
concentrations of tens of micromolar. They are now also used
in commercial devices to sequence DNA by sequential enzy-
matic addition of fluorescently labelled nucleotides (13). These
approaches have helped the study of relatively slow enzymatic
reactions wherein the product remains bound to the enzyme for
0.1-1 second (70). However ZWMs show modest signal enhance-
ment due to quenching by the large volume of nearby metal, and
thus does not significantly improve the SNR (93, 94).

In Chapter 2 we demonstrated from a numerical modelling
perspective that single gold nanrods can significantly improve
the expected SNR in a plasmon-enhanced single-enzyme study.
We found that the enhancement of the burst intensity was a
compromise between two effects: a substantial fluorescence en-
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hancement due to plasmon-fluorophore coupling that was partly
compensated for by a reduction of the residence time to ∼ 10 µs
due to the strongly confined near-field around the particle (92).

In this chapter we present an experimental implementation of
plasmon-enhanced single-molecule enzymology. We conjugate
alkaline phosphatase (ALP) to gold nanorods (AuNRs) using the
conjugation protocol detailed in Chapter 4. Upon introduction of
fluorogenic substrate in the fluidic cell we observe strong fluo-
rescence bursts with a SNR up to 100 due to plasmon-enhanced
fluorescence. The intensity of the bursts strongly correlates with
the plasmon-resonance of each individual AuNR and its orienta-
tion with respect to the incident light polarization. The measured
fluorescence enhancement of ∼ 150 matches well with numerical
calculations in the weak excitation regime that we employ here.
These measurements demonstrate the potential of using plas-
mon enhancement to significantly improve the SNR in a single
turnover measurement and probe single-molecule reactions with
millisecond temporal resolution.

5.3 methods

5.3.1 Enzyme conjugation

Alkaline phosphatase (ALP) is a homodimeric, non-specific phos-
phomonoesterase with a molecular weight of 86 kDa, and the
overall molecule is approximately 10 nm× 5 nm× 5 nm with two
active sites approximately 3 nm apart (185). ALP catalyzes the
hydrolysis/transphosphorylation of phosphate monoester, and
is widely used because of its stability and a wide range of suit-
able substrates. In our applications, we used a streptavidin (from
Streptomyces avidinii) conjugate of ALP, with approximately 2

streptdavidins per ALP molecule.
We adapted here the bioconjugation protocol developed in

Chapter 4 to conjugate enzymes to AuNRs. The AuNRs were
purchased from Nanoseedz. The stock solution was centrifuged
and redispersed three times in a 1 mM CTAB aqueous solution.
UV-VIS extinction measurements were performed to determine
the gold nanorod concentration, for which we used reported
extinction coefficients (186). We first coated the particles with a
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mixed layer of PEG and PEG-biotin by incubating the particles
in a mixed aqueous solution of thiol-poly(ethylene glycol)-biotin
(MW = 1 kDa, 0.8 mM) and thiol-poly(ethylene glycol)-methyl
(MW = 800 Da, 1.2 mM). Sodium carbonate ( 0.2 mM) was added
to facilitate the exchange of CTAB with the thiolated ligands(162).
After shaking and incubating the mixed solution for 24 h, at
least three cycles of centrifugation and redispersion (25 mM Tris
buffer with 0.1 wt% Tween 20, pH 9) were performed to remove
the excess thiolated-PEG. Then the streptavidin-conjugated ALP

(Sigma-Aldrich) with a final concentration of 100 nM was added
to the purified gold nanorods, and incubated for approximately
12 h. After the incubation, the excess enzyme was removed by
three cycles of centrifugation and redispersion in Tris buffer
(25 mM, pH 9, with 0.1 wt% Tween 20).

We quantified the number of enzymes per particle using meth-
ods described in Chapter 4. We estimate there are ∼10 ALP
randomly conjugated to the surface of a single AuNR, leaving
the possibility that at least one of the enzymes binds to the tip
of AuNR, which is most likely to result in strong fluorescence
enhancement.

7-hydroxy-9H-(1,3-dichloro-9,9-dimethylacridin-2-one) phos-
phate (DDAOp) was used as fluorogenic substrate of ALP, which
is converted to 7-hydroxy-9H-(1,3-dichloro-9,9-dimethylacridin-
2-one) (DDAO) by ALP that cleaves the phosphate group. DDAO
has excitation/emission maxima at 645/660 nm respectively, and
a quantum yield of 0.4. Before use, DDAO phosphate solutions
were purified by chloroform extraction to make sure the con-
centration of auto-hydrolyzed DDAO is below 0.1 %. All single-
molecule measurements were performed with a 20 µM DDAO
concentration.

5.3.2 Sample preparation

The coverslip was coated with poly-L-lysine polyethylene gly-
col (PLL-PEG) with a molecular weight of 2000 Da by immersion in
a PLL-PEG solution of 1 mg/mL in water for 1 h. The positively
charged PLL backbone electrostatically adheres to the UV-Ozone
cleaned coverslip, whereas the PEG sidechains provide an an-
tifouling coating. The positive PLL backbone further facilitates
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the adhesion of the ALP-AuNR conjugtes (that exhibit a negative
zeta-potential, see Table 4.1) to the coverslip surface. For efficient
deposition of the conjugates, no more than 5 µL of the suspension
with a particle concentration of ∼ 0.2 nM was dropcast on the
coverslip, and the flow chamber was sealed quickly before the
droplet dried out. The density of particles on the coverslip was
then controlled by the incubation time, and residual conjugates in
solution were flushed out using phosphate-buffered saline (PBS).

5.3.3 Single-molecule microscopy

Total internal reflection fluorescence microscopy (TIRFM) was
used to monitor enzymatic turnover on ALP-AuNR conjugates.
An inverted optical microscope equipped with a water immersion
objective (NA = 1.2, Nikon Instruments) and a cooled electron-
multiplying charge-coupled device (EMCCD) camera (Andor) was
used. A commercially available flow chamber (Warner Instru-
ments) was employed, in which one side of the chamber was a
coverslip with deposited ALP-AuNR conjugates. A right angle
prism was used to excite the sample by total internal reflection
from the top. A 637 nm diode laser was used for excitation with
an s-polarized incident polarization. The emitted light was col-
lected by the objective lens and passed through a dichroic mirror
and a long-pass filter with a cutoff wavelength of 670 nm. The
whitelight spectra of single AuNRs were measured in the same
way as described in section 2.3.2. Orientation measurement of
single AuNRs was performed directly after hyperspectral mea-
surements by rotating an analyzer in the detection path.

The excitation power density was fixed at ∼ 107 W m−2, which
was calculated as in section 2.3.2. Based on a simple model that
assumes the particle to be a point-source of heat, we estimate
that the particle temperature does not exceed 10 K under these
excitation conditions, for a more elaborate description of the
temperature estimate we refer to Eq. 3.10.

5.4 results and discussion

In Fig. 5.1(a), we schematically show the immobilized ALP-AuNR
conjugates in an fluorogenic assay. The bioconjugate is firmly
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Figure 5.1: Single molecule fluorescence measurement of a ALP-AuNR
conjugate. (a) Schematic representation of the measurement
based on a TIRFM stetup. A single ALP-AuNR conjugate
is immobilized on the PLL-PEG coated coverslip that is
on one side of a flow cell. A fluorogenic substrate of ALP,
DDAOp in Tris buffer pH 9, is converted to a fluorescent
DDAO product. The DDAO product then diffuses away
from the particle. (b) An EMCCD image showing multiple
immobilized ALP-AuNR conjugates under 637 nm laser ex-
citation through fluorescent filters. The diffraction-limited
bright spots indicate the one-photon photoluminescence of
the AuNRs (no substrate is present). (c) Normalized spectra
showing the overlap of DDAO’s excitation (black) and emis-
sion (red) spectra an example of the scattering spectrum of a
single AuNR (blue). The dashed line indicates the excitation
wavelength.

fixed to the glass coverslip via electrostatic interactions between
PLL-PEG and the (negatively charged) enzymes. As shown in
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Fig. 5.1(b), the photoluminescence background of single AuNRs
appear as bright spots with diffraction-limited spotsizes. We
choose DDAOp as substrate because of its spectral overlap with
the longitudinal plasmon resonance of our gold particles. Fig.
5.1(c) shows the overlay of the emission/excitation spectra of
DDAO with the scattering spectrum of a typical single AuNR in
our sample.

Note that the samples exhibit a range of longitudinal plasmon
resonances due to the size dispersion of the particles. For this
reason we performed single-particle hyperspectral microscopy to
determine the spectral overlap of each particle’s plasmon reso-
nance with DDAO. In addition, the excitation with an s-polarized
laser beam results in a linearly polarized evanescent field that
excites the plasmon resonance and the dye. We therefore also
determine the orientation of each particle to verify its alignment
with the incident polarization.

A selection of results is shown in Fig. 5.2 where we plot the
wavelength- and angle-dependent scattering spectra, and the
recorded fluorescence timetraces of three ALP-AuNR conjugates.
In Fig. 5.2(a) and (d) we show a single AuNR that has a longitu-
dinal plasmon wavelength close to the emission peak of DDAO,
but is oriented perpendicular to the excitation laser polariza-
tion. This results in a low fluorescence enhancement and no
clearly visible fluorescence bursts as shown in Fig.5.2(g). In Fig.
5.2(b) and (e) we show a single AuNR with a redshifted SPR
wavelength whose orientation matches the laser polarization, but
still no strong bursts were found as shown in Fig. 5.2(h). This
might indicate that this specific AuNR conjugate doesn’t have a
streptavidin/enzyme functionalized close to the tip, or that the
fluorescence enhancement is limited due to poor spectral overlap
between the laser wavelength and the plasmon resonance. In Fig.
5.2(c) and (f) we show a single AuNR with matching plsamon
wavelength and orientation, which indeed shows strong bursts in
the fluorescence timetrace in Fig. 5.2(i). These results suggest that
the presence of a strongly enhanced fluorescence signal depends
on three parameters: the spectral overlap between the plasmon
and DDAO, the orientation of the particle in the polarized excita-
tion field, and the presence/absence of an ALP conjugate near
the tip of the particle.
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Figure 5.2: (a)(b)(c)Scattering spectra of three ALP-AuNR conjugates.
(d)(e)(f) Polarization angle dependent scattering spectra
of corresponding conjugates, with arrows next to (d) in-
dicating the polarizations of laser light. P-polarization is
used in this measurement. (g)(h)(i)Fluorescence timetraces
of corresponding conjugates recorded at 20 µM substrate
concentration with 4 ms integration time.

We now compare the observed fluorescence enhancement
to numerical calculations. We first measure the non-enhanced
brightness of single DDAO molecules by detecting sticking events
to a clean coverslip without AuNRs, under the same experiment
condition as in an enzyme conjugate measurement. In Fig. 5.3(a)
we show the histogram of measured intensities, which follows a
lognormal distribution. We find a mean intensity of 2800 camera
counts which is used to calculate the fluorescence enhancement.
In Fig. 5.3(b) we show the fluorescence enhancement on each
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Figure 5.3: (a) Intensity histogram of non-enhanced single DDAO
molecules fitted with a lognormal distribution. (b) Fluo-
rescence enhancement of bursts from ALP-AuNR conju-
gates(left axis), overlaid with simulated fluorescence en-
hancement factor ξEF as a function of SPR wavelengths. In
the simulation AuNRs with a fixed width of 25 nm with
varying lengths are used to vary the SPR wavelengths. A
planewave excitation polarized along the long axis of the
AuNRs is used, and a dipole emitter with intrinsic quantum
yield of 0.4 is placed 3 nm away from the tip. Excitation
and emission wavelengths are indicated by black and blue
dotted lines.

individual ALP-AuNR conjugate, which is calculated by dividing
the mean intensity of the top 10 strongest bursts by the mean of
the non-enhanced DDAO emission intensity. We find up to 200×
enhancement with the maximum values found for conjugates
with a plasmon wavelength resonant with DDAO.

In Fig. 5.3(b) we also show the numerically calculated fluores-
cence enhancement factor ξEF (Eq. 3.9) overlaid on the experimen-
tal data. Note that ξEF is only valid in the weak excitation regime.
Here we employed an excitation power density of around 107

W m−2. To verify whether this is near Isat of DDAO we performed
power-dependent measurements of the emission intensity, but
due to a lack of photostability we could not measure the full
saturation curve to determine Isat. Combined with a lack of data
on the triplet dynamics of DDAO we therefore assume that the
low excitation regime applies. This may result in a slight un-
derestimation of the calculated fluorescence enhancement factor
because the modification of Isat is not taken into account.
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The calculations show a maximum of ∼ 150× fluorescence
enhancement (orientation averaged) for DDAO when the plas-
mon wavelength overlaps with excitation line, indicating that the
excitation process dominates the enhancement. The simulation
results match well with the measured data, both in terms of spec-
tral dependence as well as the absolute value of the enhancement
factor.

We now turn to analyzing the SNR and temporal statistics
of the bursts, and compare these to the results in Chapter 3.
A single-enzyme measurement is different from an ensemble
one in that the temporal evolution of the concentration of the
fluorescent product is not used to quantify the kinetics, but rather
the stochastic time trace of an individual enzyme molecule. From
this timetrace we extract the probability density of the waiting
time τ, f (τ), which represents a histogram with waiting-times
between individual events. (64) As shown in Chapter 1, this
allows us to relate the catalytic turnover rate kcat (an ensemble-
averaged property, kcat = 160 for ALP) to a mean waiting time
< τ > (a single-molecule property), as in Eq. 1.3.

In Fig. 5.4(a) we show typical timetrace of fluorescence bursts
collected from a single AuNR that strongly enhances the flu-
orescence of single DDAO molecules, which is calculated by
summing up pixel values in a 4× 4 region of interest (ROI) with
an exposure time of 4 ms and a framerate of 156 Hz (limited by
the EMCCD). The burst intensities vary due to the fact that single
DDAO molecules transiently reside in the near-field for different
times and at different locations. We also show a background in-
tensity timetrace in a ROI that is 10 pixels shifted from the AuNR,
indicating that the bursts we observe are indeed from plasmon-
enhanced events. Note that the background slowly increases over
time due to accumulation of DDAO products. In Fig. 5.4(b) we
plot the histogram of intensities of the timetrace in Fig. 5.4(a).
To separate fluorescence bursts from background, we apply a
threshold that is 3 × the standard deviation of the background.
In Fig. 5.4(c) we show the distribution of SNR of the fluorescence
bursts above threshold. We find the SNR ranges from threshold
limit of 3 up to 100 due to fluorescence enhancement.

We performed several control experiments to verify that the
fluorescence bursts are indeed caused by individual turnovers
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Figure 5.4: (a) Fluorescence time trace of burst events recorded on
a single particle-ALP conjugate in the presence of 20 µM
DDAOp fluorogenic substrate. The time trace is acquired at
4 ms exposure time. A zoom of 1 s time trace is shown in the
inset to show the intensity threshold separating signals from
noise. (b) Histogram of the binned signal and background in
(a). (c) Histogram of SNR from the thresholded time trace.

by one of the conjugated enzymes, followed by diffusion away
from the active site. We therefore performed two control mea-
surements that exclude enzymes in the assay, thus ruling out the
possibility that the bursts are due to enzymatic reactions. We
prepared two batches of AuNR bioconjugates, one batch coated
with PEG linkers only, and the other batch with PEG linkers and
streptavidin (without ALP). We perform single-molecule fluores-
cence measurements with a set concentration of DDAO product
in the flow cell, chosen by reproducing the background fluores-
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Figure 5.5: Fluorescence timetraces of enzyme-free AuNR bioconju-
gates with and without streptavidin coating as a control.
400 nM DDAO solution is present during the timetrace
recording with a 4 ms exposure time.

cence found in the enzyme assay (Fig. 5.4). This ensures that the
concentration of fluorescent product in both measurements is the
same.

In Fig. 5.5, we show the recorded timetrace of the enzyme-free
AuNR bioconjugates with and without streptavidin coating. We
find that with streptavidin present, strong bursts with frequencies
comparable to that in the assay is found, whereas without strepta-
vidin present no fluorescence bursts are found. We thus conclude
that these strong bursts are attributed to non-specific interac-
tions of freely-diffusing DDAO with streptavidin on the particle,
whereas PEG linkers by themselves show good resistance against
these non-specific interactions. Therefore the fluorescence bursts
observed in the enzyme assays are attributed to non-specific
interactions of enzymatically generated DDAO products with
strepavidin. The DDAO is most probably converted by the col-
lection of enzymes in present in the flow cell, and diffuses freely
toward the nanoparticles causing fluorescence bursts.

To further confirm this mechanism we performed temporal
analysis of the fluorescence timetraces to find if they are indeed
dominated by the same dynamics of non-specific DDAO sticking
to streptavidin. In Fig. 5.6 we show the ton (bright times) and
toff (waiting times) distributions of fluorescence bursts of the
ALP-AuNR conjugates and the enzyme-free conjugates with
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Figure 5.6: (a) Bright and (b) Waiting time distributions of fluorescence
bursts collected from ∼ 100 AuNR-ALP conjugate in the
presence of 20 µM DDAOp fluorogenic substrate, (c) and (d)
distributions of enzyme-free AuNR-streptavidin conjugates.
A bin of 4 ms is set for bright times in (a)(c), 100 ms for
waiting times in (b)(d).

streptavidin. We find almost identical mean values of ton and toff
in both cases. In Fig. 5.6(a)(c) we find a mean ton ' 8 ms, which is
significantly longer than the free diffusion of a fluorophore out of
a locally enhanced near-field around the particle. The latter is on
the order of 1− 10 µs as calculated in Chapter 3. This indicates
that DDAO sticks for sticks (on average) for 8 ms to streptavidin
before photobleaching or unbinding.

In Fig. 5.6(b)(d) we find a mean toff ' 500 ms, which indicates
an apparent kcat of 2 s−1. This is substantially lower than the
expected value of 160 s−1 measured in the ensemble assay in
Chapter 4. This is another indication that the events are caused
by non-specific interactions of DDAO, which is present at nearly
100-fold lower concentration than the substrate DDAOp. The
toff distributions exhibit a multi-exponential behavior, which
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confirms that the sticking events are not caused by a well-defined
interaction with a molecularly defined association rate.

We recommend in future research an overhaul of the biocon-
jugation method used to link enzymes to AuNRs. Although
robust and quantitative, biotin-streptavidin chemistry introduces
non-specific sticking of dye to the streptavidin, and the physical
dimension of streptavidin (∼ 5 nm) may have also pushed the
active site of the enzyme away from the hotspot regions. In an
improved conjugation approach using short to zero-length non-
protein linkers is preferred to avoid the non-specific interactions
while ensuring a higher chance of locating active sites near the
hotspot regions around AuNRs tips.

A wide range of bioconjugation techniques have been devel-
oped providing crosslinkers and protein labeling reagents that
could be explored (142). Traut’s reagent (2-iminothiolane), for
example, has been used to convert primary amines on proteins
to free sulfhydryl groups by adding only a < 1 nm spacer arm.
DNA molecules with custom conjugation groups and lengths
might also be suitable candidates. A combination with the ef-
fective isolation methods shown Fig.1.6 will ensure that AuNR
and enzymes are coupled in a controllable manner. By further
improving covalent conjugation chemistries we envision that in
future research it is possible to employ single AuNRs to resolve
single enzymatic turnovers with superior SNR.

5.5 conclusion

In summary, we presented an experimental study of plasmon-
enhanced enzymatic reactions. We show that we can enhance
the single-molecule fluorescence of single fluorescent products
generated by alkaline phosphatase. We find high signal-to-noise
ratios for the bursts, up to 100, well exceeding the SNR reported
in single-turnover experiments so far. However, we conclude that
the fluorescence bursts do not originate from a direct detection of
a turnover by an enzyme and subsequent diffusion away from the
particle, but are dominated by product molecules in the solution
diffusing back and sticking to protein linkers on the particle.
Our measurements demonstrate the potential of using AuNR to
significantly improve the SNR in a single turnover measurement
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by showing high-SNR timetraces with millisecond integration
times. Further investigations are needed to address the issue of
fluorescent products sticking non-specifically to protein linkers
via e.g. improved or alternative methods of bioconjugation as
suggested above.





6
C O N C L U S I O N S

6.1 summary of main results

This thesis has suggested use of plasmon enhanced fluorescence
close to saturation as a promising approach to boost the bright-
ness of individual fluorophores. This has particular ramifications
in the field of single-molecule biophysics, where single-molecule
studies on short timescales are now challenging due to the limited
photobrightness of individual fluorophores. This thesis therefore
focused on a fundamental characterization of plasmon-enhanced
single-molecule fluorescence near saturation. It has further ex-
plored the application of this process in the investigation of
fluorogenic enzyme reactions where the signal-to-noise ratio is
limited by the short (sub-millisecond) residence time of the fluo-
rescent product in the near-field of the plasmonic particle. The
main conclusions found in this thesis are therefore as follows:

• In Chapter 2 we demonstrated that single gold particles
can strongly enhance the brightness (PCR) of single fluorescent
molecules due to plasmon coupling. We specifically focused on
strong excitation near the fluorescence saturation regime,
and investigated the effect of plasmon molecule coupling
on the saturation dynamics of single dyes. The chapter com-
bines experimental and numerical approaches that closely
agree with each-other, apart for the measured saturation
intensity. This was attributed to an overestimation of the
particle-fluorophore spacing, or the triplet dynamics. The
latter will be discussed further below.. These results paved
the way for the remainder of the theses to study fast dy-
namics in real time using single molecule fluorescence.

• In Chapter 3 we proposed and answered the scientific ques-
tion: can plasmon enhancement increase the SNR in the detection
of single turnover events from a fluorogenic enzyme-reaction? We
combined electromagnetic and Brownian dynamics simula-
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tions to calculate the enhancement of fluorescence signals
of fluorogenic substrate converted by an enzyme conju-
gated to a plasmonic particle. We show that plasmon en-
hancement can boost the SNR of single turnovers by up
to 100 fold compared to confocal microscopy. This chapter
demonstrated theoretically the feasibility of using plasmon
enhanced fluorescence to access sub-millisecond dynamics
encountered in single-molecule enzymology.

• In Chapter 4 we presented an experimental approach to conju-
gate enzyme molecules to metal nanoparticles. The bioconjuga-
tion was the first step of our effort to implement plasmon-
enhanced single-molecule enzymology using single gold
nanorods. In our approach biotin-streptavidin chemistry
was used at the core of the conjugation, and Tween20 as a
nonionic surfactant played a crucial role in preventing the
aggregation of gold nanorods. We found that the activity of
bound enzymes was retained, and the number of active en-
zymes could be quantitatively determined and tuned. The
approach developed in this chapter was applied in Chapter
5 in a single particle and single molecule measurement.

• In Chapter 5 we demonstrated an experimental attempt to
use the particle-enzyme constructs we developed in Chap-
ter 4 to enhance the SNR in the detection of single enzyme
turnovers. We show substantial enhancement of the single-
molecule fluorescence signals from product formation by
alkaline phosphatase (ALP). By careful control measure-
ments, we find that the bursts originate from products
that are formed by enzymatic conversion in the fluidic cell
and diffuse back to the particle. Our results in this chapter
demonstrated the potential of using plasmon enhancement
to significantly improve the SNR in a single turnover mea-
surement.

6.2 recommendations for future research

Further research recommendations are focused on further boost-
ing the PCR from single molecules by plasmonic structures, more
detailed studies into single-dye photophysics (including triplet
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states) near plasmonic structures, and the improvement of the
bioconjugation chemistry to further suppress non-specific inter-
actions and bring the enzyme even closer to the particle surface
to profit from higher enhancements.

Further boosting the photon count rate

This thesis demonstrates that single plasmonic nanoparticles are
excellent enhancers of the maximum brightness (PCRmax) of single
molecules by modification of multiple photophysical parameters.
Particularly the enhancement of the radiative rate was found to be
crucial in boosting PCRmax. Although a high PCR was achieved
experimentally at ∼ 105 s−1, even higher PCR are possible with
modifications.

First, the power density in TIR exciation is limited by the
relatively large size the illuminated area. As shown in Fig.2.4 and
section 2.3.2, the power density can be improved by increasing
the incident laser power beyond 100 mW or by decreasing the
size of the TIR illuminated area by modifying the beam waist
entering the microscope. With these measures we expect to find
a > 10× increase in power density, leading to an absolute PCR
> 106 s−1 because under the current conditions we are still far
from saturation for dyes near a plasmonic structure.

Second, tighter control over the triplet dynamics is required
to further improve the PCRmax. As can be seen in Eq. 2.3 the
PCRmax is directly related to the intersystem crossing rate and
the triplet lifetime of the dye. In the future, one could incorporate
physical or chemical triplet quenchers into the measurements to
reduce the triplet lifetime and further improve PCRmax. We will
get back to this point below.

Third, the use of a different metal such as silver will result
in a drastic enhancement of the PCRmax due to the stronger en-
hancements of both the near-field intensity and the radiative rate
of the dye (35). However, silver particles are difficult to synthe-
size with a resonance in the near-infrared where higher SNRs
are anticipated in future biological assays due to a reduction
in autofluorescence from biomolecules and co-factors. A good
compromise may be to employ silver-coated gold nanorods (187)
that combine the excellent control over the synthesis by using a
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gold nanorod core while profiting from the higher enhancements
warranted by a thin silver shell (188).

However we do expect to see strong photobleaching setting
in when the excitation power density is high enough (10− 100×
above saturation intensity) to disturb the photostability of any
organic dye. These photobleaching processes can happen via
triplet-mediated reactions with oxygen or through transitions
to higher excited states (99, 131). Triplet quenchers and oxygen
scavenging systems have been used in single molecule measure-
ments to extend the time-to-photobleaching, and their addition
to further boost plasmon-enhanced PCRmax seems promising.

Exact determination of plasmon-enhanced photophysical parameters

In Chapter 2 we found a mismatch of plasmon-enhanced satura-
tion intensity Isat compared to theory, where we postulated that
one possible cause may be the plasmon-mediated modification
of triplet dynamics. This postulation could be further elucidated
by determining the exact photophysical parameters both with
and without plasmon enhancement. Quantitative measurement
of photophysics of single molecules have been conducted using
fluorescence correlation spectroscopy (FCS), where the intensity
fluctuations due to triplet dynamics can be measured (104). Such
measurements require the modification of the setup with a fast
detector (e.g.a single-photon counting photodiode) to achieve
sufficient temporal resolution to resolve the microsecond triplet
dynamics.

Improved bioconjugation chemistry

As we have found in Chapter 5, the major obstacle hindering
the detection of single turnover events is the bioconjugation
chemistry. Although a robust and quantitative approach by itself,
streptavidin-biotin chemistry proved to be not an ideal strategy
for the detection of fluorogenic turnovers due the presence of
streptavidin as a linker. Streptavidin by itself is (a) bulky and
(b) induces non-specific interactions with single molecules likely
due to the presence of hydrophobic patches on its surface.
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In an improved bioconjugation, a chemistry that avoid the
use of bulky protein linkers with short to zero linker length
is preferred. We highlight the possible application of Traut’s
reagent (2-iminothiolane), which is a small thiolation compound
that reacts with primary amines (e.g., lysine side chains) to add a
small spacer arm (8.1 Å) terminated by a free sulfhydryl group.
By adding such linkers to enzyme molecules, they can then be
conjugated to plasmonic structures via a gold-sulfur bond. Using
Traut’s reagent eliminates the protein linkers, which may reduce
non-specific interactions and further improve the PCR. It remains
to be seen though whether enzymes reatin their catalytic activity
upon conjugation with Traut’s reagent labeling.

We envision also that DNA nanotechnology combined with
bifunctional PEG linkers may be of help in an improved bio-
conjugation. DNA offers excellent flexibility due to its tunable
binding strength and length by changing the sequence, and the
commercial availability of a large range of functional endgroups
to facilitate conjugation the particle and the enzyme. PEG linkers
by themselves offer also superior antifouling properties, and are
potentially ideal candidates in place of protein linkers.





a
A P P E N D I X

a.1 derivation of single molecule photon count

rate

The expression of the single-molecule PCR including saturation
is derived here (14, 189). When a molecule is illuminated, a
fraction of light proportional to its absorption cross-section σabs
is absorbed leading to excitation of the molecule. The rate of
absorption γabs in photons per second, is given by:

γabs =
σabs Iexc

hν
, (a.1)

where Iexc is the incident excitation intensity (W m−2), h is
Planck’s constant, and ν is the frequency of the incident light.
Upon absorption of a photon the molecule is excited to the exci-
tated state S1. Decay from the excited state can occur via either
radiative decay (fluorescence), non-radiative decay, or intersystem
crossing, with corresponding rates of γr, γnr, and γisc respectively.
This yields the total decay rate γtot = γr + γnr + γisc and a flu-
orescence lifetime τlifetime =

1
γtot

. Saturation can occur when the
rate of absorption γabs approaches the total decay rate γtot. The
illumination intensity at which saturation occurs, Isat (W m−2) is
defined as:

Isat =
γtothν

σabs
. (a.2)

When the molecule is in the excited state it cannot absorb another
photon for an average time of τlifetime. Once the molecule has
relaxed to its ground state it becomes receptive to excitation again
but has to wait for an average time of τabs (given by τabs =

1
γabs

).
This results in a reduced probability Pa for photon absorption,
which can be written as:

Pa ∝
τabs

τlifetime + τabs
, (a.3)
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assuming that the photons arrive at random over the time interval
of τlifetime + τabs. Combining above equations yields:

Pa ∝
Isat

Iexc + Isat
. (a.4)

Combined with the setup’s collection efficience ηcol, the ab-
sorption cross section σabs, and the fluorescence quantum yield
φ = γr/γtot, we write the emitted photon count rate (PCR) of a
molecule as:

PCR = ηcol
σabs

hν
φ

Iexc Isat

Iexc + Isat
. (a.5)

a.2 boundary element method calculations

For the calculation of the local field-enhancement, a plane wave
excitation was always used with polarization vector along x axis,
and a propagation vector along - z, see Fig. a.1. For the calcula-
tion of the modified dipole decay rates, dipoles with different
eigen-frequencies were placed at logarithmically spaced distances
from the particle-surface with higher mesh density close to the
nanoparticle surface. For 2D simulations, query points of a 2D
mesh on the y-z plane were used for near-field intensity cal-
culations, and at the same points dipoles are placed for the
calculation of decay rates. For 1D simulations (as in the rest of
the figures), query points were placed only along the center axis
of the nanorod, which was on x axis (y = 0, z = 0) logarithmically.

In the MNPBEM toolbox, the decay rates were calculated ac-
cording to:

γnr

γ0

r
= −1

2
=(~d · ~Eind) (a.6)

and

γr

γ0
r
= |~d + ~dind|2, (a.7)

where
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Figure a.1: Example of the geometry of the nanorod and coordinate
system used in the BEM simulations.

γnr non-radiative decay rate near particle

γr radiative decay rate near particle

γ0

r radiative decay rate in free space

in the Wigner Weisskopf approach γ0

r = 3
4 nbk3

~d, ~dind intrinsic and induced dipole

transition moment of the nanoparticle

nb the refractive index of the embedding medium

k emission wavenumber
~Eind the induced electric field at the position

of the dipole

For retarded simulations in MNPBEM, the radiative decay rate
was computed by integrating the outgoing Poynting vector in the
farfield zone over a unit sphere, and the non-radiative decay rate
was computed by calculating the Ohmic losses of electromagnetic
fields inside the metal. The sum of the radiative decay rate and
non-radiative decay rate was the enhanced total decay rate of the
dipole γtot. Here the total decay rate γtot was calculated to be
that of a dipole with an intrinsic quantum yield of unity, i.e. the
intrinsic decay of the dipole itself was solely radiative. Therefore
in γtot the non-radiative part was only due to the heat losses in
the metal.

Subsequently the orientation averaging of the decay rates was
performed outside of the MNPBEM toolbox by averaging the
dipoles that are perpendicular and parallel to the particle-surface.
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Since there are two degrees of freedom for the parallel orientation,
the parallel component was multiplied with a factor of 2:

γr,nr =
γ⊥r,nr + 2γ

‖
r,nr

3
. (a.8)

Then modified quantum yield is calculated using:

φ =

γr
γ0

r

γr+γnr
γ0

r
+ 1−φ0

φ0

, (a.9)

where φ0 is the intrinsic quantum yield of the emitter, which is
expressed as:

φ0 =
γ0

r
γ0

r + γ0

nr + γ0

isc
. (a.10)

The orientation averaged Isat and PCRmax are then calculated by:

Isat =
γtot

σabs

1
1 + γisc/γT

(a.11)

where γtot is the orientation averaged total decay rate. The orien-
tation averaged PCRmax is then given by:

PCRmax = ηcol
σabs

hν
φIsat. (a.12)

In order to calculate the wavelength-dependencies in Fig. 2.8,
the orientation averaged Isat was divided by the orientation aver-
aged near-field intensity enhancement |E|

2

|E0|2 , which was calculated

by |E|2
|E0|2 =

|Ex |2
|Ex0 |2

+
|Ey |2

|Ex0 |2
+ |Ez |2
|Ex0 |2

3 . This was to compensate for the ex-
citation enhancement of the single molecules due to a nearby
nanorod. Note that the above orientation averaging applies to
fast tumbling molecules which have rotational correlation times
shorter than the typical excitation and fluorescence lifetime, and
lower enhancement is expected for slowly tumbling molecules
due to the fact that only dipoles oriented perpendicularly to
the particle-surface will contribute significantly to the enhanced
fluorescence.(92)

Fig. a.2(a) shows the numerically calculated near field intensity
around a gold nanorod of 63× 25 nm2, evaluated at on resonance
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Figure a.2: Numerical calculations of the local field enhancement and
rate-enhancements in the vicinity of a single gold nanorod
with a size of 63 by 25 nm. (a) Electric near-field intensity
normalized to the incident intensity (planewave excitation
at 667 nm, polarization along the long axis of the parti-
cle). (b)(c) Orientation-averaged radiative and total decay
rate modifications as a function of fluorophore position.
Fluorophores are assumed to be single-wvaelength dipole
emitters with quantum yield of unity at 664 nm. (d) Mod-
ification of the near-field intensity (plotted a function of
excitation wavelength) and the (non-)radiative rates (plot-
ted as a function of fluorophore emission wavelength). The
emitter was placed at 2 nm from the nanorod’s tip.

with the longitudinal plasmon at 667 nm. An enhanced intensity
around the two tips of the gold nanorod of about |E|

2

|E0|2 ' 1000
is found, where E is the local field and E0 the incident field.
In Fig. a.2(b) and (c) we show the calculated radiative and to-
tal decay rates γr and γtot in units of the free-space rates. Both
excitation and emission rate modifications are also strongly con-
fined to the particle surface, and decay rapidly away from the
surface on length-scales of ∼ 1− 5 nm. In Fig. a.2(d) we show
the wavelength-dependence of the enhancements. We observe a
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Table a.1: Photophysical parameters used to simulate the free-space
PCR of a single ATTO647N (190)

Parameters Values (unit)

σabs 5.7× 10−20 m2

ηcol 0.02

h (Plank’s constant) 6.6× 10−34 J s

c (speed of light) 3.0× 108 m s−1

τ0
tot 3.5 ns

γ0
tot 2.9× 108 s−1

γ0
r 1.8× 108 s−1

γisc/γT 300

φ0 0.65

strong SPR-dependent enhancement, and in all cases a maximum
enhancement is reached when excitation or dipole emission over-
lap with the longitudinal plasmon resonance of the nanorod. The
non-radiative decay rate is also strongly modified off-resonance
due to energy transfer to interband electrons in gold (34).

The photophysical parameters used to simulate the satura-
tion dynamics of a free-space ATTO647N is shown in Table a.1.
These parameters were then used to reproduce the experimental
saturation curve measured with single-molecule fluorescence
microscopy, and used as the free-space reference of plasmon-
enhanced simulations.

a.3 brownian dynamics simulations

A list of parameters related to the simulation of the Brownian
motion of a fluorophore as shown in Eq. 3.3 is below:

r(nm) 0.5

H(Pa s) 10−3

kB(m2kg s−2K−1) 1.38× 10−23

T(K) 298

D(m−2s−1) 4.29× 10−10
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Figure a.3: The mean square displacement (MSD) as a function of time
plotted from the average time trace of ∼ 400 diffusing fluo-
rophores. The red line indicates the expected MSD from Eq.
3.4.

The Brownian dynamics simulations were benchmarked by
simulating 400 fluorophores and plotting the average mean
square displacement a.3, which indeed follows the dependence
in Eq. 3.4.

a.4 orientation averages

The orientation average of a fast or slow tumbling molecule is
done differently, based on the rotational correlation times of a
fluorescent dye τrot compared to fluorescence lifetime τlifetime.
In solution, τrot is usually on the order of picoseconds (191),
and depending on the environmental viscosity and molecular
weight can range up to nanoseconds (192). In our calculations
we assume fast tumbling molecules (τrot < τlifetime), and we show
the orientation average of both fast and slowly tumbling here
below. In a Cartesian coordinate system as show in Fig. 3.3(a),
x orientation is perpendicular while y and z are parallel to the
nanorod surface.

• For a fast tumbling molecule that rotates faster than flu-
orescence decays (τrot < τlifetime), rates are first averaged
with parallel component multiplied by 2:

γr,nr =
γ⊥r,nr + 2γ

‖
r,nr

3
, (a.13)



106 appendix

and then modified quantum yield is calculated by:

φ =

γr
γ0

r

γr+γnr
γ0

r
+ 1−φ0

φ0

. (a.14)

The orientation averaged near-field enhancement is written
as:

|E|2
|E0|2

=

|E⊥|2
|E0|2 + 2 |E

‖|2
|E0|2

3
, (a.15)

and the total orientation-averaged fluorescence enhance-
ment is then:

ξFE =
φ

φ0

|E|2
|E0|2

(a.16)

• For a slowly tumbling molecule that rotates slower than
fluorescence decays (τrot > τlifetime), modified quantum
yield and near-field enhancements at different orientations
are first calculated and then taken averaged. The modified
quantum yield is then:

φ⊥,‖ =

γ
⊥,‖
r
γ0

r

γ
⊥,‖
r +γ

⊥,‖
nr

γ0
r

+ 1−φ0

φ0

. (a.17)

The total orientation-averaged fluorescence enhancement is
then:

ξFE =

φ⊥

φ0

|E⊥|2
|E0|2 + 2 φ‖

φ0

|E‖|2
|E0|2

3
. (a.18)

a.5 comparison of gold and silver particles

In Fig. a.4 we show the width-dependent quantum yield and
near field modifications for AuNRs and AgNRs with the same
SPR wavelengths. These results are used as complementary in-
formation to illustrate the dependence of SNR on nanoparticle
sizes.
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Figure a.4: Width-dependent quantum yield and excitation enhance-
ment for AuNRs and AgNRs. (a) maximum quantum yield
enhancement and (b) maximum excitation enhancement.
The simulation is based on particles with a fixed 705 nm res-
onance wavelength, and orientation-averaged 730 nm dye
with an intrinsic quantum yield of 25%.
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