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Experimental Setup

All the experimental results described in this thesis were
obtained by employing single-molecule spectroscopy (SMS) on a
home-built setup. The first part of the project involved
extending the setup that was originally assembled to conduct
SMS in the near-infrared optical window. This chapter describes
the experimental setup and expounds on the critical factors that
are necessary to allow the successful detection of single lightharvesting complexes. A theoretical basis is laid for optimising
the performance of the setup. It is shown how such a
quantitative analysis of the expected fluorescence emission rate
can be used to determine the photoactive size of the illuminated
object or the amount of energy dissipation in the system.

Chapter 2

2.1. The Most Basic Principles of SMS
To perform spectroscopy on a single fluorescing unit, two requirements need to be met.
Firstly, the fluorescence emission from only one of the objects of interest should be
detected. If the sample consists of identical complexes, as in our case, this means that only
one complex should be in the detection volume. This condition is fulfilled by simply using a
sufficiently low concentration of complexes. In addition, to ensure that no other complex
could contribute to the signal, the complexes can be arranged into a monolayer and/or a
particular optical configuration can be employed which guarantees that only light from the
focal volume reaches the detectors. A simple and effective way to achieve the latter is to add
a pinhole behind the microscope. This technique, better known as confocal microscopy, is
introduced in the next section.
The second requirement for single-molecule spectroscopy (SMS) is that the fluorescence
signal from one complex should be larger than the background, i.e., the signal-to-noise ratio
(SNR) should be greater than unity for a reasonable averaging time. This condition puts
severe demands on the experimental setup and the photophysical properties of the sample.
The key factors of the utilised experimental setup that enable SMS can be summarised as
follows (1): well-directed and localised laser excitation; nanometer-precision positioning;
efficient signal collection; efficient optical filtering of the fluorescence signal; and low-noise,
high quantum-yield detection. The basic tenets of the setup are described in Section 2.3.
Probably just as essential as the optical setup, is creating stable conditions for the sample.
This would allow enough information to be acquired from a single complex to enable a
realistic statistical analysis. An important condition in this regard is to immobilise a single
complex inside the excitation focus. In addition, for LHCs the photostability was enhanced
dramatically by lowering the temperature to ~5°C and removing freely diffusing oxygen from
the sample cell. More details of the employed methods are provided in Section 2.4.
The photophysical properties of the excited sample that ensure an optimal fluorescence
signal include a large absorption cross-section, weak bottlenecks into dark states such as
triplet states, operation below saturation of the molecular absorption, and a high
fluorescence quantum yield (2). Plant LHCs have a favourable combination of these
properties, which makes them suitable candidates for SMS. These properties are
investigated quantitatively for LHCII trimers in Section 2.5.

2.2. The Confocal Principle
The confocal principle is illustrated in Fig. 2.1. The microscope objective is used in an epifluorescence configuration, meaning that it serves both to focus the excitation light and
collect the fluorescence or reflected excitation light as a condenser. A dichroic beamsplitter
reflects the incident excitation light into the objective and concurrently transmits the
fluorescence light, thereby efficiently separating these two signals. The distinctive optical
component is the small circular aperture, called the confocal pinhole, which allows
transmission of the light originating from the focal plane only. The name “confocal” stems
from the optical configuration, which is such that the focal plane is imaged onto the pinhole,
i.e., the location of the pinhole is optically conjugate to the focal plane.
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Confocal microscopy was originally developed for the purpose of producing sharpcontrast, three-dimensional images of fluorescent objects. Currently, this is still the most
common application. In this approach, a set of consecutive images of planes at various
depths within the specimen are obtained, a process often referred to as optical sectioning.
To achieve the highest possible resolution for excitation, one desires to use an objective
with a high numerical aperture (NA). This property, expressed as NA = nsinθ, describes the
maximum cone of light that can traverse the objective, with θ representing the half-angle of
this light cone (also called the semi-aperture angle) and n = 1.515 the refractive index of the
objective lenses. Due to technical reasons, the maximum NA of an oil-immersion objective is
1.4, which gets very close to the theoretical limit (i.e., n). A diffraction-limited focus is
obtained when a high-NA lens focuses the light originating from an infinitely small point
source in the absence of optical aberrations. The diffraction pattern in this limit is called an
Airy pattern, with the radial distance between the primary maximum and the nearest
minimum, known as the focal spot radius, given by
r0 = 0.61

λ
NA

,

where λ denotes the wavelength of the light. This beam path
can also be inverted: assuming that the excitation and
fluorescence wavelengths are identical, fluorescence light which
follows the exact opposite path can be imaged by the same lens
onto an infinitely small pinhole. Hence, in the limit of such a
pinhole and no Stokes shift, confocal microscopy improves the
lateral resolution by a factor of 2 as compared to the widefield scenario (3). When the objective is infinity-corrected, as in
the case of most high-NA lenses, the real image is projected at
infinity and the beams entering and exiting the back-aperture of
the objective are collimated, as depicted in Fig. 2.1. Obviously,
the back-projected fluorescence beam is also limited by the
diffraction properties of light, so that Eq. 1 applies again. The size
of the focussed fluorescence spot is conventionally a factor of M
larger than the excitation spot size, where M denotes the
magnification of the objective. The excitation Airy disk is thus
projected onto a disk in the pinhole plane with a radius of r0M. A
pinhole of this size consequently transmits most of the
fluorescence that is captured by the objective.
An optimal pinhole size for maximum fluorescence
transmission does not necessarily ensure an optimal SNR. In the
case of confocal imaging, the fraction of noise (primarily out-offocus fluorescence) that passes the pinhole depends critically on
the pinhole size. For this application, an optimal SNR is achieved
when the pinhole has a radius of 0.63r0. The case for SMS is
explored in Section 2.5.

(1)

Figure 2.1. The confocal
principle for SMS. Light is
focussed onto a single
fluoresceing unit on top
of a microscope coverslip. Lines denote the
boundaries of the beams.
The figure is simplified
and not drawn to scale.
See text for details.
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It could be asked what the purpose is of employing confocal microscopy in SMS, in
particular when using a monolayer of complexes. First, experience proves that a confocal
pinhole blocks most of the background fluorescence, thus improving the SNR. This
background is primarily due to Raman scattering in the detection volume, a property which
is examined in Section 2.5. Second, confocal microscopy allows a more uniform sample
scanning than conventional wide-field microscopy, thereby providing more homogeneous
sample illumination, which facilitates localisation of the complexes on the substrate (4).
Although in recent years a number of techniques have been developed to achieve a
resolution beyond the diffraction limit, these techniques offer little benefit to SMS, i.e., the
SNR is not expected to be improved significantly. In contrast, the large excitation intensities
generally needed for these techniques are expected to drastically lower the photostability of
biological specimens.

2.3. Optical Setup
In essence, the experimental setup is the same as the one described at length in Refs. 1, 5
and 6. However, the original version was restricted primarily to excitation and detection in
the near-infrared (NIR) region of the electromagnetic spectrum. Although, in principle, only
minor modifications of the optical arrangement are required to enable excitation and
detection in the visible region, it was chosen to design a more versatile setup. The overall
scheme of this new experimental setup is depicted in Fig. 2.2.

Excitation
The primary additions to the original setup are an optical parametric oscillator (OPO;
Coherent), a frequency doubling crystal (BBO crystal; Casix) in a collinear or non-collinear
arrangement, and a photoacoustic single pulse selector, or pulse picker (PP; APE GmbH). The
OPO and doubling crystals, being pumped by the original Ti:Al2O3 laser source (Mira 900, 76
MHz; Coherent) enabled excitation in almost the entire visible range and near-UV region,
while the Mira system opens up the NIR region. In addition, the idler wavelength of the OPO
can be used to probe wavelengths up to a few µm. The purpose of the PP is to reduce the
high pulse repetition rate (76 MHz) in order to decrease the probability of multiphoton
processes during excitation. Alternatively, a helium-neon (He-Ne) laser source (Melles Griot)
was used to generate continuous-wave light.
After acquiring the desired wavelength and pulse repetition rate, the excitation light is
typically sent through a Berek polarization compensator (5540M, New Focus) to change the
planar polarisation into a near-circular state. The purpose of this manipulation is to minimise
the orientational dependence of the excitation light on the excitonic dipole moments,
thereby increasing the effective absorption cross-section of the LHCs, a property which is
elaborated in Section 2.5.

The Microscope
The backbone of the microscope consisted of a commercial, inverted, wide-field microscope
(Eclipse TE300; Nikon). Apart from this optical configuration, the main components of the
microscope can be considered the objective, a Piezo stage, a refocussing camera, a
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Figure 2.2. Simplified schematic of experimental setup, displaying the main optical components.

fluorescence filter, and the confocal pinhole.
Each of these components can be replaced
easily according to the demands.
For the purpose of SMS, an objective with
a large magnification, which generally
corresponds to a large NA, is essential to
ensure tight focussing to a near-diffractionlimited excitation spot and a large collection
efficiency of the fluorescence signal. We
typically employed a 100× magnification
PlanFluor objective lens (1.3 NA, oil
immersion, Nikon), which is corrected for
different aberrations and has a large
transmission efficiency in the visible (~70%)
and NIR regions (>60%).
As a result of the large refractive index
mismatch between the microscope coverslip
and the aqueous medium inside the sample
cell, a significant fraction of excitation light is
reflected by the interface between these two
media, which we denote the glass-water

Figure 2.3. Transmission profiles of the dichroic
mirror (solid line) and fluorescence filter (dashed
line) that were typically used for excitation of
LHCII at 630 nm (top). Typical fluorescence
spectrum of a single LHCII trimer, averaged over
2 minutes (bottom).
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interface. Even though only ~1% of this light is transmitted by the beamsplitter, its intensity
is still 3-4 orders of magnitude larger than that of the fluorescence signal (see Section 2.5).
Since the objective is corrected well for chromatic aberrations, most of this excitation light is
imaged onto the confocal pinhole. A fluorescence filter, which is generally a sharp long-pass
filter, is therefore essential to filter out this light. For the typical excitation wavelength of
~630 nm, the dichroic beam splitter Z633RDC (Chroma Technology Corp.) and fluorescence
filter HQ645lp (Chroma Technology Corp.) were employed, the transmission properties of
which are depicted in Fig. 2.3. This choice allowed the detection of fluorescence with a
wavelength above ~650 nm and into the NIR.
The two-dimensional Piezo stage (P-713.8C; Physik Instrumente) and refocussing camera
control the lateral and longitudinal positions of the sample stage relative to the objective.
The Piezo determines the lateral coordinate to a subnanometer precision, whereas the
amount of excitation light that is reflected by the glass-water interface and projected to the
refocussing camera via a pinhole is used to adjust the longitudinal drift of the focus.

Detection
In the utilised setup, the fluorescence light can be focussed either onto a point detector or
dispersed onto a charge-coupled device (CCD) chip. These two highly sensitive detection
devices are respectively a silicon avalanche photodiode (APD) single-photon counting
module (SPCM-AQR-16; Perkin-Elmer Optoelectronics) and a liquid-nitrogen cooled, backilluminated CCD camera (Spec10: 100BR; Princeton Instruments, Roper Scientific B.V.). For
efficient dispersion, either a loose grating or a Shamrock 163i spectrograph (Andor
Technology) can be employed. For fluorescence from plant LHCs, the gratings HR830/800nm
(Optometrics LLC) and SR1-GRT-0600-0750 (Andor Technology) were found to be the best
options.

2.4. Sample Stability
The basis for achieving a high sample stability and long exposure times was also laid in
Ref. 1.
First, illuminating complexes for extended periods of time, thereby accumulating enough
light to resolve the SNR, is achieved by immobilisation on a chemical substrate. Similar to
bacterial LHCs (1), the substrates poly-L-lysine (PLL; Sigma-Aldrich) and aminopropyltriethoxysilane (APTES) efficiently adhere to the plant LHCs. Both substrates interact with
the protein predominantly electrostatically by means of their positively-charged terminal
amino groups. However, it was found that the plant LHCs frequently drifted on the surface
during measurements and detached within a couple of hours. MgCl2 was found to enhance
immobilisation.
Second, the time before irreversible photobleaching of plant LHCs increases by about one
order of magnitude when the temperature is dropped from room temperature to ~5°C. The
temperature in the sample cell can be regulated to an accuracy of 0.1 °C within a range of
–20°C to >100°C.
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Finally, the oxygen in the sample cell is scavenged by addition of glucose in combination
with the enzymes glucose oxidase and catalase (all from Sigma-Aldrich). In this way the
probability of photooxidation, as described in Section 1.3, is reduced significantly and the
average survival time of the complexes increases typically by more than one order of
magnitude.

2.5. Optimising the SNR
In this section the performance of the experimental setup will be demonstrated by
calculating the expected photon detection rate related to a single LHCII trimer as a function
of the excitation wavelength and power. By comparing this rate with the actual measured
rate, the photoactive size of the illuminated object or the amount of energy dissipation in
the system can be predicted. In addition, the conditions that give rise to an optimal SNR are
examined. Although most of the principles described in this section are found in relevant
textbooks (such as Refs. 3, 4, and 7) and even on the websites of the major manufacturers of
microscopes (Nikon, Olympus, and Carl Zeiss), a complete quantitative treatment for a SMS
system could not be found. The aim of this section is to contribute to this deficiency by
deriving the relevant expressions for the utilised setup.
The excitation rate ke from the ground state S0 to the first excited state S1 of a
chromophore is generally given by
ke = σ 10 (ω ) I e (r, t )

,

(2)

where I e (r, t ) is the position- and time-dependent local excitation intensity and
σ 10 (ω ) = σ mol P(ω ) is the absorption cross-section related to the electronic transition
S1 ← S0 , with P being the probability that a photon with energy ℏω is absorbed upon
passage through the transverse surface area σ mol of the chromophore. This probability is
generally determined empirically in the absence of polarisation effects. To include the
polarisation state of the utilised laser excitation light and the polarisation effects induced by
surface immobilisation, an effective absorption cross-section σ 10eff is used instead.
For a given ke, the rate of fluorescence emission (also known as the radiative rate) is given
by

k f = keϕ eff
f ( Ie )

,

(3)

where the effective fluorescence quantum yield ϕ eff
includes the effect of energy
f
dissipation in the presence of multiphoton quenching processes and is thus smaller than the
ensemble-averaged fluorescence quantum yield, ϕ f , which is obtained in the absence of
such energy dissipation. Defining the total optical collection, transmission and detection
efficiency of the fluorescence light, η, the detected fluorescence rate can be calculated by
means of the following Master Equation:

kdet = I eσ 10eff ϕ eff
f η

.

(4)

Each parameter on the right-hand side of Eq. 4 will be considered separately.

33

Chapter 2

Excitation Intensity Ie
The output from the utilised laser sources can be approximated by a Gaussian TEM00 profile.
Only the fringe of such a beam profile was typically truncated between the laser source and
the sample, so that the profile incident on the sample can be approximated by a spatial
Gaussian function. Consider focussing such a beam by means of the microscope objective
unto an immobilised LHCII trimer. For a beam propagating along the z-axis, the radial
intensity distribution of the excitation light is given by
I (r , z ) =

2 P0
−2 r 2
e
π w2 ( z )

w2 ( z )

,

(5)

where P0 is the total power transmitted by the beam, and the beam radius w(z) is defined
as the radial distance r, measured from z, where the intensity has decreased to 1/e2 of the
maximum value I(0,z). According to this definition, the focal spot radius is w(0), which for a
Gaussian beam is referred to as the beam waist w0. The peak intensity
I (0, 0) = I 0 = 2 P0 π w02 is exactly twice the average intensity of the beam in the focal plane.
To obtain from Eq. 5 the average intensity incident on a trimeric complex, we need the
values for w0 and r. First, r can be obtained by assuming that the complex is oriented such
that its trimeric plane is parallel to the focal plane and approximating its cross-sectional
area, σmol, by the surface area of a circle with radius rmol = 3.65 nm (3). Second, w0 ≈ 500 nm
was determined empirically from a raster-scanned image of the focal plane in the absence of
the confocal pinhole. (Due to the small ratio rmol : w0, the complex can be regarded a point
source, so that scanning across a complex is essentially a measure of the point spread
function (PSF) of the excitation beam.) A 630-nm beam that focuses P0 = 1 μW onto a trimer
thus corresponds to an excitation intensity Ie = 253.2 Wcm-2 averaged over σmol, a peak
intensity I0 = 255.1 Wcm-2, and a photon flux density of 8.05 × 1020 s-1 cm-2. This is equivalent
to a photon flux of 3.4 × 108 s-1 complex-1 or 4.5 photons pulse-1 at a pulse repetition rate of
76 MHz. The corresponding photon density of ~1013 photons cm-2 pulse-1 is equivalent to
typical pulse densities used in ensemble measurements (4, 5).
Note that the measured value of w0 is significantly larger than the diffraction-limited
radius of r0 = 295.6 nm (using λ = 630 nm and NA = 1.3 in Eq. 1). The discrepancy between w0
and r0 can be attributed primarily to the difference between the objective’s NA and the
effective numerical aperture NAeff. Substituing w0 into Eq. 1 yields NAeff ~ 0.77. For an
infinity-corrected objective designed such that the paraxial approximation holds even for
large semi-aperture angles, it holds that
NA eff =

DBFP M
,
2f

where DBFP denotes the beam diameter at the objective’s back focal plane (also known as
the entrance pupil or the rear aperture), M is the magnification of the objective, and f the
reference focal length, often referred to as the optical tube length. Using NAeff = 0.77, M =
100 and f = 0.2 m for our system gives DBFP = 3 mm, in close agreement with the measured
value. Obviously, NAeff depends critically on DBFP. Factors that somewhat distort the
diffraction pattern are the spherical wave front of the Gaussian beam profile and the
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exponential decrease of the radial intensity of such a beam. To achieve a diffraction-limited
spot, the whole BFP of the objective must be uniformly filled with a planar wave. For a
Gaussian beam profile this condition is approximated by conventionally using a spatially
broad beam such that the 1/e2 diameter is twice as large as the objective’s BFP. Although a
diffraction-limited focus is important for applications where a high resolution is acquired,
such as fluorescence imaging, it is not critical in our case, as explained quantitatively in the
“Optimal SNR” subsection.

Effective Absorption Cross-Section σ 10eff (ε , ω )
The effect of the polarisation state of the incident laser light on σ 10eff (ε , ω ) can be derived by
considering a semi-classical description of the interaction between the illuminated
complexes and the excitation light. The dominating interaction occurs between the electric
field E(t) of the incident light and the electronic charge distribution of one of the embedded
pigments. We first consider the electric dipole moment of one such pigment, given by
µ = ∑ i qi ri , where the electronic charges qi of all the individual atoms at the positions ri are
considered. Due to the rigidity of LHCII, µ can be considered time-independent. For an
electrically neutral molecule in the ground state | 0〉 , coupling between the quantummechanical operators corresponding to µ and the positive frequency part of E perturbs the
ground-state charge distribution, thereby inducing the perturbation Hamiltonian

ˆ (t ) = −µˆ ⋅ Eˆ + (t ) .
H
1
The probability per unit time that this perturbation gives rise to the absorption of a
photon and simultaneously shifts one electron into the first excited state |1〉 is given by
Fermi’s Golden Rule in the long-wave approximation:
Γ|0〉→|1〉 (ω ) =

2
2π
ˆ (t ) | 0〉 ρ (ω ) ,
〈
1|
H
1
ℏ2

(7)

where ρ is the density of states in terms of the angular frequency ω, indicating the
degeneracy of |1〉 .
Eq. 7 will be simplified by considering the classical plane sinusoidal solution for the
electric field of an elliptically polarised electromagnetic wave travelling into the z-direction.
The birefringent material of the Berek polarisation compensator produces a relative phase
retardation δ = 2 tan −1 ε of the lateral components of E, where ε denotes the ellipticity of
the polarisation state. Assuming that the illuminated pigment is fixed at the origin of our
coordinate system and that its dimensions are much smaller than the incident wavelength,
the electric field acquires the following expression:
E(t ) = E0 x cos(ωt )xˆ + ε E0 x cos(ωt − δ )yˆ .

To incorporate Ĥ1 into Eq. 7 it is convenient to employ spherical coordinates, where the
zenith points into the z-direction, φ is the azimuth angle, and θ the acute angle between µ
and the xy-plane. Introducing the electronic transition dipole moment µ10 ≡ 〈1| µˆ | 0〉 and
averaging Ĥ1 over time, Eq. 7 can be rewritten as
Γ|0 〉→|1〉 (ω ) =

2π
2
µ10 Ε 0
2
ℏ

2

w2 (θ , ω ) cos 2 θ

θ

w2 (ϕ , ω ) ( cos ϕ + ε cos(ϕ − δ ) )

2

ϕ

ρ (ω ) ,

(8)
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where … θ and … ϕ denote averages over θ and φ, respectively, and the weighting
functions w(θ , ω ) and w(ϕ , ω ) describe the orientational dependence of µ10 at the utilised
net
angular frequency ω. Let us define µ10
as the net electronic transition dipole moment due
to the combined effect of all pigments within the LHCII trimer. Such a complex with its
trimeric plane perpendicular to z corresponds to the largest value of σ mol and thus also of
σ 10 (ω ) . This is expected to be the preferred orientation of the trimer when interacting with
net
can be
the immobilisation substrate. In this orientation the azimuthal dependence of µ10
considered negligible (8, 9), i.e., w(ϕ , ω ) = 1 . In addition, linear dichroism measurements
net
have indicated a weak angular dependence of µ10
with respect to the trimeric plane at an
excitation wavelength of 630 nm (10). We estimate w(θ ) = 1.05 at this wavelength. Defining
σ 10 (ω ) as the empirical absorption cross-section of LHCII determined by illuminating an
isotropic ensemble of complexes with unpolarised (randomly polarised) light, it holds that

σ 10 (ω ) =

2π net 2
µ10 ρ (ω ) .
3ℏ 2

2
Noting that I e = E0 and ke = Γ|0 〉→|1〉 , Eq. 8 for an LHCII trimer that is illuminated near
630 nm can now be simplified into

ke ≈ σ 10 I e

1.05
(1 + ε 2 + 2ε cos δ ) .
2

(9)

Defining the effective absorption cross-section corresponding to this wavelength as

σ 10eff (ε ) =

1.05
σ 10 (1 + ε 2 + 2ε cos δ )
2

(10)

simplifies Eq. 9 into ke ≈ σ 10eff (ε ) I e .
For circularly polarised light, σ 10eff (ε = 1) = 1.05σ 10 , while for a linearly polarised beam,
σ 10eff (0) = 0.525σ 10 . We could at best achieve ε = 0.5 with the Berek compensator. The small
polarisation sensitivity of the objective and dichroic beamsplitter added an additional
estimated 5% to the ellipticity, yielding ε ≈ 0.45 and thus, σ 10eff ≈ 0.94σ 10 .
The value for σ10 can be determined semi-empirically by using the bulk absorption
spectrum of either free, solubilised Chls or solubilised LHCII trimers. These two distinct
methods give remarkably similar results.
(i) The molar extinction coefficients of Chl a and b in an 80% acetonic solution as given by
Ref. 11 were used: ε Chl a ≈ ε Chl b ≈ 12 mM -1cm -1 at 630 nm. Considering a positive spectral
shift of ~6.5 nm when projecting the values to the protein environment of LHCII (12),
and estimating an additional absolute absorption decrease of ~0.887 for such an
environment replacement (13) gives ε Chl a ≈ 11.2 mM -1cm -1 and ε Chl b ≈ 9.7 mM -1cm -1 .
Thus, for the full trimer ε LHCII ≈ 443.4 mM -1cm -1 at 630 nm, which is equivalent to
σ 10 = 1.69 × 10−15 cm 2 = 16.9 Å 2 .
(ii) For the bulk LHCII absorption, we employed the values given in Ref. 14, viz., a total Chl
concentration of 0.2 mg/mL, an average Chl mass of 900 g/mol, a beam pathlength of
1 mm, and an optical density (OD) of 0.44 at 645 nm. Considering that
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OD(630 nm):OD(645 nm) ≈ 0.54, the average absorption cross-section of one Chl in the
trimer in the presence of unpolarized light at 630 nm is 4.1 × 10-17 cm2. Accordingly, for
the full trimer σ 10 = 1.71× 10−15 cm 2 = 17.1 Å 2 .
Taking the average of the two methods, σ 10 = 17.0 Å 2 , one obtains σ 10eff ≈ 16.0 Å 2 . Using
Eq. 2, it follows that an LHCII trimer in the ground state absorbs an average of 1.3 × 106
photons per second upon illumination with a 630-nm, 1-μW laser beam.

Effective Fluorescence Yield ϕ eff
f (Ie )
After population of the S1 state, the excitation decays back to the S0 state due to any one of
a number of competing processes (see molecule X in Fig. 2.4A). Due to the statistical
property of the excitation decay, the probability of decay follows the trend e−t /τ L , where the
excited state lifetime τL denotes the characteristic time t of decay. The excited state decay
rate, defined as k L = τ L−1 , is the sum of the rates of all the competing decay processes. In the
utilised single-molecule environment the major kinetic processes and their intrinsic rate
constants are spontaneous fluorescence emission (kf), intersystem crossing to a triplet state
(kISC), internal conversion (kIC), and (residual) quenching (kq). Thus,

k L = k f + k ISC + k IC + kq .

(11)

The quantum yield related to each of these deexcitation channels, i, is defined as
ϕi = ki / k L . Since kf, kISC, and kIC are intrinsic properties of an LHCII complex and hence
eff
constant, an increase in kq at the same time decreases ϕf, which is henceforth denoted ϕ f .
Only the effect of multiphoton quenching processes on ϕ eff
will be considered.
f
Singlet-singlet (SS) and singlet-triplet (ST) annihilation are the two dominating dissipation
processes at sufficiently large photon absorption rates. It can readily be shown that SS
annihilation is negligible at typical excitation intensities. Consider as illustration an
absorption rate of 1 photon per µs. The probability for SS annihilation is the largest for
pulsed excitation. For the 76 MHz Mira-OPO system, the average absorption rate is 0.013
photons per pulse. Assuming that the photon absorption probability follows a Poisson
distribution, the probability to absorb more than one photon per pulse is <0.01%.
(As an aside, this very low absorption rate per pulse explains firstly why no difference in
the fluorescence dynamics was observed between pulsed and continuous-wave excitation
and, secondly, why a reduction of the pulse repetition rate by means of a pulse picker did
not yield any noticeable improvements in the SNR or photostability of the complex. On the
contrary, for the second case, maintaining the time-averaged fluorescence intensity
demanded a higher excitation energy density per pulse, which resulted in increased levels of
photodamage.)
For LHCII in an environment devoid of oxygen the energy of a Chl triplet state is rapidly
quenched by a Car triplet state with a probability of essentially 100% (15). In this
environment the Car triplet state has a characteristic lifetime (τCar) of ~9 μs (15, 16). This
means that for an absorption rate of 1 photon per µs, upon formation of one triplet the next
9 absorbed photons will be annihilated on average. In Fig. 2.4A, molecule Y represents this
Car, with its triplet state TY which quenches the triplet state TX of molecule X, representing
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Figure 2.4. (A) Jablonski diagram, showing the main photophysical transitions (arrows) and the
associated rate constants of a particular molecule (X) whose triplet state (TX) and first excited state
(S1) can be quenched by the corresponding states of molecule Y. (B) Three-state model of the energy
levels and rate processes involved in ST annihilation.

Chl a. The rate of triplet quenching is denoted by ktt in Fig. 2.4A, and the rate at which TY
subsequently relaxes to the ground state is given by kt. Since ktt ≫ kt, the rate of triplet
quenching is governed by kt. For the sake of simplicity, it is assumed that the S1 state of
molecule Y also quenches the S1 state of molecule X.
eff
The saturation trend of ϕ f as a function of the incident intensity can be predicted as
follows. The relevant photophysical processes presented in Fig. 2.4A which are involved in ST
annihilation can be approximated by the simple three-state model in Fig. 2.4B. Let p0 and p1
represent the probabilities that the complex is in the states S0 and S1, respectively. Although
the relatively large value of τCar gives rise to a non-Markovian character of p0 and p1, the
typically utilised experimental timescales of >1 ms are sufficiently large to consider steadystate conditions. It readily follows that

p1 =

ke
.
k L + ke (1 + k ISC / kt )

(12)

eff
−1
Introducing the excitation saturation intensity I s = [σ10 τ L (1 + kISC / kt )] , it follows from
Eq. 12 and the relation k f = p1k Lϕ f that

kf =

keϕ f
1 + Ie I s

≈

keϕ f
1 + keτ Carϕt

,

(13)

−1
where the relations k L = τ L−1 and kt = τ Car , and the triplet yield ϕt = kISC / k L were used.
Then, employing Eq. 3 leads to

ϕ eff
f =

ϕf
1 + Ie I s

≈

ϕf
.
1 + keτ Carϕt

As an alternative to Eq. 13, kf is often expressed in terms of the maximum achievable
fluorescence rate k max
= k f ( I → ∞) = I sσ 10eff ϕ f . Then
f
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kf =

I e I s max
kf .
1 + Ie I s

(14)

Utilising Eq. 13 has the advantage that its parameters are more easily determined from
experiments than those used in the expression of Eq. 14. The fluorescence saturation curve
(Fig. 2.5) can then be used to verify the parameters obtained from bulk experiments or to
determine the values of as yet unknown parameters. This approach is powerful enough to
determine the parameters of even a single fluorescing object or subpopulations related to
specified states, such as distinct protein conformational states. The average values of ϕf and
ϕt for large ensembles of LHCII in the absence of ST annihilation will be examined first.
In Chapters 5 and 6 it is shown that an LHCII trimer spends a significant fraction of time in
non- and weakly fluorescing states. These states can be related directly to the short
fluorescence lifetime components that are often found from ensemble measurements. The
longest components may be associated to the fully-emitting states measured for single
complexes. A number of literature values (17–22) suggest a value of 3.8–4.0 ns for this
average lifetime component. A slightly smaller value for τL may be assumed, say 3.75 ns.

Figure 2.5. Fluorescence saturation
curve of the average measured
emission of LHCII trimers in fullyemitting states. The detected rate, kdet,
denotes the number of counts per 10ms bin times. Circles represent
experimental values, shown with 2σ
deviations, and the solid line the
calculated values. See text for details.

In Ref. 21, the value kf + kISC = (5.5 ns)-1 was estimated for a long excited-state lifetime
component with an average lifetime of 4.5 ns. Assuming kq = 0 for this component, it follows
from Eq. 5 that kIC = 8.48 × 107 s-1. Note at this point that the fully-emitting states measured
for single complexes are in fact time averages of emissive properties on timescales shorter
than the typical bin times of 10 ms. For many systems, low-emission dwell times down to
~10-μs timescales have been observed (see, e.g., Refs. 23–25), and even shorter dwell times
may exist. Such short interruptions of the fluorescence emission reduce the effective
brightness of the excited system. We estimate a contribution of ϕq ~ 0.1 due to the presence
of such states. Assuming kL = (3.75 ns)-1, it follows from Eq. 11 that kq = 2.67 × 107 s-1.
Assuming kISC = 8.3 × 107 s-1 from Ref. 26, one obtains ϕt = 0.31 and ϕf = 0.27. As expected,
the triplet yield is substantially smaller than that of free chlorophyll (~0.64, Ref. 27). In
contrast, the fluorescence yield agrees well with that of free chlorophylls in quenching-free
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conditions (28, 29) and with the value of 0.26 obtained in Ref. 30 for trimeric LHCII. Utilising
these values, we obtain kf = 7.22 × 107 s-1, k ISC / kt = 744 , and k max
= 9.7 × 104 s-1.
f

Optical Collection, Transmission and Detection Efficiency η,
Most information can be extracted from an SMS measurement when the SNR is optimal. In
the detection branch, the choice for optics is therefore governed more by an effective noise
reduction rather than the most efficient detection. Since the detector contributes to the
noise, an optical arrangement consisting of the smallest number of optical elements, each
with a high transmission efficiency, is preferred. In addition, the choice for the best detector
is based on a combination of a short dead time, a high quantum efficiency (QE), and a low
noise level. For the purpose of measuring wavelength-integrated intensities, an APD was
considered a viable option.
The dominant loss of fluorescence light occurs between the sample and the objective due
to the relatively small collection efficiency of the latter, being ηc ,obj = (1 − cos ϑ ) / 2 , where ϑ
denotes the semi-aperture angle. Due to the small size of the complex as compared to the
fluorescence wavelength, the complex can be considered an isotropic point source. In
addition, the focal position of the objective is generally adjusted to correspond to an optimal
fluorescence signal. Hence, the cone of fluorescence light traversing the objective is
determined by the objective’s NA, so that ηc,obj = 0.24. Taking into account the slight
refractive index mismatch between the coverslip glass (1.50) and objective (1.515), we
obtain a total collection efficiency of ηc ≈ 0.25.
Each optical component contributes to an additional fluorescence decrease. First, the
objective’s transmission efficiency at the fluorescence wavelength of ~680 nm is ηt,obj ~70%.
The remaining optical components in the beam path before reaching the APD detector are
the dichroic mirror, port selector lens, tube lens, collimating lens, confocal pinhole,
fluorescence filter, flipper mirror, and focussing lens (cf. Fig. 2.2). The optical loss due to the
combination of these components is ~20%. Including the QE of the APD, ~0.63 at 680 nm,
we obtain η ≈ 0.09 .
Employing all the expressions and values obtained so far, the predicted saturation curve
of the detected fluorescence intensity can be calculated. The result is displayed in Fig. 2.5
and compared to the measured values. For both measurement and calculation, the average
values denote those of the fully-emitting state of an LHCII trimer as measured during an
integration time of 10 ms. The predicted values are in excellent agreement with the
experimental values, strongly suggesting that a single fluorescing unit is an LHCII trimer and
that the few estimations in the derivations were realistic.

An Optimal SNR
The sources that contribute to the background signal can be summarised as scattering,
autofluorescence of the optics and sample environment, and the electronic noise of the
detector, the latter which is generally referred to as noise-equivalent power (NEP) (4).
Scattering can be either elastic or inelastic, known as Rayleigh and Raman scattering,
respectively. The background rate is then the sum of the rate constant associated to each
source:
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k B = kRaman + kRayleigh + kAutofl + k NEP .

The contributions of kRayleigh and kAutofl can be neglected, the first which is sufficiently
suppressed by the dichroic beamsplitter and fluorescence filter, and the second based on
the large separation of individual complexes and the small fraction of impurities. The term
kRaman depends on the excitation intensity, Ie, the number of molecules in the excitation focal
volume, NV, and the absorption cross-section of the materials inside the focal volume, σglass
and σwater (4). In the visible range, σglass ≪ σwater and hence kRaman ≈ NV ,waterσ water I (r , z ) ,
where I is defined as in Eq. 5. As a first-order approximation, NV,water is given by the volume
2
, where n denotes the refractive
of a cylinder with radius w0 and height z0 = 2nλ / NA eff
index of water. Employing w0 = 0.5 μm and NAeff = 0.77 at λ = 630 nm gives the value
NV,water = 7.33 × 1010. Introducing the pinhole diameter, ∅ ph , the fraction of Ramanscattered photons that are projected onto the pinhole is given by ∅ ph / 2 Mw0 , where M
denotes the objective’s magnification.
We denote the total collection, transmission and detection efficiency for the Raman
signal by ηRaman. In terms of the average intensity in the excitation focal volume, I e , the
detected number of Raman-scattered photons is approximately
det
kRaman
= ηRaman NV ,waterσ water I e

∅ ph
2 Mw0

,

(15)

where I e = 0.5I 0 , i.e., half of the excitation peak intensity. Considering that shot noise is
present in all signals, the total detected noise is given by
det
Noise = kdet + kRaman
+ k NEP / η APD ,

(16)

where ηAPD signifies the QE of the APD. The efficiency of collecting the Raman signal by
the objective is very similar to the value of ηc calculated in the previous section, given the
fact that detection of this light involves the full NA of the objective. However, the
transmission efficiency of the remaining optics depends strongly on the energy of the Raman
signal, which is peaking at ~3600 cm-1 for water, corresponding to a wavelength of ~815 nm
for 630-nm excitation (B. van Oort, personal communication). The largest fraction of this
signal (estimated to be ~90%) is blocked by the dichroic mirror with transmission properties
as shown in Fig. 2.3. Alternatively, detection of fluorescence in the NIR was enabled by using
a dichroic mirror with a transmission efficiency of >90% between 800-900 nm. This mirror
obviously transmits most of the Raman signal as well. Employing Eqs. 4, 15 and 16, the
predicted SNR for each of the two mirrors is depicted in Fig. 2.6. In both cases, the SNR rises
rapidly with I0 but quickly saturates and decreases at larger values of I0 due to the saturation
of the fluorescence. The optimal SNR is obtained at 340 Wcm-2 and 850 Wcm-2 for ηRaman =
ηc = 0.09 and ηRaman = 0.01, respectively. Since the slope around the peak value changed
gradually, we opted for a generally smaller value for I0 to ensure a higher photostability.
Evidently, Raman scattering plays an important role in the reduction of the SNR and
depends significantly on the excitation intensity and pinhole size if it is not sufficiently
filtered out. Effective suppression of this signal is the primary purpose of the confocal
pinhole in SMS. It readily follows from this derivation that the optimal pinhole diameter is
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Figure 2.6. Dependence of the signal-tonoise ratio (SNR) of LHCII trimers on the
peak excitation intensity (I0), using 10ms integration times and the following
parameter values:

σ water = 3.8 × 10−28 cm2 at 630 nm (31)
10

NV,water = 7.33 × 10 mol L-1
ηAPD = 0.63 at 680 nm
∅ ph = 50 µ m

kNEP = 25 s-1

approximately 2Mr0, with r0 given by Eq. 1. Moreover, when using an optimal pinhole size,
the SNR is not affected significantly by w0, or, alternatively, by DBFP.
As mentioned before, the issue at hand is to suppress the background rather than
optimising the detection efficiency. Consequently, increasing the collection efficiency of the
emitted fluorescence by using a higher-NA objective or employing a technique such as 4πconfocal scattered light microscopy will be of little benefit.
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